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Foreword

The Regional Aquifer-System Analysis Program

The Regional Aquifer-System Analysis (RASA) program was started in 1978
after a congressional mandate to develop quantitative appraisals of the major
ground-water systems of the United States. The RASA program represents a
systematic effort to study a number of the Nations's most important aquifer
systems which, in aggregate, underlie much of the country and which represent
important components of the Nations's total water supply. In general, the
boundaries of these studies are identified by the hydrologic extent of each
system, and accordingly transcend the political subdivisions to which
investigations have often arbitrarily been limited in the past. The broad
objective for each study is to assemble geologic, hydrologic, and geochemical
information, to analyze and develop an understanding of the system, and to
develop predictive capabilities that will contribute to the effective
management of the system. The use of computer simulation is an important
element of the RASA studies, both to develop an understanding of the natural,
undisturbed hydrologic system, and of any changes brought about by human
activities, as well as to provide a means of predicting the regional effects
of future pumping or other stresses.

The final interpretive results of the RASA program are presented in a
series of U.S. Geological Survey Professional Papers that describe the
geology, hydrology, and geochemistry of each regional aquifer system. Each
study within the RASA Program is assigned a single Professional Paper number,
and where the volume of interpretive material warrants, separate topical
chapters that consider the principal elements of the investigation may be
published. The series of RASA interpretive reports begins with Professional
Paper 1400 and thereafter will continue in numerical sequence as the
interpretive products of subsequent studies become available.

Dallas Peck

Director
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For readers who may prefer to use International System of Units rather than
inch-pound units, the conversion factors for the terms used in this report are
listed below:

Multiply By To obtain

inch (in) 25.40 millimeter
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mile (mi) 1.609 kilometer
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foot per year (ft/yr) 0.3048 meter per year

cubic foot per second (ft3/s) 0.02832 cubic meter per second
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{acre~ft/yr)

gallon per minute (gal/min) 6.309 cubic meter per second

acre-foot (acre-ft) 1.233 cubic meter

square foot per second (ft2/s) 0.09290 square meter per
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GROUND-WATER FLOW IN THE CENTRAL VALLEY, CALIFORNIA

by Alex K. Williamson, David E. Prudic, and Lindsay A. Swain

ABSTRACT

The agricultural productivity of the Central Valley is dependent on the
availability of water from irrigation. About 7.3 million acres of cropland in
the Central Valley receives about 22 million acre-feet of irrigation water
annually. One half of this irrigation water is supplied by ground water,
which amounts to about 20 percent of the Nation's ground-water pumpage.
Ground water is important as a stable supply of irrigation water because of
the high variability of surface-water supplies in the Central Valley. This
large ground-water development during the past 100 years has had major impacts
on the aquifer system such as decline in water levels, land subsidence,
depletion of the aquifer storage, and increase in recharge. The flow condi-
tions before and during development were simulated on a regional scale using a
three-dimensional finite-difference flow model.

The Central Valley is a large (20,000 square miles) structural trough
filled with poorly permeable marine sediments that are overlain by coarser
continental sediments. In general, previous investigators have conceptualized
the northern one-third of the valley--the Sacramento Valley--as a water-table
aquifer and the southern two-thirds--the San Joaquin Valley--as a two-aquifer
system separated by a regional confining clay layer. A somewhat different
concept of the aquifer system was suggested during this study by analyses of
water-level measurements, texture of sediments interpreted from electric logs,’
and flow-model simulations. Vertical hydraulic head differences are found
throughout much of the Central Valley. Early in development, flowing wells
and marshes were found throughout most of the central part of the valley.
More than 50 percent of the thickness of the continental sediments is composed
of fine-grained lenticular deposits that are discontinuous, but distributed
~ throughout the stratigraphic section in the entire Central Valley .

-~ .. - -~

" The concept presented in this report considers the entire thickness of
the continental deposits as one aquifer system which has varying vertical
leakance that depends on several factors, including amount of fine-grained
sediments. The average horizontal hydraulic conductivity is about 6 feet per
day, and the average thickness of the continental deposits is about 2,400 feet.



.Irrigation use, which averaged 22 million acre-feet of water per year
during 1961-77 increased the evapotranspiration about 9 million acre-feet per
year over its predevelopment value. This is a large figure compared to the
average annual surface-water inflow to the Central Valley of 31.7 million
acre-feet per year. Precipitation on the valley floor is mostly lost to
natural evapotranspiration. The overall postdevelopment recharge and dis-
charge of the aquifer system was more than 40 times greater than the predevel-
opment estimated values. The increases of pumpage associated with development
mostly in the San Joaquin Valley has caused water-level declines that exceed
400 feet in places and resulted in the largest known volume of land subsidence
due to fluid withdrawal in the world. Water in aquifer storage has declined
about 60 million acre-feet since predevelopment to 1980--40 million acre-feet
were derived from the water-table zone, 17 million acre-feet from compaction .
of sediments, and 3 million acre-feet from elastic storage. During 1961-77,
ground water withdrawn from aquifer storage averaged about 800,000 acre-~feet
per year.

The flow model was calibrated principally in accordance with the hydro-
logic data observed during 1961-75 because little predevelopment data were
available for analysis. An explicit algorithm to simulate land subsidence was
developed and calibrated. The simulated land subsidence was within 6 percent
of the estimated volume, however, the time lag associated with this type of
subsidence was not adequately simulated. Simulated water-level changes
averaged 2.6 and 12 feet higher than the observed water-level changes for the
water table and lower pumped =zones, and the standard deviation of the
simulated changes minus observed change was 22 and 27 feet, respectively. The
flow model was tested for the period of 1976-77 drought with good results.
The simulations indicated that vertical leakance greatly increased from the
predevelopment values as a result of water flowing through some of the more
than 100,000 irrigation well casings which are open to different aquifer
layers.

The simulation results are shown on maps for comparison with the observed
hydrologic data. A description of the computer-tape file, which contains
estimates of recharge/discharge, and the aquifer properties used in the
simulation are included in Appendix A and B, respectively.
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In a real compacting system the mechanics of subsidence are not as simple
as shown in figure 13A. For example, at the Pixley well-field site
(23S/25E-16N), about 3 mi south of Pixley, compaction was approximately 3 ft
for the period 1959-71 yet the long-term head decline was negligible (fig.
13B). Helm (1975) related this to the continued compaction in the middle of
the thicker clayey beds because of the time needed for pressure head changes
to reach the middle of these beds. The cyclic nature of the compaction curve
is produced by the seasonal periods of drawdown where each time, the middle
zones of the clayey beds were equilibrated to a new lower head before the head
in the more permeable zones of the aquifer recovered. Helm (1978, p. 195)
estimated that the time for nonrecoverable compaction to be complete, assuming
that the head was lowered instantaneously a specified amount and remained
constant, was 5 years for the Pixley site. At six other sites in the San
Joaquin Valley, it ranged from 40 to 1,350 years.

The modification used in the Central Valley flow model differs from the
method unsed by Meyer and Carr (1979) in a study near Houston, Texas. In the
Central Valley flow model values of lowest critical heads (hydraulic head at
which inelastic compaction of the clay beds begins) and inelastic storage are
read into the computer program for each block in model layers 2 and 3. These
layers were the intervals where compaction of the clayey beds was most prevalent
in the aquifer system. Meyer and Carr (1979) in their analysis assumed that
the initial critical heads were 80 ft below the initial hydraulic heads
(predevelopment or steady~-state heads) and a single multiplier was used to
change the storage value from elastic (recoverable) to inelastic (nonrecoverable).
However, in this study the calibration period (1961-~1977) began when subsidence
in the aquifer system had been ongoing for many years. Therefore, the approach
used in this study allowed for an inelastic storage to be simulated in the
first time step when the starting head was below the critical head. The
approach also allowed for varying inelastic-storage values from block to block
because of differences in the percent of fine-grained (clayey) beds.

The modification in the computer program allows for the compacting clayey
beds within a model layer, in an individual block, at the start of a time step’
to respond with either an elastic- or inelastic-storage value depending on
whether the hydraulic head is below the lowest previous critical head. If the
initial hydraulic head (starting water level) is above the initial critical
head then the elastic-storage value is used until the hydraulic head falls
below the critical head (see fig. 13A). When this happens, the elastic storage
~value changes to an inelastic-storage value, associated with inelastic
compaction, at the beginning of the next time step. The inelastic-storage
value is used until the hydraulic head begins to recover, then the inelastic-
storage value returns to the elastic-storage value, again at the beginning of
the next time step and the hydraulic head at which recovery started is recorded
as a new critical head. When the hydraulic head falls below the new critical
head, the elastic-storage value is changed to an inelastic-storage value and
the cycle repeats itself. Subsidence is computed only if the head declines
below the critical head. It is calculated by multiplying the drop in head
below the critical head times the inelastic~storage coefficient. This value

is calculated at the end of a time step and is accumulated through the
simulation.
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The modification has a few drawbacks. First, the change in head in an
aquifer system actually propogates slowly through the included clayey beds in
the vertical direction because of the low vertical hydraulic conductivity and
large inelastic specific storage of the clayey beds. This causes a gradual
rather than an abrupt release of water from inelastic storage. In the
simulations, however, all of the water is released from inelastic storage
within the time step in which the head change occurs. Therefore, the time lag
between stress change and compaction is not adequately simulated. This error
is mostly cancelled when looking at periods of several years or more. Second,
the inelastic-storage term is assumed constant even though laboratory
consolidometer tests of small clay samples indicate that the amount of water
released from inelastic storage is a function of the applied stress. ' 1In
addition, the vertical hydraulic conductivity of the compacting clayey beds,
in theory, decreases as the beds are compacted. However, based on soil
consolidation theory, Helm (1977) was able to simulate the total compaction
with reasonable results at seven sites in the San Joaquin Valley for periods
of decades using constant values for aquifer properties.

In the computer program, the change from an elastic-storage value to an
inelastic-storage value or vice versa was done at the beginning of each time
step even though the change actually occurred in the previous time step. This
means that unless small time steps are used in the simulation, the change from
one storage value to another could lag greatly, thus causing errors in the
simulation. A better technique would be to have the storage values change
while iterating through the finite-difference equations within the time step.
However, attempts to do this caused instability in the program and the difference

in computed head wvalues between iterations did not converge to an acceptable
value.

Estimates of Recharge and Discharge

Methods used to estimate the initial values of recharge, discharge, and
hydraulic properties of the aquifer system used in the simulations were
selected based on two criteria: (1) A method should be as independent as
possible of the other methods being used in order to avoid situations where an
error or wrong assumption would carry through the analysis, and (2) each

method would be able to be applied throughout the valley so that if there was
‘a‘biaS»erro;,zat least the relative differences between one area and another
would be apparent. These criteria eliminate some methods of estimation.
However, the benefits of maintaining independence and consistency in a regional

aquifer analysis were judged more important than being able to use all available
methods.

Recharge and discharge can be considered at various scales of detail.
The scale chosen is important because the hydraulic effect on some unit of the
aquifer equals the difference between recharge and discharge in that unit.
‘When a larger unit of the aquifer is considered, more canceling effects occur
and consequently, the variation of net recharge/discharge per unit area is
smaller. Consideration of this principle requires that care be taken when
comparing values of recharge/discharge. Because this is a regional analysis,
the geographic units chosen (model blocks) were designed with a 6-mi-grid
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spacing. Equal values of recharge and discharge which occur within the same
model block are ignored because their net effect on flow to or from adjacent
nodes or deeper layers is zero. The total recharge minus the total discharge
into or out of a particular model block of the aquifer system will be called
net recharge/discharge.

Surface-water bodies, such as rivers and lakes, can be recharging the
aquifer system or receiving discharge from the aquifer system depending on
head difference between the surface-body and the aquifer at a particular
location and time. Precipitation can recharge the aquifer directly through
the soil. Irrigated agricultural land usually recharges the aquifer system by
irrigation return flow but can receive discharge from the aquifer under
particular conditions. Wells usually discharge water, but can be used for
recharge, although this is uncommon in the Central Valley.

The only component of net recharge/discharge that can be measured directly
is pumpage. Because net recharge/discharge is a sum of components, there are
many ways to categorize the components by type and/or im time or space. The
result is that there appear to be many ways to calculate the components
(Wilson and others, 1980). However, most of these methods can be divided into
one type or a combination of the following four types.

(1) Proportional.--The proportional method assumes that a constant
proportion of the inflow term becomes ground-water recharge. The
inflows are measured or estimated and the proportions are compared
with or taken from values calculated from the results of other
methods, such as the water-budget type. In evaluating recharge from
agricultural return flow, this proportion is equal to one minus the
irrigation efficiency minus the proportion of irrigation water which
becomes surface runoff.

(2) Rate time.~-The rate-time method is also called the Infiltration-
Duration Method. It uses the equation:

Qr =i A t (3)
where
Qr = recharge volume in the specified time period, acre-ft;
i = infiltration rate, feet per year;
A = wetted area for infiltration, acre; and
t = time duration of infiltration during the time period, year.

The infiltration rate (i), if measured, is done for a short time,
‘small -area, and measured water budget (such as a stream-seepage
measurement or a percolation test). This rate has to be extrapolated
in time and space, which is difficult owing to its high variability
and poor relation to other conditioms.

{3) Ground-water flow.--The ground-water-flow method assumes that
the flow across a plane, as calculated by Darcy's law, is equal to
the net recharge upgradient of that plane. This calculation is made
by amnalytical techniques or simulation-model calibrations. This
also assumes that the flow system is in equilibrium (steady-state
condition) and that the aquifer properties are estimated correctly.
This would be a poor method to use for input to a flow model because
it violates the principle of independence.
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(4) Water budget.--The Water-budget method is based on the Continuity
equation:

2 Inflows - 3 Outflows + A Storage = 0 (4)

The terms in the above basic equation have been divided by many
investigators in various ways. Net recharge/discharge is a component
of one of the terms. It is assumed that all the significant compomnents
of each of these terms, except net recharge/discharge, can be measured
or estimated. The equation is then used to solve for the dependent
variable and net recharge/ discharge that is sometimes referred to

as a residual quantity. In this type of equation, where the dependent
variable, net recharge/ discharge, is equal to the difference of the .
independent terms, the random error in the dependent variable will
be large if the difference between the independent terms is small
relative to the size of the terms themselves.

There are also various methods that actually are ways to extrapolate the
results of the methods described above to other locations or other time periods.
These include other types of regression models that relate net recharge/discharge
to flow, storage, or conveyance properties of water sources.

The water-budget method was the principal method used in this study
because budgets could be designed to minimize the random error by adhering to
the following criteria:

(1) Categorizing components so that recharge was relatively large
when compared with the other terms in the equation.
(2) Choosing budget-unit boundaries where:
a. reasonably accurate data for flows across boundaries were
available;
b. the number of significant flow components was minimalj;
c. boundaries are compatible with other flow components such that
water is not missed or counted twice; and ’
d. the geographic units for which average flow components are
calculated are similar in size to the nodal spacing for the
ground-water model.

Recharge and discharge values were estimated for the 17-year period
1961-77 by several types of water budgets. This period was chosen because
recent data were available, and because it includes a variety of dry and wet
conditions as well as changes in water development. These stresses on the
ground-water system aid in understanding the flow system because they require
a more rigorous test of the simulation and the concepts upon which it is
based. The estimates of the various components of recharge and discharge are
given in Appendix A.

The model does not automatically adjust certain components of recharge
and discharge as might be desired for head-dependant functions such as river
leakage or evapotranspiration. By regression analysis, the authors found that
the dominant factors affecting recharge and discharge rates in the aquifer
system are the amount of surface-water flow, land use, and canal systems;
these factors are more important than the dependence on the head change in the

aquifer. Therefore, the authors did not use the head dependent function for
net recharge/discharge in the model.
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Streamflow

Streamflow losses (ground-water recharge) and streamflow gains (ground-
water discharge) were estimated by Mullen and Nady (1985) using the water-
budget method. This was done for all major streams, for each reach bounded by
gages, according to the following equation:

= + - - -
Loss Qups Qin ET Div ans )
where

Q = flow at the upstream gage, acre-feet per year;

ups . . . .

Q. = inflow from tributaries or drains, acre-feet per year;.
e = evapotranspiration from the channel and riparian vegetation;

iv = diversions for irrigation; and
ans = flow at the downstream gage.

Generally, all of these terms except ET are measured quantities except
where part of the record has been estimated. Evapotranspiration cannot be
measured from riparian vegetation with any degree of accuracy. Evapotran-
spiration from the streams and riparian vegetation was not estimated because
of the uncertainty about the width of the channel and the riparian vegetation
and evapotranspiration rate. Therefore, the stream~loss values estimated for
the simulation model include evapotranspiration from the stream surface and
the riparian vegetation. This error was consider in the calibration process
that will be described later. The stream~loss values also include some
unmeasured accretions (gains) from surface drains and unmeasured diversions
for irrigation. In the Sacramento River, unmeasured gains from small creeks
are of significant size. This causes an underestimate of stream losses and a
corresponding overestimate of ungaged runoff infiltration. The Tule River has
unmeasured diversions that are also significant. This causes an overestimate
of stream losses and a corresponding underestimate of irrigation return flow.

The results of the stream-water budgets for 60 reaches of 20 major streams
are summarized by Mullen and Nady (1985) and summarized in table 1. The total
length of the major stream channels (accounting for 29.3 of the 31.7 million
acre-ft/yr mean inflow) in the valley is about 1300 mi. Average annual rates
of exchange in the different reaches ranged from a gain of 13,400 to a loss of
22,400 acre-feet per year per mile of channel. The mean of all gaining reaches
was 3,100 and the mean of all losing reaches was 3,400 acre-ft/yr. These
values were prorated and summed for each model block based on the proportion
of the length of the reach in the model block.

The minor streams that are gaged account for 7 percent (2.1 million
acre-ft/yr) of the valley's inflow. Other minor streams that are not gaged
account for less than 1 percent of the total in flow (Nady and Larragueta,
1983). Ungaged flow was estimated by a multiple-regression analysis based on
60 gaged small streams. Most of the flow of the ungaged minor streams is
applied on fields as artificial recharge.
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TABLE 1.--Summary of major stream losses and gains

(Totals may not agree due to rounding)

1961-77 wmean

Reach . . Losses Standard
S::::n Reach UP::;:"' length Inflow  Diversion (negative deviation I(J‘;:;olz::re_
(i) shows gains) of loss ft/yr)/mi)
(1000 acre~ft/yr)
Kern River 1 Below Isabells Dam 19.9 666.0 0.0 12.7 14 0.6
2 - Near Democrat Springs 23.8 636.3 0.0 -24.0 28 -1.0
3 Near Bakersfield 20.7 678.1 427 67.3 89 3.3
66.6 427 56.1 0.9
Tule River 1 Below Success Dam 11.9 141.8 69.1 18.2 8.7 1.5
2 Below Porterville 2.7 54.5 0.0 20.1 21 7.5
3 At Oettle Bridge 23.0 34.4 0.0 18.4 27 0.8
4 Porter Slough at Porterville 5.9 15.1 2.0 6.4 9.3 1.1
5 Porter Slough near Porterville 3.7 6.9 0.0 2.1 5.4 0.6
47.2 71.1 65.3 1.4
Kaweah River 1 Below Terminus Dam 2.8 421.3 71.7 -11.8 6.4 -4.2
2 Below McKays Point 4.5 215.2 82.5 -2.0 5.5 -0.5
3 Below Peoples Ditch 9.5 158.1 117 20.2 4.9 2.1
4 St. Johns below Mckays Point 27.1 202.3 90.1 46.7 29 1.7
43.9 362 53.0 1.2
Kings River 1 Below Pine Flat Dam 21.9 1,707 956 -53.8 34 -2.5
2 At Reedly Narrows 13.0 805.4 184 16.5 27 1.3
3 Below Peoples Weir 16.9 605.4 263 65.9 15 3.9
4 Below Lemoore Weir 5.4 276.5 90.2 10.1 4.5 1.9
5 North Fork below Island Weir 5.3 176.2 17.0 4.9 7.1 0.9
6 Fresno Slough below
Crescent Weir 9.5 154.2 6.7 11.2 14 1.2
7 Fresno Slough at Stinson Weir 18.1 136.3 3.2 4.6 12 0.3
8 South Fork below Army Weir 37.6 86.7 59.0 4.5 11 0.1
127.7 1,578 63.9 0.5
San Joaquin River 1 Below Friant Dam 66.9 2,697 2,250 165 30 2.5
2 Near Mendota 20.7 283.4 164 6.9 16 0.3
3 Chowchilla Bypass at Head 81.0 458.1 0.0 147 92 1.8
4 Near Dos Palos 46.8 379.6 0.0 -42.2 35 -0.9
5 Near Stevinson 7.3 510.1 0.0 157 530 21
6 At Fremont Ford 7.0 1,124 1.6 157 260 22
7 Near Newman 9.9 1,006 7.1 ~44.8 38 -4.5
8 At Crows Landing Bridge 9.5 1,590 63.1 -62.1 11 -6.5
9 At Patterson Bridge 20.7 1,610 107 ~44.2 130 -2.1
10 At Maze Road Bridge 5.1 2,570 10.7 =-47.1 92 -9.2
272.9 2,600 392 1.4
Fresno River 1 Near Daulton 14.8 107.9 54.4 3.4 14 0.2
. 2 At Madera 8.2 51.8 0.0 9.7 8.9 1.2
23.0 54.4 13.1 0.6
Chowchilla River 1 Below Buchanan Dam 13.0 164.0 0.0 4.9 17 0.4
Merced River 1 Below Merced Falls 7.3 867.0 534 =0.5 18 -0.1
2 Below Snelling 18.7 320.0 31.7 =-60.2 20 -3.2
3 Near Cressey 23.6 362.1 17.6 -43.9 10 -1.9
49.6 584 ~104.6 -2.1
Tuolumne River 1 Below Lagrange Dam 20.7 1,488 898 =90.7 42 -4.4
2 At Hickman Bridge 16.3 756.7 1.3 -33.9 32 -2.1
3 At Modesto 13.0 790.7 6.5 -44.1 47 -3.4
50.0 906 -168.7 =3.4
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TABLE 1.--Summary of major stream losses and gains--Continued

(Totals may not agree due to rounding)

1961-77 mean
Reach . . Losses Staandard
Strean Reach Upstream length Inflow Diversion (vegative deviation Unit loss )
name gage : ; (1000 (acre
(mi) shows gains) of loss ft/yr)/mi)
(1000 acre-ft/yr)
Stanislaus River 1 At Goodwin Dam 11.0 1,054 519 -40.7 33 -3.7
2 At Orange Blossom Bridge 13.6 575.7 1.5 -3.2 3?7 -0.2
3 At Riverbank 16.7 585.9 3.6 -67.2 38 ~4.0
4 At Ripon 6.7 658.2 3.6 ~2.6 38 -0.4
48.0 528 -113.6 -2.4
Calaveras River 1 Below New Hogan Dam 6.8 139.2 0.0 -1.5 1.5 -0.2 .
2 At Jenny Lind 11.1 249.0 2.7 13.7 18 1.2
3 At Bellota 16.8 30.1 2.8 17.7 7.1 1.1
34.7 5.5 29.9 0.9
Mokelumne River 1 Below Comaanche Dam 24.3 499.8 118.1 48.0 17 2.0
Comsumnes River 1 At Michigan Bar 25.5 346.4 9.8 2.5 17 0.1
Americao River 1 At Fair Oaks 16.0 2614 34.6 382 140 24
Yuba River 1 Below Englebright Dam 17.8 1848 188 ~49.0 71 -2.8
Feather River 1 At Oroville 15.6 4,310 582 ° -10.9 57 -0.7
2 Near Gridley 21.7 3,550 42.0 -178 120 ~-8.2
3 At Yuba City 5.0 5,391 0.7 -3.9 130 -0.8
4 Below Shanghai Bead - 13.8 5,738 56.6 -186 220 -13
56.1 681 -378 ~6.7
Sacramento River! 1 Near Red Bluff 43.2 - -- 44.0 58 1.0
- 2 Near Vina Bridge 17.0 -- - =5.3 44 -.31
3 At Hamilton City 18.7 - -- 22.0 56 1.2
4 At Ord Ferry 15.0 - -- -1.6 64 -.11
5 Butte City 26.4 - -- 1.5 54 .06
6 At Colusa 26.5 -- - -30.3 66 -1.1
7 Below Wilkins Slough 28.9 - - -106 S4 -3.7
8 At Knights Landing 14.4 .- - 41.4 53 2.9
9 At Verona 19.0 -- - ~16.6 74 -.87
' 209.1 =51 -0.2
Stony Creek 1 Below Black Butte Dam 18.5 421.5 72.7 49.1 18 2.7
Cache Creek 1 At Rumsey 21.3 507.6 0.0 -0.2 19 0.0
- 2 Near Capay 20.3 530.1 134 23.2 18 1.1
41.6 134 23.0 0.6
Putah Creek 1 Near Winters 10.9 346.2 181 13.9 5.6 1.3
2 Below Wiatera 6.3 111.3 0.1 1.3 5.6 0.3
3 Above Davis 5.6 110.0 0.0 3.2 4.6 3.5
20.8 181 18.3 1.7
TOTAL -===e=e--- D 995.0 -- 336 0.3
‘§acramento River flows are for the April to October (7 month) period; they are not ananual figures. Inflow and
diversions not listed.
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Precipitation

Ground-water recharge by precipitation occurs when precipitation is
greater than the potential evapotranspiration and when the soil moisture
storage capacity is full. In general, precipitation exceeds potential
evapotranspiration in the winter while the reverse is true in the summer, thus
most of the ground-water recharge from precipitation occurs during the winter
and spring months. The method of estimating ground-water recharge from
precipitation is described below.

Estimates of monthly soil-moisture budgets for the fifty-year period from
1922 through 1971 were computed for native vegetation by the California
Department of Water Resources, and the U.S. Bureau of Reclamation, (John
'Renning, U.S. Bureau of Reclamation, written commun., 1979). They assumed 2-,
3-, and 4-foot rooting depths for the Sacramento Valley, Delta, and San Joaquin
Valley areas, respectively, and a moisture-holding capacity of 1.5 inches per
foot of root depth to determine soil-moisture storage capacity. The monthly
precipitation which exceeds monthly potential evapotranspiration is added to
soil-moisture storage until the capacity is filled. Excess precipitation for
any month is accumulated with the excess precipitation from previous months of
that year and becomes a recharge value for the ground-water system. The soil
moisture storage is carried over into the summer when it is depleted as the
potential evapotranspiration exceeds precipitation. Linear regressions for
the three areas were computed, relating excess precipitation to annual
precipitation. The results are shown in table 2. Total precipitation on the
valley floor averages about 12.4 million acre-ft/yr. Excess precipitation
which averages 1.5 million acre-ft/yr, includes ground-water recharge and
surface runoff. The surface runoff is not added in any other water-budget
term, so it is counted here, even though it may actually become recharge
down-gradient in the valley. Total annual precipitation for each model block
was estimated based on mean annual precipitation (fig. 4) and measured ratios
of annual to mean annual precipitation for each year during the period 1961-77.

TABLE 2.--Regression results--Excess precipitatipn (PPTe ) as a_
function of annual precipitation (PPT)

equation: PPTex =mPPT + b (4)
Area Slope(m) Intercept(b) R-squared
Sacramento 0.64 . -9.1 0.85
Delta 0.63 -7.3 0.79
San Joaquin 0.64 -6.2 0.64
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Irrigation

Recharge and discharge resulting from irrigation is very important in
understanding the aquifer system in the Central Valley because 57 percent of
the total area of 20,000 mi? is irrigated. During 1961-77, water use for
irrigation averaged about 22 million acre-ft/yr.

To determine net recharge/discharge from irrigated areas and unlined
canals, a water budget was designed to examine the artificial components (such
as canal loses and irrigation return flow) of the hydrologic cycle, which have
greater values than the natural components because of extensive agricultural
development. A major component in many areal water budgets is evapotranspiration.:
The estimation of evapotranspiration is difficult and subject to large errors.
‘However, evaluation of the artificial components of the cycle allows the use
of evapotranspiration values from irrigated agriculture where the environment
is much more uniform. The relatively uniform agricultural evapotranspiration
contributes less variation and uncertainty to the water-budget analysis.

The spatial boundaries chosen for a water budget of irrigated lands are:
land surface at the top and the depth of crop roots at the bottom, and horizon-
tally, the model block boundaries or the boundaries of geographic units of
similar size whose data could be translated to model blocks by an areal
proportion. ’

The water budget is defined as follows:

INFLOW OUTFLOW
(SW + GW) - (ETAW + GWRA) + ASMS = O, (6)
where
SW = surface inflow, measured at the diversion point to an area,
minus surface outflow, if any, from that area;
GW = pumped ground water;
ETAW = evapotranspiration of applied water;
GWR, = recharge to the top layer (4); and
ASMg = change in soil moisture storage in time (using l-year

intervals assumed ASMS to be zero in that interval).

This calculation includes recharge from irrigated areas with recharge from

unlined distribution canals; this has several advantages in addition to having
" one-less term to consider. A regional scale does not require detailed separation
of hydrologic features. Flow measurements of smaller, unlined distribution
canals (such as ditchtender records), usually are approximate and may contain
significant errors. This equation also makes GWR, as large as possible when
compared to the other terms which tends to minimize effects of errors in the
smaller terms.

Removing ASMS from equation 4 and solving for GWR4:

GWR4 = SW + GW - ETAW , 7
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Separating GW into layers of origin, layer 4 (top) and layer 3 (deeper),

4 4

For a water-table aquifer, assuming the time lag for recharge is less than the
periods of interest for modeling, the net recharge between the upper land
surface and the water table is the desired result. This assumption was tested
by checking response time lags in water-table well hydrographs and appears to
be valid for simulation periods of 6 months to one year for much of the valley.
The net recharge/discharge to the water table (net R/Da) is then:

GWR, = SW + GW, + GW3 - ETAW . (8)

4

Substituting equation 8 into equation 9 gives;

net R/D4 = GWR4 - GW , | B 4(9)

net R/D4 = ((SwW + Gw4 + Gw3) - ETAW) - GW4 (10)
GW4 cancels out, yielding;
net R/D4 = SW - ETAW + Gw3 (11

The net recharge/discharge (net R/D3) for the lower pumped Zzone
(model layer 3) is

net R/D3 = - GW3 (12)
Equations 11 and 12 indicate that pumpage from the lower zone (layer 3) can be
represented in the water budgets as a transfer of water to the water table
(layer 4). Adding these two equations together shows that where the layer
definition can be ignored, the composite net flow (net F) is

net F = net R/D3 + net R/D4 = SW - ETAW (13)

Equation 13 has the advantage of having only one component that needs to be
estimated because net surface inflow (SW) is measured.

Ideally, all components should be calculated for identical areas. However,
the most accurate land-use and surface-water data are not collected or summarized
for areas that have coincidental boundaries. Therefore, it was necessary to

apportion the data values among model blocks, based on the area in that model
" block. - . - .- .

Surface-water-delivery data for the San Joaquin Valley and southern Delta
area were collected as irrigation district totals and prorated to the model
blocks in each district. The evenness of distribution within a district
varies from one district to another but it was compared in the Turlock Irrigation
District against more detailed records of deliveries. 1In that district, which
is large and has a large supply of surface water, the assumption of uniform
distribution was adequate for the water years tested, 1962 and 1970.
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In the Sacramento Valley, surface-water-delivery data are often misleading.
Because of the abundance of water, much of the water delivered drains off omne
field to another field or to another irrigation district downslope. There is
very little detailed data for drain flows. Therefore, it is possible to have
water values counted more than once as being delivered for crops. The most
detailed surface-water-use data available are estimated from land use and umnit
applied-water values (Bloyd, 1978, p. 120). Another source of error in this
data is in determining from aerjial photographs whether the fields are irrigated
by surface water or ground water. Many fields are equipped for both, so it is
difficult to determine which is used primarily. To make adjustments for these
errors, water budgets for subareas 12 to 15 (see fig. 25, p. 102) were developed.

