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ABSTRACT

The use of systems analysis coupled with the simulation model
provides the basis of a powerfull decision making tool. A groundwater
simulation model is coupled with a mathematical optimization model
through the Algebraic Technological Function (Response Function) to
form the Groundwater Management Model for the Calera aquifer in
Zacatecas, Mexico. The management model maximizes the amount of
groundwater pumped fram the Calera aquifer subject to the physical
capability of the system.

A two dimensional finite difference code is used both to
simulate the flow system in the aquifer and campute the response
functions at specified locations. To overcame the lack of parameter
information, the geostatistical technique of Kriging is used to
estimate spatially-averaged log-transmissivities, point estimates of
hydraulic head and kriging estimation errors at each cell or node.
Semivariograms are validated using both "Jacknife" and Maximum Likeli-
hood cross-validation methods. In addition, the hydraulic head kriging
errors are used as a criterion to stop the calibration process of the
simulation model.

Three altermatives are evaluated to obtain optimal pumping rates
while meeting water demands for 1990 and 1995 by means of Linear
Programming. These results may help to enhance future development of

groundwater resources in the area.



CHAPTER 1

INTRODUCTION

The Calera Basin is one of the most important regions of the
state of Zacatecas, and the socioceconomic development of the past
thirty years has been due to its agricultural production. Water
resources of the Calera Basin are primarily limited to groundwater
which occurs in the alluvial sediments of the Calera aquifer. The
early presence of springs and water levels close to the ground surface,
in the northern region of the basin, gave the false impression of high
water availability. As a result, an indiscriminately number of wells
were installed in this area; therefore, by the end of 1975 most of the
springs became dry and the hydraulic gradient steeper. Water levels
have declined in the most heavily pumped area approximately 30 meters
(98 ft) during the period of 1956-1985. Groundwater development in
this area is presently characterized by narrowly-spaced and fairly high
vield wells which supply water to irrigation and domestic use. However,
the groundwater resources of the southern and central part of the re-
gion appear destined for medium scale development in the future. These
areas have not been investigated for development of a water supply to
support possible areas for irrigation use.

This report presents the development of ground water simulation
and management models to quantify the water resources of the Calera

Basin and predict the response of the hydrogeologic system to future

1
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punping stresses. Specifically, the study focuses on the estimation of
the spatial distribution of the hydrogeologic parameters used in the
models and the calculation of optimal pumping rates for two time

periods.

Purpose and Scope

The purpose of the study is to obtain with the aid of the re-
sponse fuction technique the maximum amount of water that can be pumped
fram the aquifer subject to physical constraints of the system. In
addition, in order to meet the water demands at the end of 1990 and
1995, three optimal spatially distributed pumpage schemes are presented
based on the 1985 useable saturated thickness. The study has been
divided in three parts. The first part used the kriging technique for
estimation of transmissivity and hydraulic heads at unsampled sites,
and computation of the estimation kriging errors. The second part of
the study used a two dimensiocnal finite difference model to simulate
the actual conditions of the system. The third part consisted of the
formulation of the hydraulic management model and the application of
the response function technique to couple the simulation model with the
management model.

The following chapter of this report contains a physical de-
scription of the aguifer of the Calera Basin. The geography, climate,
geology and hydrogeology are presented. The chapter concludes with a
short history of groundwater development in the basin. Chapter 3

includes a general presentation and discussion of kriging theory. In
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addition, application of kriging to log-transmissivity and hydraulic
head data from the Calera Basin is reported. Chapter 4 deals with the
application of the two dimensional finite difference model to simulate
actual conditions in the Calera aquifer. Chapter 5 includes a general
presentation of the response function technique to couple the simu-
lation and managemént models, and the presentation of the objective
function that maximizes the total amount of water that can be pumped
fram the aquifer subject to physical constraints of the system.
Conclusions reached on the basis of results from kriging, simulation
and management models are discussed individually within chapters 3, 4
and 5, and generally in chapter 6. The study should provide future
investigators a guidance regarding the most critical data and most im-
portant areas to be studied in order to refine the predictive capa-

bilities of the model for the basin.

Previous Investigations

The Calera Basin has been the subject of several geologic and
hydrogeologic investigations. The first study was carried out by the
federal agency Secretaria de Agricultura y Recursos Hidraulicos (SARH)
in 1966. The objective of the study was primarily to collect and or-
ganize previous information concerning water level measurements per-
formed since 1956. SARH performed the first hydrogeologic study, based
on the previous study, in 1968. However, the results of the hydro-
geologic study are highly questionable due to the very limited data

concerning the spatial distribution of transmissivity and storativity.
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In addition, the study was limited to the northern region of the
basin. As a result, the regional behavior of the aquifer was unknown.
SARH has been updating the data base every two years since 1970. One
geologic and two hydrogeologic studies have been carried out since
1970. The first hydrogeologic study provided a better knowledge of the
regional behavior of the aquifer. The second hydrogeologic study in-
volved an electrical resistivity survey, which provided information
about the relative thickness of the basin fill sediments and probable
bedrock configuration. In addition, the study provided a quantitative
assessment of the ground water resources of the entire basin. However,
no attempts have been made to develop a camputer model to assess the

effect of the present pumpage policy on future water levels.



CHAPTER 2

SETTING OF THE STUDY AREA

Geographic Setting

The Calera Valley is an elongate basin located in the south-
eastern part of the state of Zacatecas, Mexico, figure 2.1. The drain-
age basin is approximately 48 Km (30 Miles) long, the width of the val-
ley floor varies from 30 Km (19 Miles) to 18 Km (11 Miles) and covers
an area of over 1200 Kn? (463 Miles?). The southern divide is the
Villanueva Canyon, whereas the northern divide is the low lands basin.
The western divide follows the crest of the Sierra Madre Occidental,
whereas the eastern divide follows the crest of the Sierra of
Zacatecas.

The topography of the area varies, the northern and central part
of the valley are almost flat with an average slope of 0.6 %, whereas
the eastern and western regions have an average slope of 0.9 %.

The basin is drained by small washes originated in the Sierra
Madre Occidental and the southern part of the Sierra of Zacatecas. The
flow is northward to a point just south of the town of Victor Rosales.
The washes are perennial just during the rainy season in its upper
reaches but ephemeral along most of the valley floor.

The Calera basin is one of the most important regions of the

state of Zacatecas, major cities in the basin are Fresnillo and Victor

5
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Figure 2.1 Location of study area in Zacatecas, Mexico.



Rosales with a present population of 70 and 20 thousand, respect-
ively. Land use is predominately agriculture with the major portion of

the incame caming from soybeans and vegetables.
Climate

The climate 'of Calera Valley is semiarid with a mean annual
temperature of 16 °C (62 °F). The monthly mean temperature reaches a
maximum of 22 °C (72 °F) in June and a minimum of 10 °C (50 °F) in Jan-
uary. The average yearly precipitation is 450 mm (18 inches) to 600 mm
(24 inches) with the northern region of the basin generally re-
ceiving less than the southern region. The hydroclimatology of the
basin is characterized by distinct rainy and dry seasons. The rainy
pericd, which extends from June through Octcber, accounts for 82% of
the total rainfall. During the dry season scattered thunderstorms
produce the majority of the precipitation. The average yearly poten-

tial evaporation in the basin is 2200 mm (87 inches).

Geology

The structural basin was apparently formed by basin-range type
normal faulting during the Miocene pericd. The Sierra of Zacatecas
consists of Tertiary intrusive igneous rocks, Tertiary conglaomerate,
whereas the Sierra Madre Occidental consists of Tertiary conglamerate,
Tertiary rhyolites and Tertiary volcanic tuff.

The bedrock in the study area is composed of metamorphic and

granite rocks and tilts to the north. Depth to well consolidated
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bedrock in the basin varies from less than 180 M (590 Ft) to more than
300 M (984 Ft) below land surface.

The lithology of the basin fill is typical of a continental
basin in a semiarid climate. The rocks and sediments can be clas-
sified broadly into three hydrogeologic units. The first unit com-
prises all the pérmeable sediments such as alluvium composed of
gravels, sands with loam and discontinous thin lenses of clay. Al-
luvial material outcrops mostly on the northeastern and central part of
the basin. The second unit is characterized by less permeable ma-
terial like medium to fine grained dolomite limestone, which is over-
lain by soil layers of 2 and 3 meters thick. This unit is exposed in
the northern and western area of the basin. The third hydrogeologic
unit consists of rhyolites, conglomerate, basalt flows and wvolcanic
rocks. The latter unit is a characteristic of the Sierra of Zacatecas

and Sierra Madre Occidental (figure 2.2).