From these subareas, the ratios of net surface water used to total
delivered average 77, 47, 57, and 83 percent, respectively. These ratios were
used to adjust downward the total surface-water delivery presented by Bloyd
(1978, p. 130-132). Though reported by Bloyd as totals for townships (36 mi2?),
these data were available on a quarter-township basis (Phil Lorens, California
Department of Water Resources, unpub., 1978). These values were available
only for 1961 and 1970, therefore, they were adjusted for other years based on
a regression of known surface-water diversions for the other major streams
(Mullen and Nady, 1985). This regression accounted for variation from wet
years to dry years and long-term trends. Evapotranspiration (ET) of applied
water values were made from land-use data, which is summarized for 7.5-minute
quadrangles of latitude and longitude, and unit ET values. Each gquadrangle
includes an area about 1.64 times the area of a model block. Details of
estimating evapotranspiration of applied water is presented by Williamson
(1982). Average unit ET of applied-water values were used, causing an over-
estimate in wet years and an underestimate in dry years. The variation in ET
between dry and wet years is small, however.

Pumpage data were collected for quarter township areas (0.25 times the
area of the model block). Pumpage data were estimated from power consumption
records and pumping plant efficiency tests (Diamond and Williamson, 1983).
Data for missing years were estimated by regression analysis. Estimates were’
not available for most of the Delta area. Pumpage in the Delta area was
estimated for the simulations by the water-budget method assuming an irrigation
efficiency of 55 percent, and estimated values of crop needs (ET of applied
water) and surface water diverted for irrigation.

There is some error in all the prorations. The effect of these errors is
‘equivalent to a transfer of a volume of water from a model block to an adjacent
model block. For this reason, constant additive adjustments to net recharge
estimates were calibrated for each model block to account for balancing the
errors in the volumes between adjacent model blocks.
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The proportion of pumpage from the deeper zone in the aquifer was estimated
by several methods. These methods assume that the proportion of flow from
different depth zones into a well is proportional to the length of perforations
in that zone. Construction data for more than 3,300 irrigation and public
supply wells were used to calculate the proportion of perforated intervals in
each zone for each model block. To extend this analysis, discharge water
temperature measurements for 35,000 pumping plant efficiency tests for about
13,000 wells were analyzed. Temperature data from 3,000 wells having
construction information established a relation between temperature and
perforated interval. This relation was used to approximate perforated
intervals for each of the 13,000 wells. These approximate predicted
perforated intervals were used to estimate the proportion of perforated
intervals in each zone. These proportions were averaged with those previously
determined using appropriate weighting factors. Where no data existed, the
proportion was interpolated from adjacent areas. The effect of errors in
estimating these proportions will be discussed in the section, '"Changes in
Ground-Water Recharge."

Estimates of Aquifer Properties

The methods used to estimate aquifer-system properties such as thickness,
hydraulic conductivity, and storage are described in the following sections.
The same principle of using consistent methods for the entire valley, as
previously described, was applied. Some measures (like the mean) of the
estimates made are given in this section, others will be given in the prede-
velopment and postdevelopment sections. These estimates were adjusted during
calibration of the model. The complete data set of final values after
calibration is given in Appendix B.

Thickness

Post-Eocene deposits of continental origin constitute the primary ground-
water reservoir in the Central Valley. The thickness of these deposits (fig. 9)
was estimated by R. W. Page (U.S. Geological Survey, written commun., 1981 and
' ‘Page, 1974) from interpretation of electric logs and from published reports.
The thickness of these deposits average about 2,400 ft and increase from north
to south and have a maximum thickness of more than 9,000 ft near Bakersfield.
However, the contact between continental and the underlying marine deposits is
not always certain because the two types of deposits in some places interfinger,
particularly near the southern end of the valley. For example, de Laveaga
(1952, p. 102) suggested that the continental deposits may be as much as
15,000 ft thick where 9,000 ft is shown in figure 8. Thus, the thickness of
continental deposits in the Central Valley, particularly the southern part,

- used in the analyses of the system may be less than what is actually present.
Excluding the deeper continental deposits (which interfinger with marine
deposits) probably does not greatly affect the analyses of ground-water flow
in the Central Valley because the amount of flow in the deeper parts of the
continental deposits is considered to be small.
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Hydraulic Conductivity

The hydraulic conductivity (K) of a saturated, porous medium is the
volume of water it will transmit in a unit time, through a cross section of
unit area, under a hydraulic gradient of a unit change in head through a unit
length of flow (Lohman, 1972, p. 6). In this report it will be expressed in
units of feet per day.

Horizontal.--Two sources of data were considered to estimate horizontal
hydraulic conductivity (Kh) values--specific-capacity data from power company
pump-efficiency tests and drillers' logs. Because pump-efficiency tests are
not available for the entire valley, that method was used only as a spot check.
on the results of the other methods.

Driller's logs contain descriptions of the formations drilled through in
each depth interval. Each formation description was assigned to one of five
categories of formations with similar properties described by Davis and others
(1959, p. 202-206). The depth interval and category was coded for each well
log for computer tabulation. More than 10,000 well logs in the Sacramento
Valley and more than 7,400 logs in the San Joaquin Valley were coded for the
analysis. Hydraulic conductivites were assigned to formation categories that
were characterized by grain size using values determined by Johnson and others
(1968); Morris and Johnson (1967), and California Department of Water Resources
(1966, p. 137). Although there is considerable variation in Kh values within
a category, the method should still give a good indication of relative
differences in Kh because of the large sample size. Table 3 shows the categories

and their corresponding Kh values and specific yields (which will be discussed
in the next section).

An equivalent Kh value was computed for each segment of each well which
corresponded to the appropriate model layer, by the following equation:

Kh
Khe = _z_.&___). (14)
1 b
where
Khe = equivalent Kh,
b ®? = thickness of the interval reported on the drillers' log, and

Kh horizontal hydraulic conductivity of the interval.

These equivalent Kh values for individual wells were averaged for each layer
in each model block. Values for model blocks with no data were interpolated
and extrapolated from nearby model blocks. The resulting Kh values for all of
the model blocks have a mean of 25 ft/d and a standard deviation of 13 ft/d.
The resulting Kh values were compared with values reported by other investi-
gators. The comparison showed that estimates of Kh obtained in the above
manner were not consistently larger nor smaller than other estimates. It also
showed that in 57 percent of the 244 model blocks that could be compared, the
. present estimates are within a ratio of 0.6 to 1.67 to the other estimates.
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Estimated values were also compared with values estimated from specific-capacity
data collected by utility companies in pump-efficiency tests. In two-thirds

of the 251 model blocks that could be compared, the values from drillers' logs
were larger than those estimated from specific capacity. Only 46 percent of
the model blocks were within the ratios mentioned above.

Vertical.--The aquifer system is composed of many interbedded lenses of coarse-
and fine-grained deposits in which the vertical hydraulic conductivity varies
according to the type of deposit. Because it is impossible to model every
lens in the aquifer system, an equivalent vertical hydraulic conductivity of
the lenses in each model layer in each block was calculated by applyxng the
principle of conductances in series as:

2 b
Kze =
1 b, b, b
-——-+-—-— oo e )
Kz; Kz, * * Kz (15
where
Kz = equivalent vertical hydraulic conductivity;
s B9 = total thickness between the centers of two adjacent model
layers;

bl,b,bn = thickness of individual lenses; and_
Kzl,Kzz,Kzn = vertical hydraulic conductivity of corresponding lenses in

the aquifer system. The lenses were categorized into
coarse- and fine-grained deposits.
This simplified equation 15 is as follows:

Zb
KZeq - Zbc + be (16)
ch Kzf

where
Zbc, be = sum of the thicknesses of coarse and fine beds,
respectively, and
ch, Kzf = vertical hydraulic conductivities of coarse and fine
sediments, respectively.
In general, the vertical hydraulic conductivity of the fine-grained lenses is
much less (by at least two orders of magnitude) than that of the coarse-grained
lenses, which causes the term 2b /Kz to be negligible. Thus, equation 16 can
be sxmpllfled to:

Zb°Kzf
Kze(l £ ——z'b-f— (17)

51



The ground-water-flow model used in this investigation incorporated the
vertical hydraulic conductivity into the term known as leakance. Leakance
(TK) is defined by Lohman (1972, p. 30) as the ratio of Kz to the thickness of
the confining beds. In an aquifer system composed of many interbedded lenses
of coarse- and fine-grained deposits, an equivalent TK can be computed as:

Kze
TKeq = _f_% (18)
where
TK = equivalent leakance.

eq

Substituting the right side of equation 17 for Kzeq in equation 18 &iéldér

Kz

K = —t (19)
eq f

Thus, the flow between model layers is controlled by the vertical hydraulic

conductivity of the fine-grained deposits divided by the thickness of the
fine-grained deposits.

TK values were calculated for each well using equation 19 based on
thicknesses of coarse and fine-grained beds developed by Page (1983) from
about 690 electric logs, selected at a density of one per quarter township
(9 mi2). The initial value of Kz used for fine-grained beds was 1 X 10 % ft/d.
These equivalent TK values for individual wells were averaged for each model
block between each layer.

In some areas, many wells are perforated for long intervals across two
adjacent model layers. Bennett, and others (1982) discuss this problem,
noting that where wells penetrate two adjacent layers, by using the Thiem
equation, TK values for the wells can be calculated. All of the well TK
values can belsummed with the aquifer TK because the flows are parallel?q
Because of the large variation in values ahd the model's high sensitivity to
TK, these values were substantially adjusted in the calibration process. This
will be further discussed in the section, "Changes in Ground-Water Flow."
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Aquifer Storage

The term storage coefficient is used to describe water that is released
from or taken into storage. Theis (1938, p. 894) defined it as the volume of
water (in cubic feet) released from storage in each column of the aquifer
having a base 1 ft2 and a height equal to the thickness of the aquifer when
the water table or the piezometric surface is lowered 1 ft. The storage
coefficient is equal to the specific storage times the thickness of the aquifer
where the specific storage of a saturated aquifer is the volume of water that
a unit volume of aquifer releases from storage under a unit decline in hydraulic
head. Jacob (1940) noted that water released from an elastic artesian aquifer
was derived from three sources: (1) expansion of the water, (2) compression
of the aquifer, and (3) compression of the adjacent and included clay beds.
Poland (1961) assumed the third source of water was caused by the inelastic
compaction of the adjacent and included clayey beds. Water is also released
from the shallow part of the aquifer by gravity drainage when the water table
is lowered (known as specific yield). However, the volume of water released
from gravity drainage, or the aquifer's specific yield, is usually much greater
than water released from the other sources. Thus, for the upper part of the
aquifer system in the Central Valley, specific yield was used as the storage
coefficient. The specific yield was estimated by the same method of weighted
averages as described in the section '"Horizontal Hydraulic Conductivity"
except specific yield replaced horizontal hydraulic conductivity. The values
used for each formation are given in table 3. The mean specific yield is 0.09
and has a standard deviation of 0.03.

TABLE 3.~--Hydraulic conductivity and specific vield values
used for aquifer materials for initial estimates

[Hydraulic conductivities were reduced by a factor
of 4 during model calibration]

~- material. 1ty yie
. ) L(ft/d) (percent)
Bedrock 0.0 0.0
Clay .00053 3
Sandy clay 1.1 5
Fine sand 11 10
. Sand and gravel 110 25
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Jacob (1940) concluded that in an elastic artesian aquifer, the volume of
water released from compression of the adjacent and included clayey beds was
the chief source of water released from storage in the aquifer. In the analyses
of the Central Valley aquifer system, the system below the uppermost part was
considered confined in the sense that the vertical permeabilities of the
sediments are much lower than the horizontal permeabilities which restricts
the vertical movement of water. Jacob (1940) defined the elastic-storage
coefficient for an uncemented granular material assuming that water stored in
the clayey beds was released instantly to avoid mathematical complications,
(although Jacob recognized there would be a time delay between the lowering of
the head in the aquifer and the release of water from the clays because of
their low permeability) as:

1 1 c y
S$=y0m (g * 55 Y E (20)
where
S = storage coefficient, dimensionless;
Y = specific weight of water, 0.434 pounds per square inch per feet;
© = porosity of the sediments, dimensionless;
m = thickness of the aquifer, in feet;
Ew = bulk modulus of elasticity of the water, 3 x 10° pounds per
square inch;
Es = bulk modulus of elasticity of the aquifer matrix, pounds per
square inch; '
Ec = modulus of compression of clay beds, pounds per square inch, and
c = a dimensionless quantity that depends largely on the thickness,

configuration, and distribution of the clay beds.

Replacing the storage coefficient with an specific storage (Ss), and rearranging
terms, the equation can be:

=X8 .Yy  ¥b¢c
Ss = 0 " Ew T Es T R (21)

the elastic specific storage of the aquifer system is equal to:

Ss = 1_ X

c Ew Eas (22)

where

Eas = weighted average bulk modulus of elasticity of the aquifer system,

pounds per square inch.

Estlmates of the elastic storage term were calculated by adding the
product of the thickness of coarse-grained deposits times its specific storage
to the product of the thickness of the fine-grained deposits times its specific
storage. Values of the elastic specific storage of the coarse- and the fine-
grained deposits were obtained from Poland (1961), Riley and McClelland (1972),
and Helm (1978).
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Poland (1961, p. B53) assumed that release of water from storage during
short-term pumping tests was primarily caused by the expansion of water and
the elastic compression of the coarse-grained part of the aquifer. He
approximated the contribution of water derived from each of the two mechanisms
for the aquifer system in the southwestern part of the San Joaquin Valley. In
the calculations, he used an aquifer thickness of 700 ft and a storage
coefficient of 0.001, which is the average of aquifer tests of wells for the
area that was studied by McClelland (1962). Clayey interbeds were not included
in his calculations and they accounted for another 300 ft of the aquifer
system. The estimated elastic specific storage value of the coarse-grained
deposits in the aquifer system was 1.4 X 10 © per foot with about 40 percent
contributed by the expansion of water and 60 percent contributed by the elastic
compression of the aquifer matrix. Similarly, Riley and McClelland (1972, p. -
77d) estimated the elastic specific storage of the more permeable layers
(coarse-grained deposits) in the aquifer system near Fresno to be between 0.7
to 1 x 10 © per foot. These results were based on several detailed aquifer
tests.

In contrast, Helm (1978, p. 193) calculated an elastic specific storage
value of the fine-grained (clayey) deposits at seven sites in the San Joaquin
Valley. The values ranged from 2.0 X 10 ® to 7.5 X 10 ® per foot with an
average value of 4.5 X 10 e per foot. Thus, based on somewhat limited information,
the range of elastic specific storage for the Central Valley aquifer system
was estimated to be between 1 %X 10 © for_parts of the aquifer system that are
all coarse-grained deposits to 4.5 X 10 ® per foot for parts of the system
that are all fine-grained deposits. This results in an average elastic specific
storage value of about 3 % 10 € per foot where the deposits are one-half
coarse grained and one-half fine grained.

Poland (1961) estimated the volume of stored water released by inelastic
compaction of clayey beds in the highly compressible aquifer system, was 50
times greater than water released by the elastic expansion of water and
elastic compression of the aquifer system. In this area the ratio of subsidence
to head decline ranged from 0.04 to 0.1. He concluded that land subsidence in
areas of heavy ground-water pumpage was almost totally caused by " ... the
compaction of the clay, silty clay, and clayey silt beds, both by plastic
deformation and mechanical rearrangements of grains, and to that extent is
inelastic and permanent." However, water is not always released from the
compaction of the clayey beds, but is dependent on the change in head in the
aquifer system. The theory and mechanics of how the clayey beds in an aquifer
- ‘system compact and how it relates to land subsidence is presented in detail by
Lofgren (1968) and Poland and Davis (1969).

Estimates of inelastic (compaction) storage were calculated by (1)
estimating the thickness of fine-grained beds in the aquifer system and (2)
multiplying that value times the mean inelastic specific storage of 3 X 10 T4
per foot. The mean inelastic specific storage value was calculated by Helm
(1978, p. 193) who estimated an inelastic specific storage value at each of
seven sites in the San Joaquin Valley, where the values ranged from 1.4 X 10 T4
to 6.7 x 10 4 per foot. Another estimate of the inelastic specific storage
was calculated from Poland (1961) to be about 2 x 10 4 per foot assuming a
300-ft-thick clayey section in the aquifer system and an inelastic storage
coefficient calculated by Poland of 5 X 10 "2, This value is reasonably close
to the mean value estimated by Helm (1978).
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Water-Level Analysis

Two major data bases of water-level measurements were accessed and analyzed
to provide estimates of model-block-averaged water levels during the calibration
period and also during predevelopment.

A statistical analysis of the data was chosen over the more traditional
method of drawing contour maps for each time period of interest. Contour maps
of water levels were available from the California Department of Water Resources,
but were only used for verification of the estimates because of the followxng
limitations:

(1) Water levels of the entire valley were not mapped, and only one depth

zone was mapped in any area.

(2) Temporal trends made by using values taken of successive contour maps
can be erroneous owing to the variation of subjective input in compiling
each map.

(3) It was unclear which wells were used for the water-level mapping and
what well construction information was available.

(4) Confinement exists in areas where no extensive clay layers have been
mapped, because numerous discontinuous clay layers collectively act
as confining units. The absence or presence of clay layers was not
considered in compiling the water-level maps.

(5) Only a part of the data was used, because of the time required to
incorporate a large volume of available data.

The data base from the California Department of Water Resources was
copied, edited, and analyzed; more than 460,000 ground-water-level measurements
were available from more than 18,000 wells for the years between 1920 and
1979. Depth and (or) construction information was available for about 8,000
of the wells, which allowed assigning the wells to the depth zones in the
model. About 32 percent were in the top (water table) zone, 6 percent were in
the next two lower layers, 10 percent possibly spanned the top two layers, and
52 percent were of unknown depth. Most of the wells were measured biannually,
though about 6 percent were measured at least monthly. Of the biannually
measured wells, the autumn measurements were almost always taken in October.
Most of the spring measurements were taken during March in the Sacramento
Valley and Delta, during February in the upper San Joaquin Valley, and during
January in the Tulare area. This causes a slight problem because the usual
months of high and low water levels are in February and August, respectively.
" 'The- effect of the water level in spring is slight because the monthly change
is ‘small, but the effect in the autumn is substantial because the recovery of
water levels is very rapid at the end of the pumping season. This condition
occurs because water levels in the aquifer systems respond fastest immediately
following a change in stress, with the rate of change decreasing with time.
Therefore, a measurement taken early will be more accurate than one taken
late, after the next change in stress occurs. Often by the time of the autumn
measurement, more than half of the postseason recovery has taken place. More
measurements are taken in the spring (57 percent) than the autumn (43 percent).
The Bureau of Reclamation has a ground-water-level data base that was used as
a supplement. Many, but not all, of the 112,000 measurements in the Bureau of

Reclamation file are duplicates of ones found in the California Department of
Water Resources file.
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In order to use the large file of data, several steps were taken. First,
depth and well-construction information was added for about 2,000 wells that
had drillers' logs available. Then, the data were plotted by making computer-
generated hydrographs for the period 1960-80 with all of the wells in a
township plotted on the same page using different symbols. This allowed easy
location of large errors, and comparison of adjacent well hydrographs. Because
well construction information and depth zones were assigned to some of the
wells, other wells could be seen to have similar responses and were coded to
depth zones accordingly. They were only assigned if there was substantial
evidence to indicate the similarity.

The next step was to convert all of the records to seasonal values,
whether the actual data were monthly or biannual. Means were calculated for .
each group of water-level measurements within the same year, season, and model
block. These means were plotted on the same page with all of the depth zones
of one model block. The hydrographs were compared to the California State
Department of Water Resources contour map for specific times as a check for
the spacial variation of water levels among blocks.

The data were also averaged by area and subarea to determine long-term
trends. If a block contains rolling areas, the average of depth to water was
more consistent to show trends than the average altitude of water levels
within the block, because some wells may be measured in one year and may not
be measured in other years. The results are described in the sections,
"Effects of Development", and "Change in Aquifer Storage."

Sequence of Calibration of the Model

Calibration of a ground-water-flow model is achieved by adjusting the
values of one or more aquifer properties or recharge/discharge such that the
computer-simulated hydraulic heads match (within the limits of the investigation)
the observed heads in the aquifer system. The normal sequence of calibration
of most model studies is to first adjust values of aquifer properties (usually
terms that incorporate vertical and horizontal hydraulic conductivity) assuming
steady-state conditions (no head change with time), and then adjust values of
aquifer properties (usually the storage term) assuming transient conditions
(changes in head with time). However, in the Central Valley, the system as a
whole -has been in a state of continual change since agricunltural development
began in the late 1800's. Few data are available for the natural recharge
rates to and discharge rates from the ground-water system as well as the
distribution of hydraulic heads before agricultural development began. Thus,
the computer model that numerically represents the Central Valley aquifer
system was calibrated under transient conditions.
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Transient simulations were run for the period of spring 1961 to autumn
1977 because: (1) there were both natural variations in the recharge and
discharge to the system as well as changes in man's operation of the water
system, and (2) there were adequate data for the distribution of head in the
aquifer system, and for estimates of recharge from precipitation, streams,
applied irrigation water and discharge from evapotranspiration and pumpage.
These data were compiled for water years (October 1 to September 30 ) and
allocated to six-month (spring-autumn and autumn~spring) periods. All river
recharge and discharge and precipitation recharge was assumed to occur in the
autumn to spring period. The municipal pumpage was divided equally between
the two six-month periods. All of the agricultural pumpage was assumed to
occur in the spring to autumn period. Analysis of well hydrographs indicate
the irrigation return flow reaches the water table having about a 6-month time.
lag, therefore, recharge from irrigation was assumed to occur in the autumn to
spring period. Because of a data-manipulation difficulty, it was allocated to
the winter season before the irrigation season instead of after.

Calibration of the model of the Central Valley aquifer system was done in
three phases. In each phase, pumpage in the lower pumped zone {model layer 3)
was held constant (the values were assumed correct), while one set of values
(transmissivity, leakance, storage, and recharge) were adjusted at a time.
Repeated adjustments were made to each of the sets of values. A discussion of
each phase is presented in the following paragraphs.

In the first phase of model calibration, the simulation period from 1961
to 1976 was divided into two separate periods; spring 1961 to spring 1970 and
spring 1970 to spring 1976. The rates of recharge and discharge were summed
from the six-month period and averaged for the particular period. These
periods were selected because: (1) in the west side of the San Joaquin Valley,
hydraulic heads in the earlier period (1961-70) declined as much as 60 ft
because of heavy pumpage and the land subsided as much as 8 ft, and (2) in the
same area, hydraulic heads in the latter period (1970-76) recovered as much as
120 ft following the deliveries of surface water from the California aqueduct.
The modification of the computer program that automatically changed the storage
term from elastic to inelastic depending on the head in the aquifer system was
not used in the first phase of calibration. Instead, the storage term for
blocks that correspond to areas actively subsiding were assigned an inelastic-
storage value. The inelastic-storage value was estimated by dividing the
amount of observed land subsidence in the model block by the observed head
decline during the particular calibration period. An elastic-storage value
was-- assigned to all other blocks that were outside the areas of active

subsidence. The storage term was held constant throughout the first phase of
calibration.
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First, the sequence of model calibration in the first phase was to
uniformly adjust all vertical hydraulic conductivities (incorporated in the TK
values), and then, based on a relation between observed vertical head differences
to those computed, to individually adjust the values of TK for each block. The
relation is expressed in the following equation:

AHV

mod
TKnew - TKold FAC AHV (23)
obs
where:
Avaod = the computed difference between model layers 4 and
3 at the end of the pumping period;
AHvobs = the observed vertical head difference between the
water~table zone (model layer 4) and the lower pumped
zone (model layer 3);
TK = the adjusted leakance value;
new
TKold = the previous leakance value, and
FAC =

0.9 when the ratio of AHV to AHV is less than
mo obs

d
one, and 1.1 when the ratio is greater than one.

Second, horizontal hydraulic conductivities were adjusted uniformally
throughout all layers to achieve the best fit of horizontal hydraulic gradients.
At this point, it became obvious that the net recharge/discharge from streams
was in error because simulated heads were either too high or too low at points
which correlated with the stream values. Because no reasonable change in any
other parameter could solve this problem, all net recharge/discharge calculated
from stream budgets were divided by 5. The best results in fitting horizontal
head gradients were obtained when the initial estimates of horizontal hydraulic
conductivity were reduced by a factor of four. ’

Then the amounts and distribution of recharge and discharge in the
uppermost model layer (layer 4) were adjusted in blocks whose heads could not
be matched by changing the other model values. Simple linear regression
analysis showed that for a 1 ft change in head at the end of a simulation
period, a 0.25 ft/yr (of the period) change in net recharge/discharge in the
top- layer was required. The recharge and discharge adjustments were made for
the two calibration periods and the differences in the adjustments between the
two calibration periods were averaged at each block. The result was a reduction
in the overall amount of recharge to the uppermost layer by 20 percent and in
Places, a substantially different distribution of recharge and discharge. The
result of the first phase of model calibration was a model that simulated the

overall changes in head in the aquifer system from 1961 to 1970 and from 1970
to 1976.
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In the second phase of model calibration, the two calibration periods
remained the same, but the computer program was modified to account for water
released from compaction of the clay beds. The inelastic (compaction) storage
term was then calibrated for the period from 1961 to 1970; first by uniformly
adjusting the inelastic storage term throughout layers 2 and 3, and finally by
adjusting individual values assigned to the blocks. Individual adjustments
occurred mostly in the Westside area. 1In addition to adjusting values of
inelastic storage, minor adjustments were done for both horizontal and vertical
hydraulic conductivity values, particularly where individual adjustments of
inelastic storage were done to improve model results.

The third and final phase of model calibration was done while simulating
six-month periods from the spring of 1961 to the spring of 1976. The simulations
included the modified version of the computer program that accounted for
subsidence. These simulations were used to calibrate the elastic storage term
and to slightly readjust all other values in the model. In general, the
adjusted elastic-specific-storage values were a factor of 2 times greater than
the average initial estimate discussed in the "Storage'" section of this report,
except in the Westside area where the adjusted values approximated the initial
specific storage estimates. The results obtained from this calibration phase
and the sensitivity of aquifer properties are discussed in following sections.

PREDEVELOPMENT GROUND-WATER FLOW

Water development for irrigation began in 1850 in the Central Valley.
These irrigation developments affected the ground-water system which previously
had been in hydrologic equilibrium, (called steady state because there is no
change in aquifer storage with time). Consequently, most of the hydrologic
data were collected after changes had already taken place in the system.
However, there are some recorded water-level measurements made by the state
engineer's office that are a good indication of what ground-water conditions
were like in those areas. Most of the water-level measurements used in the
analysis of predevelopment ground-water flow were obtained for the periods of
1905-07 in the San Joaquin Valley (Mendenhall and others, 1916, p. 15), and
1912-13 in the Sacramento Valley (Bryan, 1923, p. 18). Some earlier (late
1800's) information was obtained from Hall (1886). Some adjustments to the
data from the early 1900's were required because of effects of development
already occurring.- Also, strong inferences about ground-water conditions can
be made from other evidence such as areas of marsh and swamps. Simulation of
the predevelopment flow system using the available information has somewhat
compensated for missing or questionable data used during the investigation.

60



Water Levels and Flows

The aquifer system in the Central Valley is a single and heterogeneous
system, in which flows and heads vary in all three dimensions. This type of
system is difficult to understand and describe. In order to simplify the
discussion, the horizontal and vertical variations in flow and head will be
discussed separately, while attempting to show the relations. This is
compatible with the description of the simulation because the model also
considers horizontal- and vertical~-flow components separately.

Horizontal.~-Ground water moves from areas of recharge to areas of discharge,
in the direction of decreasing hydraulic head. In the Central Valley, ground- -
water flow in the predevelopment system began as recharge in the low hills
along the perimeter of the valley and in the upper reaches of streams and
moved toward the topographically low areas in the center of the valley.

Under natural conditions, the water table roughly paralleled the land
surface and the direction of ground-water flow was approximately coincidental
with the slope of the land (fig. 14). Recharge occurred in the high altitude
areas and discharge occurred in low altitude areas where the water table was
close to land surface.

The Central Valley has only one outlet for discharge of surface water and
ground water from the Delta west to San Francisco Bay. Because this outlet is
only about one-third of the way from the north end of the valley, the head
gradient has to be steeper in the Sacramento Valley. Notice that the trough
of lowest head in the San Joaquin Valley is to the west of the center (fig. 14B).
This also coincides with the topography.

Much of the ground-water discharge from the southern part of the valley
was to Tulare Lake and the area surrounding it (note the depression on figure
14B). Because of the characteristics of the surface-water drainage system and
the variability of surface runoff, the volume and therefore the level of the
lake varied tremendously. F¥From records obtained between 1853 and 1908
(Mendenhall, 1908 and Grunsky, 1898a), the water level of the lake varied more
than 40 ft from an altitude of 220 ft during the wet years 1862-68 to 180 ft
(altitude at bottom of lake) in 1906 when the lake was dry. This natural
fluctuation would have significantly affected ground-water levels and flows.

Also, it was reported that deep and very shallow ground water was fresh, while
~a zone of intermediate depth was alkaline. This is an additional indication
that although the system was probably in equilibrium during a long-term period,
there were short-term variations from that state, however.

Vertical.~--Under natural conditions, recharge and discharge occur at the water
table. If the lower part of an aquifer is to contribute to the horizontal
flow between recharge areas and discharge areas, there must be vertical flow
downward in the recharge areas and upward in the discharge areas (figs.

15 and 16). Downward head gradients are often not discovered because this
occurs in recharge areas where deep wells are not commonly drilled. Upward
head gradients along the trough of the valley, indicated by large areas of
flowing wells that occurred prior to development, were documented as early as
the 1880's (Hall, 1889). Figure 17 shows the area of flowing wells documented
by Hall and the areas outlined as artesian in the San Joaquin Valley in the
early 1900's (Mendenhall and others, 1916).
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Most investigators have conceptualized the ground-water system in the
Sacramento Valley as a single water-table aquifer (Bloyd, 1978, p. 102) and in
the San Joaquin Valley as two aquifers, a water-table aquifer and a confined
aquifer below the Corcoran Clay Member of the Tulare Formation. The Corcoran
Clay Member is a very notable marker bed in the valley and has been geologically
correlated from well logs over much of the San Joaquin Valley (R. W. Page,
U.S. Geological Survey, written commun., 1983). Its lateral boundary, where
known, roughly coincides with the area of predevelopment flowing wells (fig. 17).
In many areas, water levels from wells completed above and below the Corcoran
Clay Member are substantially different. These factors are the basis for the
assumption that other fine-grained beds in the valley are much less significant
than the Corcoran Clay Member in their effect on confinement. However, there
is substantial evidence to suggest that this is not true. ' o

As stated earlier, there are numerous fine-grained beds throughout the
entire Central Valley. Though they individually have small lateral extent,
the aggregate thickness of these beds is as much as several thousand feet (R.
W. Page, U.S. Geological Survey, written commun., 1983), whereas the Corcoran
Clay Member thickness ranges from zero to 160 ft with a mean thickness of 55 ft.
Water-level differences with depth have been measured in many areas such as
northwestern Sacramento Valley and the southeastern San Joaquin Valley where
the Corcoran Clay Member has not been mapped. Also, in several areas on the
west side of the San Joaquin Valley, the Corcoran Clay Member has had numerous
wells drilled through it and the wells commonly are perforated immediately
above and below the clay layer. This condition has allowed almost free flow
through the well casings and gravel packs with the results that the piezometric |
head has been equalized in the vicinty of the clay. Despite this head equalizati®
through wells adjacent to the Corcoran Clay Member, head differences are as much
as 400 ft have occurred between very shallow wells (less than 250 ft deep) and
deeper wells. These head differences are the result of numerous clay stringers
between the shallow wells and the deeper wells which, when combined, have a low
enough vertical permeability to restrict the vertical movement of water.