Hydrogeology

The lower (northern) part of the basin is developed for irriga-
ted agriculture. Available data indicate that withdrawals of signifi-
cant amounts from the aquifer in the region started around 1966. Typi-
cally, groundwater extractions account for more than 90% of the total
water usage during the dry season. As a result, it is during the dry
season that the groundwater system is most highly stressed. According
to the water level data groundwater flow follows a northerly pattern,

with an average hydraulic gradient of 0.0027.
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The interpretation of field observations and well records indi-
cates that the aquifer is anisotropic, heterogenecus and unconfined
with lenses of more permeable sand that appear to be randomly distrib-
uted within a less permeable clay-rich matrix. As a result of the
fairly large spatial variability of the sediments the hydraulic par-
ameters of the aquifer are expected to vary spatially. Average values
of aquifer parameters were obtained from previous work (SARH, 1980).
Transmissivity was reported to have wvalues ranging from 50 to 400
M /day (538 to 4300 Ft?/day) and averaging 140 M2 /day (1500 Ft?/day).
The hydraulic conductivity of the aguifer ranges between 0.25 to 1.33
M/day ( 0.82 to 4.36 Ft/day). A value for the storage coefficient for
the entire aquifer was reported to be 0.13.

Recharge to the goundwater system in the Calera Valley occurs
fram irrigation return flow, and precipitation. Irrigation returm flow
inferred from water level fluctuations is minimal. Precipitation on
the valley floor of the upper valley and on mountain-front drainage add
significant amount of water to the groundwater system. Recharge has
been estimated from a hydrologic budget to equal 62 mm/yr (2.44 inches)

(SARH, 1980). The aquifer discharges to springs in the lowlands.

History of Grounwater Development

For the past thirty years, the agricultural and urban develop-
ment that has taken place in the Calera basin, Zacatecas, Mexico is due
to the explotation of its groundwater resources.

A considerable number of wells have been installed in different
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time periods. According to SARH the number of wells drilled up to 1984
are 1060. Water levels in the central area have declined about 30 M
(98 Ft), the most pumped region. In fact, very few investigations
dealing with the availability of water have been carried out.

Farmers in the region are concerned about the availability of
water for the present demand, and future agricultural development of
cultivable lands. This concern is coupled with the population growth

of the camunities within the basin.



CHAPTER 3
KRIGING THEORY

Inasmuch as subsurface hydrology is an applied science a great
deal of data of various types must be collected such as water levels,
transmissivities determined by pumping test, aguifer thickness, etc.
On the other hand, in practice, the groundwater flow equation is often
solved numerically on computers by grid methods such as finite d4dif-
ferences or finite elements. Whether the flow equation is solved by
either method, values of the parameter at each node or cell should be
provided. However, one does not have measured data at each node of the
grid. In order to overcome the lack of parameter information at each
node or cell one can either allow the value of the parameter to remain
uniform over discrete subregions of the flow field or vary slowly in
space. If the latter approach is considered, one has to account for
the randomness of the sbatial variations of the hydrologic parameters,
therefore, the problem of insufficient information should be analyzed
statistically instead of deterministically. One way to analyze the
spatial variability of hydrological parameters is by means of geo-
statistical methods such as Kriging.

Kriging is based on the theory of regionalized variables devel-
oped mainly by Matheron (1963, 1971) for the estimation of ore reserves
in mining engineering. The method which was originally limited to

mining problems has been considerably extended during the last 10 years

12
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to cover fields as varied as soils, geophysics, geology, hydrology,
etc. In this method the data values z(x; ) at N locations x,,...,%, are
interpreted as a realization of a random function Z(x). This prob-
abilistic interpretation allows obtaining not only estimated values
at unsampled locations but also the variances of estimation. This
characteristic of kriging is not considered by other interpolation
methods such as inverse distance, trend surface analysis, etc.

We start discussing the basic concepts of Kriging theory. Then
the application to log-transmissivity and hydraulic head. For details
of kriging theory the reader is referred to Journel and Huijbregts

(1978), Matheron (1963), Delhame (1978,1979), and Neuman (1984).

Basic Assumptions and Definitions

Kriging, as previously mentioned, is based on the theory of re-
gionalized variables. In geostatistics, a regicnalized variable (ReV)
is interpreted as any realization of a random function (RF) Z(x). Then
a RF Z(x) can be seen as a set of random varibles (RV) Z(x, ) defined
at each point x;, of the damain D.

In linear geostatistics, only the first two moments of the RF
Z(x) are required. The first moment of Z(x), m(x) = E[Z(X)], generally
a function of the location x is called drift or trend. The second mo-
ments of Z(x) include the variance, the autocovariance and the semi-

variogram which are defined respectively as

VAR[Z(x)] = E{[Z(x) - m(x)]* } ---- (1)
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COV[Z(x),Z(x+h)]

E{[Z2(x)-m(x)][Z2(x+h)-m(x+h)]} --- (2)

O(x,x+h) = 1/2 E([Z(x) - Z(x+h)]2} —--- (3)

Inasmuch as is not possible to infer the probability distribu-
tion of the RF Z(}_{). from a single realization, it is necessary to make
same assmnptions about Z(x), like the stationarity assumption. A RF
Z(x) is said to be strictly stationary if for any set of n points x, ,
% ,..-., X, and for any vector h, the distribution function of the n
random functions Z(x;), i= 1, 2,..., n is the same as that of Z(x; +h).

Since one is dealing with the first two moments of the RF Z(x),
the previous assumption can be relaxed to stationarity of the first two

moments. Therefore, a RF Z(x) is said to be second order stationary if

E[Z(%x)] = m -—= (4)

QOV[z(x),Z(x+h)] = E[Z(x)Z(x+h)] - m® = C(h) -—- (5)

for a second order stationary random function the drift m(x) exists and
is not dependent on x. In addition, the covariance between any two
points x and x+h depends only on the separation vector h and not on the
points. A consequence of the stationarity of the covariance is that
the variance of Z(x), Var[Z(x)] = O? exists, is finite and does not
depend on X.

Random functions not satisfying the previous conditions are not

stationary. The type of non stationary RF that has stationary
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increments are called intrinsic random functions. Then a RF Z(x) is
intrinsic if all the increments Z(x) - Z(x+h) are second order station-
ary. That is

E[Z(x) - Z(x+h)] =0 ---—-  (6)
Var[z(x) - Z(x+h)] = 2Q(h) ----- (7)

where b(_l}) is the semivariogram function introduced first by Matheron
(1963). Notice that the semivariogram of an intrinsic random function
is only a function of the separation vector h. The semivariogram ()(h)
is a statistic that measures the variability of the RF Z(x) and the
spatial correlation between two points separated by a vector h. Notice
that a second order stationary random function is always intrinsic. The
reciprocal, however, is not always true. The relation between the

semivariogram and the covariance for a second order random function is
O(h) = Var[z(x)] - C(h) ---—- (8)

which is depicted in figure 3.1.

For a stationary random function, the semivariogram usually
increases with distance until at a certain distance reaches its sill,
which is equal to the variance of the data in the field and stays
there. This distance is generally denoted by "a" and defines the dis-
tance within which samples are correlated. Points farther apart than
distance "a" are uncorrelated, thus "a" is referred to as the range of
influence of a point within the aquifer (figure 3.2). In theory, a

semivariogram of a continuous random function should be egual to zero
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at the origin. However, often a discontinuity is present in the semi-
variogram at the origin. This discontinuity is called "nugget effect"
and could be explained, among other things, by measurement errors

(Clifton and Neuman, 1982).

Introduction to Kriging

The p@e@re for making a geostatistical hydrological par-
ameter estimation can be divided in two parts. The first is the in-
vestigation and modeling of the physical and statistical structure of
the basin for which the estimation is being made. The concept of
spatial variability of the random variable is considered during the
first step. The second step of the procedure is the estimation process
itself, kriging, which depends entirely on the semivariogram obtained
during the first step. The next section will be devoted to construct

and model the semivariogram.

Semivariogram Estimation

The process of estimating the semivariogram is usually referred
as structural analysis. One of the earliest semivariogram estimators

is the proposed by Matheron (1963)

1 N(h)
O ()= == 2 [Z(x; +h)-2(x; )12 ~—=--- (9)
2N(h) i=1

where Z(x; ) is the experimental value at point x; and N(h) is the
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number of pairs of data points separated by a distance equal to h.
Because the observed points are rarely evenly spaced in the plane, they
are regrouped by classes of distance and angle so that mean square dif-
ferences can be calculated. In general, a semivariogram is assumed
isotropic, that is, the semivariogram depends only on the modulus h of
the vector h. However, it is often useful to campute a semivariogram
assuming that @' (h) is a function of the direction as well as of the
modulus of h. A comparison of the semivariograms obtained for differ-
ent directions will reveal the anisotropies of the random variable
under study.

The sample semivariogram generally exhibits very poor statis-
tical behavior because of sampling problems (Journel and Huijbregts,
1978). If an experimental semivariogram has been constructed it must be
related to some theoretical model. The usual way to fit a semi-
variogram model b(k_m) to the observed sample semivariogram involves
several steps same of them are tedious and time consuming.