The amount of vertical flow and head gradient will depend mainly on the
vertical hydraulic conductivity (Kz) and the thickness of the aquifer system.
The aquifer system in the Central Valley is composed of interbedded coarse-
and fine-grained beds, with about 55 percent of the thickness composed of
fine-grained beds (R. W. Page, U.S. Geological Survey, written commun,, 1983),
This percentage wvaries little (standard deviation of about 8 percent) and is
usually .in the range from 40 to 70 percent. Therefore, under predevelopment
conditions, significant vertical head gradients probably existed throughout
the valley except where the flow was entirely horizontal or local areas where
sediments were predominantly coarse-grained.
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Predevelopment vertical head differences are difficult to estimate because
they are very sensitive to ground-water development and there is little data
for heads at depth before development occurred. Hall (1886) reported data on
about 350 deep wells that had been drilled between 1858 and 1885. Most of
these wells were flowing artesian wells, ranging in diameter from 2 to 12 in.
and depth to 1,200 ft (one was 2,160 ft). Only one had a measured static head
(water level was reported as 11 ft above land surface), though most had a
reported flowing head and flow rate. The flows ranged up to 1,100 gal/min.
To convert the flowing head measurements to static head values, a form of the
Thiem equation was used to compute drawdown:

Ra
In ﬁ; o
4 =Q 3mT (24)
where:

Ah = static head minus flowing head in the well, in feet.
Q = discharge of the well, cubic feet per second.
Ra = radius from the well where water level is static, in feet.
Rw = radius of the well, in feet.
T = transmissivity of the aquifer penetrated by the well, feet per

second.
Several assumptions had to be made to apply the equation. The value chosen
for Ra (2,100 ft) is somewhat arbitrary; however, changing it will not have a
great effect on the result because the ratio of radii is in a logarithm term.
The transmissivity chosen was equal to the depth of the well times the estimated
hydraulic conductivity. The well radius used was 0.58 ft (7 in.), an average
for the reported wells. The estimated static head was from nearly zero to
over 50 ft above the flowing-head measurement.

Vertical head differences were estimated by using the static water levels
in the deeper aquifers calculated from Hall's data and subtracting them from
the estimates of the water-table altitudes reported by Bryan (1923) and
Mendenhall and others (1916). 1In areas with large lakes, the surface of lake
water was used for the water-table altitude. The vertical resistance to flow
in the model (TK) was adjusted where data were available so that the simulated
head difference approximated the observed head difference between layers 3 and
4. Observed head differences between layers 3 and 4 ranged from zero to 40
ft; in the Tulare Lake area, it was 55 ft.

- Ground-water development in the valley has caused the hydraulic head to
decline at depths where water is partially confined; presently, only a very
few areas have artesian water rising above land surface. This occurs in some
areas of the central Sacramento Valley that have very little deep pumping;
wells drilled by the U.S. Geological Survey (fig. 2) in 1979-80 near Zamora
(12N/1E-34Q) (French and others, 1982) and Butte City (19N/1W-32G) (French,
J. J., Page, R. W., Bertoldi, G. L., and Fogelman, R. P., 1983) with 2,500~
and 1,500- ft depths, respectively, had water levels rising above land surface.
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Recharge and Discharge

Most natural recharge to the valley occurs from seepage through stream
channels along their upper reaches, and downstream from where the streams exit
from the mountain canyons. This process may continue for many miles out into
the valley. Most of this type of recharge occurs on the east side of the
valley where large streams flow from the Sierra Nevada. The Coast Ranges on
the west side are not as high and have much less precipitation available to
sustain streamflow.

Deep percolation of precipitation on the valley floor, upgradient from
the swampy areas and lakes, is a significant source of recharge in the wetter .
areas and during the wetter years. The potential evapotranspiration (calculated
as the evapotranspiration of irrigated grass) is about 49 in/yr. This value
varies little in the valley or from year to year (California Department of
Water Resources, 1975) but it is highest in the summer. Precipitation occurs
mainly in the winter (fig. 5). Therefore, in the winter, precipitation exceeds
evapotranspiration so that excess is stored in the soil until all of its
storage capacity is filled. Additional precipitation will either run off or
percolate into fhe aquifer. In the summer, evapotranspiration in excess of
precipitation is withdrawn from soil storage until it is depleted. Monthly
soil-moisture budgets (see section on "Precipitation"), indicate that no
recharge occurs until annual precipitation exceeds about 12 in. This occurs
in most years on the north and east side of the valleys, but only in extremely
wet years in the southwest part where the average annual precipitation is less
than 6 in.

Ground-water discharge occurs mainly through evapotranspiration and
discharge to streams where ground-water levels are near land surface; or above
it, as in some lakes and streams. Assuming no evapotranspiration from ground
water where the depth to water is greater than 10 ft, and also assuming a
linear increase to the potential evapotranspiration of 4.1 ft/yr where the
water table is at land surface, there would have been about 13 million
acre-ft/yr of evapotranspiration from about 8,000 mi2. About 40 percent of
that amount (5 million acre-ft/yr) would have been supplied from direct
precipitation. Most of the remainder would have to have been supplied from
surface-water flows. Discharge also occurs to stream channels, generally in
their lower reaches, where the head in the aquifer is higher than the water
level in the channel.
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Natural recharge could not be estimated reliably because conditions were
not adequately documented before the system changed substantially because of
water development. The mean annual inflow to the valley in stream channels is
about 31.7 million acre-ft/yr. The average annual precipitation on the valley
floor is about 12.4 million acre-ft/yr. There is no evidence to suggest that
these values have changed much since the 1800's. However, probably only a
small portion of these waters is recharged to the ground-water system.
Probably the best regional estimates of recharge and discharge in the natural
system are from the model calculations. This was done using the aquifer
properties calibrated during the 1961-77 period, with adjustments for changes
because wells were not present during the predevelopment period. The uppermost
model layer (layer 4) was held constant at the best estimates of the predevelop-
ment water table (fig. 14). Simulations with these constant heads produced an.
estimate of the amounts of water that recharged and discharged through each of
the model blocks in layer 4 as shown in figure 18. These values do not represent
the total recharge/discharge to the aquifer system that occurs in the Central
Valley, but rather they represent the difference between recharge and discharge
(net recharge/discharge) in each model block. Thus, the values in figure 18
represent the amount of water that recharged and discharged the aquifer system
in the Central Valley. 1In general, more recharge than discharge occurs along
the margins of the valley while more discharge than recharge occurs in the
low-lying central parts. In the San Joaquin Valley, the areas of discharge
generally correspond to areas of flowing wells (compare figs. 17 and 18).
Total calculated recharge and discharge were slightly over 200,000 acre-ft/yr
each. Ground-water outflow to Suisun Bay was negligible.
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Extent of Freshwater

The post-Eocene continental deposits conmstitute the primary fresh ground-
water reservoir in the Central Valley. Freshwater in the Central Valley is .
defined as water that has a specific conductance of less than 3,000 micromhos
per centimeter at 25° C (Olmsted and Davis, 1961, p. 134; Page, 1973, and
Berkstresser, 1973). This corresponds to about 2,000 mg/L of dissolved solids.
Beneath the body of freshwater is saline water. In general, the salinity of
the water beneath the base of freshwater increases gradually with depth at
least in the San Joaquin Valley, however, at certain locations it may increase
rapidly (Page, 1973). '

The vertical extent of freshwater varies greatly throughout the valley
(fig. 19). The greatest thickness of freshwater occurs near Bakersfield where
it exceeds 4,500 ft. In the San Joaquin Valley, the occurrence of freshwater
is not related to any specific formation, but rather is generally within the
post-Eocene continental deposits. The base of freshwater in the San Joaquin
Valley in places reflects the underlying structure of the thick Tertiary
basin, particularly near Bakersfield. It also reflects the anticlinal
structures of some of the o0il and gas fields in that valley (Page, 1973). 1In
the Sacramento Valley, the base of freshwater is generally coincident with the
base of continental and volcanic deposits and rarely does it reflect deeper
structures such as faults and gas reservoirs (Berkstresser, 1973). The shallow
body_of saline water west of Sutter Buttes (fig. 19) is found in marine deposits
while the shallow body of saline water to the south of Sutter Buttes may be a
body of evaporation residue. Another possible cause was thought to be from
upward migration of marine connate waters through defective, abandoned, or
improperly constructed deep wells (Olmsted and Davis, 1961, p. 136). However,
after investigation, G. H. Davis could not find evidence of more than one or
two deep wells ever drilled in this area (oral commun., 1983).

Within the freshwater body are zones of water that approach and exceed
the specific conductance limit that defines freshwater. These zones of saline
water are surrounded by freshwater and may represent evaporation residues or
bodies of estuarine marine water trapped when the sediments were deposited
(Olmsted and Davis, 1961, p. 136, and Davis and others, 1959, p. 181).

The initial simulation assumptions were that the interface between fresh
and saline water was static and that the thickness of the aquifer system was
‘equal to the thickness of the freshwater body. However, simulation results
indicated that the assumption of a static interface between fresh and saline
waters was not correct. Where the thickness of freshwater was small, the
simulation required hydraulic conductivities in the aquifer system which were
unrealistically large, and where the thickness of freshwater was large, the
hydraulic conductivities required were unrealistically small. Davis and
others (1959, p. 43) suggest that because there is little evidence of the
marine sediments being flushed with freshwater (except on the southeast side
of the San Joaquin Valley) and because of comparatively recent structural
deformation, not enough time has elapsed for the interface between the
freshwater and the saline water to reach a stable position. Thus, the
thickness of the aquifer system used in the final analysis of ground-water
flow was increased to include most of the post-Eocene continental deposits.
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Density variations between the freshwater and the saline water were not
accounted for in the analysis of ground-water flow, nor was any analysis done
to determine the effect of pumping in the freshwater body on the movement of
the saline waters. Not incorporating demnsity differences in the analysis was
thought to yield only minor errors in the overall analysis of ground-water
flow because most of the flow occurs in the upper part of the aquifer system.
Most of the post-Eocene continental deposits that contain saline water were
incorporated into the lowest model layer where hydraulic head data is largely
unknown and where essentially no ground water is pumped. Simulation results
indicate that the amounts of water that move into and out of the lowest model
layer are small. Under predevelopment conditions, only about 70,000 acre-ft/yr
(23 percent of the layer 4 vertical flow) flows into or out of layer 1. In
1961, total layer 1 vertical flows are only 6 percent of the layer 4 flows. .

These simulations assume that only hydraulic gradients cause the movement of
brine waters.

POSTDEVELOPMENT GROUND-WATER FLOW

The period 1961-77 was studied intensively to understand the present flow
system and attempt to detect any trends. This period is hydrologically
representative of the climatic variation in the valley (fig. 7). The period
from predevelopment (before about 1860) until 1961 was not studied intensively
because very little data are available and it would be difficult to extrapolate
back in time because so many conditions have changed.

History of Water Development

The favorable climate for agriculture in the Central Valley combined with
the ability of water managers who anticipate needs to transfer water from
areas of abundant water to areas of scarcity has resulted in one of the most
productive agricultural areas in the nation that is dependent on irrigation.
With the development of ground water, this agricultural area bas further
expanded such that the valley is one of the Nation's largest users of ground
water. Water development for irrigation has had a major effect on the
"hydrologic budget of the valley, in both ground water and surface water.
Development of both surface~ and ground-water sources for domestic and
industrial needs has also expanded greatly over the years. The quantity of
domestic and industrial water needed, however, has always been small compared
to the quantity needed for irrigation.
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Irrigation

Irrigation was introduced to California around 1790 by Roman Catholic
priests from Mexico (Hall, 1889). From 1790 to about the late 1860's,
development spread into the Central Valley in a sporadic manner. In the
initial phases of irrigation development, local interests were responsible for
developing and managing their own resources. In the foothill area of the
Sierra Nevada and adjacent sections of the valley, development after 1849 was
accelerated as a result of the Gold Rush. After mining had ceased, the
ditches were used to convey water for irrigation.

In 1857, an act was passed by the California State Legislature that
offered patents to anyone who would drain and reclaim river-bottom lands
(Manning, 1967). As a result, most of the earliest expansion in irrigation
was concentrated on the valley floor where broad plains had been subject to
annual flooding from the main rivers that traversed these lowland areas.
Thousands of miles of canals and laterals were constructed to drain the
wetlands. Additional diversion began as a result of appropriation of
sustained flows from the main rivers. By 1900, the entire flow of the Kern
River and much of the Kings River had been diverted by a series of canals
constructed to serve lands throughout the southern San Joaquin Valley (Nady
and Larragueta, 1983a). Because no significant construction of storage
facilities accompanied these earliest diversions, the amount of irrigation
water was limited by the low summer flow.

When the drought around 1880 caused a great decrease in surface water in
the San Joaquin Valley, ground water began to be developed to supplement the
decreased supply as well as to serve lands beyond the reach of the diversion
canals (Manning, 1967). 1In the earliest period of ground-water development,
shallow ground water was plentiful and flowing wells were common especially
around the old lake basins in the central parts of the San Joaquin Valley. By
1910, almost all of the surface-water supply in the San Joaquin Valley had
been diverted, causing an increased impetus to develop ground-water resources.

Even though ground-water use prior to 1900 was increasing, it was only a
very minor part of the total irrigation supply. With increased production
from the ground-water system, flow rates declined steadily in the once
naturally flowing wells and it became necessary to install pumps for irrigation.
Around 1930, the development of a greatly improved deep-well turbine pump
spurred additional ground-water development for irrigation, because it allowed
" ‘more efficient pumping from greater depths.

Further expansion of irrigation development was dependent upon the provision
of additional sources or more elaborate means for transporting existing streamflow
to the land. Again, it was local efforts that conceived and completed the
first reservoirs along the eastern margin of the valley.

Construction of larger storage reservoirs, major canals, and large-scale
pumping plants was expensive and, therefore, beyond the means of most groups
. of water users. It was in response to this need that the Federal government
became involved with irrigation and was responsible for construction of
substantial storage, pumping, and conveyance facilities in California,

beginning in the 1940's. Tables 4 and 5 summarize the development of major
water facilities in the valley.
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[Abbreviations:

TABLE 4.--Surface-water reservoirs

USBR, U.S. Bureau of Reclamation; CoE, U.S. Army Corps of

Engineers; SWP, California Department of Water Resources State Water

Project; Priv., private]

Average Storage Year
annual flow Dam/Reservoir capacity com-  Owner
{acre-ft/yr) (acre-£ft) pleted
Putah Cr. 373,000 Monticello Dam/ 1,592,000 - 1957 USBR
Lake Berryessa )
Stony Cr. 458,600 Black Butte 147,600 1963 CoE, USBR
Sacramento R. 6,223,000 Shasta 4,436,000 1949  USBR
Feather R. 4,263,000 Oroville 2,685,000 1968  SWP
Yuba R. 1,800,000 Englebright 70,000 1941 CoE
North Yuba R. 112,300 New Bullards Bar 727,400 1969  Priv.
Bear R. 326,700 Camp Far West 102,200 1963 Priv.
American R. 2,714,000 Folsom 1,010,000 1956  USBR
Mokelumne R. 577,400 Camanche 431,500 1963  Priv.
Calaveras R. 158,700 New Hogan 323,700 1963 CoE
Stanislaus R. 974,500 New Melones 2,420,000 1978  USBR
Tuolumne R. 1,826,000 New Don Pedro 2,030,000 1970 Priv.
Merced R.- 969,400 New Exchequer Dam/ 1,024,000 1967 Priv.
Lake McClure
Chowchilla R. 71,870 Buchanan Dam/ 150,600 1975 CoE
Eastman Lake
Fresno R. 78,970 Hidden Dam/ 85,300 1975 CoE
Hensly Lake
San Joaquin R. 1,721,000 Friant Dam/ 503,200 1942  USBR
Millerton Lake :
Kings R. 1,655,000 Pine Flat 1,001,000 1951 Priv., CoE
Kaweah R. 475,300 Terminus Dam/ 142,900 1962  Priv., CoE
Lake Kaweah '
Kern R. 668,000 Isabella 567,900 1954  Priv., CoE
Tule R. 134,800 Success 81,700 1961 Priv., CoE
Calif. Aqueduct? N/A San Luis 2,040,000 1967 SWP, USBR
“TOTAL . . 25,580,000 21,572,000

INot a river, but a major water conveyance connected to large reservoir.
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TABLE 5.--Major water-convevance facilities

[Abbreviations: USBR, U.S. Bureau of Reclamation; CoE, U.S. Army Corps of
Engineers; SWP, California Department of Water Resources State
Water Project; Priv., private]

Average Year

annual flow Canal (;272-§i;wr) com= Owner

(acre-ft/yr) t y pleted
Sacramento R. 9,629,000 Tehama-Colusa 1509,500 1971 - " USBR
Sacramento R. 11,510,000 Glenn-Colusa 811,200 1905 Priv.
Putah Cr. 373,100 Putah So. Canal 222,500 1959 USBR
Delta N/A Delta-Mendota 2,348,000 1951 USBR
Delta N/A Calif. Aqueduct 1,510,000 1968 SWP, USBR
San Joaquin R. 1,721,000 Madera Canal 226,000 1944 USBR
San Joaquin R. 1,721,000 Friant-Kern 1,002,000 1949 USBR

TOTAL -=~w-srmsesmmcm e e m e cc e m e 6,630,000

1Based on 1978-81 average.

The Bureau of Reclamation's Central Valley Project (CVP) is one of these
large~scale projects. The CVP, consisting of major storage and conveyence
facilities, is a major conservation and reclamation project, designed to be a
multipurpose development to supply water for irrigation, municipal, industrial
and other uses. The project has several key features. Shasta Dam on the
upper Sacramento River was built to store winter flows to be released in the
summer irrigation season and the following year if necessary. Sacramento River
water is diverted from the Delta south through the Delta-Mendota Canal to
supply irrigation needs in the southern San Joaquin Valley (see fig. 3). This
allows diversion of San Joaquin River water from below Friant Dam, north in
the Madera Canal, and south in the Friant-Kern Canal.

In the late 1950's and early 1960's, the California State Water Plan
(SWP) was initiated. Because of the great cost, this project was an effort of
‘the- entire State. A major project of the SWP is the Oroville Dam on the
Feather River, which allows diversion of water in the Delta into the
California Aqueduct. From the Delta, water flows south, to San Luis Reservoir,

then to the southern San Joaquin Valley and is pumped over the Tehachapi
Mountains to southern California.
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Figure 20 shows the increasing irrigated acreage in Califormia from 1870
to 1975 and in the Central Valley and its subregions from 1959 to 1975. The
proportion of irrigation from ground water compared to surface water has
changed greatly over the years, as well. Until 1900, only a small amount of
the irrigation was from ground water. T. R. Simpson (Pacific Gas and Electric
Co., written commun., 1949) states that in the San Joaquin Valley, the combined
capacity of wells south of Chowchilla was 5.3 million acre-ft/yr in 1919 and
about 14.9 million acre-ft/yr by 1929. The combined gross pumpage of more
than 35,000 wells in the San Joaquin Valley south of Merced in 1948 was close
to 6 million acre-ft/yr. As the amount of ground water pumped increased, so
did its proportion of total irrigation because surface-water use did not
increase as much. Davis and others (1964) reported that in the San Joaquin
Valley in 1952, gross diversion of surface water was about 8.5 milliom -
acre-ft/yr and ground-water pumpage for irrigation was about 7.5 million
acre-ft/yr.

During the period 1961-77, ground-water use accounted for about 50 percent
of the irrigation supply in the Central Valley. As shown in figure 21, the
proportion between surface water and ground water varies substantially from
dry to wet years. Many farms are equipped to use either ground water or
surface water. Therefore, in wet years, abundant and inexpensive surface
water is used, whereas, in dry years (note 1976~77), ground-water use is
predominant. Most surface water is distributed from the streams or Federal
and State canals or reservoirs to one of several hundred irrigation districts
that -distribute to individual farms. Most of the fields are irrigated by some
type of flooding method (border or furrow), but in about 20 percent of the
area, sprinklers are used (Stewart, 1975, p. 20). Based on the number of
agricultural power accounts in the late 1960's, there were about 100,000
active dirrigation wells in the valley. The distribution of ground-water
pumpage, shown in figure 22, is more toward the southern and eastern parts in
the valley where irrigation is most extensive. The distribution and magnitude
varies, as shown by comparing the two dry years (1961 and 1977) with the
near-normal years (1962 and 1975). Trends through the period are also evident.
Well-construction data for about 3,000 irrigation wells show that most wells
are perforated throughout the lower two-thirds of their depth. The vertical
distribution of pumpage is shown in figure 23. Variation in the depth of
major production zones is because of water quality and aquifer-yield
considerations. A more complete treatment of the distribution of ground-water
pumpage is given by Diamond and Williamson (1983).
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Figure 22.--Ground-water pumpage for 1961, 1962, 1975, and 1977,
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Figure 22.--(1961 right side),
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Figure 22.--(1975 right side).

93

NN




WSS

-

e
EXPLANATION &

77777 Not in Aavifer on Medcl
Very Pry /777 1

Figure 22.--Ground-water pumpage for 1961, 1962,

94

1975, and 1977.--Continued ,



EXPLANATION Véﬁy Dﬁy /977

—2 —— Cemntevxs o%‘,unfﬂ‘: i Acke-fact pex yorc -
inTearn/ 13 ona fot per yanr. <onpoied 45

omuhce Syarn rm A mide! blick Lrvidve /y/lo
/;l./: of yf:c block. Frrm use walves ww/d be

bichon $

Figure 22.--(1977 right side).

95



‘s\s«“ \"““
l)\;')"\!\ OW \\‘\\‘ \
»«“ \3&‘}3 ' 0‘}3\\'1 \" N
X S Qe‘!‘:’:‘“|
\\:: 7 ’l iii “‘

Tl
N
s$§§f§:s‘so“ \Wﬁ‘ R
S \\\\‘\\\\ \A‘c >
U/ “' !

Pe
/w‘é
Be/lo
~
bawd S
e frce
Pz
A 7“6"5’
f.

P
reon
-
23,
- A
Yre
N/ mA 7(
br e
epih
Fo Fhe s
ez'éJ/
>4
o arte
ex
of 4
“he
,ﬁlﬂ
"oeof
»o
~ &E

96



Domestic and Industrial

A small proportion of water used in the valley is for domestic and
industrial purposes. Ground-water pumpage for domestic use increased about
3 percent per year from about 300,000 acre-ft in 1961 to about 490,000 acre-ft
in 1977 (Diamond and Williamson, 1983). Industrial water use in 1970 was
132,000 acre-ft (California Department of Water Resources, 1977c, p. 74-75).
This figure includes both surface~-water and ground-water use.

Effects of Development

Development of water resources has had major effect on the aquifer system.
In many areas pumpage has lowered water levels, which has altered the direction
and rates of ground-water flow (fig. 23A), and, in places, caused the land to
subside. Large diversion of surface water for irrigation has altered the
amount and distribution of recharge to the aquifer system which has caused a
change in the configuration of the water table. All of these causes, but
principally surface-water diversions, have decreased the volume of surface
water discharged into Suisun Bay. Changes in or to the aquifer system caused
by development are discussed in the following paragraphs.
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Changes in Recharge and Discharge

Development of irrigated agriculture has had major effects on the volume
and distribution of ground-water recharge and discharge in the valley. This
is shown by comparing recharge and discharge values from the predevelopment
and postdevelopment simulations. As previously described in "Estimates of
Recharge and Discharge," the simulation is controlled by values of net recharge/
discharge (the difference between recharge and discharge) at individual model
blocks. During predevelopment conditions, the net recharge or discharge was
about 200,000 acre-ft/yr each. During the period 1961-77, the discharge had
increased to 11.8 million acre-ft/yr and recharge increased to 11 million
acre-ft/yr. ' ’

Agricultural development in the valley has changed the paths of most of
the 31.7 million acre-ft of surface-water inflow. Figure 24 shows the
magnitude and postdevelopment changes in the major components of a hydrologic
budget for the valley. More detail on how the budget components were estimated
is found in the "“Model Development" section. Average budget components for
1961-77 for each area and subarea (fig. 25) are given in table 6.

An index of surface-water outflow from the Delta was estimated for the
period 1922-80 by summing the gaged annual flows into the Delta and adjusting
for use, precipitation, and export. A linear multiple regression was used to
relate Delta outflow to year and annual precipitation as a mean of four gaging
stations; a decrease of outflow with time was noted. Average Delta outflow
declined from about 24 million acre-ft/yr to about 15 million acre-ft/yr in
the period 1920-80. The adjusted R-square for the relation was about 0.67.
This decrease was caused mainly by increased evapotranspiration within the
valley because of irrigation. Irrigation caused other substantial effects on
the hydrology of "the wvalley. A large volume of water flows through the
irrigation cycle in the form of net surface-water diversions and ground-water
pumpage becoming evapotranspiration of applied water, infiltration, and crop
consumption. Net surface diversions do not include volumes that are reused by
other irrigators or returned to some surface-water body. In figure 24, the
term showing evapotranspiration (ET) from streams includes ET from non-irrigated
lands and was calculated as residuals in the budgets presented. The losses
and gains from streams for the predevelopment conditions are poor estimates
because they were derived from the postdevelopment estimates which are not
necessarily the same. The values shown on figure 24 do not correspond to the
‘previously mentioned sums of predevelopment recharge and discharge (200,000
acre-ft/yr each) because the previous values were summed from simulation
output which causes some cancelations of recharge and discharge within model
blocks.

Postdevelopment average overall recharge comes mostly from irrigation
return flow (82 percent), but also from precipitation (14 percent), and streams
(4 percent). The actual proportion of overall recharge from streams to the
aquifer system is probably larger, however, some recharge will discharge to
. nearby streams through local or intermediate flow systems which are not modeled
in the regional model.
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Variation in the components of the water budget during the simulation
period are shown in figure 26; wet years (1967, 1969, and 1973) and dry years
(1961, 1976, and 1977) are easily identified. It is notable that the overall
irrigation efficiency improved from about 53 percent to about 64 percent
during the period 1961-77. This can be inferred by the growth rate of
irrigated acreage (fig. 20) because it exceeds the growth rate of irrigation
water use (fig. 21). This is probably a result of economic and other
conditions that encouraged irrigators to conserve water.

During early calibration of the simulation model, it was obvious that the
estimates of river losses/gains and small stream recharge were too large.
Water levels in some losing sections of rivers rose hundreds of feet and in
some gaining sections of rivers levels dropped similarly. No reasonable
adjustment in any other model value could correct the imbalance. Individual
values of stream losses could be greatly in error owing to the increase of the
measurement error in the residual analysis of the stream budgets. However,
long~term averages should be closer to the actual values if the errors are
randomly distributed. Nevertheless, all of the estimated values of stream
losses/gains were divided by five to allow the model to respond within the
limits of reasonable adjustments in other values. This adjustment was
necessary because of systematic errors in estimating stream losses/gains,
local recharge and discharge within a model block, and inability of the model
to simulate the real aquifer system.

After this calibration, the simulated water levels in the Sacramento
Valley remained too high compared to observed values. To adjust for apparent
overestimates of surface-water diverted for irrigation, the diversion wvalues
in the Sacramento area (fig. 1) were multiplied by 0.75. This improved the
simulation substantially.

In order to fit the observed water-table altitudes, additional small
adjustments in the net recharge/discharge term were necessary. This was done
because the process of allocating water-budget volumes to model blocks
introduced errors that would result in too much water in one model block and
too little in an adjacent one. The adjustment was made by relating change in
simulated head to change in net recharge/discharge. The distribution of the
resulting adjustments to net recharge/discharge is shown in figure 27. A
spacial trend in these values of adjustment would indicate an underlying
problem in the concepts or methods, such as a missing component of recharge.

No such trend was detected, indicating that the net recharge/discharge errors
" were a result of distribution errors and random measurement error.
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Changes in Water Levels

Water-level changes resulting from water resources development have
occurred over most of the valley and have been of major proportions in many .
large areas. Generally, deeper pumped 2zones have much smaller storage
coefficients than the specific yield of water-table systems because changes in
head do not result in immediate dewatering of aquifer materials. Consequently,
in deeper pumped zones, heads decline more rapidly and the cone of depression
extends farther out than in a water-table system which is stressed by similar
amounts of pumpage. This is generally true in the Central Valley, and the
result is that water-level changes have been more pronounced in the lower
pumped zone than at the water table. When water levels decline to a point
that compaction of sediments begins to occur, the amount of water released
from fine-grained sediments increases, and tends to slow the rate of water-
level decline. Figure 28 shows long-term hydrographs for wells that were
chosen for the length of their record and the different stages of development
that they represent (locations are shown on fig. 2) .

Predevelopment to 1961.--Water-table altitudes and lower pumped zone heads for
spring 1961 are shown in figure 29. The changes in water level that have
occurred since predevelopment conditions are shown in figure 30. Note that
the changes were calculated from the simulated lower zone heads for predevelop-
ment conditions. The most substantial changes were in the western and southern
parts of the San Joaquin Valley. There were smaller changes in most of the
remaining areas of the valley. The period between predevelopment conditions
and 1961 was not simulated because of the absence of data for many critical
components of recharge and discharge.

Just north of the Delta area, a depression in the water table to below
sea level developed (fig. 29A). 1In the lower pumped zone, a depression
developed north of Sacramento. These areas rely on ground-water pumpage for
irrigation. Much of the lowlands of the Sacramento Valley sustained a small
rise in the water table because of recharge from surface-water irrigation.
Water levels for both the shallow and deep zones of eastern San Joaquin County
declined substantially. The area encompassed by the zero-altitude contour
grew much larger, especially in the lower pumped zone, indicating seawater
intrusion that has caused difficulties for the city of Stockton.

The water table rose in the Delta-Mendota and the Westside areas (fig. 25)
" because of recharge from surface-water irrigation. The water table declined
substantially in the Chowchilla, Madera, Raisin City, Pleasant Valley, Tule,
and Kern County areas which depend heavily on ground-water for irrigation and
which have many relatively shallow irrigation wells. 1In 1950, the Friant-Kern
Canal (fig. 3) began delivering surface water along the east side of the San
Joaquin Valley. In parts of the service area, water-level declines were
reversed because of reduction in pumping (fig. 28I).
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Figure 28--(A-J) Measured water level in wells showing long-
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Water levels in the lower pumped zone declined as much as 400 ft in the
Westside area from predevelopment to 1961. Until 1968, the irrigation in this
area was supplied almost entirely by ground water. Around 1960, the lower
pumped zone water levels were declining at the rate of about 10 ft/yr.

In the southeast and southern areas of the San Joaquin Valley, water
levels in the lower pumped zone were declining, though not as dramatically as
in the Westside area because there was some surface water available for
irrigation.

1961~77.-~The observed and simulated water-table altitude for spring 1976, and
the change in water table from 1961-76, are shown in figure 31. 1In the
Sacramento Valley, areas of past water-level decline showed continued and
often accelerated decline. The depression of water level north of the Delta
dropped to more than 40 ft below sea level. The area with water-table
altitudes below sea level enlarged substantially. The water-level depression
in eastern San Joaquin County developed in magnitude and areal extent.

In the San Joaquin Valley, the rate of water-table decline increased in
the Chowchilla, Madera, and Raisin City areas. Significant water-table
declines occurred in the Kern Delta area as well. In parts of the eastern
side of the Tule area, water-table rises continued resulting from recharge
from the delivery of surface water begun in 1950 through the Friant-Kern
Canal, and reduction of pumpage (Poland and others, 1975, p. 46).

The simulated changes in water-table altitude agree well with the observed
data (fig. 31B), except in a few areas. The model simulates too much decline
in the Chowchilla and eastern San Joaquin areas and the area just north of the
Sutter Buttes in the Sacramento Valley. The boundaries of the various areas
of similar change (decline or rise) are often shifted slightly from their
position on the observed map. This is probably because the location of values
of recharge and discharge is not precise.