Firstly, one chooses a theoretical model among the list of cur-
rently available (quadratic, spherical, exponential, etc). The second
step involves selecting values of the semivariogram parameters (nugget,
sill, range) that produce a good fit to ¢)*(h). This fit is usually
done by eye and is not intended to be optimal. This preliminary fit-
ting provides a set of parameters to start the third step, the wvali-
dation process. Validation of the semivariogram is a technique to
check whether or not the semivariogram is adequate. This process com-

monly called "cross-validation" consists of dropping one of the data
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points x, from the estimation process, obtaining the kriging estimate
at that point, and computing the difference between the kriging esti-
mate value and the actual measurement. The output obtained by per-

forming cross-validation consists of a set of values of:
a)e =12Z(x ) - 2°(x)
b) 0%

where e; is the difference between observed Z(x;) and kriged values
z2*(x,), O?,;, is the kriging variance of the error e; for all the
points i where cross-validation is performed. The optimum parameters
of the semivariogram are those that induce some desired properties on

the cross-validation errors e; and the variances 0?,; such as

a) The errors e; = Z(x )-Z" (X, ) have zero mean
N
/N '21[2(5) - 2 (x)1x 0
i=

b) and are consistent with the computed kriging errors.
N
[N X (&%)l = 1
i=1

Morecver, BLUEPACK a geostatistical package developed at the Ecole des
Mines in Fontainebleau, France, uses additional criteria such as

c) The correlation coefficient of Z(x, )versus Z'(x,) is close to 1.

d) The correlation coefficient of e; versus Z'(x; ) should be close to

ZeTro.
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If the desired properties are not met, the parameters of the
semivariogram are changed, then the whole cross-validation process is

repeated again until the above criteria are more or less satisfied.

Kriging Equations

As mdlcated at the begining of this chapter, geostatistical
estimation techniques provide a measure of the error associated with
the estimates, namely the variance of the error of distribution.
Furthermore, it is also possible to find the set of weighting coef-
ficients that minimizes this estimation variance.

The kriging problem is usually posed as follow: given the
measurements of Z(x) at a set of n points x, X, %,., X, estimate

the value of Z(x,) at a point x, or its average value Z(v, ).

N
(%) =2 N 2(x) ————- (10)
i=1

where the Ai are the kriging coefficients that are determined by re-
quiring Z'(x,) to be unbiased and of minimum variance. The unbias-

edness of Z'(x,) leads to

N
Z Ai =1
i=1

Minimization of the estimation variance leads to a system of N + 1

linear equations
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N
O(x; ,x) =jglAj O(x %) +v  i=1,..,n === (11)
N
2 A: =1 - (12)
i=1

Once the .'s and v are camputed the estimated value Z*(x,) is ob-
j %

tained from equation 10 and the estimation variance by

N N N
Var(2(%)-2"(%)1= 22 A, O(xx) - X TAA; O(x %)
i=1 i=1 j=1
-—-= (13)
The previous equations can be extended for the estimation of the aver-
age value of Z(x) over a zone R, . For that, one has to replace b(}_{i ,X)
be(}_‘irP&,) which is equal to the average value ofb(_:_ii ,s) for all s

€ R,. Kriging variance is now given by
N
0% = -QR,.R,) *Z A O(x /R,) +v - (14)
1=
where O(R, ,R ) is the average value of O(s,t) for all s,t ER,

Residual Kriging

Up to now, the randam function was assumed to be intrinsic.
Generally this assumption does not hold for hydraulic head data.
Therefore, in order to use kriging equations, the drift must first be
removed from the data. This section discusses a method based on a

stepwise iterative regression process that yields simultanecus



23

estimates of the drift and the residual semivariogram. Much of the
following discussion is taken from Femnessy (1982), and Neuman,
Jacobson and Fennessy (1983).

Let H(x) be the hydraulic head at a point x. By definition, the

drift or trend is the expectation of the random function.
E[H(x)] = m(x)

H(x) can be expressed as the sum of the deterministic drift, m(x), and

a residual term R(x). Thus,
H(x) = m(x) + R(x) ----- (15)
where the residual term R(x) has zero expectation.
E[R(x)] = O

According to Fennessy (1982) the drift term m(x) expresses the
regular and continous variations of H(x) at the scale of observation
and the residual R(x) accounts for erratic fluctuations of the data

about the mean. Let the drift may be expressed as

J
m(x)=y. a; £(x); - (16)
j=1

where:

a,

coefficients to be determined, and f(x; )J. , prescribed basis
functions. Suppose that H(x) was observed at I locations, x ,x,,.,X;-
Let H, be the measured value of H(x) at each point x;. Then (15) can

be rewritten by virtue of (16) as:



H=Fa+R--——- (17)
where
H £(x); «ene- f(x, )Jp
H = 3 F=| . .
H E(X, ), eenn £(x;);,
g R,
a=j- ’ R=].
JP R'I
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If the covariance matrix of the residuals Vi is known, then an unbiased

estimate a" of "a" is obtained by minimizing the following generalized

least square criterion (Beck and Armold, 1977; and Fennessy, 1982)

T -1

J(a) = [H - F a] [H -

I

Y

<

The minimization leads to the following equation

s | 3
<
F
s |
—
UL B
|L.<

o

[}

]

§

f

[}

1

=
[e0]

a = [

Kriging is used to estimate the residuals. Because the drift and the
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semivariogram must be determined simultanecusly, the generalized least
square process consists of two parts.

First part.- Stepwise least squares is used to identify the degree of
the polynomial representing the drift. Since correlation between the
residuals is unknown, one assumes as a first approximation that Zk = _g_
where I is the identity matrix. Then equation 18 can be rewritten as

T -1 T
@ =[F F1 F H ---—-—- (21)

Using (21), coefficients of increasingly higher order polynomial are
calculated until the residuals behavior is stationary, that is, until
the sample semivariogram shows a distinct sill.

Second part.- The sample semivariogram of the residuals implies a cor-
relation structure that is used to fit a new polynomial by generalized
least squares. Equation (18) is used to compute new coefficients of
the polynamial whose degree was chosen in the first part. A new semi-
variogram of the residuals is obtained, and the process is repeated
until the residual semivariogram does not change significantly from one

iteration to the next.

Kriging of Calera Basin Data

In this section, geostatistical methods are applied to trans-

missivities and water level data fram Calera basin, Zacatecas, Mexico.

Transmissivity
Transmissivity measured from aquifer tests is available at 49

sites (figure 3.3). These points are not evenly distributed and scarce
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in some areas. The data were reported by SARH (Secretaria de Agricul-
tura y Recursos Hidraulicos).

Instead of working with Z = transmissivity, one generally uses
their logarithm Z = log (transmissivity). Numerous studies have shown
that tranasmissivities are lognormal distributed in an aquifer (Fennes-
sy, 1882). Matheron has also shown that if Z is lognormal the semi-
variogram of ‘log Z behaves better than the semivariogram of Z. As a
check of 1log normality, frequency distribution plot was produced

(figure 3.4). The Weibull plotting position was used,

where:

d, the rank in ascending values, and

n, the number of data points plotted
The graph shows a fairly good fit of a lognormal distribution for the
transmissivity data.

The sample semivariogram was obtained using eqg. (9). Semi-
variograms calculated for different directions had insufficient number
of pairs to reliably determine anisotropy (figure 3.5). Therefore, the
assumption of isotropic semivariogram was the only choice. This aver-
age semivariogram for all 49 sites was calculated using the camputer
code Geos developed by Samper (1986). The trial and error cross-
validation method presented in a previous section was used to fit a
spherical model to the sample semivariogram (figure 3.6). The optimum

estimates of the sill and the range of this spherical semivariogram
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Figure 3.4 Frequency distribution plot to transmissivity data.
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were found to be S= 0.1729 m® and a= 4250 m (13940 ft), respectively.
The final results of the cross-validation for these values of the par-

ameters are shown in table 3.1.

Table 3.1. Log-transmissivity validation test results.

a) mean difference between measured and kriged values

N
1/N ¥ [(Z(x ) - Z"'(x)] = -0.030
i=1
b) dimensionless mean sguare error

[1/N E(eiz/()'zki)]l/2 = 1.014
i=1

Clearly the mean sguare error is close to zero and the dimensionless
error is close to 1. Notice that since no nugget effect is present, a
relatively high correlation between transmissivity values at two close
location is expected. On the other hand, the relatively small range
value suggests that, although high, the correlation extends over a
fairly small region.

If the fitted semivariogram is the true semivariogram of log-
transmissivity for our field, then future measurements should be taken
at distances not further than 4250 m (13940 ft).

Kriging average log-transmissivities were estimated at 84
zones. Figure 3.7 illustrates the zonation pattern of log-

transmissivity in the Calera basin. Size and shape of zones depended
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on the distribution and variability of data. Larger zones were chozen
in area where data were scarce and/or uniform in value. Kriged log-
transmissivities and associated kriging errors are contoured in figures
3.8 and 3.9, respectively. It is important to point ocut that kriged
log-transmissivities estimates are spatial averages over zones and may
differ from point log-transmissivities as determined by aquifer tests.
Regarding the spatial distribution of errors, it is apparent fram the
contour map that the largest values are found along the margins of the
basin where data are scarce indicating that in these areas the relia-
bility of the kriging estimates is fairly low.
Corresponding transmissivity estimates, T" , were computed from

kriged estimates Y"k , and kriging errors e,, by the following equation

(Hines and Montgomery, 1980; Clifton and Neuman, 1982; Fennessy, 1982).

T = EXP[2.303 ¥*, + 0.5(2.303 g,)2] —--—- 22

n

Transmissivity estimates and estimation errors are listed in table
3.2. Transmissivity estimates are shown in figure 3.10. Kriged esti-
mates in the northern and central areas of the basin agree with values
that one may expect on the basis of geological considerations.

However, kriged estimates in the southeastern area are relatively low,
the area consists of gravels and alluvium which are expected to have
higher transmissivity than the estimated. Low kriging estimates in
this area are due in part to the lack of sufficient data which trans-
lates in high errors of estimation and by the influence of the low

transmissivities in the central region.



Contour map of kriged log-transmissivity.

Figure 3.8
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Kriged Tranamissivities and Kriging Errors for Zones

Zone

O WN

26
27
28
29
30

31
32
33

TABLE 3.2

of Calera Basin.

Transmissivity
e /day ft?/day
174.74 1880.89
129.93 1398.55

45.39 488.57

79.87 859.71
248.21 2671.71
284.97 3067.39
197.83 2129.42
100.98 1086.94

38.64 415.92

26.51 285.35

48.04 517.09

81.15 873.49
279.06  3003.77
368.04 3961.55
320.27 3447.36
202.63 2181.09

89.65 964.98

50.70 545.73

71.75 772.31
117.44 1264.11
255.20 2746.95
420.39 4525.04
476.27 5126.53
403.07 4338.60
263.52 2836.51
159.41 1715.88
137.38 1478.75
159.05 1712.00

75.45 812.14
138.08 1486.28
330.81 3560.81
359.78 3872.64
375.62 4043.14

Kriging Errors
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Table 3.2 -- Continued

Zone

35
36
37
38
39
40

41
42

45

46
47
48
49
50

51
52
53
54
55

56
57
58
59
60

61
62
63
64
65

66
67
68
69
70

Transmissivity
m /day ft?/day
355.53 3826.89
295.16 3177.08
220.62 2374.73
203.20 2187.23

50.10 539.27

49.92 537.33

90.44 973.49
153.52 1652.48
154.69 1665.07
219.43 2361.92
255.19 2746.84
245.66 2644.26
210.93 2270.43
117.96 1269.71

81.38 875.97

78.49 844.86
130.50 1404.69
110.42 1188.55
114.56 1233.11
112.76 1213.74
130.75 1407.38
146.85 1580.68
137.74 1482.62
109.29 1176.39

81.82 880.70
152.70 1643.65
141.10 1518.79
141.84 1526.75
135.13 1454.52
109.78 1181.66

71.27 767.14

57.19 615.58

67.39 725.38

96.51 1038.83
125.81 1354.20
184.17 1982.39

73.29 788.88

Kriging Errors
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Table 3.2 -~ Continued

Zone

71
72
73
74
75

76
77
78
79
80

81
82

84

Transmissivity
m /day ft?/day
54.04 581.68
40.61 437.12
126.42 1360.77.
85.58 921.17
72.69 782.43
126.88 1365.73
76.82 826.88
79.49 855.62
112.53 1211.26
157.58 1696.18
119.63 1287.89
125.90 1355.17
151.89 1634.93
115.31 1241.19

Kriging Errors

. .

B8R RBREE RBELS

0000 0O0000O0 0000
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Hydraulic Head

Water level measurements from 1956 and 1985 are available for 50
and 115 wells, respectively in the Calera basin. The data were
provided by the federel agency SARH and are listed in appendix A. 1In
order to have an idea about the distribution of the hydraulic head over
the aquifer 1n 1956, figure 3.11 shows the location of measurement
sites, and a hand contour map was drawn with the available data,
(figure 3.12).

As previously stated, hydraulic head can not be treated as a
stationary process because they are associated with a non constant
drift. Therefore, in order to use the kriging equations, the drift
must be removed first from the data. For that we use an iterative
generalized least square method presented by Neuman, Jacobson and Fen-
nesy (1983).

We started computing the 1956 average and directional sample
semivariograms (figure 3.13). The directional semivariograms were ob-
tained along the N-S, NW-SE, E-W and NE-SW directions; in this aquifer
the hydraulic gradient goes fraom south to north. The sample semi-
variogram along this direction shows a rapid increase with distance
indicating clearly that a drift in this direction is present in the
data. The semivariogram along the perpendicular direction (E-W),
however, remains constant for all distances.

As suggested by Fennessy (1982) residual kriging was carried out
in two steps. In the first one, one estimates the order of the

polynomial drift m(x). In the second step, the estimation of the drift
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Figure 3.13 Directional and isotropic semivariograms of 1956
water levels in Calera basin.
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and the semivariogram of the residuals is refined by accounting for the
correlation among the residuals.

Step one.- Ordinary least squares was used to fit successively
higher order polyncmial trends to the water level data until the sample
semivariogram of the residuals showed a distinct sill. As the degree
of the polynomial was increased, the sill of the average sample semi-
variogram decreased and approached a constant value. In our case, a
first order polynamial produced a residual semivariogram with dis-
tinct sill (figure 3.14). Attempts to fit higher order polynomials
resulted in poorer estimates and did not lead to satisfactory results.
Hence, the first order polynomial was chosen to represent the drift.

Step two.- The semivariogram obtained from the ordinary least
squares procedure was used to start the first iteration of the general-
ized least squares method. New residuals were calculated and a new
residual semivariogram was obtained. This residual semivariogram pro-
duced information for the next iteration. The process was repeated
until the semivariograms camputed at two consecutive iterations were
essentially identical. In our case, three iterations were required
to achieve the conwvergence of the sample semivariogram of the resi-
duals. Figure 3.15 shows the sample semivariogram of the residuals at
each of the three iterations.

The fitted drift was a first order polynamial of the form

m(x) = & + X + 8y

where x and y are camponents of x in two dimensions. The coefficients



Figure 3.14 Sample semivariogram of residual hydraulic heads
in Calera basin based on linear drift determined

by ordinary least squares.
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Figure 3.15 Sample semivariograms of residual hydraulic heads
in Calera basin based on linear drift determined

by generalized least squares.
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a8,, 8, a, were determined to take on values g, = 2052.10; a, = 5.30;
a, = -1.18. The corresponding final residual semivariogram and fitted
spherical model are shown in figure 3.16. The model was validated as
in the case of log-tranamissivity by deleting each data point and krig-
ing that value using the remaining data points. The results of the
validation test are presented in table 3.3. Once the drift and the
semivariogram of the residuals were estimated, residual kriging was
used to obtain hydraulic head estimates at the center of each cell of
the grid shown in figure 3.17. Residual kriging was performed using
the camputer code Geos (Samper,1986).

The kriged hydraulic heads and kriging estimation errors are
listed in table 3.4, and contoured in figures 3.18 and 3.19, respect-
ively. Kriging estimates tend to give smoother contour maps than those
obtained using hydrogeoclogical information. This is true because hy-
drogeological factors such as mountain front recharge are not con-
sidered in the kriging method. In general, hydraulic head estimates
agree with the hand contoured map, although, estimates at the central
and western region were expected to be parallel to the no flow bound-
ary. It should be noted that as in the case of log-transmissivity the
areas where the performance is poorest correspond to areas of highest

kriging errors.
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Figure 3.16 Final sample semivariogram of residual hydraulic
heads and fitted spherical model.
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Table 3.3.- Hydraulic Head validation test results (1956).
a) mean difference between measured and kriged values
N
1I/N ¥ [2(x,) - Z'(xi)] = 0.083
i=1

b) dimensionless mean square error

N
[1I/N X (e;2/0%,;)1*/? = 0.939
i=1

Maximum Likelihood Cross Validation Method

As indicated before the iterative generalized least squares
method ends its iterative process when the sample residual semi-
variogram appears to have converged to a stable shape. However, when
data are limited, the sample semivariogram may lead to suboptimal esti-
mates because of its poor statistical behavior. In other words, con-
vergence of the sample semivariogram does not necessarily means conver-
gence to the true semivariogram. Samper (1986) has proposed a maximum
likelihood cross-validation method to estimate the optimum parameters
P.* of the semivariogram of the residuals. The philosophy of the

J

method consists of minimizing the function:

N N
S=NIn2M0+ Y 1n0?,, + ¥ ( ) -(23)
i=1 i=1

where:
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N, is the number of pairs at which cross-validation is performed.

e, , difference between observed Z(x; ) and kriged values 7z (x, )

5
Oxi- kriging variance of the error e;
S, negative log likelihood function
Actually, the method proposed by Samper is a modification of the
iterative generalized least squares method (Neuman, Jacobson and Fen-
nessy, 1983). Samper proposed that instead of using the sample semi-
variogram as the criterion for convergence one should validate the
semivariogram of the residuals by minimizing S in equation 23 at each
iteration. The optimum parameters obtained at the end of an iteration
are used as an input for the next iteration. The method converges when

the optimum parameters at two consecutive iterations are essentially

identical. The method can better be seen in the following chart.

Identification of drift.
Camputation of the sample
semivariograms of the residuals
obtained with ordinary least square.

Switch to generalized least squares.

Select a type of semivariogram model
and assign preliminary values to its
parameters P;, (8111, range, nugget).