The observed and simulated spring 1976 water-levels altitudes in the
lower pumped zone and 1961-76 changes are shown in figure 32. Water levels in
the lower pumped zone in the Sacramento Valley continued to decline, especially
in the areas east of the Feather River, the Cache-Putah subarea, and the areas
just north and south of Sacramento (fig. 32). Two depressions developed in
the Delta area with minimum water levels more than 40 ft below sea level
(fig. 324).
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In some areas of the San Joaquin Valley, lower pumped zone water levels
continued to decline whereas other areas showed a reversed trend. 1In 1967,
the California Aqueduct began delivering surface water to farms along the west
side and near the southern end of the San Joaquin Valley. Ground-water
pumpage began decreasing as farms converted to surface-water irrigation, with
the result that water levels in the Westside area rose as much as 200 ft by
spring, 1976 (Ireland and others, 1984, p. 72). In the Raisin City area, just
to the east, the decline continued because there was still very little surface
water delivered to this area. Also, because most of the wells in this area
are perforated through the water table and the lower pumped zone, both zones
react to the pumping stress as one zone. Some of the areas in the east side,
where surface water is now being delivered by the Friant-Kern Canal, showed
continued water-level rises in the lower pumped zone through the 1960's. Most.
of Kern County showed a continued or slightly increased decline.

The simulated changes in lower pumped zone water level also agree well
with the observed data (fig. 32), except in a few areas. The model simulated
too little decline in the central part of Kern County and the Raisin City
area. It simulated too much decline in the eastern San Joaquin County,
apparently owing an overestimated amount of discharge, because the water table
decline was also too large. In the Westside area, the 1961-76 period included
a period of moderate decline and a period of large recovery. The average
simulated overall rise matched the observed average well, but was quite
variable as shown on fig. 32. The cause is not known but may be related to
the size of the model blocks.

The first year of the 1976-77 drought produced very little surface-water
runoff, yet most of the reservoirs were near capacity at the beginning of the
season, so that there was little effect on the amount of surface water
delivered for irrigation (fig. 21). This was especially true in the areas
served by the State Water Project. The operation of the Federal Central
Valley Project was more conservative and as a result, relatively less water
was delivered in 1976 so that relatively more water was left to deliver in
1977 as the drought continued and actually became more severe. As a result of
the drought, many farmers drilled or restored the operation of wells to
compensate for anticipated surface-water shortages. The State Department of
Water Resources received about 4,500 new drillers' logs for irrigation and
municipal wells that were drilled in 1977 and 1978 in the San Joaquin Valley.
The total number of wells drilled in the valley was probably larger. Water
levels declined substantially all over the valley, as shown in the selected
‘hydrographs of observed and simulated water levels in figure 33. The very
steep decline in the lower-pumped zone shown in figure 33H was caused by a
reduction of the amount of water released from compaction during a second
period of drawdown for the same head interval. The seasonal decline was much
greater than during the 1960's, though the pumpage in the Westside area was
only one~half as much.
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These hydrographs represent average water levels for a given model block
(locations shown on fig. 25), and were selected because they represented
different conditions for the valley where substantial data were available.
The hydrographs were prepared in the final stages of calibration, therefore,
prompting little additional calibration of these particular model blocks. The
accuracy of the model simulations is shown during the calibration period,
1961-75, and also through the drought during which time the capabilities of
the model were tested.

Rapidly changing water levels at the beginning of a simulation period
would indicate that the initial conditions were incorrectly specified. The
consistent trends in water-level decline or rise shown in figure 33 suggest
that initial conditions were reasonable. Hydrographs for each model block
were prepared to check for this problem and no significant problems were
discovered. The hydrographs also allowed comparison of the simulated and
observed seasonal water-level fluctuation. This comparison was somewhat
hampered because most of the autumn observations were not representative of
the lowest water level. The simulated seasonal fluctuation is probably too
large (for example see fig. 33E) because of the allocation of the components
of recharge and discharge entirely to one season or the other.

The hydrograph for column 61, row 7 (fig. 33J), shows the observed water
table rising slightly and the simulated heads dropping slightly. The simulated
water levels for model blocks in the southern end of the valley did not decline
as much as the observed water levels did during the drought. In the westside
area (for example, fig. 33H, column 51, row 10), the observed decline during
1977 was very large because water levels had been substantially above the
record lows, therefore, little subsidence occurred and the water levels reacted
to the small confined storage coefficient. The model simulated this occurence,
but with a smaller magnitude than the observed data.

123



%5 ﬁv Miles

EXPLANATION

57777 Not in Aavifer ox Medcl

Figure 31--Observed and simulated (A) water-table altitude,

spring 1976, and (B) change in water-table
altitude, spring 1961 to spring, 1976.

124



EXPLANVART /0N
observcnl
— /20— Wafox Leve) Con Yovm == flombon
snvdicares l/yl'/v/.-, im frat
Cowtove ;ntenvn/ ;5 fo fead
hom - 40 to 720 Lot gud /00

feat Sorn mspo Fhav SO0 ForeF

—p-

Fig. 3[,&'(\&5“’ 51{() Obsevved.

125



\
o
Nt
A4

EXPLANATION

77777 Not in Aavifer ox Model

—~b-

Figure 31--Observed and simulated (A) water-table altitude,
spring 1976, and (B) change in water~table
altitude, spring 1961 to spring, 1976--Continued.

126



Fig-3la= Simulated (right side)

127 (p. 129 Poi/ows>





















/00

77

Lavef
/50

r00 E

A

T 1  § v T
Hlode/ block :
Colomn 18
Row - & + .
A A s A M R G .G . €

v T A

S0 .
.‘ 4 f -
i X X X
Seq X\ X\ x
\t /a‘vo/ V i
L)
<\ -
2 T X x x]
/”0:/6/ é/ozi z
N
™ — 00 & Colommw 27/ B
2 Row q
X
§ ~/50 3 X 1 1 1 1 SR W [ 11 T B
RS C
i {:'f[ T } *x ; T T L { v !+ T T T T T -l
ARVAVIN S8 SRR ATE MR LI 2O TN
X RS AL R A VATYAY .
~so H x x|\ X x|\ X S NN _
X a
. X A Xz~ \
XA X[\ xf1 X
XN\ x
~/00F .
Podal block :
- —/sor Coaloma 32 7
Row 9
. - =200 1 1 1 i 2 1 2 A Y 1 A 1 1 1 . A
/961 62 63 6€ &3 €6 L7 68 8T 70 7/ P2 73 7f 15 % 77/778
Obscrve d STmolnted
+ Layex 4 . —-'-A&yal-f
X Layarx 3  —— Luyen 3

Figure 33A-N--Observed and simulated water levels, 1961-77..

135



D.

/sv L4 v v LS L LE  § L L L4 1 1 ] v ¥ v
Mode ! block .
Colommn FZ
/00 b= Row /7 . -
A A A RAC SR Z Y S F N RS -
sv X x X X i
X X
56” - A 1 L A 4 1 A
/ayg/ E A A 1 i A L i
2” : A\ A 4 T A ] A2 T v v . L] A L] B 1 .
Ak Ao~ ST A
\: /50 + + + + ‘/\"\v\’\ i
o] +t + ~N
<\ +t +
: +\ +
.}\ root +F A
+
AN
Y o} ]
L]
N Nodel bloefe =
S
¥ a‘_ — Colomnm FF
) /evell ‘
~ fPow
X
k —-s_,a - A A 1 4 . A A L 1 A L A 1 i 1
F.
ZSUE\ Y T Y - l&'/ T Y IV”Y— ) B T T T
S0, s S
s pt 4+ it z
200} TN e~ — 4
) '\—'\
/so '
/700
S0
x X
Ca/ﬂﬁ;v .5—/} /fﬂl\/g
TeA ’ N
/‘y‘/ ke L Il 1 i 1 I 1 1 1 'l 1 1 1 j — l_m
1967 €2 £36F éo 66 £7 68 £7 70 o/ 72 73 77 75 b 77 72778
. Obseeved C Srmessted l
+ LAyex # — = LAyaa £
X Layex 3 Lryex 3

Eigure 33A-N--Observed and simulated water levels, 1961-77--Continuef

136



(/-Va te: Vet

Joo

H

es Fhpt of

fcﬁ/ Scnls is 2 Em
v T nj T v

Tap

Watee Levs) sw fost

x00

/oot

Lave/

N R B |

————t +

T T Y

— T — G a—— — — gy

Phods) Lok :

Co/omm

y R N WU N &

=/

1 1 1 A 1 '

i

v

/]

¥

1

: B e
AESELEUENE LR

'y

-

o ;Aez ﬁ'l./xto-J@//{S> )

195) 62 63 6F Ex & 67 &8 67 70 9/ 72 73 IF 7% 76 77 /978

Figure 33A—N—-Qbserved and simulated water levels, 1961

O bsenve o
-+ Lﬁyalz <+

X layox 3

Siee/8rsd
-== Layex #
‘ —— élydx 3

137

-77--Continued.



Zoo

/50

/o0

. X o X X xx ‘ X . X
s X hedel block
X ' K lomm S8
Kow 7 X
50
J.
Zo0

/50

~ r00
f
N
W
2 S0
N\
\\
S o X X x
N
Y X X
N Mede/ book : X
3 Colomn 6/ : )
% flow 7 ,
X -
Joo K'
N N
AT \'+¥/:/>/:‘/+ s+ + \’4.\
~_/ + + -+ + + +
2 sol4 /. + + +
ALyt o+ + + 3
~/ +
+
200} i
/80 \/\/\ﬁ ' /\/\A ]
- ¥x X ‘
X V X. X X
00 by X X X >
Colomn &2, fows
So
O bssrved Simo/sied
+ Layarx 4 - — - Layex +
X Lbayep 3 —— Layer 3

Figure 33A-N--Observed and simulated water levels, 1961-77--Continuedy
138



300 -y T T Y T Y ) EENEE samman T v T T
Pode/ é/:o/é :
2s0l Cofommn EF ~ A~ ]
Ko +/+ +h ++j“‘%‘+ 3+ +:-:+ a4,
+:y‘__,__/~-/\
200 - . +

SO L 1. 1 A 1 1 1 1 1 i1 S W | 1 I
Joo v Y T T T T T T T T
I\_\.—\
\—\\a—
/ ~

+
250 [+ ++ :r#\/;\ﬂ,

/%Zlféwe Afé;%g(f FA ?4597‘
3

Mode/ black: B
X xX X Zelomw €8
/80 ) 1 A PO W 1 1 xJ 3 1 &” 1 1 7 [SNES N |
2 N
oo T T T Y L S T T Y T T 7 T
/ﬂd/&‘/ éké >
colomn 7O A
i W /?Nv é + N\ b
zool + d'\ \/ j + i

Se
/3:0,’; 1 1 1 3 1 1 1 L 1 1 1 X1 X 1 : 1

Sy 6z E3 64 6566 o7 cB 8V 70 U 72 73 PF 2% WU 77 1178
Obsexye d Srmo /rted
+ Al/o& £ ~—= Layon &
X éﬂlw:x 3 — Layerx 3

Figure 33A-N--Observed and simulated water leﬁels, 1961-77--Continu

139



Changes in Ground-Water Flow

Changes in ground-water flow are a secondary effect of changing water
levels resulting from changes in recharge and discharge owing to development.
In a heterogeneous ground-water system like that in the Central Valley, there
are changes to vertical and horizontal flow which, though closely interrelated,
will be discussed separately, for clarity. The direction of ground-water flow
at a point is along the path of steepest gradient and its rate is proportional
to the slope of that gradient. Comparing figure 14B with figure 29B shows the
dramatic change in the pattern of flow since development. Before development
the lower pumped zone heads were near the water-table altitudes. The greatest
change was the location of ground-water discharge. During predevelopment,
flow was toward the Delta because that was the location of lowest head. By
1961, pumping in the Westside area had lowered water levels enough so that it
became a major discharge area, receiving flow from much of the San Joaquin
Valley. In this area, heads in the lower pumped zone were far below sea level
in the early 1960's. Notice the very steep gradient towards this area from
all sides (fig. 29B). This indicates flow, especially from the east side of
the valley toward the west. This large, well-developed depression of water
levels in the San Joaquin Valley simplified the calibration of the trans-
missivities for the simulation model. Often, transmissivities are calibrated
during steady-state conditions. This requires detailed and accurate knowledge
of the volumes of recharge and discharge. There is a greater certainty for
the estimates of pumpage during 1961-77 than for values of recharge and
discharge during predevelopment. 1In calibrating transmissivities, the relative
differences in thickness and permeabilities among areas were preserved, with
the factor for the whole set of values being adjusted so that the gradients
and the amounts of land subsidence matched observed values. The simulated
flow from adjacent areas into the Westside area during the early 1960's
accounted for about 13 percent of the ground water withdrawn from the area.
The remainder was supplied from inelastic compaction (about 47 percent),
leakage from the water table (about 32 percent), and elastic storage and
upward leakage from below the lower pumped zone (about 8 percent).

Table 7 shows thickness and hydraulic conductivity (K) for all four model
layers, and specific yield for the water table. All K values shown have been
reduced by a factor of 4 as a result of model calibration. Specific yield and
K wvalues are both related to the coarseness of sediments, which increases
toward the south. The average K value for the San Joaquin Valley is almost
" double that for the Sacramento Valley in layers 1 and 2, and about 50 percent
larger for layers 3 and 4. This may be a result of the higher proportion of
volcanic sediments in the Sacramento Valley which are finer grained. The
larger proportion of fine-grained sediments may also mean that there is
significant potential for future land subsidence in the Sacramento Valley if
enough pumpage develops at depth in some locations. The subareas that have
large alluvial fan deposits (especially Kings and Kern Delta) have the largest
K values. The smallest values are found in the flood plains and along the
west side of the Central Valley.
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To study changes in flow conditions before and after development, the
authors used simulations to calculate amount of flow across each block face.
Due to the difficulty of summarizing the changes in flow across the great
number of block faces, the flows are summarized in cumulative frequency
distributions to compare them. The downward flow across a block face is
assigned a negative sign and the upward flow assigned a positive sign.
Because there are four block faces in a horizontal plane, the flow direction
cannot be meaningfully summarized; therefore, the authors grouped the
calculated horizontal flows by magnitudes only without consideration of flow
direction. The authors also calculated flow velocity in both horizontal and
vertical directions by dividing the flow gquantity by the product of the
respective block face area and an assumed effective porosity of 30 percent.
The cumulative frequency distributions of flow quantity and flow velocity are .
shown in figures 34A through 34H, respectively.

Figure 34A suggests that the amount of vertical flow was balanced between
upward and downward flow before development. This is required under the
assumption of steady-state flow conditions before development. In this
situation the long-term recharge was equal to discharge; therefore, the
downward flow in recharge areas was balanced by upward flow in discharge
areas. However, this balanced flow condition in the vertical direction was
changed by development. Figure 34C shows the distribution of vertical flow
during simulation of 1961 flow conditions. Most of the pumping in the Central
Valley in 1961 was located in layers 3 and 4; therefore, the amount of downward
flow from surface-water bodies to layer 4 (a water-table aquifer) and from
layer 4 to layer 3 was increased by an order of magnitude greater than that of
the predevelopment amounts. The downward flow from layer 3 to layer 2 and from
layer 2 to layer 1 was reduced somewhat. The upward flow from layer 3 to layer
4 and from layer 4 to surface-water bodies was also reduced and the upward flow
from layer 1 to layer 2 and from layer 2 to layer 3 was increased (fig. 34C).
This indicates that pumping has induced recharge and captured natural discharge.
One interesting point should be noted that in a very small area there was more
downward flow from layer 3 to layer 2 during development than that of
predevelopment amount (17 acre-ft/yr versus 5.7 acre-ft/yr, fig. 34C). This"
probably was caused by inducing more recharge from upper layers due to pumping,
thus, there was more water recharging into layer 2 from layer 3.
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The amounts of horizontal flow reveal more interesting points. About
one-half of the total block faces in the horizontal direction have very little
flow as indicated by figure 34B, because those block faces perpendicular to
the main flow direction have little horizontal flow. The amount of horizontal
flow in layer 3 was increased by pumping; however, horizontal flow in layer 4
shows very little effect by development even though there were wells in that
layer. This probably was due to plenty of recharge to layer 4 (a water-table
aquifer), and because the pumping in layer 4 was fairly evenly distributed
valley-wide. On a regional scale there probably was little change in the
magnitude of the hydraulic gradient in layer 4 before and after development.
The interesting point was that the change in horizontal flow in layer 2 was
the same magnitude as the change in layer 3 (fig. 34D), even though there was
little pumping in layer 2. This probably could be explained that after '
development more downward flow was induced by pumping in recharge areas from
layer 3 to layer 2 as suggested by figure 34C. This increased downward flow
moved horizontally and flowed upward in pumping or natural discharge areas
(fig. 34C). Because there was very little horizontal flow in layer 1, the
cumulative frequency curve would not show on the scale chosen to present flow
for the other layers.

Figures 34A through 34D suggest that the magnitudes of flow in the vertical
direction are much larger than those in the horizontal. Yet the horizontal
flow velocities are larger that the vertical flow velocities (fig. 34E and 34H).
This contrast in flow magnitudes and flow velocities is due to the geometry of
the aquifer and its discretization for simulation. The flow area for vertical
flow across horizontal planes is much greater than the area for horizontal
flow across vertical planes. The length of the flow paths for vertical flow
are much shorter than the length of flow paths in the horizontal direction.
The magnitudes of flow are proportional to the area of flow and inversely
proportional to the length of the flow paths. Therefore, even though horizontal
permeabilities are much larger than vertical permeabilities, vertical flows on
a regional scale can be very large. On a local scale, of course, most of the
flow nearby a well is mostly horizontal.

Changes in vertical flows by pumping have resulted from: (1) changes in
the direction and magnitude of the vertical hydraulic gradient caused by changes
in recharge and discharge, and (2) an increase in the vertical leakance (Tk)
values (vertical hydraulic conductivity divided by thickness of the layer)
caused by drilling of wells with long lengths of perforated openings and a
~ possible decrease in the vertical leakance caused by compacting of sediments.
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The vertical hydraulic gradient changed dramatically from predevelopment
to 1961 as can be seen by comparing figures 15 and 29C. Under predevelopment
conditions, the vertical gradient was downward around the margins of the.
valley and upward in the center. Model simulations indicate that the
predevelopment head difference between water-table altitudes and water levels
in the lower pumped zone was always less than 85 ft and generally less than
25 ft. Irrigation development had two effects on this head difference. First,
recharge from canal losses and deep percolation of water from irrigated fields
added to the recharge of the water table, which caused water-table rises in
several areas. Second, ground-water pumpage, about one-half of which was
withdrawn from the lower-pumped zone {(layer 3), increased the upward discharge
from the deep zone. The cumulative effect of these development impacts was to
reverse the head gradient in the center of the Central Valley so that the head.
gradient was in a downward direction almost everywhere instead of upward as it
was during predevelopment. Exceptions occurring in test holes with nested
piezometers drilled near Zamora (12N/1E-34Q, fig. 2), and Butte City (12N/3E-2G,
fig. 2) where it shows the head gradient is still upward from depths of 2,120
ft and 1,330 ft, respectively, to the water table (French and others, 1982,
1983).

During calibration of the model, it was soon obvious that the model-
computed heads were very sensitive to the leakance (Tk) value, much more so
than to any other value. This is because the head in a model block is very
dependent on the vertical head difference between layers, which is controlled
by the Tk values. Horizontal gradients, dependent on the distribution of
recharge and discharge and the hydraulic conductivity, were less important in
affecting the head in a model block. This situation required calibration of
the Tk values before anything else in the model could be tested. However, it
also made calibration of these values relatively simple as described in the
section on sequence of calibration. The postdevelopment leakance vagiad
several orders of magnitude between different nodes and averaged 6 x 10 per
second for the whole Central Valley. Laboratory values of vertical hydraulic
conductivity, given by Johnson and others (1968), were tested in the early
phases of calibration, but not used because they represent point data rather -
than areal averages necessary in a regional model.

In the Central Valley, perforation data for about 3,000 irrigation wells
show that generally the lower two-thirds of the depth of the well is perforated.
Because it is common for the wells to be over 2,000 ft deep, especially in the
areas dominated by ground-water irrigation, this perforated interval is a
" substantial part of the aquifer thickness. Because of the many wells with
long intervals of perforations and because of the compaction of the clay
layers, an assumption was made that the predevelopment and postdevelopment Tk

values were different. Several types of evaluations were made to test these
hypotheses.
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Davis and others (1964, p. 81-88) discussed the "interaquifer circulation
of ground water." Their analysis assumed that the only resistance to vertical
flow was because of the presence of the Corcoran Clay Member of the Tulare
Formation. Their analysis dealt only with the west-side area in the San
Joaquin Valley. They analyzed the flow through "thousands of wells which
puncture the clay" by current-meter traverses in 16 wells which were not
pumped. The average measured flow, excluding the zero measurements, was about
0.3 ft3/s. Their conclusions about the flow through wells is as follows:

Average Percentage of
Number Flow rate time that flow = Annual volume
Well type of wells (£t3/s) was measurable (acre~ft)
Active 1,000 0.26 40 75,000
Inactive 2,000 0.026 100 40,000

Thus they attributed about 100,000 acre-ft/yr to flow among aquifer layers
through well perforations. The sound of falling water in idle irrigation
wells was cited as evidence that ground water has been cascading downward from
perforations above the Corcoran Clay Member. More recent mapping of the
Corcoran Clay Member (E-clay of Croft, 1972) indicates that most of the flow
measurements taken at depths above and slightly below the base of the clay
unit showed there was no flow. However, flow measurements at deeper depths,
entirely below the clay unit, indicated downward flow. The measurements were
all taken in May and June when water levels in the deeper layers were changing
rapidly in response to the pumping season. It now seems that those flow
measurements in May and June reflect circulation of water to equalize water
levels within the lower-pumped zone. Lofgren and Klausing (1969, p. 48)
presented data that suggests the vertical head gradient below the clay unit is
larger than the gradient directly across the clay unit in well 235/23E-33A1 in
the Tulare-Wasco area.

Wells which penetrate confining beds and are open to both aquifer layers
above and below the clay beds, whether or not they are pumped, can have a major
effect on the hydraulics of the confining system. The wells establish a direct
hydraulic link between the aquifer layers above and below the clay beds. Bennet
and others (1982) suggest that this hydraulic effect may be evaluated

approximately by adaptation of the Thiem equation.

Let Cw be ﬂefined as a well conductance which is the increase in leakance
of clay beds caused by a well open to aquifer layers above and below the clay
beds, then by definition,

= —Q _
Cw H - H (25)
u 1
where,
Q flow through well casing and,

nn

Hu, H1 head in aquifer layers above and below the clay beds,
respectively, at some radial distance, R , from the well
which is assumed to be the limit of the focal come in the
potentiometric surface due to the influence of the well.
Ra is further defined below.
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If the head in the aquifer layer above the clay beds is higher than the
head in the aquifer layer below the clay beds, then water will flow from the
aquifer layer above and recharge the aquifer below through the well opening.
The amount of the flow can be estimated by the Thiem equation, if the following
two assumptions are valid--(1) well entrance losses and head losses within the
well are negligible when compared to head losses in the aquifer and (2) storage
effects in the aquifers within the cone of influence in each aquifer also are
negligible. According to the Thiem equation, flow leaving the aquifer layer
above the clay beds can be described by the equation,

2nb K (H -b ) |
Q= 1a(R_/R ) ' — _(26‘)

For flow recharging to the aquifer layer below the clay beds, the Thiem
equation is,

_ 2nb 1K1 (hw-Hl)

Q= @27
1n(Ra/Rw)
where,
R = radial distance from center of the well to a concentric
a circle along which the head is assumed to be the average
head in the aquifer block, Hu or Hl, respectively,
- = radius of the well,
Ku’Kl = hydraulic conductivity of the aquifers above and below the

clay beds, respectively and,
bu’bl = thickness of the aquifer layers, respectively.

The other variables have been defined in equation 25. If R is assumed to be
equal to a/4.81 as proposed by Prickett (1967), where a i the size of a
rectangular block containing the well of interest, then the terms (R -R ) in
equation 26 and equation 27 are equal and h can be calculated by eguaging
equation 26 to equation 27. The value of hw‘%s given by

h = buKuHu + bIKIHl - (28)

w bK + b K

uu 11

Substituting equation 28 into either equation 26 or equation 27, the
" following expression is obtained:

2nbuKub1K1(Hu—H1) (29
ln(Ra/Rw)(buKu+b1K1)

Q:
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Substituting equation 29 into equation 25, then Cw is given by,

2nb K b.K _
Cw = TnR /R )(b Kl+; K.) (30)
a’"w uu 11
If Ku = Kl’ then equation 30 can be simplified and it is given by,
2nK bub1
c = (31)
w ln(Ra/Rw) (bu+b1)

The grid used in simulating Central Valley ground-water flow is 6 miles .
by 6 miles, so R can be assumed to be about 6,500 ft. The average well radius
(R ) in the Central Valley is about 0.75 ft. The thickness of aquifers above
(1ayer 4) and below (layer 3) is about 250 ft and 1,000 ft, respectively. The
hydraulic conductivity (K) of both aquifer layers is about 6 ft/d (the valley
average), so the conductance per well (Cw) is estimated to be 830 ft2/d.

The conductance of the clay beds (C )} can be estimated by the Darcy
equation:

cTH -1 aL (32)

where,

A = area of the model block, '

dL = length over which the vertical head difference is measured.
Using K/dL = Tk = 4.1 x 10 6 per day (the model-calibrated average for the
Westside subarea), and A = 10° ft2, C_is about 4,100 ft2/d. According to
these calculations, the leakance of abgut five wells in one model block would
be equal to the leakance of the clay beds. There is a range of values that
can be computed with reasonable inputs, however, this at least shows that
wells probably have a significant contribution to leakance of the clay beds.
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If the leakance of clay beds is greatly increased by multiaquifer wells,
then there should not be large vertical head differences across the clay beds.
The existence of the large vertical head difference in the west-side areas of
the San Joaquin Valley in the 1960's probably is due to a large amount of
pumpage withdrawn from the lower aquifer zones and large resistance of the
shallow clay beds to vertical flow. Davis and others (1964) observed cascading
water down nonpumping wells and assumed that this demonstrated flow through
the multiaquifer wells from the water-table aquifer above the Corcoran Clay
Member to the confined aquifer below it. Using the estimated hydraulic
conductance of multiaquifer wells discussed previously, the number of wells
measured by Davis and others, and the vertical head difference across the clay
beds of 400 ft which was common in the early 1960's in the Westside area of -
the San Joaquin Valley, the estimated interaquifer flow through the multi-
aquifer wells would be about 10 times the total pumpage in the area. This
volume of leakage would have dissipated the vertical head difference. Due to
additional information which was not available to Davis and others, the
authors believe that the measured flow by Davis and others (1964) was the
circulation of ground water through well casings within the pumped zone
(layers 3 and 2) which had the effect of equalizing the head differences in
the pumped zone during the pumping season over a large vertical interval of
about 1,500 ft. J. F. Poland (U.S. Geological Survey, oral commun., 1979)
noted that in two piezometers installed in a well near Westhaven, in the
Westside area of the San Joaquin Valley, head differences within the lower
pumped zone were small during the 1960's when pumping was large. The
piezometers were installed at 700- and 1,900-foot depths, respectively
(205/18E-11Q2,Q3).

Compaction of sediments should reduce vertical hydraulic conductivity.
Helm's (1976, p. 389) calculations suggest that the vertical hydraulic
conductivity of fine-grained sediments was reduced to about one-fifth of the
original values but noted that the calculated reduction in addition to
compaction may account for: (1) the complex hydraulic conductivity distribution
within a fine-grained bed or several beds in the actual aquifer system, and
(2) the range and distribution of thicknesses of the many fine-grained beds.
Laboratory tests by loading six samples from a test well (12N/1E-34Q, fig. 2)
near Zamora (Page, 1982) indicate that vertical permeability of clays from
consolidation decreased by factors of 1.5 to 6. The simulations to test this
hypothesis were inconclusive because of the larger counteracting effect of the
well perporations in some areas and absence of data in other areas.

A comparison was made in 51 model blocks where both steady state and
postdevelopment Tk values were calibrated (fig. 35). In 44 model blocks the
Tk increased and in 7 model blocks it decreased. The median ratio of the
postdevelopment to predevelopment Tk in those 51 model blocks was about 6 times,
while the mean ratio was about three orders of magnitude. This indicates that
the leakance increased because of the movement of water within casings of the
multiaquifer wells or gravel packs around the wells.
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Land Subsidence

The extent and magnitude of land subsidence in the San Joaquin Valley
that exceeded 1 ft from 1926 to 1970 is shown in figure 36A. Comparing this
figure to figure 17 which shows the area of the modified E~clay and areas of
flowing wells in the late 1800's, it is noted that land subsidence mostly
occurs where the E-~clay exists. Poland and others (1975, p. H8) separated the
subsidence area into three areas (fig. 36A). These areas include: (1) the
Los Banos-Kettleman City area west of Fresno where a maximum subsidence of
29.6 ft was observed in 1977 (Ireland and others, 1982); (2) the Tulare-Wasco
area between Fresno and Bakersfield which includes two areas where subsidence
has exceeded 12 ft; and (3) the Arvin-Maricopa area 20 mi south of Bakersfield.-
where maximum subsidence exceeded 9 ft as of 1970.

Man~-induced subsidence in the Central Valley probably began in the middle
to late 1800's when the peat soils of the Sacramento-San Joaquin Delta were
drained for cultivation. Weir (1950) noted that in 1922 the entire Delta area
was in cultivation, and that farmers in the area were concerned about subsidence.
Weir also estimated that subsidence in the lower Jones Tract was 4% ft between
1902 (when the tract was first drained) and 1917. This type of subsidence is
caused mainly by the oxidation and compaction of the organic peat soils since
the lands were drained (Weir, 1950; Newmarch, 1981). The peat lands had to be
drained in order to cultivate, which meant that the water table had to be
lowered. The draining of the lands is done by a series of ditches that drain
to a central location where the water is pumped out into the nearby surface
channels. During the summer growing season, water is siphoned back into these
same ditches to raise the water level in the ground to within the root zone.
However, because the land continues to subside, the water table must continually
be lowered. The volume of water removed from storage in this area is equal to
the specific yield times the change in the water table because the removal of
water is more a function of draining the sediments rather than the release of
water from compaction.

Subsidence caused primarily by compaction of the fine-grained sediments
in the aquifer system began in the San Joaquin Valley in the middle 1920's.
However, the cumulative volume of subsidence and hence the volume of water
released from compaction remained small until after World War 1II (Poland and
others, 1975). Subsidence in the Sacramento Valley presumably began in the
early 1950's although data are sparse (Lofgren and Ireland, 1973). This type
of subsidence caused other problems such as: cracks in road and canal linings,
charnging slopes of water channels, and ruptured well casings. During the early
1960's, in parts of the Westside area, large and expensive irrigation wells
had a useful life of about seven years because of casing failures.
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Figure 37 shows the cumulative volume of subsidence in the San Joaquin
Valley. The total volume of subsidence in the San Joaquin Valley by 1970 was
15.6 million acre-ft (Poland and others, 1975, p. H9). Also included in
figure 37 are cumulative volumes of subsidence for each of the three major
subsiding areas. The volume of subsidence in the Los Banos-Kettleman City
area west of the Fresno Slough and the San Joaquin River (fig. 36A) accounted
for nearly two~-thirds the total volume of subsidence as of 1970. Between 1970
through 1975 there was little subsidence in this area because of surface-water
imports from the California Aqueduct, which greatly reduced the annual amount
of pumpage from the aquifer system. However, subsidence recurred during the
drought of 1976 through 1977 due to an increase in ground-water withdrawal.
In addition to the cumulative volume of subsidence, ground-water pumpage was '
also plotted for the Los Banos-Kettleman City area. The correlation between
pumpage and the volume of subsidence is good, indicating that about one-third
of the water pumped was derived from compaction of the aquifer system (Poland
and others, 1975). The pumpage, however, included all pumpage in the area
(both shallow and deep). Bull and Miller (1975) estimated that at least 75 to
80 percent of the water pumped came from the lower pumped zone., Assuming that
compaction occurs only in the lower zone, about 43 percent of the water pumped
from the lower-pumped zone came from compaction of the fine-grained beds.
Similar comparisons of water pumped versus volume of subsidence from 1926 to
1970 were not done in the Tulare-Wasco or the Arvin-Maricopa area, mostly
because of the absence of pumpage data and partly because the relation between
pumpage and subsidence is not as promounced as discussed in the following
section, "Factors that affect the relation of subsidence to pumpage."