Starting with P,, values, find the
optimum parameters P*;, by
minimizing S.

Use P* ;1 Vvalues for the next iteration
and find the optimum parameter P*J.2 by
minimizing S.



CazpareP:J.l and P*,.
If Py, - P, <€ forallj

Stop the iterative process
otherwise perform another iteration.
Where £ is a given prescribed positive

tolerance.

In our case, the process required four iterations to obtain the
optimum parameters. Figure 3.20 shows the sample semivariograms of the
residuals at each of the four iterations. The final semivariogram of
the residuals obtained with the maximum likelihood cross-validation
method is depicted in figure 3.21. It is clear that the resulting

optimum semivariogram b(P* h) is far apart from the sample semi-

jn~’

variogram b" (h) obtained by performing ordinary least squares. The
coefficients of the drift in this case were found to be

a, = 2057.49 ; a =5.24 ; a, = -1.42

The cross-validation results for the final parameters of the semi-
variogram of the residuals are presented in table 3.5.

Having estimated both the optimal residual semivariogram and the
drift, the next step was to obtain the kriging estimates. The result-
ing water level estimates and its associated kriging errors are listed

in table 3.4 and shown in figures 3.22 and 3.23, respectively.
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Figure 3.20 Sample semivariograms of residual hydraulic heads
in Calera basin based on linear drift determined
by maximum likelihood cross-validation.
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TABLE 3.4

Kriged Hydraulic Head Estimates and Kriging Errors obtained by
the GLS and ML Methods for Nodes of the Calera Basin in 1956 and
1985. Data are given in meters.

Cell Kriged Hydraulic Head Kriging Errors

~ 1956 1985 1956 1985

GLS ML ML GLS ML ML

1 2047.12 2047.41 2053.35 4.85 4.65 3.32
2 2048.11 2048.06 2053.15 3.94 3.70 3.09
3 2048.47 2048.70 2052.65 3.23 2.96 2.52
4 2049.90 2049.95 2053.41 2.72 2.50 2.37
5 2051.83 2052.03 2054.34 2.26 1.98 2.07
6 2054.54 2054.62 2056.87 1.87 1.62 1.73
7 2056.30 2057.03 2059.45 2.01 1.90 1.86
8 2057.77 2058.84 2063.73 3.02 3.12 2.21
9 2052.99 2052.99 2051.92 3.67 3.67 2.64
10 2052.90 2052.96 2047.35 2.65 2.36 2.09
11 2053.11 2053.18 2042.32 1.4 1.68 1.92
12 2053.99 2053.99 2045.61 1.58 1.58 1.58
13 2056.29 2056.34 2034.50 1.23 0.99 1.34
14 2059.91 2059.89 2039.94 0.82 0.59 1.31
15 2062.99 2062.99 2062.84 1.07 1.07 1.49
16 2063.85 2064.55 2061.51 2.35 2.21  1.97
17 2058.08 2058.04 2055.70 2.77 2.55 2.04
18 2057.67 2057.66  2042.88 1.67 1.40 1.54
19 2057.28 2057.28 2038.45 0.6 0.72 1.17
20 2057.99 2057.99 2035.92 0.92 0.92 1.08
21 2059.34 2059.35 2029.76 0.84 0.75 0.91
22 2065.03 2065.02 2032.75 0.91 0.79 1.03
23 2067.99 2067.99 2055.53 1.32 1.32 1.19
24 2069.36 2069.87 2065.72 2,33 2.09 1.83
25 2062.90 2062.84 2055.21 1.81 1.59 1.45
26 2062.33 2062.34 2046.52 1.19 1.10 1.08
27 2060.99 2060.99 2035.04 0.78 0.78 0.94
28 2061.95 2061.95 2034.27 0.86 0.71 0.89
29 2064.99 2064.99 2038.40 0.88 0.88 0.82
30 2068.99 2069.00 2036.41 0.75 0.75 0.96



Table 3.4 -- Continued

Cell

31
32
33
34
35

36
37
38
39
40

41
42
43

45

46
47
48
49
50

51
52
53
54
55

56
57
58
59
60

61
62
63
64
65

Kriged Hydraulic

1956

GLS

2072.46
2074.52
2067.07
2065.99
2066.56

2067.99
2070.63
2074.60
2077.99
2079.71

2072.99
2071.10
2069.57
2071.99
2074.51

2076.99
2080.33
2083.99
2084.68
2078.99

2078.81
2077.68
2076.99
2077.96
2078.99

2082.36
2084.99
2087.68
2079.94
2080.99

2083.12
2083.79
2083.36
2082.99
2083.03

ML

2072.53
2074.94
2067.10
2066.00
2066.61

2067.99
2070.63
2074.58
2078.00
2080.07

2072.99
2071.14
2069.58
2071.99
2074.50

2076.99
2080.29
2084.00
2085.09
2078.99

2078.78
2077.68
2077.00
2077.96
2078.99

2082.34
2084.99
2087.84
2079.90
2081.99

2083.11
2083.79
2083.36
2082.99
2083.03

Head
1985
ML

2061.69
2070.57
2051.91
2045.17
2041.79

2042.53
2047.08
2058.71
2068.92
2073.46

2057.88
2049.19
2051.90
2051.65
2049.32

2054.01
2064.14
2072.62
2073.12
2069.75

2055.39
2061.91
2065.78
2062.99
2061.14

2060.95
2067.49
2075.00
2074.75
2074.63

2061.58
2059.06
2057.53
2072.08
2071.22

Kriging

1956
GLS ML
1.40 1.19
2.36 2.08
1.03 0.81
0.82 0.82
0.71 0.55
0.83 0.83
0.68 0.59
0.78 0.57
1.30 1.30
2.32 2.11
1.58 1.58
0.81 0.63
0.63 0.48
0.76 0.76
0.78 0.70
0.67 0.67
0.76 0.55
1.06 1.06
2.24 2.03
1.96 1.96
1.28 1.12
0.70 0.58
0.95 0.95
0.83 0.67
0.81 0.81
0.89 0.73
0.84 0.84
1.09 0.85
3.24 3.00
1.97 1.97
1.37 1.18
1.03 0.96
0.75 0.53
1.09 1.09
0.85 0.67
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Table 3.4 -- Continued

Cell Kriged Hydraulic Head Kriging Errors
1956 1985 1956 1985
GLS ML ML GLS ML ML
66 2083.99 2083.99 2070.44 0.82 0.82 0.98
67 2086.72 2086.74 2069.89 0.89 0.70 1.09
68 2089.99 2089.99 2072.19 1.02 1.02 1.46
69 2092.00 2092.25 2080.01 1.41 1.14 1.81
70 2084.70 2084.62 2075.21 2.7 2.54 2.30
71 ~ 2085.99 2086.00 2076.32 1.26 1.26 1.98
72 2086.62 2086.63 2065.22 0.71 0.51 1.25
73 2088.40 2088.40 2067.37 0.70 0.55 0.90
74 2088.00 2088.00 2067.20 0.74 0.51 0.72
75 2087.99 2087.99 2077.39 0.90 0.90 0.69
76 2087.62 2087.63 2076.94 0.65 0.47 0.86
77 2087.99 2087.99 2074.75 0.93 0.93 1.08
78 2090.89 2090.91 2079.03 1.36 1.17 1.37
79 2094.99 2094.99 2080.11 1.61 1.61 1.66
80 2097.20 2097.55 2090.91 1.98 1.71 1.89
81 2098.63 2099.14 2103.17 2.74 2.55 2.26
82 2087.99 2088.00 2080.79 2.65 2.65 2.38
83 2088.89 2088.91 2081.07 1.22 1.08 1.81
84 2088.24 2088.25 2075.91 0.68 0.54 1.05
85 2091.15 2091.17 2071.17 0.60 0.45 0.89
86 2091.99 2091.99 2071.51 0.64 0.64 0.65
87 2092.52 2092.53 2075.16 0.72 0.62 0.67
88 2093.33 2093.34 2077.53 0.94 0.77 0.96
89 2093.99 2093.99 2084.05 1.29 1.29 1.08
90 2097.39 2097.33 2092.84 1.64 1.43 1.48
91 2100.99 2100.99 2096.58 1.87 1.87 1.66
92 2102.97 2103.35 2103.38 2.26 1.98 1.83
93 2103.56 2104.04 2118.79 2.92 2,79 2.26
94 2092.99 2093.00 2089.28 1.80 1.80 1.92
95 2093.90 2093.90 2084.55 1.22 1.10 0.90
96 2095.37 2095.38 2083.26 0.8 0.77 0.84
97 2097.87 2097.87 2075.94 0.76 0.67 0.61
98 2098.99 2098.99 2083.00 0.99 0.99 0.79
99 2100.22 2100.30 2086.95 1.11 0.88 0.85
100 2101.62 2101.65 2098.73 1.24 1.02 0.93
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Table 3.4 -- Continued
Kriged Hydraulic Head Estimates and Kriging Errors obtained by

the GLS and ML Methods for Nodes of the Calera Basin in 1956 and
1985. Data are given in meters.

Cell Kriged Hydraulic Head Kriging Errors
1956 1985 1956 1985
GLS ML ML GLS ML ML
101 2104.30 2104.25 2102.23 1.51 1.28 1.28
102 2106.99 2106.99 2105.27 1.65 1.65 1.56
103 2108.33 2108.72 2118.43 2.01 1.80 1.89
104 2099.71 2099.74  2094.87 2.30 2.10 2.05
105 2101.78 2101.76 2093.98 1.56 1.38 1.00
106 2101.99 2101.99 2093.94 1.08 1.08 0.81
107 2104.17 2104.18 2083.94 0.86 0.66 0.64
108 2105.99 2105.99 2093.30 1.12 1.12 0.59
109 2107.82 2107.86 2096.34 0.95 0.76 0.77
110 2108.99 2108.99 2105.33 0.80 0.80 0.88
111 2111.06 2111.02 2112.22 1.12 0.90 1.01
112 2112.99 2112.99 2122.97 1.10 1.10 1.4
113 2105.99 2106.00 2100.88 2.54 2.54 2.02
114 2107.47 2107.44 2101.58 1.50 1.28 1.41
115 2108.99 2108.99 2102.24 0.91 0.91 0.91
116 2110.39 2110.39 2098.03 0.95 0.72 0.79
117 2111.99 2111.99 2106.39 1.13 1.13 0.61
118 2114.90 2114.89 2100.12 0.0 0.77 0.72
119 2115.99 2115.99 2114.03 0.74 0.74 0.82
120 2117.16 2117.14 2128.01 0.0 0.73 0.98
121 2114.07 2114.07 2111.70 1.66 1.48 1.52
122 2114.99 2114.99 2110.44 0.87 0.87 0.99
123 2115.74 2115.76  2110.00 0.87 0.64 0.81
124 2117.07 2117.07 2112.16 1.00 0.84 0.88
125 2118.99 2118.99 2110.90 0.83 0.83 0.87
126 2120.70 2120.70. 2120.42 0.87 0.69 0.93
127 2119.90 2119.90 2119.22 2.26 2.10 1.69
128 2120.91 2120.92 2118.06 1.30 1.13 1.1
129 2120.99 2120.99 2116.03 0.90 0.0 0.95
130 2122.03 2122.02 2118.18 1.00 0.84 0.96
131 2123.99 2123.56 2118.60 0.80 0.80 0.97
132 2124.83 2124.86 2124.25 1.16 0.99 1.09
133 2125.04 2125.05 2123.06 2.92 2.72 1.85
134 2125.99 2126.00 2123.83 1.93 1.93 1.40
135 2126.47 2126.46  2124.13 1.37 1.18 1.37



Table 3.4 -- Continued

Cell

136
137
138
139
140

141
142
143
144
145

146
147
148
149
150

151
152
153
154
155

156
157
158
159
160

161
162
163
164
165

166
167
168
169
170
171
172
173
174

Kriged Hydraulic

1956

GLS

2127.73
2127.99
2129.66
2131.41
2132.89

2130.12
2131.07
2131.99
2132.58
2133.45

2134.99
2136.41
2137.83
2135.13
2136.18

2136.99
2137.57
2138.52
2139.99
2141.59

2142.93
2140.29
2141.55
2142.99
2143.00

2143.67
2144.99
2146.96
2147.99
2148.56

2149.33
2152.03
2153.08
2153.99
2154.91
2157.15
2158.30
2159.29
2160.44

ML

2127.
2127.
2129.
2131.
2133.

2130.
2131.
2131.
2132.
2133.

2134.
2136.
2138.
2135.
2136.

2136.
2137.
2138.
2139.
2141.

2143.
2140.
2141.
2142,
2143.

2143.
2144.
2146.
2147.
2148.

2149.
2151.
2153.
2153.
2154.
2156.
2158.
2156.
2160.

74
99
70
59
25

12
07
99
61
47

99
57
14
14
15

99
59
53
99
62

02
27
52
99
02

69
99
91
99
61

39
92
00
99
95
91
16
29
56

Head
1985
ML

2120.21
2120.70
2127.21
2131.35
2141.64

2128.84
2127.60
2127.35
2125.24
2124.54

2130.18
2135.05
2143.29
2130.54
2131.41

2130.04
2129.55
2130.78
2135.49
2138.07

2146.08
2135.39
2136.48
2137.74
2136.43

2138.93
2140.79
2142.58
2143.43
2143.17

2142.58
2149.34
2150.22
2150.04
2149.30
2163.16
2164.13
2164.05
2165.07

Kriging

1956
GLS ML
1.25 1.18
1.21 1.21
1.49 1.27
2.08 1.76
2.90 2.61
3.63 3.36
2.53 2.28
1.63 1.63
1.09 0.85
1.05 0.82
1.44 1.4
2.37 2.08
3.42 3.31
4.41 4.10
3.18 2.88
2.10 2.10
1.21 1.00
1.12  0.90
1.72  1.72
2.86 2.66
4.05 4.00
5.30 4.99
4.20 3.89
3.23 3.23
2.58 2.40
2.47 2.27
2.92  2.92
5.46 5.17
4.66 4.66
4.14 3.92
4.05 3.77
6.89 6.55
6.20 5.98
5.77 5.77
5.68 5.43
7.50 7.46
7.80 7.69
7.40 7.34
7.30 7.30
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Table 3.5.- Hydraulic head maximum likelihood validation

test (1956).
a) mean difference between measured and kriged values
N
/N Y [(Z(x ) - Z'(x,)] = -0.014
i=1

b) dimensionless mean sguare error
N
[1/N ¥ (2/0%,;)1*/2 = 1.000
i=1

c) negative log-likelihood value

S = 174.81

Water level estimates obtained with the iterative generalized
least squares method are similar to those corresponding to the method
that minimizes the negative loglikelihood function. The iterative
generalized least squares method, however, produced higher kriging er-
rors than those of the maximum 1likelihood cross-validation method,
especially in the central part of the basin. In order to obtain hy-
draulic head estimates for 1985, the maximum likelihood cross-—
validation method was used again due to the fact that yielded lower
residual kriging errors than the generalized least squares method in
the computation of hydraulic head estimates for 1956. Figure 3.24
shows the location of water level measurements corresponding to the
1985 time period. The process of estimation was repeated as previously

described in this chapter.
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Clearly, the 1985 average sample semivariogram shows a rapid
increase with distance indicating that a drift is present in the data
(figure 3.25). Consequently, ordinary least squares was used to fit
successively higher order polyncmial trends to the water level data
until the sample semivariogram of the residuals showed a distinct
sill. A first order polynamial produced a residual semivariogram with

distinct sill of the following form.

m(x) = a + ax + &y

This sample semivariogram was used to start the first iteration of the
generalized least squares method. New residuals were calculated and a
new residual semivariogram was obtained. In this case, the process
required three iterations to obtain the optimum parameters. The cor-
responding final residual semivariogram and fitted spherical model are
shown in figure 3.26. The coefficients of the polynamial representing

the drift were found to be:

a, =2028.32 ; a =4.428 ; a, = 0.392

The cross-validation results for the final parameters of the semi-
variogram of the residuals are presented in table 3.6.

Once the drift and the semivariogram of the residuals were esti-
mated, residual kriging was used to obtain hydraulic head estimates at
the center of each cell of the grid shown in figure 3.17. The kriged
hydraulic head estimates and kriging estimation errors are listed in
table 3.4 and contoured in figures 3.27 and 3.28, respectively. In the

1985 hydraulic head distribution a cone of depression
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appeared in the northern region of the basin. Wells are narrowly-

spaced in this region due to the fact that groundwater resources de-
velopment began in 1956, therefore, as time evolved this region became
the most heavily pumped area in the basin. Regarding the kriging esti-
mation errors, the highest values were obtained in areas where water
level measurements were scarce. Furthermore, inasmuch as more water
level measurements were available along the margins of the basin in
1985, as a result, the 1985 kriging estimation errors were lower in

these regions than those corresponding to the 1956 time periocd.

Table 3.6.- Hydraulic head maximum likelihood wvalidation

test. (1985)

a) mean difference between measured and kriged values

N
/N ¥ [(2(x) - 2°(x)] = -0.055

i=1
b) dimensionless mean square error

N
[1/N Y (e,2/02,;)1*/2 = 1.000
i=1

c) negative log-likelihood value

S = 320.15



CHAPTER 4
SIMULATION OF PRESENT BASIN CONDITIONS

Before a camputer model can be used to evaluate the effects of
future development on Calera basin ground water conditions, it must
first be capable of simulating same known basin conditions.

According to the available data there is evidence of long-term
changes in ground water levels during the period of record. Prior to
the period 1956-1958 the basin was in an undeveloped steady state con-
dition. Then, as time evolved the aquifer was subject to heavy pumpage
conditions, mainly in the northern region of the basin, which caused
the formation of a cone of depression. Therefore, the only means of
testing the model's reliability is to test its ability to simulate the
steady state condition and the prevailing transient state ground water
flow regime. Inasmuch as the aquifer system responds to stress over a
long period of time as a single unit, a two dimensional finite differ-
ence model was chosen to simulate the system. Hence, the Modular Three
Dimensional Finite Difference Groundwater Flow Model (Michael G.
Mc.Donald and Arlen W. Harbaugh, 1984) was used in developing the
model. Construction of the model involves the design of the finite
difference mesh, selection of initial input data, and steady state and
transient state calibration. The calibration procedure consists of ad-
justing model parameters (transmissivity and recharge, in the case of

steady state, and specific yield, in the case of transient state) by
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trial and error until the camputed groundwater table configuration lies
within the interval H'; +/-(Q;. Modeling procedures and results are

discussed in the remainder of this chapter.