Observed land subsidence in the San Joaquin Valley reported by Poland and
others (1975) and Ireland and others (1984) was primarily dependent on periods
when detailed leveling lines were made in the areas of major land subsidence.
However, the level lines were not always measured during the same years for
each of the major subsiding areas. The last detailed leveling for the Tulare-
Wasco area was done in 1969-70, while the Arvin-Maricopa area was done in 1970,
and the Los Banos-Kettleman City area in 1971-72 (Ireland and others, 1984, p.
14). Since 1972, only partial leveling of selected lines (particularly along
the California Aqueduct) has been done.

Because the times of detailed leveling did not always correspond among
areas of subsidence and because the principal simulation period of the aquifer
system was from spring 1961 to autumn 1977, yearly estimates of land subsidence
from 1961 to 1977 were made based primarily on average rates of subsidence
between times of leveling and were prorated to individual years according to
extensometer data from wells as reported in Poland and others (1975) and
Ireland and others (1984). An estimate of land subsidence was also made for
the period during the drought based largely on extensometer data in wells and
from a few level lines. The yearly estimated rate of subsidence in the San
Joaquin Valley decreased in the 1970's (fig. 37), mostly because of decreased
subsidence in the Los Banos-Kettleman City area, although the yearly estimated
subsidence rate increased during the drought of 1976 through 1977 when ground-
water pumpage increased greatly. Estimates of pumpage from 1973 through 1977
in the Los Banos-Kettleman City area were also added to figure 37. The relation
between pumpage and land subsidence changed following 1970, after which, a
reduced proportion of the water pumped came from compaction of the fine-grained
sediments. This reduction probably is due to hydraulic head recovery which
accompanied the reduction in pumpage during 1968-75.
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Simulated subsidence, 1961-77.~~Overall, the simulated volume of subsidence
from 1961-77 both in the San Joaquin and Sacramento Valleys compared well to
the estimated volumes of subsidence from leveling and extensometer data for
the same period (table 8). Simulated and estimated volume of subsidence for
both the Arvin-Maricopa and the Tulare-Wasco areas also compared closely
{table 9 and fig. 38). 1In both areas, the simulated subsidence from 1961-69
was slightly more than the estimated subsidence, while during the period of
1970-75, it was slightly less. This is consistent with the simplified approach
to land subsidence in the simulation processes because all water is assumed to
be released simultaneously during a given head decline in the simulations
whereas in the actual aquifer system, water may be slowly released due to
compaction of the fine-grained (clayey) beds for some time after a given head’
decline. In the area between the Tulare-Wasco and the Los Banos-Kettleman’
City areas, simulated subsidence was slightly less than the estimated subsidence.

In the Los Banos-Kettleman City area, the simulated subsidence west of
the Fresno Slough and San Joaquin Rivers was generally less than the estimated
subsidence (table 9). The simulated subsidence for the period 1961-69 should
have been more than the estimated subsidence because the time~lag was not
simulated, and presumably as much as the amount estimated for 1961-«75. During
the drought of 1976-77, the water levels in the lower pumped zone did not
decline below the previous lows observed in the 1960's, yet subsidence was
observed along the California Aqueduct and in the few wells with extensometers
(Ireland and others, 1984, and fig. 39). Simulated subsidence in the same
area was very small as expected because most of the heads in the model blocks
did not decline below previous lows. Some of the observed subsidence may have
been elastic as indicated by negative compaction values following 1977 (fig. 39).
The period 1970-76 was a time when generally the water levels recovered and
subsidence was probably caused by the time-lag between the head change in the
aquifer materials and the water released from compaction of the fine-grained
(clayey) beds to the aquifer system.

TABLE 8.-~Comparison of estimated and simulated volumes of land subsidence
in the San Joaquin and Sacramento Valleys from 1961 through 1977

{Millions of acre-ft]

. ) San Joaguin Valley Sacramento Valley
"Years Estimated? Simulated Estimated? Simulated
1961-69 5.2 4.8 0.17 0.10
1970-75 1.1 ' .48 .12 .04
1976-77 .60 1.2 .06 .22
1961-77 6.9 6.5 0.35 0.36

lEstimates obtained from Poland and others (1975); Ireland and others
(1982), and from unpublished data.
2Estimates obtained from Lofgren and Ireland (1973), and unpublished data.
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TABLE 9.--Comparison of estimated and simulated volumes of subsidence to
pumpage for major subsiding areas from 1961 through 1977

[Pumpage and land subsidence are in millions of acre-ft.
Pumpage for the lower pumped zone only]

Total Estimated Simulated
Years pumpage Estimated percentage of Simulated percentage of
from lower volume of pumpage from volume of pumpage from

pumped zone subsidence compaction subsidence compaction

Arvin-Maricopa area

1961-69

6.8 0.41 6 0.54 8

1970~75 6.8 .11 2 .04 1

1976-77 1.4 .04 3 .10 7

1961-77 12.6 0.56 4 0.68 5
Tulare-Wasco area

1961-69 7.5 . 1.0 13 1.2 16

1970-75 5.4 .36 7 .20 4

1976-77 2.2 .31 14 .27 12

1961-77 15.1 1.7 11 ) 1.7 11

Los Banos-Kettleman City area

1961-69 8.0 3.3 42 2.8 35

1970-75 2.8 .51 18 .11 4

1976-77 1.0 .23 23 .05 5

1971-77 . 11.8 4.1 35 2.9 25
Davis-Zamora area

1961-69 2.0 0.17 9 0.03 2

1970-75 1.4 .12 9 .01 1

1976~77 .46 .06 12 .07 14

1961-77 3.9 0.35 9 0.11 3
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The simulated distribution of subsidence as compared to the estimated
distribution is shown in figure 38. The variations in simulated versus
estimated subsidence may be explained in several ways:

(1)

(2)

3

In the simulation of the aquifer system, pumpage from the

lower pumped zone was the primary cause of land subsidence.

The estimates of pumpage were summed by gquarter townships then
transferred as the model input. The model grids, however, did not
correspond to the township grid. Errors in transferring the pumpage
from the township grid to the model grid can cause the amount and
distribution of subsidence to be shifted in the model simulations.

Estimates of land subsidence, particularly after 1972, are based
primarily on projecting localized data to areas without data.
Because several parts of the Central Valley have not been releveled
since 1970, these estimates of subsidence are subject to error.

The simulated amount of subsidence in any model block is dependent
on the head at which inelastic compaction begins (the critical head).
In the simulations, the critical head in the clayey beds within the
aquifer system was assumed equal to the head in the aquifer system.
In reality, this assumption is not true because of the time needed
for a change in head in the aquifer to propagate through the thicker
clayey beds. Estimates of the critical head initially used in the
simulation from 1961 through 1977 were made for areas of known sub-
sidence by subtracting an estimated average head fluctuation in the
1960's from the heads of spring 1961, For critical heads in areas
outside of known subsidence, a head of 80 ft less than the simulated
steady-state head was used. Holzer (1981) estimated a change in head
of 85 ft before the ratio of subsidence to water-level decline
increased dramatically in two wells in the Tulare-Wasco area. The
critical head in several of the model blocks, particularly in the
active subsiding areas were adjusted such that the simulated and
estimated subsidence and drawdowns corresponded. The adjustments of
head were usually small, less than 20 ft in most model blocks. These
adjustments were not significant because the method used to estimate
critical heads was not exact. Errors in estimating the critical head
for each model block affect the distribution and amount of subsidence
as well as the heads in the lower pumped zone.
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(4)

)

Simulated subsidence was computed by multiplying the inelastic
storage value by the amount of drawdown that was simulated when the
inelastic storage value was actively used. However, if the computed
head decreased below the critical head in the first time step of a
pumping period, no subsidence was computed. This error was reduced
by using a short initial time step.

In the model simulations, when heads declined below the critical

head values, water was released from compaction instantaneously.

When the heads recovered above the lowest computed head, subsidence
would not begin again until after the head was lower than the new
critical head value. However, continuation of subsidence in the
aquifer system has been observed (although at greatly reduced rates)
for years after the time that heads recovered in the aquifer system.’
These observations are supported by water levels and extensometer
data in the major subsiding areas (figs. 39A-F). 1Imn fact, observed
subsidence in figures 39A, 39C, 39D, and 39F increased during the
drought of 1976-77 even though water levels in wells did not go below
the previous low water level. However, some of the observed sub-
sidence during the drought may have been caused by elastic compression
as indicated by the negative compaction (rebound) values following
the drought. Similarly, water levels in a well near Delano in the
Tulare-Wasco area did not show a continued yearly water-level decline
yet compaction (although somewhat variable) was continuous from
1958-77 (fig. 39E). The yearly simulated subsidence for this area
was zero for the periods when the heads did not declime below the
previous lowest head. Not being able to simulate subsidence during
these conditions is the result of using a simplified approach to the
complicated mechanics of subsidence. In particular, the assumption
that the head in the coarse-grained deposits in the aquifer system

is equal to the heads in the fine-grained deposits also is not correct
(see "Limitations'" section).
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Factors that affect the relation of subsidence to pumpage.~-Estimates of ground-‘
water pumpage, based primarily on electric power consumption and pump-efficiency
tests, have been compiled yearly from 1961 through 1977 for most of the Central
Valley (Diamond and Williamson, 1983). In addition, pumpage estimates were
divided between the upper water-table zone and the lower pumped zone. A comparison
between subsidence or the amount of compaction of the fine-grained sediments and

pumpage in the lower pumped zone was done for each of the major subsidence areas
(table 9).

The percentage of the total water pumped that was released from the fine-
grained (clayey) sediments, caused compaction, and varied from area to area
(table 9). The lowest overall percentage from 1961 through 1977 occurred in’
the Arvin-Maricopa area where presumably only 2 to 6 percent of the water’
pumped from the lower pumped zone came from compaction. In contrast, as much
as 42 percent of the pumpage came from compaction in the Los Banos-Kettleman
City area during a period of major subsidence in 1961 through 1969.

The difference of the proportion of water released during compaction to
total pumpage among the major subsidence areas is probably caused by: (1)
variations in amount, compressibility and origin of the fine-grained sediments,
and (2) variations in applied stress that compacts the deposits (Poland and
others, 1972, p. 6). These variations are discussed in the following
paragraphs.

Texture maps showing the amount of coarse-grained deposits with depth
were prepared by R. W. Page, (U.S. Geological Survey, written commun., 1983).
These maps indicate that the amount of coarse-grained material is comsistently
less to depths of 2,100 ft in the Los Banos-Kettleman City area as opposed to
the other major subsidence areas. The Arvin-Maricopa area consistently shows
more coarse-grained material. Thus, the variations in proportions of water
released during compaction to total pumpage can generally be explained by
differences in the percentage of fine-grained deposits.

168



"-08-076T ‘AoTTeA utnbeor ues ay3 3o
seaxe burprsqns xofew ay3z UT STT9M PI309T8sS

Jo uorjordwoo pue STIADT I1I93eM paInsesdl E..ﬁ!.m.m. 2anbta

Fes  ock/ ol  ese o#b M
Q ¥ . T 3
¥
& %
- 4/ 1 X
X 3
- m )
- > D
] 1 1 z X w,/ Spy o84/ SL4)  0Lb) SIb)  094)
os T T T oo \?:Qmw\ _L.. ‘ _ _ . 02
SRANRLY WO SIWLL 2 VX Jr2urs) *3fopy| ﬂ W/ i
4 ‘ \\%.W.N i /w T gy woywdwo>
S22 ./ Py 2728 Yy o X W s b 907/~ €44/
W \ D2-£,%/ S| ‘. W\. N i&\%nq\ V/kdvd aid
M/ V/J /703) ne¥ M W RS
Q ozl My \ — X 2
/AN 5 bt -
W - / &§\ \h AD \ 7 9
N } ) w.S\\SV vg )
NIE—74 = f y b 27X 28 % - —
,M_d w .\ v.w\“w\“\ q N i
N
N i £ zrymar \ N
al ..“ __s\\ 2upH S // ot - : ~ 0ok
r .A\NM.N Mo 1ont 9SE/ ooy
wa e a0 ) wapupy
= oer } - 9G/ = €/#/ oce
/925 YYew yowsg N :moske) [ 50]
4 .wu!ﬁ\v\wﬂa ? ’
° 1 1 ] - mzy I ) L I o
KXY LD Moy — sowkg S0

XY ALL D \_\\\\W\\m\u.%\lhg\%% 4

g

v

~+FFf v/ To4t a0 S f,v[7 2 7’}“’/?' 07[ /////QJ

169



“ponUT3UCD-~08-0¥6T ‘XoTTeA utnbeor ues oyl
Jo seaie Burprsqns xofew 3Y3 ut STISMA PdOITOS
30 uoT30eduod puR STOADT I93BM paInsedy (4-¥)-~6€ 21nbTI

orL/ SLés -@6b/

S4/
\ Vaog W\ ! T
YU T
/W f2at L28 “Wlad
) worgoh Adw o>
N [ ~los9
N
Q
/w.d B ass
N
N
B —oos
B —jost
—?
l —oot
- unm-\,\ so0/ \W\\QQ —tose
/27 [818) vM
\qw‘hn\oqﬂ.{«s&\vo\ M
_ 1 oof

v Y My -8 S07

d

F2Ef re /?’4’;‘?'”.5“//”-‘7 7 (0YEGT FIpp] Of. y//_og’

S8/ xw4) SCE/ 0Ll S99/ o2 S5/
N e o s
: I |
,/M.MSI _ - i
0 p - ={oos
w Ao54 e00Z "Ydag
s wopopdves |
N IVHE ~SYS) Shall Joss
/ﬂ. s potgyoo) )M a
S/ —
AN
~loss
—os
p— 3
+I54 0El/ \wm\mQ
V//Adad \bsh\ Qt\\x& —loot
SNpE-SYPY : MYV (5
1 1 1 1 1 oS

HEXY i \_\\QQ\\%\V\.. - sonvpg $9 \
| o,

£22fm! (O fras LI T wysg 73y af y//ad

170



9}//:/&(7

Wyt

77

ARBf

- *panuT3uU0D--08-0%61 ‘A9TTeA urnbeor ues ayjy jo
seaie buyprsqns 1ofew aYy3 UT UT STIIM PIJOITIS
Jo uor3oeduwod puR STIAT I93BM pPIINSEdIN (JI-Y)=--6€ 2INDTJ

[z

ogil  Sb4/ 26/ T4/

o

3

)
N

0394/

} | 1

Isnt

ROBL OF L/

e \‘\\a -g..w& V\\‘“‘“

18&~prr12/Ww
rmozpvoe) )P

+23f 0FF/ Wy
/57 /P15 ety

I8 8-zt vex¥2 (1790
) 1 1

§

;

$

\

3

vovy wdoyyyy - /e

-

§

T i prvy wyg w7 F Y

094, -Scé/ 064/ S35/ 024/ $54/
T T 1 T .
VT
W p—r
M/ SO 4234 03¢ "y AT wo ok dw o> — oof
N Vv -S2fee i vwyv=/ /9]
/l
R
/.ﬁ.d o/ - —os5Z
* ~ :
I3 ~} ooz
T W |
b vor frap OF%
ook pumgrep ARl 0
| V- £3/52 vespoe/ \As\.\ y
o0,

VY ou\\\-\ - %\\\ M\N.

4

P SRS rby oy g 2T A Y

171



Meade (1968, p. 4) indicates that montmorillonite was more susceptible to
compaction than either illite or kaolinite. In each of the major subsidence
areas in the San Joaquin Valley, montmorillonite was determined to be the major
clay mineral, and was between 65 to 75 percent of the total clay minerals as
shown in the table below (from Meade, 1967, p. C18, C34, and C&46).

Los Banos- Tulare~ Arvin-
Kettleman City Wasco Maricopa
Clay minerals (percent) (percent) (percent)
Montmorillonite 70 60 75
Illite ' 10 20 10
Chlorite 10 0 10
Kaolinite-type
mineral 5 10 5
Vermiculite - 10 --

Mixed-layer montmorillonite-
illite and low-grade
illite-montmorillonite 5 trace --

The results are based on 85 samples from four deep test holes in the Los Banos~
Kettleman City area; 26 samples from two test holes in the Tulare-Wasco area,
and 8 samples from one test hole in the Arvin-Maricopa area.

In contrast, the principal clay mineral in soils and alluvium of the upper
San Joaquin River basin was kaolinite and in many of the samples montmorillonite
was absent (Meade, 1967, p. C21). Similarly, analyses of core samples from
three test holes in the Sacramento Valley (one near Zamora) indicate that
kaolinite is also the dominant clay mineral and that no montmorillonite was
found in any of the samples to a measureable extent (French and others, 1982,
and R. W. Page, U.S. Geological Survey, written commun., 1983).

The montmorillonite in the Los Banos-Kettleman City area is in part derived
from transport by the streams that originate in the Diablo Range to the west
(Meade, 1967, p. C18); aggregates of montmorillonite clays were found in the
fan deposits. Some of the montmorillonite was also formed after the sediments
were deposited. The source of montmorillonite in sediments from the Sierra
Nevada is uncertain. Meade (1967, p. C18) listed possible sources as the belt
of metamorphic rocks in the western foothills of the Sierra Nevada or clays .
from the Coast Ranges which were mixed with sediments from the Sierra Nevada,
or they may have formed by alteration or transformation of other minerals soon
after they were deposited in the valley.
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Reasons for the absence of montmorillonite in test holes im the Sacramento
Valley or from analyses of soils and alluvium in the upper San Joaquin River
basin are unknown, because the source areas of the sediments are essentially
the same (Coast Ranges and the Sierra Nevada). Although the major subsidence
areas in the San Joaquin Valley contain principally montmorillonite, and
differences in the amount of compaction compared to pumpage cannot be explained
by differences in the types of clay minerals. The absence of montmorillonite
in other areas might contribute to a lesser amount of subsidence.

The origin of deposition of the sediments may also contribute to
differences in the amounts of water contributed to pumpage from compacting
clays in the major subsidence areas. Bull (1975) determined that in the Los
Banos-Kettleman City area the highest apparent compressibility of the sediments
in the lower-pumped zone coincides with the area of flood-plain deposits, as
opposed to areas of alluvial fan deposits, and that the bedding of the deposits
is an important factor controlling the magnitude and rate of compaction. In
the Arvin-Maricopa area, the proportion of flood plain or lacustrine sediments
is small (Lofgren, 1975, pl. 1) and in the Tulare-Wasco area, the proportion
of flood-plain or lacustrine sediments increases to the west, where beneath
the present day Tulare Lake bed, the sediments are largely lacustrine or flood
plain in origin (Lofgren and Klausing, 1969, p. B9). Also, Meade (1967, p.
C27) noted that the alluvial fan deposits in the Tulare-Wasco area differed
from those in the Los Banos-Kettleman City area because the deposits in the
Tulare-Wasco area are generally coarser grained and contain fewer fine clays.
Thus, for these reasons, the variations in amount of water contributed to

pumpage from compacting clays may, in part, be explained by the depositional
environment of the sediments.

Variations in the change in the effective stress among major subsidence
areas may also affect the proportion of water contributed to pumpage from
compacting clays. The change in effective stress in a confined aquifer system
is proportional to the head difference between the hydraulic head in the
confined zone and the water table (Lofgren, 1968). Thus, the greatest change
in effective stress occurs when the hydraulic head in the lower confining zone
is declining and head in the water-table zone is rising or staying nearly
constant. However, when both water levels in the confining zone and in the
water-table zone are declining, the change in effective stress then would be
small. Thus, variations in well construction or in the amount of water pumped
that came from the water-table zone in the major subsidence areas may cause

variations in the amount of water released due to compaction.

Differences in well construction in the major subsidence areas may in part
explain the differences in the amount of water released from compaction to the
amount of water pumped. The amount of water pumped per unit area in the Los
Banos-Kettleman City area is smaller than it is in the Arvin-Maricopa area
(see fig. 22 for pumpage fig. 36A for location) yet the amount of water released
from compaction compared to pumpage is high (table 9). Most of the wells in
the Los Banos-Kettleman City area are perforated below the shallow water-table
zone because of poor quality water which occurs in the water-table zone (Davis
and others, 1959, p. 184; Bull and Miller, 1975, p. E25). However, in the
Tulare-Wasco and the Arvin-Maricopa areas, water is obtained from a greater
interval of the aquifer system (Lofgren and Klausing, 1969, p. 43 and Lofgren,

1975, p. D44), and the perforated intervals commonly extend from the water-table
zone into the lower pumped zone.
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The effect is threefold: (1) some of the water pumped from the wells in
the Tulare-Wasco and the Arvin-Maricopa area probably came from the water-table
zone; (2) the water levels in both the water-table zone and the lower pumped
zone were lowered, thus reducing the vertical hydraulic gradient and
consequently the rate of compaction of the fine-grained sediments, and (3) the
wells with perforations open to both water-table zone and lower pumped zone
essentially increased the vertical leakance of the fine-grained sediments and
hence the amount of circulation between the water-table zone and the lower
pumped zone, as described in the section "Changes in vertical flow."

In summary, the variations in the amount of water released during
compaction to the amount of water pumped can be explained by several factors.
These are: the amount of fine-grained sediments, the types of clay minerals, .
the environment of deposition of the sediments, and the change in vertical
hydraulic gradient that is dependent on the perforated intervals of wells.

Change in Aquifer Storage

Increase in discharge (such as pumpage) or decrease in recharge causes
decline in water levels, which indicates release of water from storage in the
aquifer system. There are three types of release from aquifer storage: (1)
water-table release, where water released from storage is a result of gravity
drainage of water stored in pores of the sediments; (2) elastic release, where
water released from storage is a result of the expansion of the compressed
water and sediments when the hydraulic pressure is reduced; and (3) release
from inelastic compaction, which occurs only when applied stress exceeds
preconsolidation stress so that the pores of the sediments are rearranged and
pore volume is reduced, and the action is jrreversible (permanent).

The total estimated decrease in ground-water storage from predevelopment
conditions until 1961 was about 47 million acre~ft and through 1977, 60 million
acre-ft. The decrease in aquifer storage for the period of 1961 through 1977
was estimated to be about 13 million acre-ft, or about three-quarters of a
million acre-ft/yr. This decrease in aquifer storage represents discharge
(mainly pumpage) in excess of recharge. Water table and elastic change in
storage were calculated as the product of water-level changes, covered area,
and the appropriate storage coefficients. This calculation probably is better
~ ‘than the calculation of storage changes from a water-budget approach, because
small errors in recharge/discharge can cause large errors in the calculations
of aguifer-storage changes. It would be desirable to determine aquifer-storage
changes for shorter time periods to see the status of the system before and
after the major water-importation development began. However, it is not
feasible to determine aquifer-storage changes accurately for any shorter period
of time because of the high variability in climatic conditions that overwhelms
the short-term effects of development.
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The volume of aquifer-storage change is substantial, however, it is still
very small compared to the total volume of water in the aquifer storage
(table 7). The storage values shown in table 7 were calculated from the product
of the specific yield and the thickness determined from the difference between
the altitudes of the 1961 water table and altitudes of aquifer materials (1) a
depth of 1,000 ft, or (2) the base of continental deposits, or (3) the base of
freshwater. There was more than 800 million acre-ft of freshwater in storage

in the aquifer system at depths less than 1,000 ft in the Central Valley as of
spring 1961.

Water-table zone.--The wvolumetric change in storage resulting from head
changes in the water-table zone was estimated by analyzing the water-level
data. The model-simulation results were not used because slight differences
in the balance of recharge and discharge causing a small mean difference in
observed and simulated water levels would substantially affect the simulated
changes in aquifer storage in the water-table zone.

Seasonal high or low water levels for each measured well (usually spring
high and autumn low) were averaged for the four geographic areas of the Central
Valley (see fig. 25). December to May was used as the spring season and June
to November as the autumn season. Depth-to-water was chosen over water-level
altitudes because its variation was less dependent on the selection of wells
in a given season. Variation in water-level altitude is largely related to
variations in land-surface altitude and so it is dependent on the selection of
wells measured. Averages were made over large areas to minimize the effect of
outliers. The change in depth-to-water was multiplied by the land area where
the changes occurred and the average specific yield to obtain the values of
changes in aquifer storage in the water~table zone. Using the average specific
yield introduces some errors if the specific-yield values are not distributed
evenly with respect to the distribution of depth-to-water measurements. There
were more than 2,000 water-level measurements for most of the spring seasonal
averages. Estimates of the change in aquifer storage in the water-table zone
were 34 million acre-ft in the period from predevelopment until 1961, and
about 5.5 million acre~ft in 1961-77.

Elastic storage.--Elastic storage is a result of the expansion of water and
compression of the sediments because of change in fluid pressure. Change in
elastic storage is computed as the product of the elastic specific storage,
the thickness of the confined aquifer, the aquifer area, and the decline in
head. This was calculated for each of the 484 model blocks that had head
"declines; ‘using the thickness of layer 3, or the sum of the thicknesses of
layers 2 and 3 in the 163 model blocks where many wells penetrated layer 2.
The thickness of layer 1 was ignored because the drawdown was much less. The
change of elastic storage in layer 4 is obscured by and included with the
change in ygter-table storage. The average estimated elastic specific storage
was 3 X 10 = per ft. The estimates of elastic specific storage were increased
by a factor of two in most areas during calibration of the model with six-month
time periods. The calibrated elastic specific storage may be too large because
agricultural pumpage allocated to the autumn period and recharge allocated to
the spring period exaggerated the seasonal change in stress. The average
lower-pumped-zone head decline was 80 ft. The amount of water released from
elastic storage was about 3 million acre-ft from predevelopment to 1961.
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The average head decline in the lower pumped zone from spring 1961 to
spring 1976 was small because in many areas water levels declined, however, in
other areas, they rose sharply. Therefore, the net change in elastic storage
during that period was negligible.

Water released from inelastic compaction.--The process of compaction of fine-~
grained sediment in the aquifer system caused by head decline has been
discussed in the section, "Treatment of subsidence.!" When the fine-grained
sediments in the aquifer are compacted, grains are reoriented and there is a
reduction in the pore space within the compacted beds, thus releasing water.
The volume of water released by compaction is approximately equal to the
volume of land subsidence observed at the surface. Four other processes also
cause land subsidence in the Central Valley (Poland and others, 1975). These .
include the oxidation and compaction of peat soils, compaction of moisture-
deficient sediments near land surface when water is first applied, compaction
of deep deposits caused by the withdrawal of gas and o0il, and tectonic settling.
These processes only cause localized subsidence, or else the rate of subsidence
is small when compared to subsidence caused by the decline of hydraulic heads
within the aquifer system. Thus an estimate of how much water has been released
from compaction in the Central Valley was estimated by the volume of land
subsidence through 1977 which is 17 million acre-ft.

The loss of pore space is a loss of storage capacity in the aquifer system.
Therefore, if water levels recover to their previous highest altitude, the
amount of water stored in the aquifer system is not the same as that stored
before compaction; it is less. Inelastic compaction means permanent compaction.
This type of land subsidence represents a one-time withdrawal of water from
storage. However, the storage capacity of the coarse-grained sediments is
unchanged.

Table 10 compares the amounts of water released from inelastic compaction
to ground-water pumpage and water released from the water-table zone. From
1961 to 1978, about 7.3 million acre-ft of water was released from inelastic
compaction or about 4 percent of the total estimated pumpage of 189 millionm -
acre~-ft for the entire Central Valley (table 10). Almost three-fourths of the
water released from inelastic compaction occurred between 1961 and 1970, a
period of major subsidence in the Los Banos-Kettleman City area (see table 9).

Most of the water released from the inelastic compaction occurred in the
Tulare area (see fig. 1 for location). The amount of water released from the
inelastic compaction was about 8 percent of the estimated pumpage (table 10,
spring 1961 to spring 1970). The amount of water released from inelastic
compaction in the other areas was generally less than 2 percent. Similarly,
the amount of water released from the water~table zone also was less than
5 percent of the estimated pumpage (table 10). Thus, it can be concluded that
most of the water pumped from 1961-78 came from recharge.
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TABLE 10.--Proportion of pumpage from water table and compaction storage

[Pumpage and water released from water table and compaction storage are in

millions of acre-ft.

not storage, but recharge.

Note that the main source of water for pumpage is

shown in Figures 1 and 25]

Location of areas in the Central Valley are

Estimated water released from or recharged

into aquifer storagel

Water Contributed Contributed
Pumpage2 table to pumpage Compaction to pumpage
zone in percent in percent
Sacramento Valley - area 1
Spring 1961 to spring 1970 11.3 0.6 5 0.17 2-
Spring 1970 to spring 1976 9.0 1.6 18 .12 1
Spring 1976 to autumn 1977 4.7 .6 13 .06 1
Autumn 1977 to spring 1978 3 -1.8 -- -- --
Spring 1961 to spring 1978 25.0 1.0 4 0.35 1
Delta Area - area 2
Spring 1961 to spring 1970 12.3 -0.6 -- (Y --
Spring 1970 to spring 1976 8.9 .05 1 -- --
Spring 1976 to autumn 1977 3.7 1.1 30 -- -
Autumn 1977 to spring 1978 (3) -1.0 - -- --
Spring 1961 to spring 1978 24.9 -0.5 -- -- --
San Joaquin Vallev - area 3
Spring 1961 to spring 1970 17.0 -0.02 - 0.48 3
Spring 1970 to spring 1976 12.3 1.3 11 .18 1
Spring 1976 to autumn 1977 5.4 3.9 72 .08 1
Autumn 1977 to spring 1978 (&) -2.3 - -- .-
Spring 1961 to spring 1978 3.7 2.9 8 0.74 2
Tulare Basin - area &
Spring 1961 to spring 1970 58.9 -1.6 -- 4.7 8
Spring 1970 to spring 1976 32.1 1.8 6 -89 '3
Spring 1976 to autumn 1977 13.6 5.0 37 54 4
Autumn 1977 to spring 1978 ) -2.3 - - -
Spring 1961 to spring 1978 104.5 2.0 2 6.1 6

See footnotes at

end of table.
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TABLE 10.--Proportion of pumpage from water table and compaction storage-Cont.

Estimated water released from storage?
Water Percentage Percentage
Pumpage? table of pumpage Compaction of pumpage

Entire Central Valley - Total

Spring 1961 to spring 1970 99.5 -1.6 -- 5.4 5
Spring 1970 to spring 1976 62.2 4.8 8 1.2 2
Spring 1976 to autumn 1977 27.4 10.6 39 .7 2
Autumn 1977 to spring 1978 €] -8.3 - -- -
Spring 1961 to spring 1978  189.1 5.4 3 7.3 4

1Negative values indicate an increase in the volume of water stored in
the aquifer system. Estimates of the amount of water released from elastic
storage in the lower pumped zone is not shown because the values are small
(less than 0.05 million acre-ft) for each of the major areas, even though head
declines may be large in the lower pumped zone at several locations.

2Pumpage includes estimates of all pumpage from both the water-table zone
and the lower pumped zone. Estimates in the Delta area are considerably more
than those shown in table 2 of Diamond and Williamson (1983). In this table the
estimates represent the entire Delta area.

3Pumpage that occurs during this period is excluded from the study period.

4Water released from compaction of sediments (land subsidence) in the Delta
area is caused primarily by drain of peat lands and the amount of water released
is incorporated into the specific yield of the water table.
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MODEL LIMITATIONS

The model represents only the significant features of the aquifer system.
The model grossly simplifies the system, both in its temporal and spacial
variability, and in its processes. The following discussion is intended to
alert readers not to overextend conclusions drawn from results of the
simulations and provide suggestions for further study.