Model Devolopment

In general, the results obtained fram a computer simulation
model are only as reliable as the data upon which the model is based.
For this reason, the reliability of the data and assumptions must be
evaluated before modeling begins.

The assessment of available hydrologic data for the present
study, indicates that estimates of the quantity and distribution of
recharge in the mountains areas of the basin are subject to large er-
rors. In addition, an estimate of the specific yield for the entire
aquifer was obtained fram SARH. This estimate may vary in different
zones, therefore, a high uncertainty is involved in the spatial dis-
tribution of the specific yield estimate. According to the writer,
the order of reliability of the available data from the most to the
least reliable, is as follow:

1.- Hydraulic head

2.- Transmissivity

3.~ Pumpage
4.~ Recharge
5.- Specific yield

In developing a model for the Calera aquifer, the area to be

modeled was divided into a uniform grid with each square representing
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4 K? (1.55 Miles?). The following factors were considered in its
design: 1) spatial variations in hydraulic gradients and transmissivity
2) the quantity and quality of the input data. The data base for the
present study is samewhat weak, and does not justify the use of a very
refined mesh. Common practice is to describe the rectangular finite

difference elements as blocks. The center of the block is the node
which is the point in space for which the finite difference equation is
solved. The blocks formed a grid of 25 colums and 15 rows (figure

4.1). There are currently 198 active nodes in the model. Inasmuch as
the groundwater system is most highly stressed during the dry season,

for this reason, drawdowns were determined during this period.

Initial Input Data

The initial values of transmissivity used in the steady state
simulation of the basin are shown in figure 3.10. The transmissivity
distribution was obtained by performing a geostatistical interpo-
lation procedure called Kriging described in chapter three.

Similarly, the hydraulic head distribution was obtained by means
of Kriging in chapter three. The initial values of hydraulic head used
in the simulation process are shown in figure 3.22. Note, that the
geostatistical interpolation procedure provided contour maps of kriging
estimation errors for both transmissivity and hydraulic head estimates,
these estimation errors were used in the calibration process as explain
later in this chapter.

In our model, three types of boundary conditions were considered
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in the Calera aguifer to simulate the natural boundaries, prescribed
head, prescribed flow and no-flow boundaries. Figure 4.1 indicates the
boundary conditions used in the model. The northern boundary was con-
sidered as prescribed head. For modelling purposes and prevent capture
fram the constant head boundary, the boundary was considered far enough
from the well. field located at the northern part of the study area.

The southern boundary is a groundwater divide, flow to the north of
the divide is independent of flow to the south. Here, the divide acts
as an artificial boundary, therefore, the divide was represented by
no-flow nodes. The western and eastern boundaries, The Sierra Madre
Occidental and The Sierra of Zacatecas, respectively, were represented
by prescribed flow boundaries to simulate the mountain front recharge.

Information about historical pumpage was provided by SARH

(1985). In general, most water users do not measure pumpage directly,
estimates were based on power consumption (electrical or gas) and/or
records of the number of hours a pump operated. Pumpage data were
separated into three use categories: agricultural, municipal and
industrial. Each node has the total of these three categories as the
total pumpage for that node. Most of the water pumped from the Calera
aquifer is for agricultural purposes, 90 percent of the total volume.
Next, municipal and industrial use take 8 and 2 percent, respectively.
The historical pumpage from 1956 to 1984 is depicted in figure 4.2. 1In
addition, a monthly pumpage pattern for the year 1984 is shown in
figure 4.3. Analyzing figure 4.3 is clear that 90 percent of the total

volume of water pumped ocurred during April through September.
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This pumpage pattern has been followed by farmers for years due to land
use reasons.

Recharge is an important part of the area's water budget, but
unlike water levels or pumpage, it cannot be measured directly and,
therefore, is difficult to quantify. Recharge varies over the modeled
area depending on 'land use patterns, meteorological conditions, and
aquifer and géologic characteristics. Potential recharge is greater in
areas of high infiltration capacity, such as portions of the mountains
fronts having well defined drainages and alluvial fans, and irrigated
agricultural lands. An estimate of natural recharge was taken from
previous work done by SARH (1980). Little is known about its spatial
distribution, however, the writer assumes that recharge is taking place
along the margins of the Sierra Madre Occidental and Sierra of Zacate-
cas based on the ground water level contours. Thus, the reported re-
charge estimate of 49.00E+06 M /Yr (39.69E+03 AF/Yr) was distributed
equally among nodes which lie on the margins of the Sierra Madre Oc-
cidental and Sierra of Zacatecas. Each of these nodes was assigned as
an initial value a recharge rate of 3122 M3 /day (2.53 AF/day).

Similarly, the initial wvalue of specific yield used in the
transient state simulation was obtained by performing a hydrologic
budget for the Calera groundwater basin done by SARH (1980). The esti-

mate for the entire aquifer was reported to be 0.13.
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Calibration Process

Calibration of the model for steady state and transient state
involved first entering the known data into the model and running the
model to see if it adequately simulate the known system.

Modifications were limited to reasonable ranges for the value of
each parameter. In addition to decisions on modifications of the
model input data involved in the calibration, a decision had to be made
as to when the model was sufficiently calibrated. The criterion to
decide whether the model was sufficiently calibrated was based on the
values of the hydraulic head residual kriging errors of 1985. That
is, the unknown real hydraulic head values at unsample sites were as-
sumed to lie within the interval H', +/- (J;. Where H'; is the kriging
hydraulic head estimate and (j; is the hydraulic head residual kriging
error at each node. Clearly, analayzing the hydraulic head residual
kriging errors, the allowed interval is greater in areas where data is
scarce or unknown than in areas where measurements are available.
Therefore, the calibration process was accepted until simulated hy-
draulic heads at each node lay whithin the previously mentioned

interval.

Calibration Results

An initial calibration run for the steady state was made prior
to adjusting the input parameters. This run was followed by a series

of documented calibration runs. For each subsequent calibration run,
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problem areas were isolated and attempts were made to have the calcu-
lated hydraulic heads at each node to lie within the interval H', +/-
Q.- During the calibration process greatest modifications were made

as expected to recharge. Next, results and contour maps under steady

state and transient state.

Steady State

The calibration run using the transmissivity distribution shown
in figure 3.10 and the assumed recharge distribution yielded a poor
match between computed and kriged hydraulic heads. A few subsequent
runs were made using modified versions of the recharge distribution
with a substantial improvement in results. Once a fairly good match
was obtained, a few modifications were made to the transmissivity dis-
tribution in areas where log-transmissivity kriging errors were
greatest to enhance the calibration. The final steady state hydraulic
head distribution is shown in figure 4.4.

With regard to the flow patterns, the conceptual model of flow
can be easily tested from the contour map and the perspective plots of
the piezometric surface (figure 4.5). Water table configuration re-
sembles the topography of the basin. This implies that the lowlands
are discharge zones and the interfluvial areas are recharge zones.
Tables 4.1 and 4.2 present recharge rates obtained at each node which
lies along the margins of the Sierra Madre Occidental and Sierra of
Zacatecas, respectively. The total recharge rate obtained during the

simulation process is 53.50E+06 M3 /Yr (43.33E+03 AF/Yr). Obviously,
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10 24

Total Sierra Madre Occidental Recharge

Table 4.1

RECHARGE ESTIMATES
(Sierra Madre Occidental)

Recharge Camputed by Model

M /Yr X 10°f AF/Yr
3.8104 3086.42
1.2502 1012.66
1.2993 1052.43
1.2125 982.12
3.6213 2933.25
4.6058 3730.69
4.0583 3287.22
3.1511 2552.39
0.9275 751.27
0.7746 627.42
0.8183 662.82
2,.5951 2102.03
2.7356 2215.83
3.0074 2435.99
0.8505 688.90

34.7189 X 10°

28,122.30 AF/Yr
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Table 4.2

RECHARGE ESTIMATES
(Sierra of Zacatecas)

Recharge Camputed by Model
M /Yr X 10°

0.7079
0.7056
0.8244
3.6882
0.9401
0.6562
3.2592
1.0095
0.8869
0.8343
0.7587
0.4405
3.3939

0.6712

Total Sierra of Zacatecas Recharge

AF/YT

573.40
571.53
667.76
2987.44
761.48
531.52
2639.95
817.69
718.38
675.78
614.54
356.80
2749.05
543.67

18.7766 X 10°

15,209.05 AF/Yr
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since the aquifer is in steady state, the total balance through dis-
charge zones is 1.465E+06 M? /day (1.186E+03 AF/day), which is approxi-
mately equal, whithin the accuracy ranges of the calculation, to the

1.342E+06 M /day (1.087E+03 AF/day) assumed infiltration.