Calibration

Calibration of a ground-water-flow model is achieved by adjusting the
values of one or more aquifer properties or recharge/discharge such that the
computer simulated hydraulic heads match (within the limits of the investigation)
the observed heads in the aquifer system. Calibration is a continuous process
until a point that the head difference between the simulated and observed
values reaches a preset value (a criteria set by an investigator that the
model is closely reflecting the real aquifer system). Further improvement is
still possible because of the vast number of values that can be adjusted.
However, the process is constrained by the amount of data available to
determine how closely the observed data can represent the true system. The
differences among observed and simulated water-level changes from 1961 through
1975 are summarized in table 11. The following are discussions of these
differences:

(1) The errors in matching observed water-level changes in layer 4, (the
water-table zone), are less than those in layer 3 (the lower pumped
zone). This is not surprising because the smaller elastic storage
coefficient in layer 3 causes its hydraulic head to respond faster
to pumpage, hence any head change is magnified.

{2) Simulated water levels in layers 3 and 4 at the end of the calibration
period are too high, by a model-wide average of 2.6 ft in layer &4
and 12.0 ft in layer 3. This probably indicates that the estimates
of recharge were too high, or that the estimates of discharge were
too low, or both. This systematic error, which is cumulative as
indicated by the increasing observed average minus simulated-head
difference with time (fig. 40), could have been adjusted by multi-
plying recharge and discharge values by a factor. This adjustment

" was not made because there is no hydrologic basis for it and because
it would not really add significantly to the overall fit or to the
understanding of the system. This error appears to have little
relation to whether or not the block was one where the observed water
levels rose or declined.

(3) Figure 41 indicates that 80 percent of the observed minus simulated
water-level differences are within +23 to ~26 ft for the water table,
and +15 to -45 ft for the lower pumped zone.

179



TABLE 11.--Summary of water-level changes, 1961-75
observed and simulated, in feet

Observed water- Observed change Absolute value
Number Observed level change - simulated change of observed change
Layer of decline Mean Standard Mean! Standard - simulated change
blocks or rise deviation deviation Mean = Standard
deviation .
4 529 both 5.1 20.3 -2.6 21.9 16.5 14.6
4 396 decline 15.0 16.2 -2.3 21.9 17.1 13.8
4 133 rise -13.0 13.5 -3.1 22.0 15.5 16.0
3 529 both 8.0 48.8 -12.0 27.4 22.0 20.2
3 435 decline 30.3 28.4 -10.8 24.9 20.9 17.4
3 94 rise -41.6 48.1 ~-14.5 32.3 24.5 25.4

l10bserved change - simulated change: negative sign means model water level
above observed.

Comparison of observed and simulated water levels would not have much
meaning unless something is known about the errors in estimating observed
average water level for a block at a time period. Because of the size of the
blocks chosen and the variability of water levels in space, time, and depth,
the accuracy of estimating a block's water level is in the range of approximatly

20 ft. 1In light of this fact, the statistics about the model fit seem
reasonable.

The absence of knowledge about water levels is even more pronounced at
depth. In addition, two-thirds of the wells in which water levels are
monitored, do not have drillers' logs or other comnstruction data available.
Only three known piezometers which measure water levels in the deep zone
" (layer 1) below  the lower pumped zone, and these are all in the Sacramento
Valley. There are other indications of water level at depth, such as gas well
shut~in pressures. A problem in interpreting these gas-well data is that the
shut-in pressures were observed only when the wells were drilled, and that the
gas pressure changes as the field is developed.
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Varjable Density

As previously described in the section, "Extent of Freshwater,'" saline
water is found below the freshwater body throughout much, if not all, of the
Central Valley. Salinity of water in these deeper zones may exceed that of
seawater (Hill, 1972). Model simulations made during this study did not
account for the differences in density of the waters. Because the ratio of
seawater density to freshwater density is 41 to 40, therefore, a freshwater
head of 41 ft would be equal to a seawater head of 40 ft. Ignoriang the
density difference introduces an error of about 2.5 percent in the head values
from the deepest part of the aquifer system where saline water occurs. The
source and movement of this saline water is not known. A preliminary analysis .
of shut-in pressure data shows that the simplest assumption of a static head
distribution in the saline water system is invalid. The rate of movement of
the interface between the fresh and saline water has not been analyzed.

Recharge and Discharge Estimates

A significant limitation of the simulation of the aquifer system is the
inability to relate variability of recharge and discharge to the water-table
fluctuations. Regression analyses using estimated values of recharge from,
and discharge to, streams showed a poor correlation with depth-to-water,
although this kind of correlation should exist. This poor correlation is
probably due to the depth-to-water data which were not always observed near
the streams. Recharge and discharge did not need to be head-dependent in the
simulation algorithm because there was no need for prediction capabilities in
the simulation. The relation was assumed to be inherent in the estimated data
collected for the calibration period.

As mentioned earlier, the estimates of net recharge/discharge were
adjusted during calibration by adding a factor that was constant in time for
each block. The relation of the final calibrated estimates to the initial
estimates is shown in figure 42. These values represent 1961-77 averages of
net recharge/discharge to and from the water-table zone. As shown by figure
42, there were many values that were changed by a factor several times greater
than the initial estimated values. This may not be indicative of a large
absolute change, because some values were very small to start with. However,
there is a definite need for improvement in data, methods of estimating, and
methods of distributing the values geographically.

183



cat
raftreo a/

3
9

> 3
T !
] |

/e?tdam/f /ess /4414 thICd
RS
T i
b1

Ve,
LIRS

]
]

70~ -

(' apru/f 74
§

Asto

Figure 42--Ratio of calibrated to estimated water table net
: recharge/discharge to and from the water-table zone.

NQSQHV& ratios ndicate that the 5’;3\,\ Cka.hj‘ec‘
du.v‘\.\'\j QO-\( b\ra.ln‘bvx.

184



Modeling Subsidence

The modification of the Trescott (1975) ground-water-flow model which was
used to simulate land subsidence, had two major shortcomings. First, the
subsidence resulting from head declines was simulated as if it all occurred
during the same time step as the head decline, while in the aquifer system
there is a significant time lag for all of the subsidence to occur. Therefore,
the short-term subsidence simmlations are in error, but the magnitude of the
error decreases with time. Second, the change from one storage value to another
was explicit; it was done at the beginning of each time step based on whether
or not the head in the previous time step dropped below the critical head.
Thus, small time steps were necessary in the simulations to minimize this error
which increased the computer time and cost of each simulation.

The method of simulating subsidence used during this investigation also
did not accurately simulate the effects of the 1976~77 drought. Simulated
subsidence was less than the observed subsidence because in many model blocks,
the head did not decline below the previous lowest head. However, some of the
observed compaction, as measured from wells with extensometers, was elastic.
This is demonstrated by the negative compaction after the drought, indicating
elastic rebound.

Another problem with the technique of simulating water released from
compaction was the value used for the starting "critical" head~-the head at
which inelastic compaction begins. The simulated volume of subsidence,
especially for the early years was sensitive to the initial estimate of the
critical head. 1Initial critical-head values were estimated to be 80 ft less
than the predevelopment water levels of the early 1900's. The 80-foot
difference was based on estimates by Holzer, (1981) at a few locations in
California. Model simulations began in 1961 during a period of major
subsidence in several parts of the Central Valley, and water levels in several
areas were many feet below the initial estimate of the critical heads. Thus,
in areas where the water levels in 1961 were below the initial estimate of
critical head, the critical head was estimated to be the previous observed low
water level, which commonly had occurred during the 1960 irrigation season.
Critical-head values were adjusted as much as 15 ft in several model blocks
during the calibrations.
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SUMMARY AND CONCLUSIONS

Agricultural production of the Central Valley is dependent on the
availability of water for irrigation. One-half of this irrigation water is
supplied by ground water. Ground-water pumpage in the Central Valley accounts
for 74 percent of Californmia's total pumpage and about 20 percent of the
Nation's irrigation pumpage. Ground-water pumpage is especially important in
dry years because it supplements highly variable surface-water supplies. In
1975, about 57 percent of the total land area (12.8 million acres) in the
Central Valley was irrigated. This heavy agricultural development during the
past 100 years has had major impacts on the aquifer system. Flow conditions
before and during development were simulated using a three-dimensional
finite~difference flow model.

The Central Valley is a large structural trough, filled with marine
sediments that are overlain by continental deposits. More than half of the
thickness of the continental sediments is composed of fine-grained sediments.
When development began in the 1880's, flowing wells and marshes were found
throughout most of the central part of the Central Valley. Ground-water flow
in the continental sediments was simulated on a regional scale. Most previous
investigators have conceptualized the northern one-third of the valley, the
Sacramento Valley, as one water-table aquifer and the southern two-thirds, the
San Joaquin Valley, as a two-aquifer system that is separated by a regional
confining clay layer. A somewhat different new conceptual model of the aquifer
system is suggested during this investigation by analysis of water-level
measurements, lithologic analysis, and the simulated flow conditions. Vertical
hydraulic-head differences are present nearly throughout the valley. The new
conceptual model assumes that the entire thickness of the continental deposits
is one aquifer system that has varying vertical leakance and confinement
depending on the proportion of fine-grained sediments.

The average horizontal hydraulic conductivity for the Central Valley is
about 6 ft/d and the average thickness of the continental sediments is about
2,400 ft. The average horizontal hydraulic conductivity for the Sacramento
Valley is about one-half of the average for the San Joaquin Valley, probably
because of the greater amount of volcanic sediment found in the Sacramento
Valley. These conditions could be significant in evaluating the potential for
land subsidence in the future. Saline water underlies the freshwater throughout
most of the Central Valley. The difference in density between fresh and saline
' ‘waters was not considered in the simulations during this investigation because
the aquifer system below the base of freshwater is poorly understood.
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During 1961-77, an average of 22 million acre-ft/yr of water was used for
irrigation, about one-half of the water was ground water. This level of
development has increased evapotranspiration and decreased surface-water
outflow by about 9 million acre-ft/yr over its predevelopment value. This is
a large value compared to the average annual surface-water inflow to the
Central Valley of 31.7 million acre-ft. Precipitation on the valley floor is
mostly lost to evapotranspiration. The overall irrigation efficiency (an
average of 59 percent) increased during the 1961-77 period, apparently as the
result of water conservation., Overall, the postdevelopment recharge and
discharge values for the aquifer system were more than forty times greater
than the predevelopment values. Postdevelopment average recharge came mostly
from irrigation return (81 percent), but also from precipitation (14 percent)
and infiltration from streams (5 percent). The actual proportion from streams.
is probably larger, but owing to the scale of the regional model constructed
during this investigation, some stream recharge cancels with local discharge
to other nearby stream reaches.

The increases in pumpage because of agricultural development, especially
where little surface water was available, has caused water-level declines that
exceed 400 ft in places and has contributed to the largest volume of land
subsidence in the world due to ground-water withdrawal. From predevelopment
until 1977, the volume of water in aquifer storage has declined about 60 million
acre-ft, with 40 million acre-ft from the water-table zone, 17 million acre-ft
from inelastic compaction of the fine-grained sediments, and 3 million acre-ft
from elastic storage. During 1961-77, ground water withdrawn from storage
averaged about 800,000 acre-ft/yr. As of 1961, over 800 million acre-ft of
freshwater was in aquifer storage in the upper 1,000 ft of sediments., Aquifer
storage greatly exceeds surface-water storage, which is about equal to the
average annual surface~water inflow (31.7 million acre-ft). This was evident
during the 1976-77 drought, when surface storage was depleted and many farmers
switched to ground water for irrigation.

The simulation model was calibrated principally according to the hydrologic
data observed during the 1961-~75 period because little predevelopment data are
available. The simulated water levels were found to be most sensitive to the
leakance value. Of the five types of causes that resulted in land subsidence
occurring in the valley, the most significant cause is that resulting from
withdrawal of ground water. Subsidence of this type was incorporated into the
flow model. The computer program was modified to include both an elastic and
an inelastic storage coefficient, using the inelastic storage coefficient
values only if the aquifer head for the previous time step was lower than it
had been before. The simulated volume of land subsidence was within six percent
of the total estimated volume. However, the time lag associated with this
type of subsidence was not adequately simulated, nor was the subsidence during
periods when the aquifer head was not lower than its previous lowest level, as
occurred at times during the 1976-77 drought. At the end of the 1961-75
calibration period, simulated water-level changes averaged 2.6 and 12 ft above
observed water-level changes for the water-table zone and lower pumped zone;
the standard deviation was 22 and 27 ft, respectively, which is nearly within

the error of the estimated average water-level changes observed in a model
block.
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The simulations showed that vertical leakance greatly increased from the
predevelopment values as a result of water flowing through some of the more
than 100,000 irrigation well casings which are open to different aquifer .
layers. This may affect the ground-water quality by allowing poor quality
water in one of the aquifer layers to mix with good quality water in another
aquifer layer. The simulations also showed that on a regional scale there is
more vertical flow than horizontal, despite the fact that the vertical
velocities are much lower. This is due to the larger area of the aquifer in a
horizontal plane than it is in a vertical plane. These factors should be

considered in plans for improving and protecting ground-water quality in the
valley.

During 1961-77, only seven percent of the annual pumpage (11 million
acre-ft) was being taken from aquifer storage. The remainder was being
supplied by recharge, mostly from irrigation return flow. Only about seven
percent of the total freshwater in aquifer storage in the upper 1,000 ft of
the aquifer system had been removed as of 1977. . In addition, as water levels
decline, more recharge is captured and less discharge to surface waterbodies
would occur. Therefore, at the present level of development, the withdrawal
from aquifer storage will eventually diminish and the aquifer system will
reach a new equilibrium condition. However, if ground-water development
continues at an increasing rate, then the aquifer system will take a longer
time to reach a new equilibrium. This is one of the reasoms that a goal of
the U.S. Bureau of Reclamation's Central Valley Project to eliminate depletion
in aquifer storage has not been reached. Although the Bureau of Reclamation
imported surface-water into the Central Valley to decrease ground-water

pumpage in some areas, ground-water development was allowed to be continued in
other areas.

There are other impacts from water-level declines which need to be
considered. Land subsidence continues to be a problem in some areas of the
Sacramento and San Joaquin Valleys, though the areas of greater subsidence
have been controlled by importing surface water and decreasing in ground-water
pumpage. In those areas, the recovery of lower pumped zone water levels to
nearly their predevelopment altitude may mislead to an over appraisal of the
available ground-water resources in those areas. If pumpage increases again,
water levels will drop rapidly towards the previous lows, as happened in the
Westside area during the 1976-77 drought. This is because loss of the aquifer
storage capacity resulted from the compaction of sediments. Water-level
declines also cause increased energy consumption and associated costs. The
effect (if any) on the movement of the deeper saline waters in response to
water-level declines is unknown and was not evaluated during this study.

The regional aquifer-system analysis during this investigation indicates
that, although there are areas of severe localized aquifer depletion occurring
in the Central Valley, the ground-water resources of the entire valley are
sufficient to supply the existing needs, assuming the development is being
carefully planned and managed. To assure adequate ground-water resources in
the future will require a cooperative effort by local water districts, State,

and Federal agencies to monitor the ground-water conditions in the Central
Valley.
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APPENDIXES A AND B

Recharge and discharge values used in simulations (Appendix A) and aquifer
properties used in simulations (Appendix B)




APPENDIX A.~-Recharge and Discharge Values used in Simulations

Recharge and discharge data consisting of 10 variables for 529 nodes for
a period of 17 years were stored on a machine-readable magnetic tape in a
standard sequential format. The volume of data is too large to be printed
here. Most of the data are not available elsewhere, (at least in machine-
readable form) and may be useful to other investigators.

The tape-file format (on standard labeled tape) is as follows: File
number is 1, data set name is APENDX.A.RECHARGE; tape is a high density
(6250 BPI) tape with EBCDIC coding; record format is fixed blocked; logical
record length is 80; block size is 4,000, number of blocks is approximately
223; and number of records is 11,107.

Each record contains 10 data fields, each field is of length 8 in G8.0
format. The first 3 data fields are: (1) year as number past 1900 (for example,
"77" is 1977); (2) column in model grid; and (3) row in model grid. The other
7 data fields, all in 1,000 acre-ft/year are: (1) excess precipitation, (2)
ungaged runoff from small streams, (3) river losses (+ or positive) and
gains (- or negative), (4) evapotranspiration of applied irrigation water,

(5) surface water diverted to irrigation districts, (6) agricultural pumpage,
and (7) municipal pumpage.

A duplicate of the tape (tape no. 112312) may be obtained from:

U.S. Geological Survey, WRD
ATTN: Computer Specialist
Federal Building, Rm. W-2235
2800 Cottage Way

Sacramento, CA 95825
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APPENDIX 38 =~ Aquifer Properties Us2d in Simulations
{Layer 1 is deepest zone of aauifer, layer & is water-table zona)

- e ———— ceane— P accwe c—ceeme

Inelas~ X

6 -1 tic 1961
Leakance (TK) (x 10 "4 ) storage :rit-

Hydraulic Percentage cf —— co= ssl

Spe~ conductavaity fquifer thickness fine-grained Post~ effi~ Tead

Col™ Row cifac (tt/d) (fv) sediment Predevelopmant developmant cient (tt)
umn yield —————— emmmm———— em eememcemveeeceeeecteere meeeessemeee——- ceme ———
Layer Layer Layer Between layars Betwaen layers Layers Layers

1 2 3 “ 1 2 3 & 1 2 3 4 1=-2 2~-3 3-4 2-3 3-4 2-3 -3
4 3 0.09 6.5 6.6 6.5 6.5 1,359 150 250 100 57 58 56 o1 1.9 7.2 3.1 140 8.1 0.0370 340
3 4 0.04 1.3 1.3 1.3 1.4 1,020 288 100 87 57 58 56 ot o 0 11 1] 11 0.0260 480
4 $ 0.08 - = 0.2 4.8 0 0 180 100 57 58 56 61 0 0 31 0 31 0.0000 555
5 3 0.07 1.3 1.3 1.3 3.0 1,220 100 500 200 57 S8 58 61 6.7 15 13 92 13 0.0560 247
5 4 0.06 1.3 1.2 1.2 3.2 1,180 382 218 200 5?7 58 56 o1t 0.64 1.7 2.3 90 2.3 0.0410 330
5 5 0.05 - 3.3 3.1 1.7 ] 162 238 200 37 58 S50 61 0 3.8 3.4 90 3.4 0.0370 470
6 3 0.08 5¢3 5.3 5.3 6.0 1,150 303 300 200 57 58 58 61 3?7 90 120 90 120 0.0620 160
o L3 0.06 2.5 2.5 2.5 2.4 1,540 255 230 200 57 58 56 61 5.2 19 21 110 21 0.0390 270
0 5 0.05 2.1 2.1 2.1 2.1 150 340 170 100 $7 58 56 1 0.14 0.14 0.26 110 0.26 0.0390 335
6 6 0.04 0.3 0.3 0.3 0.3 260 50 100 o2 57 s8 S8 61 0.3 0.63 0.57 75 0.57 0.0130 580
7 3 0.10 7.3 7.2 7.3 7.0 1,110 09 300 300 57 58 56 41 36 &4 140 7 140 0.0570 158
? 4 9.07 6.1 6.1 6.1 3.8 1,000 190 500 267 S? 58 55 ot 4ab 13 9.6 92 9.6 0.0560 212
7 5 0.06 2.8 2.5 2.8 2.8 489 460 251 200 5?7 58 56 61 0.31 0.41 0.64 76 D.64 0.0540 269
I4 é 0.05 1.8 1.3 1.8 1.8 37 100 225 200 57 58 55 o1 17 7.3 5.4 170 S.4 0.0280 [1%4
8 3 0.10 6.7 0.7 6.7 6.7 88S 200 300 360 57 58 56 61 0.011 0.026 0.02 110  0.02 0.0440 148
8 4 .07 3.0 3.0 3.0 3.5 1,460 300 290 200 57 53 S6 61 19 56 06 92 66  0.0580 1?5
8 5 0.07 2.8 2.8 2.8 4.4 1,000 200 300 178 S7 53 56 o1 0.0022 0.0065 0.0063 110 0.0063 0.0380 198
8 6 Q.00 1.3 1.3 3.4 3.4 2138 300 160 52 37 58 56 o1 0.39  0.44 0.95 120 0.95 0.0400 327
3 ? 0.10 2.5 2.5 5.0 7.7 78 $0 75 22 57 58 56 o1 2.4 2.5 3.2 110 3.2 0.0110 412
14 3 0.10 2.0 2.0 7.5 7.5 1,640 125 200 200 37 58 56 61 8 38 30 170 30 0.0330 140
9 4 0.08 2.8 2.8 5.2 5.2 1.290 S0 240 200 57 S8 56 o1 0.17 Q.78 0.5 190 0.5 0.0290 137
9 5 0.0¢9 2.5 2.5 5.0 6.5 1,290 100 200 150 57 58 S6 61 0.026 0.13 0.1 130 0.1 0.0230 139
9 [} 0.08 2.5 2.5 5.2 S.1 21 175 184 100 -57 S8 56 61 2.1 3.5 4.3 150 4.3 0.0320 250
? 7 0.09 2.5 2.5 5.0 7.9 375 S0 S0 25 57 53 56 61 0.94 3 5.3 150 5.3 0.0081 386
10 3 0.08 1.2 1.2 1.2 5.9 1,050 250 400 352 - 42 42 63 29 66 46 150 4o  0.0520 100
10 4 0.10 1.6 1.6 7.8 7.8 65 415 300 23S = 42 42 o3 0.0086 0.019 0.02 160 0.02 0.0570 104
10 5 0.10 2.1 2.1 8.6 8.6 s10 245 SeC 265 57 58 56 61 40 41 39 73 39 0.0640 105
10 4 0.09 1.6 1.6 6.5 6.5 620 400 400 200 37 53 55 61 36 4“6 60 68 60 0.0560 160
13 ?  0.95 0.8 0.8 1.3 1.9 42 50 100 25 57 538 56 61 27 17 20 74 20 0.0110 239
1 3 0.07 2.4 2.5 3.7 3.7 725 200 40S 400 - 42 62 o3 92 160 100 160 100  0.0510 80
11 4 0.11 B.3 8.3 8.3 9.2 830 s0o 250 250 - 42 w2 63 12 23 28 130 28 0.0560 82
11 S 0.10 8.6 B.6 8.6 8.6 $57 550 233 200 57 S8 S6 61 6.6 9.4 1?7 69 1?7 0.0530 72
171 6 0.09 2.2 2.2 6.7 0.1 840 400 300 300 57 S8 55 o1 “.? 8.8 10 7?7 10 0.0610 58
1 ?  0.07 - 3.9 4.1 4ot 0 70 28 200 57 58 55 61 0 33 21 110 21 0.0210 64
12 3 0.07 $.3 5.3 3.2 3.2 599 «00 300 341 - 42 642 o3 88 140 200 140 200 0.0810 62
12 4 0.09 6.6 6.8 6.9 6.9 796 365 340 300 - 42 42 o3 7.2 13 12 140 12 0.0530 46
12 S 0.09 8.6 6.6 6.6 0.6 695 760 140 100 - 42 42 o} 15 27 86 110 84 0.0510 25
12 6 0.09 0.5 0.6 3.5 6.6 s05 «00 300 300 59 51 w2 6C o3 95 100 120 100 0.0510 30
12 ? 0.06 2.0 2.1 2.9 2.9 25 300 300 200 59 51 «2 &0 160 98 110 150 110 0.05%0 44
13 3 0.07 6.5 6.5 6.5 3.5 262 160 483  «J0 - 42 42 ol 250 170 160 170 160 0.0670 53
13 [3 0.06 4.0 4.0 4.0 2.9 390 400 400 200 “ 42 2 03 s7 61 70 120 70 0.0730 16
13 S 0.10 8.6 8.6 8.6 8.7 397 650 228 200 - 42 42 63 15 19 31 10 31 J.06460 3
13 6 0.08 S.3 5.3 5.2 5.2 775 825 100 75 59 51 42 60 9.1 1?7 92 89 92 0.0580 1
13 7 0.0e 4.0 4.0 3.2 3.2 580 SCO 300 200 59 51 42 eC 14 63 9?7 110 97  0.0920 6
13 8 0.05 0.1 0.1 2.4 2.3 45 500 200 175 59 51 42 o0 13 11 23 110 23 0.0580 38
1e 2 0.00 - 2.5 2.5 2.5 0 S0 100 100 - 42 42 63 0 1.7 1 330 1 0.0110 80
14 3 0.0e - 5.1 4.3 3.1 0 200 250 300 - 42 &2 63 0 0.026 0.016 160 0.016 0.0270 38
14 4 0.06 2.8 2.3 2.9 2.9 585 €20 275 200 - 42 42 o3 14 22 26 140 26 0.0310 10
14 }H 0.C7 1.3 1.2 5.8 5.0 670 320 300 280 = 42 42 63 18 33 28 160 28 0.0370 -0
14 6 0.09 2.5 2.5 7.0 7.0 983 400 282 200 - 42 42 o3 5.2 12 16 140 146 0.0470 =12
14 7 0.02 1.3 1.2 3.7 3.4 755 400 300 200 59 51 &2 of 61 120 160 120 160 0.0500 =10
14 8 0.05 - 0.8 1.2 2.6 0 400 300 200 59 ST 42 60 0 78 100 120 100 0.0610 7
14 9 0.05 - 0.3 1.0 2.0 0 S0 75 &8 $9 51 <2 60 0 7.1 4.8 180 4.8 0.0110 45
15 2 .0.10 .= 7.0 6.9 7.0 0 S0 75 100 - 42 42 o3 0 20 11 330 1" 0.0096 65
15 3 0.08 2.4 2.4 5.0 5.5 120 300 275 200 - 60 49 4C b6 3.5 Se.2 110 $.2 0.0370 18
15 & " 0.00 3.1 3.1 3.1 3.1 785 300 290 200 = 42 &2 o3 29 o1 61 170 61 0.0120 -3
15 b 0.00 2.5 2.5 9.6 3.3 605 300 290 200 = 42 42 63 8.9 16 16 170 16  0.0230 =22
15 6 0.09 2.5 2.5 3.1 6.9 750 3c0 300 200 = &2 42 o3 27 54 54 160 - 54 0.0390 =28
15 7 0.08 2.5 2.5 5.1 5.1 840 230 300 270 - 42 42 43 26 61 46 180 46  0.0260 =26
15 8 0.06 0.1 0.1 1.3 2.4 850 300 200 300 66 60 58 56 12 30 31 100 31 0.0500 =15
15 9 0.05 - 0.1 0.1 1.5 0 200 300 283 66 60 58 Se 0 2 1.7 100 1.7 0.0470 4“5
1o 3 0.07 = 4abh 3.6 3.4 0 105 27s 100 ~ 60 49 40 0 15 17 180 17 J3.0150 °
16 4 0.06 0.4 0.4 1.3 2.9 378 450 250 200 - 42 42 o3 30 38 49 140 49  0.0230 -2
16 b 0.06 2.2 2.2 2.5 3.0 460 310 390 300 - 42 &2 03 1.4 1.8 1.5 140 1.5 0.0420 =20
16 7 0.08 8.6 8.6 8.6 5.6 40 400 400 200 64 &0 58 56 4 25 3¢ 63 34 0.0500 ~40
16 8 0.06 1.3 1.3 2.5 2.5 650 340 510 150 64 60 53 5S¢ &7 53 76 60 76 0.0790 -28
16 9 0.0 1.3 1.2 2.9 3.7 370 45Q 300 300 o« 60 53 5S¢ 39 45 S8 67 58 0.0e30 33
16 10 0.04 - J«1 0.3 1.4 0 50 150 147 66 60 53 56 0 Sk 3.7 70 3.7 0.0150 75
17 3 0.00 - 3.7 2.3 2.8 g 75 200 200 -~ 60 9 40 [} 3 25 250 25 0.9110 =10
17 3 0.08 1.0 1.0 2.5 6.9 230 4«00 «30 200 =~ o0 49 &0 99 78 150 78 150 0.0290 0
17 7 0.08 2.5 2.5 S.1 5.6 1,030 506 300 200 -~ 60 49 49 19 35 68 79 68 0.0660 ~49
17 8 0.07 2e5 2.5 bub 4al 1,150 500 300 190 &4 60 58 Se 17’ 33 64 63 64 0.0650 -%2
17 9 0.07 1.3 1.2 6.4 6.2 980 (1] 300 140 &4 o0 58 Se 9.7 18 33 . 56 38 0.0820 10
17 10 Q.10 - 2.3 5.0 4.3 0 100 150 200 o4 60 58 56 o 6.9 5.1 -3 5.1 0.0220 110
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APPENDIX 8 = Aquifer Properties Used in Simulations=-Continued
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Inelas~

tic 1961
. Leakance (TK) (x l0'6 d'l) storage :rit-

fydraulic Percentaga of . co~ zal

Spe= conductavity Aquitfer thickness fine-grained Post~- etfi= nead

Col= Row cific (fe/a) ft) sediment Predevelopment development cient (ft)
umn yield cmeccccaccccenna e ecsmmcceme—— - ceoes .- -
Layer Layer Layer Between layaers 3etwean layoers Layers Layers

1 2 3 & 1 2 3 3 1 2 3 L3 1=-2 2=3 34 2-3 3-4 2-3 2-3
13 3 0.08 - 2.5 5.4 S.1 0 75 140 100 - - - - 0 27 24 200 26 0.0091 12
18 4 0.10 - 2.5 6.3 8.6 9 400 200 275 = 60 49 &0 0 23 37 100 37 0.0230 -10
13 5 0.08 2.5 2.5 2.5 5.8 448 440 275 275 - 60 49 40 0,052 0.063 0.1 88 0.1 0.0200 40
18 6 0.08 2.5 2.5 2.6 5.1 1,050 500 275 200 = o0 49 40O 18 34 69 81 69 0.0570 -S54
13 k4 0.08 2.5 2.5 3.0 5.8 1,450 325 350 300 464 60 58 56 13 36 39 75 3% 0.0740 =55
18 8 0.07 2.5 2.5 7.9 4.t 1,320 325 375 300 64 60 53 S6 9.1 23 25 72 25 0.0530 -58
18 9 0.07 2.5 2.5 4.2 4.3 1,120 500 300 200 64 60 53 S6 [3 8.5 14 63 14 0.0750 -24
18 10 0.08 - be2 5.7 5.7 [*] 50 150 100 6¢ 60 58 56 0 3.2 2.6 34 2.6 0.0150 45
19 3 0.11 - 2.5 5.0 8.6 ] 150 150 100 - - - - 0 3.8 46 280 4.6 "0.0200 -58
19 3 0.10 - 2.0 5.0 7.7 1] 100 300 350 - - - - [} 5.7 3.5 170 3.5 0.0160 ~ =38
19 5 0.08 6.6 6.6 6.0 6.0 235 SCO 300 400 = 60 49 40 66 62 90 79 90 0.0280 =46
19 é 0.07 3.8 3.7 3.7 4.7 496 900 222 100 -~ 60 49 6 7.2 32 54 32 0.0620 =60
13 7 0.08 2.5 2.5 3.7 5.6 1,120 700 200 300 o4 60 S8 S6 5.3 11 21 56 21 0.0730 =26
19 8 0.07 3.8 3.7 8.6 4.9 1,420 400 500 300 o4 80 58 S¢ 9.5 21 24 56 24 2.0750 -60
19 9 0.06 4.9 4.9 4.9 3.5 - 745 500 450 275 64 60 58 S6 B.6 12 16 ] 16 0.0780 <40
19 10 0.05 0.7 0.7 1.6 1.0 125 160 175 100 59 61 60 59 0.0065 0.0065 0.0057 170 0.0657 0.0210 5
20 3 0.06 - - 2.8 2.8 0 0 195 100 - - - - 0 0 4.9 0 4.9 0.0000 =30
20 4 0.08 i 2.8 5.8 5.8 [ 100 150 200 - - - - 0 64 46 170 46 0.0120 =62
20 5 0.08 6.3 6.2 8.5 5.8 35 100 400 300 - 60 4% 4C 34 16 13 140 13 0.0310 -4é
20 6 0.07 1.3 1.3 2.1 4.5 118 800 400 300 - 60 49 O 35 28 60 52 60  0.0420 =61
20 7 0.08 1.5 1.5 1.6 5.2 715 800 600 200 = 80 49 40 42 45 140 46 140 0.0970 -29
20 8 0.08 2.5 2.5 7.2 5.3 1,370 600 400 400 64 60 58 56 3.7 7.8 10 50 10 0.0830 -24
20 9 0.06 2.5 2.5 8.2 4.0 1,090 600 450 30C . o4 60 58 56 2.1 3.6 5.3 4“8 5.3 0.1100 =32
20 10 0.10 - 2.5 3.3 7.3 0 350 400 250 59 61 83 S59 0 8.1 $.5 64 %5 0.0360 40
20 1 0.07 1.3 1.2 3.0 4.8 300 150 100 S0 59 61 60 59 0.16 0.29 0.49 190  0.49 0.0190 104
21 4 0.06 - 3.3 3.3 3.3 0 75 100 200 - - - - 0 23 13 170 13 0.0110 4
21 H 0.06 - 3.0 3.0 3.2 Y 200 300 250 - - - - 0 40 36 140 38 0.0390 -32
21 6 0.08 3.0 3.0 5.9 5.9 468 400 350 300 - 60 49 40 7.3 8.4 12 86 12 0.0560 =60
21 7 0.11 2.5 2.5 5.0 3.5 1,120 600 175 225 64 60 58 56 10 23 47 65 47  0.0800 -31
21 8 0.08 2.5 2.5 7.2 6.1 1,740 225 500 275 59 61 60 59 20 S 51 66 51 0.0860 =23
21 9 0.09 2.5 2.5 7.0 6.7 1,490 370 400 200 59 61 60 59 5.6 13 1? 62 17 0.0430 -3
21 10 0.09 2.5 2.5 2.0 7.6 2,080 245 $35 200 59 61 60 59 3.8 10 1 60 11 0.0910 12
21 1 0.05 - 2.5 4.6 2.6 0 100 4«00 160 59 o1 69 59 0 9.2 8.2 96 8.2 0.0390 66
22 4 0.06 - 3.3 3.3 3.3 0 50 100 200 - - - - [} 32 16 200 16 0.0110 8
22 S 0.06 - 5.4 S.4 3.0 0 200 250 300 - - - - 0 3.1 2.5 98 2.5 0.0340 -23
22 [] 0.06 2.5 2.5 4.8 3.4 120 325 375 360 - - - - 130 86 39 98 &9 0.0670 -51
22 ? 0.11 5.0 5.0 7.5 9.5 715 600 200 200 59 o1 62 5§ 17 27 56 59 56 0.0810 =31
22 8 0.09 5.0 3.0 9.0 7.6 1,420 400 300 300 59 61 63 5% 27 68 5 68 93 0.0690 =27
22 9 0.09 5.0 5.0 10.t 7.8 1,850 350 352 300 59 61 60 59 22 68 200 68 200 0.0570 =21
22 10 0.07 2.5 2.5 4.1 4.7 1,710 160 520 300 59 61 od 59 22 60 51 70 51 0.0680 43
22 11 0.08 2.5 245 3.3 6.0 645 %00 300 200 59 61 632 59 21 31 ' 68 44 0.0550 8
23 3 0.07 - 0.3 4.3 4.3 0 S50 50 100 - - - - 0 1.9 1.3 230 1.3 0.0091 14
23 H] 0.06 - 1.3 1.9 1.8 0 100 300 250 49 48 52 40 0 39 31 160 31 0.0190 -37
23 6 0.07 - 2.5 10.7 4.8 0 4CO 300 300 49 48 52 40 1] 93 12¢ 96 120  0.0590 =52
23 7 0.1t 2.5 2.5 5.0 9.1 2t3 1,000 200 200 49 48 52 40 25 25 7.3 57 81 0.08s50 -44
23 8 0.10 2.5 2.5 3.1 7.7 1,020 700 350 359 59 61 6 5% 28 [$] 89 4S5 89 0.0970 -37
23 9 3.07 2.5 2.5 4.6 b7 1,440 600 450 350 59 61 60 59 24 45 71 45 71 0.0890 =30
23 13 0.07 2.5 2.5 3.6 4.3 1,280 450 450 350 59 &1 60 59 25 43 88 43 88 0.1000 =25
23 1" 0.08 2.5 2.5 2.9 5.0 1,320 000 ss@ 300 59 461 60 59 22 36 50 41 50 0.1100 =14
24 ) 0.08 - - 2.5 6.2 0 5] S0 81 49 48 52 40 [} [*] 1.9 "] 1.9 0.0000 18
24 5  0.07 1.3 1.2 3.7 3.9 40 50 260 200 49 48 52 40 (1] 19 14 74 14 0.0150 =26
24 6 0.C8 6.0 0.0 6.0 S.1 30 500 400 400 &9 43 52 40 1.6 0.93 1.1 74 1.1 0.0410 =48
24 7 0.09 2.5 2.5 5.3 6.9 212 800 500 400 59 61 69 59 13 10 15 37 15 0.0950 ~63
24 8 0.1% 9.8 9.7 9.9 9.9 610 800 550 4SO 59 61 60 59 14 14 20 35 20 0.1100 =54
24 9 0.07 2.5 245 4.2 4.7 1,120 800 550 4S50 53 &4 58 52 27 36 72 36 7 0.1100 -74
24 10 0.07 1.3 1.2 2.7 4.2 1,230 500 550 550 59 61 63 59 0.011 0.017 0.017 45 G.017 0.0930 -78
24 " 0.08 2.5 2.5 4.9 5.3 1,100 500 500 350 53 o4 53 52 2.8 bot 5.3 49 5e3 0.1100 -40
24 12 0.08 - 2.8 2.8 4.7 0 200 300 200 S3 64 S3 S2 0 33 36 98 36 0.0420 =2
-25 .4 . 0.07: - 1.2 2.5 3.8 "] 50 S0 100 49 48 52 40 0 3 2.3 92 2.3 0.0037 139
25 5 0.09 2.5 245 5.7 Seb 180 250 350 300 49 48 52 40 4“6 32 32 95 32 0.0450 10
25 " 6 0.08 2.5 2.5 6.4 5.9 630 350 350 300 &9 48 52 40 70 9s 180 95 180  0.0540 44
25 14 0.08 2.5 2.5 5.7 S.o 963 599 260 250 49 48 52 40 7.9 14 26 79 26  0.0650 =61
25 3 0.10 2.5 2.5 6.2 7.8 1,400 550 250 200 53 64 S8 52 2.7 6 12 60 12 0.0650 =55
25 9 0.12 2.5 2.5 5.0 10.5 2,010 700 150 150 53 o4 58 52 Q.86 2.4 7.9 T 56 7.9 0.0670 =70
25 10 0.07 2.5 2.5 4.0 4.4 1,910 300 350 350 53 64 S8 S2 7.2 22 23 75 23 0.0590 -68
25 1" 0.07 2.5 2.5 2.8 4.3 1,410 400 350 350 S$3 64 58 52 0.22 0.49 0.58 65 0.58 0.0690 =74
25 12 0.06 - 1.7 1.7 2.8 [*] 50 500 300 53 64 58 S2 0 33 24 71 24 0.0480 =60
25 13 0.08 - Qa3 2.5 4.9 0 50 109 175 $S3 64 5B 52 ] 22 13 59 13 0.0130 -70
2¢ 4 0.006 - 1e2 2.2 2.2 0 50 100 100 49 48 52 40 [*] 1.9 1.6 190 1.6 0.0150 140
26 - 0.09% - 1e3 S.b Se4 0 160 200 140 49 48 52 «4C *] 4.5 Se1 180 5.1 0.0260 10
26 6 0.08 1e3 1.2 5.4 5.4 440 600 300 200 49 483 52 40 7.6 8.6 16 75 16 0.0640 =49
20 7 0.07 1.3 1.2 7.4 4.5 483 600 <00 225 49 48 52 40 6.5 6.9 11 67 11 0.0650 =90
26 ] 0.0% 1.3 1.2 3.3 7.0 1,090 750 264 200 49 48 52 40 7.3 13 30 67 30 0.0770 =94
2% 9 .11 1e3 1.3 3.7 9.7 1,730 300 200 173 53 64 58 s2 7.2 16 50 47 50 0.0860 76
2¢ 10 0.06 1.3 1.2 3.0 3.9 1,330 oCO0 370 200 53 o4 58 S2 9.5 21 &0 50 40  0.0730 =74
206 1" 0.09 13 1.3 5.0 4.6 1,400 900 200 100 53 64 58 52 3 5.7 23 43 23 0.0940 74
26 12 0.06 - 7.2 7.3 3.3 0 200 550 450 53 84 58 52 0 10 8.3 67 8.3 0.0670 -70
20 13 0.06 - 0.3 1.3 3.1 0 50 100 50 53 64 53 52 0 7.1 7.6 110 7.6 0.0140 =74
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Inelas~

o tic 1961
Leakance (Tk)(x 10 storage :r3t-

Percentages of co~ zal

Aquifer thickness fine-grained effi- read

fe) sedivent Predevelopment cient fe)
Layer Layer Betueen layers Betmeen layers Layers Layers

4 1 2 3 4 1 F 3 4 1-2 2-3 3-4 2-3 2-3
-3 0 100 200 100 45 48 52 40 0 8.2 8.6 0.0210 7
-0 380 345 325 300 49 48 52 40 02 65 75 0.0460 -26
.5 948 260 375 325 49 48 352 0 0.57 1.1 1 0.0440 -85
.7 1,320 480 250 250 49 48 52 0 13 30 68 0.0590 =100
-8 1,790 oGO0 215 200 49 8 %2 40 1.9 S.6 12 0.0590 -76
.2 1,710 725 175 100 49 48 52 &0 3.4 9.2 3 0.06%0 =75
.8 1,010 300 400 296 53 o4 58 2 8.7 21 26 0.0580 -72
.6 1,080 100 350 350 49 48 52 40 17 b4 3 0.0410 -73
o1 0 100 150 150 $3 64 58 52 0 25 23 0.3230 -79
.7 10 3¢5 50 25 49 48 52 40 0.33 0.7¢ 3.7 0.0260 - 45
b 39s 275 350 350 49 «B 52 4C 48 50 “9 0.0270 -48
«5 900 300 350 350 49 48 52 40 21 38 39 0.0360 -56
o7 1,620 160 450 375 49 48 52 0 19 48 39 0.0440 -45
.9 1,600 800 100 100 49 48 52 40 5.8 15 73 0.0900 =74
.3 2,000 300 200 200 100 44 37 57 (3] 31 49 0.0660 =80
.0 1,490 375 325 300 - 64 56 o2 30 7" 81 0.0610 -82
.5 800 200 300 300 49 48 52 40 54 110 96 0.0460 -84
.3 1] 300 200 200 - ¢4 56 o2 0 14 18 0.0460 -95
o7 0 100 200 200 100 4«4 37 S7 0 bob 2.7 0.0200 32
.6 175 375 300 325 100 4«4 37 s7 6.1 7.5 7 0.0190 ~-33
-1 1,050 250 300 350 100 &4 37 57 13 69 “9 0.0220 -70
.4 1,340 370 400 225 100 44 37 57 8.3 40 45 0.0820 ~80Q
»0 1,780 600 223 200 100 44 37 57 2.4 14 25 0.0630 -71
.2 1,900 900 59 50 100 4¢ 37 S7 1.6 3.8 8 0.0860 ~-81
.2 1,600 700 150 150 - 64 56 o2 7.3 17 $1 0.0770 ~82
6 600 375 325 300 - b4 S56 62 57 73 200 0.0650 =30
5 0 53 150 150 - 64 56 62 0 73 43 0.0150 ~-80
.3 G 200 200 200 100 & 37 S7 0 7.4 6.4 0.0260 119
.3 0 350 350 300 100 4& 37 S7 0 17 16 0.0120 18
«0 1,050 300 300 300 100 44 37 57 11 52 45 0.0067 =70
.7 1,550 300 390 300 100 44 37 S7 7.9 48 42 0.0430 ~70
o1 1,610 [31] 275 275 100 &4 37 57 26 160 1200 0.0620 -69
.6 1,600 600 200 200 100 4«4 37 57 9.7 54 96 0.0630 -80
.7 2,500 300 100 100 - 64 586 62 12 38 150 2.0800 -81
.5 1,200 450 300 250 - 64 55 62 26 51 72 0.0680 =100
.5 5} 150 200 300 100 44 37 57 0 6.8 3.9 0.0230 130
.8 0 215 235 300 100 44 37 57 0 5.6° & 0.0056 -7
9 1,080 250 200 330 100 &4 37 S7 5.8 37 26 0.0063 =60
.9 1,460 335 300 380 100 44 37 57 29 190 160 0.0270 -80
.2 1,620 225 3%0 375 100 4¢ 37 57 20 170 0.17 0.0340 =-110
s 2,550 300 300 300 - b4 56 62 21 86 200 0.0370 =100
4 2,600 420 300 180 - 64 56 62 20 71 280 0.0340 =100
o7 1,710 700 100 90 - 64 56 62 6.4 17 75 0.08%0 =90
.7 0 210 120 100 100 44 37 57 0 4.5 6.1 0.0050 60
.9 245 300 300 300 100 & 37 57 15 23 20 0.0240 ~-50
e 1,050 250 250 300 100 44 37 57 10 59 45 0.0250 =100
o7 1,780 200 300 300 100 4«4 37 57 5 47  0.26 0.0300 =120
o 2,300 320 300 280 100 44 37 57 1.7 16 15 0.0440 -120
.8 3,200 200 00 200 - &4 56 62 16 77 78 0.0440 -110
5 2,000 359 300 159 - 66 9% o2 3.9 15 23 0.0530 -30
134 0 100 100 90 100 44 37 57 ] 13 12 0.005¢9 60
34 0 700 250 250 100 &4 37 57 0 79 140 0.0620 -32
-0 582 600 300 28t 100 44 37 57 . 55 120 180 0.0730 -80
.1 1,390 650 300 250 190 4«4 37 57 " 3.7 15 2h 0.0930 -64
-8 2,350 800 200 173 - 64 36 &2 17 4o 0.97 0.0780 =57
o1 2,300 500 493 232 - 66 55 62 14 38 54 0.1100 -80
o 2,000 500 485 185 - 64 56 62 (3% ] 9.2 14 0.0320 =70
-5 ] 50 275 200 100 44 37 57 0 10 é 0.,0150 70
«8 145 450 250 250 100 & 37 s7 3.9 4o 5.7 0.0600 12
o1 385 275 2% 300 100 &4 37 57 2.1 7.6 6.4 0.0510 =20
.8 1,760 550 250 200 100 & 37 S7 41 25 40 0.0620 -23
.5 2,380 600 250 150 100 44 37 s7 13 100 200 0.0780 -4
o5 2,410 00 500 115 100 <& 37 57 4.4 31 (3] 0.0680 ~-80
.1 1,480 400 500 45 - 64 56 62 6 1 20 0.0800 =40
<0 5 300 100 50 100 44 37 s7 4.2 3.4 8.7 0.0270 89
.8 ] 600 300 230 100 44 37 57 0 83 120 0.0650 4“9
.9 295 1,000 400 300 - - - - 48 L1 88 0.1100 13
.7 1,350 1,200 224 200 100 44 37 57 16 49 150 0.1200 =15
.5 1,480 1,300 320 140 - - - - 25 43 230 0.1400 43
.7 1,380 900 700 192 - 64 5% 62 8.1 10 20 0.1900 =-60
.9 ] 100 200 200 - - - - 0 0.2 0.15 0.0230 80
.8 0 500 450 350 - - - - 0 69 82 0.0750 51
«8 580 800 310 300 - - - - 17 21 38 0.0970 10
.5 1,320 1,139 250 161 - - - - 249 5.2 17 0.1200 -1¢9
-? 1,540 1,200 350 135 - - - - 5.6 9.6 3 0.1400 -31
o5 1,540 900 700 172 - - 5% &7 23 37 170 0.1400 -29
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Inelas~

6 tic 1961
X Leakance (TK) (x 10~ d'l) storage =rait-

Mydraulic Percentage of ——— co~ sal

Spe~ conductivaty Aquifer thickness fine-grainaa Post- effi= nead

Col= Row catic (tt/7d) (tt) sedinent Predevelopment development cient {(te)
umn yiela ——— ecameman eme - ———— —————
Layer Layer Layer Between layers Betweon layers Layers Layers

1 2 3 “ 1 2 3 4 1 2 3 4 1=2 2=3 34 -3 3-4 2=3 2~3
37 .5 0.20 - 1.3 1.3 1.3 0 53 100 100 - - - - 0 1.4 1.1 460 1.1 0.0120 179
37 6 0.05 0.1 Ul 2.5 2.4 25 300 200 100 - - - - 5.7 3.7 6.1 140 6.1 0.0450 95
37 7 0.06 1.3 1.2 3.3 3.3 320 500 200 260 - - - - 7 3.2 13 98 13 0.0570 45
37 8 0.09 5.0 5.0 4.2 6.5 1,120 450 300 250 - - = - 8,7 14 19 92 19 0.0660 13
37 9 0.14 7.5 7.5 11.2 13.2 1,780 700 150 149 - - - - 6.2 18 s2 81 52 0.0760 -8
37 10 0.08 3.8 3.7 5.0 5.0 2,300 600 250 165 - - - - 13 44 91 81 91 0.0760 -13
37 1 0.0¢% 3.8 3.7 4.2 6.7 1,590 575 4380 219 - -~ 56 o7 29 5¢ 130 55 130 0.0900 =19
33 5 0.04 = 1.2 1.2 1.2 0 100 130 100 - - - - 0 1.6 1.6 300 1.6 0.0180 160
38 6 0.06 = 1.7 2.5 2.5 Q 500 250 200 - - - - 0 0.32 0.54 92 0.54 0.0740 - 95
33 7 0.10 6.3 6.3 7.3 7.3 385 oGO0 300 300 - - - - 3.8 4.2 6.3 7 6.3 0.0730 LY
38 8 0.08 5.0 5.0 5.8 5.3 1,150 700 320 200 - - - - 12 2 &b 68 £33 0.0390 14
33 9 0.06 2.5 2.5 3.7 2.0 1,900 900 200 163 - - = - 25 63 250 63 250  0.90970 7
38 10 0.10 2.5 2.5 3.0 6.6 2,140 800 200 234 - - - - 2.8 8.2 1.8 69 19 0.3870 -13
33 11 0.12 5«0 5.0 6.8 9.8 2,230 500 350 178 - = 58 &7 6.7 21 29 69 29 0.0710 -13
38 12 0.0e - 2.9 2.9 2.9 .0 50 100 200 - = 56 &7 0 58 35 58 35 0.0066 38
39 5 0.14 = 12.5 13.5 13.5 0 140 160 100 - - - - Q 3.5 4 230 3 0.0250 160
39 [} 0.08 4.5 &4e5 5.6 544 150 200 .10 300 - - - - 24 14 12 110 12 0.0450 110
39 7 0.0% 5.0 5.0 6.5 6.5 935 250 370 300 - - - - 29 55 51 110 51 0.04%0 73
39 ] 0.10 6.3 6.2 7.5 7.5 1,620 50 310 200 - - - - 2.7 7.5 11" 91 11 0.0640 23
39 9 0.11 3.8 3.7 6.2 8.5 2,210 500 250 104 - - - - 7.6 25 61 81 61 0.0730 13
39 10 0.11 5.0 5.0 7.5 8.1 2,390 550 250 202 - - - - 7.7 28 1.7 86 30  0.0570 0
39 11 0.12 7.5 7.5 9.5 9.3 1,910 600 440 243 -~ = 56 67 25 57 210 57 210  0.0330 -8
33 12 0.11 - 3.5 8.5 8.5 0 S0 200 170 -~ = 56 &7 o 23 14 130 14 0.0110 41
40 H 0.08 - 2.5 4.0 4.0 0 100 200 200 - = - - 0 14 10 230 10 0.0250 207
40 6 0.09 3.8 3.8 5.0 5.0 375 300 230 100 - - - - 13 17 2?7 130 27 0.0520 124
40 7 0.09 5.0 5.0 6.3 6.4 990 250 325 200 - - - - 33 Ia) 77 120 77 0.0440 81
40 8 0.13 6.3 6.3 7.5 10.0 1,790 500 200 100 - - - - 12 39 M 98 91 0.0570 67
40 9 0.16 6.3 642 B.7 14.3 2,580 550 100 151 - - - - 8.1 39 0.42 110 100 0.0540 25
40 10 0.12 6.3 6.2 7.5 8.2 2,770 550 100 192 - = - - 2.2 1. 39 110 25 0.0520 9
40 11 0.15 5.0 5.0 8.2 13.6 2,360 350 250 251 - = 56 &7 2.1 9 9.2 98 9.2 0.0460 =3
40 12 0.09 - 3.8 5.8 5.8 3} 100 200 80 -~ = 56 67 ] 17 17 190 17 0.0180 34
41 5 0.07 - 3.5 3.5 3.5 Q 50 100 100 - - - - Q 0.5 4.9 460 4.9 0.0130 200
41 6 0.08 - 2.5 4.0 4.5 0 450 300 100 - - - - [ 13 25 92 25 0.0690 122
41 7 0.08 3.8 3.7 4.5 4.5 290 400 280 100 - - - - 21 3¢9 70 100 70 0.0510 85
&1 8 0.09 3.8 3.7 5.0 S.3 1,820 400 290 95 - - - - [ 19 0.69 100 35 0.0550 (X}
41 9 0.10 6.3 6.3 7.5 7.8 2,530 400 250 159 - - - - 1.8 8.3 32 110 13 0.0520 26
41 10 0.10 5.0 5.0 6.3 7.5 2,940 300 200 185 - ~ 56 67 0.097 0.6 1.1 120 0.67 0.0380 14
41 11 0.10 6.3 6.2 7.0 7.4 2,269 350 250 235 - =~ 56 &7 4.3 18 19 98 19 0.0440 2
41 12 0.08 3.0 3.0 5.0 5.9 487 350 200 268 - = 55 67 1.3 2 2 110 2 0.0370 8
41 13 0.07 - 2.5 3.8 5.0 0 S0 100 100 - = 55 &7 ] 10 6.8 380 6.8  0.0063 98
&2 5 0.0e - 3.2 3.2 3.2 0 50 150 100 - - - - o] H 4 170 & 0.0170 190
42 6 0.06 - 2.5 3.3 3.3 o] 305 600 100 - - - - 0 53 69 76 49 0.07s50 124
Y] 7 0.07 3.8 3.7 3.3 3.3 581 500 512 [13 - - - - 51 55 3.2 48 99 0.0750 31
42 8 0.C9 5.0 5.0 10.0 5.9 1,480 340 200 161 - - - - 7.4 16 1.5 66 S0 0.0820 40
42 9 0.10 5.0 5.0 6.3 7.5 2,240 500 420 181 - - - - 25 75 2.7 75 120  0.0710 0
42 10 0.14 5.0 5.0 5.0 13.¢ 2,560 4590 400 221 - - 56 &7 8 27 32 69 32 0.0630 22
L2 11 0.14 6.3 6.2 7.5 12.4 1,943 450 396 255 - - 58 67 2.3 6.2 7.1 69 7.1 0.0840 14
42 12 0.11 TeS 705 9.1 9.1 1e 500 355 219 - =~ 56 67 6.9 4 5.2 69 5.2 0.0630 S
43 H 0.16 = 15.9 15.8 15.9 0 100 250 100 - - - - 9 22 22 200 22 0.0310 185
43 6 0.07% 3.8 3.7 7.1 740 32 400 600 25 - - - - 33 15 23 69 23 0.0760 74
43 7 0.10 7.3 7.2 7.5 7.5 547 600 600 102 - - - - 60 58 2.5 58 130 0.0880 27
43 8 0.06 3.8 3.8 4.0 1.7 1,200 800 340 136 - - - - 19 33 1.8 61 79 0.0890 3
43 9 0.10 2.5 2.5 3.7 7.2 1,890 500 000 206 - - - - 24 52 1.3 63 7 0.0840 8
43 10 0.17 7.5 7.5 10.0 16.7 2,340 800 100 237 - - 55 &7 1.5 5.1 1 68 11 0.G900 20
43 1 0.13 6.3 6.3 7.5 12.2 720 000 297 291 - - 5% o7 0.035 0.05 0.065 66 0.065 0.0360 35
43 12 0.12 = 5.3 %.2 9.2 0 500 508 143 - = 56 67 [} 40 57 58 57 0.0730 60
Y 5 0.14 = 12.5 12.5 12.5 ] 200 100 100 - - - - Q 32 48 170 48 0.0260 191
' ° 0.09 Rab 2.4 2.4 6.7 455 300 340 20 - - - - 22 25 45 110 45 0.0450 12
o 7 0.08 3.0 3.0 3.7 4.7 1,070 400 400 71 - - 62 66 33 62 0.02 62 200 0.0820 30
[ 8 0.07 5.0 5.0 5.4 3.5 1,800 400 4«00 151 - -~ 62 66 25 62 J.78 62 220 0.09s0 =11
44 9 0.10 5.0 5.0 5.8 7.1 1,540 800 600 209 - = 62 66 171 16 0.73 36 25 0.1400 4
b4 10 0.18 7e5 3.7 6.1 18.9 1,690 1.000 395 239 - = 56 67 2.7 5.1 9.6 43 9.6 0.1300 S0
LY 11 0.09 7.5 3.8 4.2 5.3 1,120 765 500 328 - = 356 67 0.7 0.9% 1.3 &7 1.3 0.1200 5
[ 12 0.05 - 6.5 6.5 2.2 0 400 440 1 - ~ 5% 67 0 1.7 3.1 62 3.1 0.0650 0
45 5 0.05 - 2.3 2.3 2.3 0 100 320 200 - 70 50 62 0 21 17 é6 17 0.0360 109
45 é 0.07 3.0 3.0 3.5 3.5 332 450 300 300 - = 82 66 66 61 65 68 65 0.0500 76
45 7 0.08 3.8 3.8 5.1 S.1 1,300 350 500 225 -~ = 02 o6 34 57 0.064 57 150 0.0660 52
45 8 0.1% 6.3 6.2 7.8 9.3 2,160 250 680 189 - = 62 66 23 52 1 52 90 0.1000 1s
43 14 0.11 2.5 2.5 2.1 3.5 2,400 325 520 258 - -~ 56 o7 16 42 2.1 68 41 0.0800 94
45 10 0.13 3.8 1.5 2.7 12.3 2,080 500 500 306 - = 56 &7 5.3 13 14 58 14 0.1000 65
“5 11 0.08 7.5 3.2 4.5 4.7 1,340 500 410 364 - - 56 &7 0.13  0.25 0.25 64 0.25 0.0480 ~120
45 12 O.16 - 2.2 3.2 13.4 0 300 270 1 - = 56 o7 0 1.6 3.1 67 3.1 0.0430 15
45 13 3.10 - 2.5 2.5 6.2 [¢] 50 100 1 - - 56 67 0 0.51 0.72 190 0.72 0.0110 130

200
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Inelas~

6 -1 tic 1961
Leakance (TK)(x 107 d ) storages :crit-

Hydraulic Percentage of  ______ - co- zal

Spe~ conductivity Aquifer thickness fine~grained Post~ ofti~ nsad

Col- Row cific {(tt7d) te) sediment Predovelopment devalopment cient tt)
umn yreld ecevecencnen canm emmmteccsccte cecescccaneeean et cccmeces sesemcccesenes esssecmenseee
Layer Layer Layer Between layers Betwesn layers Layers Layers

1 2 3 L3 1 2 3 4 1 2 3 & 1-2 2-3 3-4 2-3 3-4 2-3 2-3
46 3 9.06 - 2.5 3.0 3.0 0 300 460 200 - 70 5) 62 0 21 27 79 27 0.0640 185
46 ] 0.0% 5.0 5.0 6.3 0.9 711 1,100 200 127 - 70 50 o2 9 12 S? «0 57 0.1130 110
46 7 0.10 6.3 6.2 6.5 7.6 1,580 900 460 132 - = 62 60 22 38 Q.55 38 170 0.1300 $3
46 8 Q.11 7.5 7.5 8.0 9.3 1,970 700 00 263 - = 62 66 21 39 140 39 140 0.1100 36
46 9 0.10 2.5 2.5 1.9 8.1 2,170 %00 265 299 - = 56 67 2.4 6 10 130 10 0.1100 90
46 10 0.13 6.3 3.1 3.5 11.6 2,540 600 500 375 - - 56 67 9.6 26 28 830 28 0.0540 65
bo 11 0.09 6.3 2.7 4.5 6.0 1,630 600 598 295 - - 56 67 1.5 2.5 3 53 3 0.0510 -70
46 12 0.06 - 2.8 2.7 3.8 0 75 00 1 - = So o7 4] 0.68 1.5 86 1.5 0.1400 =155
47 [3 0.08 - 6.3 6.3 6.3 0 100 127 145 - 70 S50 &2 0 22 19 - 260 19 0.0300 245
47 5 0.08 3.8 3.7 bob hok 18 600 300 270 - 70 50 @2 20 15 27 61 27 0.0760 182
47 6 0.10 7.5 7.5 8.3 8.3 890 1,000 350 250 = 70 50 o2 29 37 99 39 99  0.1100 122
47 7 0.13 6.3 6.2 5.8 11.6 1,640 1,000 510 230 - 70 53 &2 23 36 220 36 220 0.1300 86
&7 8§ 0.12 7.5 7.5 10.0 10.2 2,190 1,100 415 325 - 10 50 62 19 35 110 35 110 0.1500 63
47 9 0.14 7.5 7.5 4.9 12.0 2,300 1,100 500 342 - = 5% 67 19 40 64 980 64 0.0870 110
47 10 0.10 3.6 1.9 2.5 7.1 2,280 1,100 659 255 - = 5% 67 2.1 3.9 6.4 37 6.6 0.1500 =55
7 N 0.10 B.8 4ok S.9 7.7 1,620 1,050 903 245 - - 56 67 1.3 1.7 2.7 720 2.7 0.1500 ~15S
47 12 0.18 - 3.5 5.3 17.9 0 920 935 187 58 59 62 oS 0 0.69 1.1 460 1.1 0.0770 -195
4“8 & 0.10 - T.6 7.6 7.6 Q 100 200 190 - 70 53 e2 4] 13 9.8 200 9.8 0.0370 160
48 ] 0.10 6.3 6.2 7.7 7.7 245 900 Q0 245 - 70 s5) 62 9.1 8.3 20 42 20  0.1200 147
48 6 0.11 6.3 6.2 7.5 8.6 1,260 900 400 220 - 70 53 62 27 41 100 42 100 0.1000 149
48 ? 0.11 5.0 5.0 6.2 8.9 2,400 950 300 265 - 70 5) 62 16 36 94 2 94 0.0870 110
43 8 0.1 5.0 5.0 6.3 9.6 3,010 800 389 364 - 70 50 e2 19 52 93 130 93  0.0660 130
48 9 0.16 B.8 443 4.9 15.3 3,740 800 307 %33 - = 56 67 0.33 1.3 1.6 54 1.6 0.0400 80
48 10 0.10 TeS 3a7 44 7.7 3,330 000 630 337 58 59 62 65 1.2 3.8 b7 42 4.7 0.0970 -85
43 11 0.09 8.8 4hob 5.6 0.0 2,180 700 957 245 58 59 o2 65 1.9 3.1 o2 990 he2 0.1700 -22¢
48 12 0.09 2.9 2.0 1.3 5.6 358 700 730 80 58 59 62 65 2 1.4 2.4 600 2.4 0.1100 -250
49 4 0.11 - 9.6 9.6 9.6 0 700 300 200 - 62 61 50 0 46 200 46 200 0.1100 223
49 5 0.13 7.5 7.5 11.0 10.9 489 1,100 125 200 - 70 50 62 34 o1 190 41 190 0.0930 182
49 6 0.14 7.5 7.5 10.0 13.0 1,680 1,100 145 200 - 62 61 50 19 37 . 220 37 220 0.1100 150
49 7 0.1 6.3 6.2 7.5 9.1 3,060 1,130 225 300 - 62 61 50 4 " 32 33 32 0.1100 110
49 8 0.11 5.0 5.0 5.0 8.8 3,460 1,240 125 4462 - 62 &1 SGC 8.3 25 70 34 70 0.1100 125
49 9 Q.10 3.8 1.9 2.1 7.1 3,55¢C 700 920 187 - 62 o1 5C 0.82 1.8 2.8 36 2.8 0.1100 60
49 10 Q.10 6.3 3.1 3.2 7.6 2,840 700 997 180 58 39 62 65 0.92 1.8 2.6 33 2.6 0.0770 =35
49 " 0.08 7.5 3.6 5.2 5.6 2,570 800 315 255 58 59 62 65 1.8 3.4 4.8 40 4.8 0.1800 =220
50 3 0.06 - - 3.0 3.0 [ ] 100 100 - 62 61 50 0 0 90 0 90 0.0000 309
S0 L3 0.10 6.3 6.2 7.1 7.1 74 750 126 200 - o2 &1 S0 10 9.2 28 52 28 0.0930 213
50 5 0.14 10.0 10.0 12.1 12.1 $67 1,200 233 275 - 62 61 50 23 28 &9 32 89  0.1200 175
50 6 Q.11 6.3 6.2 7.5 8.7 2,200 1,200 250 328 - 62 %1 50 14 29 83 32 83 0.1400 150
50 k4 .09 5.0 5.0 6.2 7.5 3,320 90C 585 415 - 62 61 50 9.6 23 38 31 38 0.1400 33
50 8 0.06 5.0 5.0 6.3 7.1 3,870 900 «72 515 - 62 61 5C 29 86 310 a6 310 0.1200 20
$0 9 0.09 5.0 1.8 2.6 6.0 3,130 800 898 237 - &2 61 50 1.1 2.1 3.3 33 3.3 0.0900 30
S0 10 0.08 7.5 3.4 3.7 5.2 3,790 700 1,050 145 58 59 82 5 1.1 2.6 3.7 800 3.7 0.1500 ~-135
50 1 0.10 5.0 2.2 2.6 7.2 1,750 1,500 8eC 440 58 59 62 o5 9.8 1.2 2 450 0.1200 ~-195
51 2 0.00 - - 1.4 1os Q 0 75 75 - 62 o1 5C 0 Q 15 0 15 0.0000 370
51 3 0.09 - 0.3 6.3 6.3 Q 200 100 73 - 62 &1 SO 1] 97 180 150 180 0.0340 273
51 L3 0.12 - 7.5 8.8 9.9 0 1,500 135 200 - &2 &1 SO "] 6.8 38 28 38 0.1600 217
51 5 0.11 7.5 7.5 8.9 8.9 1,370 800 750 275 - 62 61 50 24 30 o1 30 61 0.1800 183
51 ] .13 7.5 7.5 8.7 11.0 2,810 1,500 200 300 - 62 61 30 2 bk 17 27 17 0.1500 120
51 7 .12 6.3 6.2 8.7 10.0 2,810 1,500 160 378 - o2 é1 50 1.9 6.l 16 238 16 0.1100 45
51 8 0.13 7.5 7.5 8.8 10.7 2,420 1,000 350 492 - 62 61 5C 7.3 13 35 13¢C 35 0.0890 98
51 9 0.15 8.8 4.3 5.0 13.5 3,140 1,400 895 205 - 62 61 50 6.7 12 25 86 25 0.0%20 45
51 10 0.10 7«5 3.4 5.3 6.6 3,840 1,120 1,310 220 58 59 &2 65 1.1 2.2 3.4 690 3.4 0.1100 -135
$1 1 0.13 B.8 3.4 4.5 10.4 2,230 1,410 1,180 340 58 59 62 65 1.1 1.5 2.4 580 2.4 0.1500 -2J1
52 3 0.13 = 12.5 17.7 7.7 0 580 120 140 - 62 61 50 0 60 180 65 180 0.0700 242
52 4 Q.14 11.3 11.2 12.5 12.7 398 1,500 100 170 - 62 o1 5C 7.1 8.1 55 29 55 G.1500 213
52 5 Q.11 7.5 7.5 8.7 9.1 1,610 1,500 200 285 - 62 o1 50 7.2 12 4“7 27 47 0.1300 180
52 6 0.13 7.5 7.5 10.0 11.3 3,270 1,530 200 335 - 62 o1 50 11 27 110 27 110 0.2200 162
52 7 0.13 Ta5 7.5 10.0 12.1 20670 1,500 165 392 - o2 61 SO 3.3 7.6 26 27 26 0.1700 56
s2 8 Q.11 7.5 7.5 8.8 9.0 3,500 1,200 335 505 - o2 61 50 2.9 7.0 16 130 16 0.1300 58
52° 9 0.12° 7.5 75 41 9.9 3,700 800 1,560 175 53 59 62 65 5.7 10 14 130 14 0.2300 -40
52 10 0.09 6.3 2.8 3.7 5.7 4,300 1,000 1,580 275 58 59 62 65 1.5 3 41 21 het 0.2400 -1438
52 1 0.08 Te5 3.6 3.6 4.5 2,370 1,310 1,210 320 58 59 62 &5 1.8 2.6 4ot 820 4.1 0.1900 -215
53 2 0.07 - - bok bk 0 ) 150 90 - 62 61 SO 0 [} 150 0 150 0.0000 300
53 3 0.13 = 10.0 11.3 11.6 0 800 100 250 - 62 o1 50 0 4 12 27 12 0.0810 241
53 [3 0.14 10.0 10.0 11.3 11.0 811 1,600 106 276 - 62 61 S0 3 L3 21 27 21 0.1400 209
53 5 0.16 8.8 3.7 12.5 15.8 2,110 850 850 270 - 62 61 50 1" 16 26 27 2 0.1400 138
53 6 .11 7e5 75 9.6 9.6 3,840 300 B6U 340 - 62 61 50 12 28 $4 28 S4 0.1300 130
53 7 0.12 8.8 3.7 11.2 10.9 2,380 1,400 200 398 - o2 61 5C 12 29 130 29 130 0.1200 180
53 8 .12 7.5 7.5 12.5 10.4 4,000 1,300 266 488 - 82 61 50 1.5 Lok 1 8o 11 0.0810 74
53 9 0.13 8.8 4.4 6.1 10.5 4,870 700 1,060 240 S8 59 62 &5 1 3.1 b1 33 (29 ] 0.1700 -25
53 10 0. 11 7.5 3.6 3.9 6.7 5,200 300 1,260 210 58 59 62 65 1.4 3.9 5.3 980 5.3 0.1900 -195
53 11 Q.12 7.5 2.2 3.9 8.8 3,120 900 1,100 345 586 59 o2 65 3.5 6.7 8.9 1100 8.9 0.1400 ~155
53 13 0.13 - - 10.8 10.8 0 Q 100 100 69 48 23 47 0 4] 15 o 15 0.0000 320
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APPENCIX B - Aquifer Properties Used in Samulations--Continued

Inslas~
i Leakance (TK) (x 10-6 d‘l)
Hydraulic Percentags of .
Spe~ conductivity Aquifer thickness fine~grainasd Post~
Col- Row cific (tt/7d) {(1t) sediment Predevelopment development
uen yield cmeecesmcnmtana— - camenm- P —————— ——— PR
Layer Layer La Set
1 2 3 4 1 2 3 4 1 2 3 4 1-2 2=3 3-4

S4 2 0.06 - 3.6 3.6 3.6 0 130 100 100 - 22 61 50 0 81 %0 150 90 0.0170 226
S4 3 0.08 - 5.0 6.3 6.3 0 700 22C 330 - 62 61 50 0 8.5 16 27 16 0.0760 240
54 L3 0.14 11.3 11.2 12.5 13.2 676 1,350 360 290 - 62 61 50 9.3 10 30 27 30 0.1800 203
54 S 0.13 7.5 Te5 10.0 11.4 1,800 1,520 150 325 - 82 61 SO 15 27 140 27 140  0.0740 188
54 6 0.14 6.3 6.3 7.4 12.8 2,480 1,350 400 350 - 62 61 SC 12 22 58 26 58 0.1300 146
54 ? 0.11 5.0 3.0 6.7 8.4 3,200 1,100 600 00 - 82 61 S0 6.4 14 26 2?7 26 0.1500 126
54 8 0.12 7.5 7.5 8.7 10.1 3,010 800 309 515 - 62 61 50 L) 8.4 11 29 11 0.0450 70
54 9 0.08 6.3 6.3 8.3 3.8 1,200 700 912 480 58 S9 62 oS 2.2 2.5 2,7 760 2.7 0.1000 =60
sS4 10 0.09 6.3 2.8 3.3 6.1 965 700 1,060 295 55 59 62 65 3.6 3.2 4.1 1100 4.1 0.1300 -125
54 1A 0.12 9.2 4ol 4.1 9.2 945 700 995 230 69 48 23 7 2.9 H 7.8 150 7.8 0.1200 .-1%S
S4 12 0.12 9.8 4o 3.8 9.8 252 500 958 270 69 48 23 47 11 9.6 13 190 13~ 0.0870 45
s6 13 0.10 - - 6.9 6.7 0 0 50 50 69 48 23 47 0 0 25 b 25 0.0000 320
35 2 0.06 - - 2.9 2.9 0 0 160 100 - 62 &1 50 0 0 900 0 900 0.0000 250
55 3 0.08 - 4.6 LT &a7 0 922 766 305 - 62 &1 SO Q 26 (3 27 &é 0.1300 225
$5 4 0.12 6.3 6.3 8.7 10.4 2,200 1,250 470 275 - 62 61 SO 10 18 46 27 46  0.1700 184
55 5 0.10 6.3 6.3 6.5 7.0 2,180 1,250 460 290 - 62 61 5C 2.6 XX 11 170 11 0.1600 100
55 6 0.11 3.8 3.7 4.1 8.8 2,730 1,200 500 350 74 SO 42 57 2 6.6  0.17 170 13 0.1300 130
$5 ? 0.12 6.3 6.2 7.5 10.0 2,390 800 775 475 7¢ 50 42 57 3 14 0.036 57 17 0.1000 140
55 8 0.09 5.0 5.0 5.5 5.8 1,560 700 708 532 7¢ S0 42 57 1.9 ha 29 61 4.5  0.0940 45
SS 9 0.10 5.0 5.0 5.8 8.2 522 800 1,120 250 58 59 62 65 3.2 2.1 2.9 29 2.9 0.1500 =55
55 10 0.09 6.3 2.8 3.1 4.6 910 900 1,330 225 58 59 62 65 1.8 1.4 2 1400 2 0.17200 -155
55 11 0.11% - 3.5 3.5 7.7 0 1,37C 1,240 260 58 S9 62 &S 0 0.75 1.2 920 1.2 0.2500 =95
5S 12 0.11 - 3.8 3.2 8.4 L] 700 1,130 110 69 48 23 47 0 14 27 1700 27 0.1700 147
58 2 0.06 - - 3.1 3.1 0 0 100 150 - 60 65 o3 0 0 900 0 900 0.0000 165
56 3 0,08 S.6 5.6 5.4 5.4 18 «00 00 200 - 62 61 SO 110 4o 460 Y] 210 0.0%70 205
Se 4 0.12 5S¢0 5.0 5.6 3.9 75 800 800 200 - 60 66 o3 3C 26 180 26 180 0.1700 150
56 S 0.10 Te5 7.5 10.4 6.0 1,380 1,150 450 300 - 60 66 63 20 29 58 52 58  0.1300 104
56 é 0.10 5.0 5.0 6.3 7.7 1,790 1,200 340 3s6u - 60 66 63 27 46 3.9 130 97 0.1100 140
56 7 0.13 6.3 6.3 6.4 11.7 1,740 700 700 S1C 764 50 &2 57 .4 24 5.3 130 26 0.0830 60
56 8 0.12 10.0 10.0 16.5 9.6 919 350 696 555 Th 50 42 57 3.1 4.3 &7 57 5.7 0.0940 -20
56 9 0.04 8.8 7.9 11.0 1.0 735 850 900 630 S8 59 62 65 1.8 1.6 1.7 26 1.7 0.1100 -45
S¢ 10 0.09 6.3 2.8 1.3 4.6 885 700 1,273 360 58 59 62 65 0.7 0.55 0.05 560 0.65 0.0860 -30
56 12 0.08 3.8 3.4 4.5 5.8 4,520 1,000 500 100 69 «8 23 47 0.33 2 7.3 130 7.3 0.1400 153
57 2 0.13 - 9.8 9.8 9.8 0 100 100 100 - 60 66 63 0 140 900 140 900 0.0170 268
57 3 0.11 7.5 7.5 8.9 8.9 43 1,000 200 100 - 60 66 o3 57 48 180 86 180 0.1100 240
7 4 0.11 6.3 6.2 8.7 8.4 1,620 1,000 481 284 - 60 &6 o3 1.2 1.9 3.5 29 3.5 0.1100 162
5? S 0.13 7.5 7.5 8.7 11.2 2.270 900 763 337 - 60 66 63 sS4 86 0.75 86 260  0.1800 150
57 ] 0.13 8.5 8.5 8.6 11.4 1,950 700 900 «00 - 60 66 o3 31 42 0.052 130 S1 0.1100 110
57 7 0.15 10.0 10.0 13.4 13.7 1,080 700 758 Se2 74 50 42 57 36 82 180 62 180 0.1100 35
57 8 0.06 8.8 7.9 3.1 3.7 382 700 740 540 74 SO 42 S7 0.13 0.1% 0.2 62 0.2 0.07%0 =70
k24 9 0.02 = 18.4 20.4 20.7 0 600 709 700 74 50 42 57 0 0.17 0.15 69 0.15 0.08380 ~117
57 10 0.05 8.8 .0 4.9 2.8 1,120 000 650 650 74 50 42 57 0.0922 0.0043 0.0036 72 0.0036 0.1100 =70
57 12 0.06 1.3 1.1 2.2 2.4 3,100 500 300 “e0 69 48 23 47 O0.14 1.1 1.2 240 1.2 0.0800 155
58 3 0.08 5.0 5.0 S.0 5.6 30 700 400 200 -~ 60 65 63 69 (Y3 77 520 77 0.0850 150
58 4 0.12 6.3 0.2 8.8 9.5 1,300 1,200 350 250 - 60 66 63 45 62 170 86 1?70 0.1700 180
$8 H 0.13 6.3 4.2 7.5 11.7 2,990 1,400 525 295 - 60 66 63 11 22 0.55 22 60 0.1800 160
58 [ 0.14 10.0 10.0 12.6 12.7 2,460 900 800 340 - 60 65 63 12 20 3.4 25 2% Q.1300 120
53 ? 0.17 10.0 10.0 14.7 16.8 810 %00 793 557 74 50 42 S7 2.9 3.8 be 53 4.6  0.0930 25
58 -] 0.06 7.5 6.3 8.6 2.8 490 900 300 650 74 S50 &2 57 1.4 1.4 1.6 s2 1.6 0.1000 0
58 ? 0.03 7.5 6.7 7.9 2.5 428 800 800 800 74 50 42 57 0.4 0.3y 0.3 $6 0.36 0.1600 0
58 10 0.04 6.3 S.0 6.8 2.5 1,020 700 700 740 o9 48 23 & 2.2 bS5 bed 150 bhed 0.1100 70
58 12 0.08 - - 2.3 2.5 0 0 50 50 69 48 23 47 0 0 3 0 3 0.0000 280
58 13 0.13 - = 13.0 11.1 0 [} 50 106 69 48 23 &7 0 0 3.3 0 3.3 0.0000 320
59 3 0.07 - 3.7 4e2 Wl 0 500 400 225 - 60 65 63 0 20 26 430 26 0.1400 110
59 4  0.11 6.3 0.3 8.6 3.6 1,780 600 600 225 - o0 66 63 21 35 140 35 140 0.1100 227
59 5  0.14 7.5 7.5 10.0 12.3 3,410 300 593 217 52 2 50 ¢ 16 55 0.29 b3 100 0.1300 155
59 6 0.09 7.5 7.5 8.0 6.1 2,960 700 636 350 52 42 5J) 62 19 57 3.2 s? 160 0.1100 109
59 7 0.11 7.5 7.5 .0 8.7 1,190 1,00C 400 460 S2 2 53 62 3.3 5.6 7.1 130 7.1 0.1000 10
59 8 0.07 8.8 7.9 12.1 3.4 713 700 o20 740 74 50 42 57 0.87 1.2 1.1 67 1.1 0.1500 30
59 9 0.05 5.0 4.5 9.0 2.5 730 600 000 75C 74 S0 &2 57 0.34 0.52 0.42 75 0.4 0.0950 45
59 10 0.05 2.5 2.2 4.5 3.7 1,400 600 596 784 764 50 42 57 0.51 1.2 0.97 75 0.%97 0.0520 75
59 11 - 0.08 T. 5.6 5.6 68,3 0 S00 495 697 69 48 23 &7 0 0.37 Q.29 210 0.29 0.0680 105
59 12 . 0.1 - 1.3 0.9 1.0 0 600 600 550 69 48 23 47 1] 9.2 9.9 180 9.9 0.0830 221
59 13 0.10 - - 4.0 5.0 0 0 25 50 - = = 4B 0 0 3.6 3.6 0.0000 29s
60 3 0.06 - 2.9 2.9 2.9 0 100 650 200 S2 42 S5) o2 0 ol 36 94 30 0.0570 170
60 4 0.08 3.8 3.8 5.2 5.2 1,130 300 300 200 52 &2 SO &2 37 47 150 47 150 0.1500 230
60 5 0.10 6e3 6¢2 B.C 7.1 3,040 9G0 719 217 52 42 50 2 0.2 2.1 0.006 o7 3.2 0.1500 111
60 6 0.09 8.8 8.7 11.0 5.3 2,700 300 600 385 52 42 53 2 6.9 19 1.1 170 23 Q.0790 80
&0 7 0.09 S«0 S5.C 5.4 7,2 650 630 600 600 52 &2 50 &2 3.7 4 3.3 130 3.3 0.0770 69
o0 8 0.06 2.5 2.3 3.t 2.7 855 S00 900 %40 76 SO0 42 57 0.065 0.093 0.09% 65 0.09 0.1700 45
60 9 0.07 - 2.3 2.3 3.7 0 450 753 647 74 S50 42 S7 0 0.7 0.62 76 0.62 0.0370 =114
e0 10 0.08 0.5 0.6 0.6 3.8 830 1,00C 44e 806 74 50 42 57 0.035 0.056 0.06 60 0.06 0.0630 10
60 11 0.09 - 22.7 10.2 5.5 0 100 190 670 - = = 4B 0 0.0022 300%-6 240 300€-6 0.0230 32
60 12 0.09 - 1.1 Do 1.6 0 oC0 500 500 - - = 43 0 3.5 4 63 3 0.1100 235
60 13 0.0» - Seb  4a8 Sab 0 25 s0 100 - = = &8 0 2.6 1.3 350 1.3 0.0061 308
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APPENDIX 8 = Aquifer Properties Used in Simulations~-Continued

Inelas~

-6 -1 tic 1961
Leakance (TX)(x 10 "4 ) storage srat-

Hydaraulic Percentage of <o~ zal

Spe~ conductivaty Aquifer thickness fine-grained Post~ oefti~ nead

Col~- Rouw cafac (ft/d) (fe) sediment Predavelcpment development cient (ft)
uan yaeld ... ememmma—— reme emesecemcemcvmemavecmmee  me e m————--—— ———— - ———
Layer Layer Layer Between layers 3etwesn layers Layers Layers

1 2 3 o 1 H 3 4 1 2 3 & 1-2 2=3  3~é 2-3 3-4 2-3 2~3
61 3 0.07 - 3.6 3.4 3.4 0 200 200 200 52 42 S50 62 o 10 8.5 220 8.5 0.0330 170
61 L3 0.07 4.0 w.0 4.0 4.0 217 1,000 8300 200 52 &2 S50 o2 59 38 60 62 60 0.1500 234
61 H 0.09 5.0 5.0 6.7 6.7 2,140 1,000 1,000 250 52 &2 S50 62 22 36 0.14 69 51 0.1800 150
61 [] 0.07 2.5 2.5 3.7 3.2 2,240 1,600 300 290 $2 42 59 o2 17 35 1.7 86 74 0.1400 125
61 7 0.06 25 2.5 2.5 1.9 82 1,200 300 398 52 42 S0 é2 L7 2.9 & 130 & 0.1700 69
L] 8 0.09 7.5 0.0 12.2 o.1 225 1,200 700 330 52 42 S$2 o2 1.6 1.2 1.8 170 1.8 0.0540 60
61 9 0.09 7e5 6.3 11.2 6.9 682 1,000 65S 345 - 43 53 55 1.9 1.9 2.9 3% 2.9 0.0510 66
61 10 0.12 1.3 1.1 0.4 9.7 1,240 700 500 398 - - - &8 2.9 4.8 6.5 58 6.5 0.0810 ~20
61 11 0.03 - “e5 5.2 5.7 [} 300 195 475 - - - &8 0 0.067 0.052 140 0.052 0.0380 60
61 12 0.0 - 0.3 1.1 1.9 9 590 400 450 - - - &8 2 Seb e 86 . 6.4 0.0%960 228
61 13 0.06 - 2.5 2.3 2.5 0 SO 50 50 - - - 48 2 5.2 Seb 690 Seb 0.0081 T 394,
62 4  0.06 - 2.6 2.6 2.4 9 900G 690 350 52 42 S0 o2 0 1.1 1.5 51 1.5 0.1000 200
62 5 0.00 5.0 5.0 5.4 5.4 1,760 1,000 700 300 52 «2 59 62 14 24 34 45 36 0.1600 143
62 $ 0.08 3.8 3.7 3.8 3.8 1,940 900 300 300 §2 42 S) 2 25 Lé 997 b 97 0.0820 100
62 7 0.10 7.5 7.5 8.9 8.1 - 588 1,000 700 320 52 42 S5O o2 21 20 28 45 28 0.1400 93
62 8 0.07 5.0 5.0 S.0 4.7 540 1,000 750 275 - 48 53 S5 3 3?7 69 37 69 0.1300 65
62 9 0.10 7.5 0.7 8.9 6.9 994 1,200 495 298 ~ 48 S3 55 ve8 4.8 0.49 960 9.5 0.0620 33
62 10 0.99 6.3 5.0 5.3 6.3 752 800 1,000 197 ~ 4" 53 55 7.3 6.2 0.61 36 8.8 0.1100 ~40
62 11 0.06 - 2.3 2.3 1.4 ¢ 1,000 775 3zes - - - 48 0 0.0%11 0.019 39 0.019 0.1600 30
62 12 Q.00 hd 2.1 2.1 2.3 0 100 350 350 - - - 48 0 3.5 2.3 150 2.3 0.0420 230
62 13 0.05 - 2e5 2.2 2.5 0 25 100 100 L 'Y | 0 2.8 1.8 550 1.8 0.0100 419
63 4 0.08 - “e2 bur a2 c 530 500 355 $2 42 S9 o2 9 2 1.9 75 1.9 0.1000 100
(3] 5 0.08 - M TS - T 0 1,300 1,000 350 52 4«2 53 &2 0 6.1 11 27 1" 0.2600 13¢%
63 [ ve 5.0 5.0 6.6 0.6 210 1,406 1,000 300 ~ &8 53 SS 29 27 120 27 120 0.2600 120
[ 7 0.08 3.3 3.7 3.5 4.2 1,220 1,200 1,000 235 - ‘%3 $3 55 14 15 25 29 25 0.2100 130
63 & 0.10 S.0 5.0 S.4 6.1 367 1,350 725 275 ~ 48 83 558 48 37 59 38 59 J.1200 70
63 9 0.14 8.3 7.9 10.2 11.7 710 800 805 355 ~ 43 53 55 29 26 2.7 1300 35 0.1400 -50
63 10 0.10 6.3 5.6 6.5 7.1 925 700 300 b1T) -~ &3 53 5§ 2.5 2.6 5.3 43 3.2 0.0830 -15
63 11 0.09 - 1.0 1.6 4.2 0 1,003 070 355 ~ 43 83 SS 0 39 60 39 60  0.2200 174
63 12 0.08 - 2.3 2.2 2.5 3 128 200 328 - = = 48 0 8.7 .5 230 S.5 0.0300 170
b4 4 0.09 - 5.4 5.4 5.4 0 100 100 200 - 48 83 55 < 14 8.6 320 8.6 0.0093 280
&4 H) 0.07 - 3.1 3.1 3.1 0 2,000 1,120 375 ~ 48 53 5. 0 3.2 6.3 21 6.3 0.2900 135
(1% 6 J.006 245 245 2.4 2.5 2,040 1,000 300 350 ~ 43 53 55 29 47 69 36 69 0.1900 115
&4 7 0.11 6.3 8.2 7.5 8.7 2,260 1,000 1,000 o9 -~ 438 53 55 18 28 38 32 38 0.1900 129
b4 8 0.1Q 8.3 042 7.5 7.5 685 1, 20 800 265 ~ 48 83 35 24 22 36 36 34 0.1300 14
ba 9 0.12 9.5 9.5 9.5 9.5 i%0 1.1C0 560 340 - &8 53 S5 23 18 900E~6 1400 29 0.1100 -15
23 10 0.11 b.bh 0.b bubk B2 445 1,000 1,000 320 -~ &8 53 55 40 28 40 32 40 0.1200 85
64 11 0.10 2.9 P 9.9 6.3 125 1,300 1,300 357 - = = 48 3.9 2.1 3.4 27 3.4 0.1600 115
3 12 0..8 - 5.0 5.0 5.0 Y 500 500 350 - = = 48 3.7 bab 69 4.6 0.0900 180
65 H 0.07 1.3 1.3 1.3 2.5 100 9030 250 300 - 48 53 55 1.4 1.2 2.3 S8 2.3 0.0860 135
65 6 0.10 5.0 5.0 6.6 6.4 1,980 800 450 350 - 48 53 5§ 0.55 1.2 1.8 52 1.8 0.1100 80
65 7 0.08 5.0 5.C 5.C 5.3 3,280 700 600 300 - 48 S3 55 6.5 20 2?7 290 27 0.1000 80
65 8 0.09 6.1 6.1 6.1 6.1 2,740 6C0 700 300 - 48 53 55 46 120 140 250 140 0.0800 70
65 9 0.13 8.8 8.7 11.5 1.5 637 1,000 350 350 - 48 53 55 9 11 20 49 20 0.0760 43
65 10 .11 7.5 7.5 8.4 8.0 «28 1,000 975 387 - - - &8 b 33 s0 230 S0 0.1300 92
65 11 0.12 - 0.5 0.5 8.4 0 1,300 1,280 455 - - - 438 0 5.7 8.6 27 8.6 0.1800 180
(3] 12 0.09 - 142 1.2 6.3 0 «00 500 4«00 - - - 48 0 6.7 6.8 77 6.8 0.0790 230
66 6 0.07 1.3 1.2 1.7 1.7 1,530 500 500 400 ~ 48 S3 5§ 6.7 13 14 65 14 0.0670 255
66 7 0.10 5.0 5.0 6.3 6.9 3,040 700 600 420 ~ 48 S$3 5SS 1.8 Se.2 6.3 $0 6.3 0.0940 60
686 8 0.13 8.8 8.7 10.0 11.0 3,130 400 850 400 ~ 48 33 55 19 51 130 51 130 0.0750 60
(13 9 O.16 7.5 7.5 10.0 11.3 1,620 1,100 295 415 - 54 &5 44 19 37 84 51 84 0.1000 110
66 10 0.11 5.0 3.0 6.3 7.3 1,740 750 735 500 -~ 54 48 &b 30 51 72 51 72 0.1200 103
86 11 0.11 - 2.5 2.5 5.0 0 S0 100 200 - - - 48 0 2.2 1.1 460 1.1 0.0100 220
66 12 0.09 - 1.2 .2 $.0 0 50 150 200 “ = = &8 ] 2.1 1.2 350 1.2 0.0160 266
6 0.13 643 6.3 10.0 11.3 20340 660 sQ0 440 ~ 48 S3 SS 9.1 24 26 59 26 0.0500 236
ér7 7 0.13 7.5 7.5 10.0 11.6 3,440 800 500 475 ~ 54 46 44 Sa3 17 26 190 26 0.0690 230
67 8 0.15 7e5 7.5 11.3 13.3 30270 600 900 370 -~ 5S4 46 4k 13 34 o4 390 (13 0.0890 210
67 9 0.14 6.3 6.2 10.0 11.8 1,440 1,300 396 400 - 54 46 4 8.9 14 35 140 35 0.1300 200
67 10 0.11 - 9.1 9.1 9.1 0 1,000 «00 400 - - = <8 0 42 74 [34 74 0.1200 157
67 11, 0.13 ~ 10.06 10.6 10.6 0 1,000 1,220 350 - - - 48 0 31 96 31 94 Q.1400 247
67 12 0.0v - 2.5 2.5 S.0 0 50 100 100 - = = 48 0 23 18 460 18 0.0100 292
68 6 0.13 7.5 7.5 10.0 10.5 1,440 1,200° 1,200 200 = 54 46 ek 5.3 6 11 650 1 0.0930 125
68 ? 0.1 7.5 7.5 11.3 B.38 4,070 1,000 997 196 ~ 54 68 A4 15 38 120 38 120 0.1200 240
13 8 0.13 7.5 7.5 10.0 10.9 5,010 1,200 530 205 - 54 46 44 3s 120 3000 350 330 9.0710 210
€8 9 0.1 6.3 6.2 7.5 3.1 2,450 1,000 518 382 - 54 46 44 14 33 340 220 63  0.0560 223
68 10 0.1 5.0 5.0 S.0 8.2 1,360 500 345 655 - 54 46 44 130 190 130 190 180 0.0450 150
&8 " 0.13 7.5 7.5 10.9 10.9 300 400 660 400 - - -~ 4B 1.2 0.8 0.81 65 0.81 0.0650 190
69 H 0.10 - 6.3 8.3 6.e 0 800 800 200 - S6 4% &7 0 76 130 170 130 0.1200 475
69 6 0.15 6.3 5.2 7.3 13.5 1,140 1,200 1,200 185 - 56 49 &7 6.5 6.5 12 1100 12 0.0640 120
67 7 0.10 6.3 6.2 8.2 7.0 4,920 1,000 1,020 296 - 54 45 44 16 4“8 81 340 81 0.1500 180
69 8 0.12 7.5 7.5 8.8 10.0 4,930 1,200 500 332 - 54 &% 44 25 90 50 320 210 0.0%10 207
6y Q 0.12 6.3 6.2 7.6 9.0 3,080 900 90C 513 -~ 56 49 &7 5.1 1 15 390 15 0.0600 150
[14 10 0.1 6.3 6.2 2.1 7.5 1,100 800 1,200 $30 -~ 56 49 &7 bob 4.3 5.3 170 5.3 0.0470 15$
6% 11 0.11 7.5 7.5 8.4 B4 990 1,000 700 460 - 56 49 &7 25 30 48 120 48 0.0620 210
70 6 .17 7«5 7.5 10.0 15.3 3,580 1,000 1,120 148 - 56 49 &7 27 57 100 1700 100  0.0440 80
70 7 0.12 S.0 5.0 5.0 10.2 7,740 1,400 810 410 ~ 54 46 &4 9eb 62 (23 4300 94  0.0340 40
70 8 0.2 6.3 6.3 7.5 8.0 7,200 1,440 9461 19 - 54 46 44 3.8 32 63 2600 63 0.0450 86
70 L) 0.1¢ 7.5 6.5 10.2 10.1 4,660 1,000 1,000 478 ~ 5L 46 44 0.76 2.2 3.2 s20 3.2 0.0600 85
70 10 0.14  12.5 10.8 11.1 12.5 760 1,000 650 350 ~ 56 49 47 0.5 0.56 0.98 220 0.98 0.0520 40
70 11 0.09 = 6.0 6.2 6.2 0 50 100 100 = 56 49 W7 0 2.4 1.9 460 1.9 0.0091 100
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