Transient State

A comparison of results between the heads obtained using the two
dimensional model, and the ones obtained by kriging is presented in
figure 4.6. In addition a perspective plot of the piezametric surface
is presented in figure 4.7. Clearly, the maximum differences occured
in areas where data were not available such as the southern and north-
ern region of the study area. According to the hydraulic head residual
kriging error map of 1985 (figure 3.28), the greatest intervals took on
values of +/- 4 meters at the southern and +/- 3 meters at the northern
part of the basin. Whereas the smallest interval took on the value of
+/- 1 meter at the central part of the basin.

A look at the evolution of the piezametric surface after several
years of pumpage confirms the conceptual model of the behavior of the
Calera aquifer. Its hydrogeologic characteristic, namely fairly low
transmissivity and large specific yield, suggest the simulated re-
sults. Clearly, as a result of heavy pumpage and reduction of the
natural ocutflow a cone of depression has formed in the northern region
of the aquifer. The zone of depression of the water table are very
steep and restricted to a small region around the pumping area. The

effects of pumping are limited to a distance of 5 Km (3.11 Miles) from
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the pumping center, after 29 years. Notice, the simulated drawdowns
represent an average over the area associated with each node. Actual
drawdowns in individual wells may be much larger. In terms of flow,
the source of the extracted water are storage and discharge zones.
Initially, most water withdrawn came from storage. As time evolves,
the natural outflow was reduced and some springs became dry. This
provided the .additional source of water to balance the withdrawals.
Therefore, the mass balance at the end of the 1956-1985 period can be
summarized as follow. Inasmuch as the natural outflow became neglible,
then, the total flow out of the aguifer is 293,150 M®/day (237.45
AF/day) produced mainly by pumpage. When the infiltration is sub-
tracted, the total balance out of the system is 146,650 M /day (118.79
AF/day). Obviously, this net balance out of the system is withdrawn
from storage. Clearly, the total balance ocut of the system is almost

twice the recharge rate.

Sensitivity Aanalysis

The purpose of this analysis is to determine the sensitivity of
camputed head values to changes in transmissivity and specific yield
at different points in the model. The results of the sensitivity
analysis provide insights into the reliability of calibrated transm-
issivities and specific yield values.

The Calera model model was analysed for sensitivity in two
ways. One was to multiply specific yield and transmissivity in each

node of the model by the same percentage and observe the effect of this
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change on calculated water levels. The other way was to modify one
parameter in a particular location, while holding the other model par-
ameters and the review parameter in other locations the same as in the
calibration run.

The effects ’of +/- 20% variations in transmissivity or specific
yield thmglmt the model on calculated drawdowns for the period 1856
to 1985 along row 8 are shown in figures 4.8 and 4.9. The sensitivity
of calculated water levels to +/- 20% variations in specific yield or
transmissivity is generally small and dependent on location within the
model. That is, +/- 20% specific yield variations have a larger ef-
fect than +/- 20% +transmissivity in areas where large scale storage
depletion is taking place.

Inasmuch as the specific yield parameter is the least reliable
due to the fact that it was estimated for the entire aguifer from a
hydrologic budget procedure, for this reason, a sensitivity analysis
was performed in particular locations. The methology used for the
specific yield analysis was developed by Boggs (1980). The general
procedure used to measure the relative sensitivity of coamputed heads
to changes in specific yield is outlined below.

First, twelve areas or zones of equal size and shape were se-
lected within the basin model as shown in figure 4.10. The number and
location of zones were chozen to provide a reasonably uniform distribu-
tion over the model with representation of all hydrogeologic condi-
tions. On this basis, square zones, 4 by 4 Km (2.50 by 2.50 Miles) in

area were selected. Next, the sensitivity of each zone was camputed
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separately. Specific yield values within all elements of a given zone
were increased by fifty percent holding the rest of the model par-

ameters constant at their calibrated values. The model was again run
with this data set for a 29 year period to calculate the new 1985 water
levels. Finally, a sensitivity coefficient, Bn, was defined for each
sensitivity zone. According to Boggs the sensitivity coefficient can

be calculated with the following equation

N
Bn= Y h *S for all h 3 0.30 mand n = 1,2,..,N
n=1

where h is the absolute value of the resulting head change at node n,
S, is the area of the subdomain associated with node n, m is the sen-
sitivity zone number, and N is the total number of nodes in the finite
difference grid. Values of normalized sensitivity coefficients, B*,
{(normalized to the lowest B value, i.e B"m = B /B,,) are presented in
table 4.3. A contour map of normalized sensitivity for the model is
given in figure 4.11. The largest normalized sensitivity coefficients
was 2.04 in zone # 3 which is an area of intensive pumping. Further-
more, the sensitivity contour map shows the zone of relatively high
sensitivity extending in an arc fram the northern region, through the
central part of the basin, to the southern basin boundary. Within this
zone, sensitivity is lowest in the Sierra Madre Occidental and Sierra
of Zacatecas, becoming progressively more sensitive in the direction of
the natural outflow, the northern basin boundary.

When considered in the context of hydrologic conditions, the

sensitivity distribution shown in figure 4.11 suggest that sensitivity
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is primarly a function of the dewatering process. Clearly, sensi-
tivity is lowest in areas where little pumpage is taking place.

The results of the sensitivity analysis support earlier state-
ments concerning the calibration of the basin model. That is, except
for the northern cgntral region, errors in specific yield in the upper
land areas have little effect elsewhere. Thus, possible inaccuracies
in the calibration of these areas will not affect pumping simulation
results significantly. The areas of highest sensitivity occur mainly
within the basin lowlands model which is believed to be accurately

calibrated.
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Sensitivity
Zone Coefficient,B

8.8160E+07
1.0712E+08
1.1896E+08
1.0408E+08
7 .3040E+07
1.1600E+08
6.4200E+07
7.3120E+07
8.6720E+07
6.9120E+07
7.0360E+07

5.8200E+07

Table 4.3

Normalized
Sensitivity

Coefficient,B"

1.51
1.84
2.04
1.79
1.25
1.99
1.10
1.26
1.49
1.19
1.21

1.00

SENSITIVITY ANALYSIS RESULTS

Average

Head Change
2.87
1.89
5.01
3.73
1.95
3.60
0.14
0.52
1.60
0.61
0.72

0.15
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CHAPTER FIVE
GROUNDWATER HYDRAULIC MANAGEMENT MODEL

In the previous chapter, a groundwater simulation model was
performed to calibrate the hydrologic parameters of the aquifer. Such
a simulation model is a valuable tool to aid in the decision making
process. Such decisions may include the location of production wells,
pumping rates, and pumping schedules. The camputer model can be used
to determine the effects of the various decisions. However, because
essentially an infinite rmumber of different managements schemes can be
used, it would be impossible to use the model to predict the outcome of
every possible scheme. It is therefore unlikely to arrive at the
optimal operating conditions. The use of systems analysis coupled with
the simulation model provides the basis of a powerfull decision making
tool. Two approaches to couple the groundwater simulation model with
the mathematical optimization model are through the embedding technique
and the response matrix technique. The coupling of these two types of
models forms the management model. The output fram the manage-
ment model will be the optimal operating conditions. It is the
response matrix technique which is applied in this study for the
groundwater management. The response functions are obtained using a
two dimensional iterative ADI program developed by Maddock (1974 a),
and represent the relationship between pumpage at a well and the

induced drawdowns in surrounding wells with time.

98



99
Objective

The growing demand for water in the Calera basin has caused
substantial decline in the water table. In addition, according to the
results obtained from the simulation model, the future for groundwater
supplies in the Calera basin are not favorable unless the groundwater
management dlstrlct of the area make important decisions regarding
their water supply. As a result, the major objective of this chapter
is to illustrate the effects on the aquifer of an efficient groundwater
development scheme which may be effective in the overall preservation
of the future groundwater resources in the Calera basin. Because of
the lack of data regarding the econamics of water allocation, our de-

cisions are primarily based on the groundwater hydraulics.

Response Functions

As previously mentioned, the simulation model is coupled with
the linear programming algorithm by means of the response matrix tech-
nigue. This technique involves determining a set of functions
that relate pumping over time at wells to drawdowns to those wells
(Maddock, 1972). The general form of this relationship is
N,

T O(3.i) B(k,j,n-i+l) --- (5.1)
i=1 j=1

M

s(k,n) =

where: s(k,n), is the drawdown at the point k at the end of the period

of time n; N,, is the number of pumping wells; Q(j,i), is the pumping
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rate at well j during the itP time period; n, is the total number of
periods of time; k, is the two dimensional Cartesian space vector in
the horizontal plane; 8 (k,j,n-i+l), is the response coefficient. The
response coefficient represents the average drawdown in the discrete
cell associated with the k'R observation well at the end of the nth
punping period due to a unit pumpage at the j'P well applied through-
out the i*! pumping period. Inasmuch as the response coefficients are
usually obtained from digital simulation models, equation (5.1)
represents its discrete form. As the response function relates pumping
to drawdown, it is a function of the type of partial differential
equation being used to represent the flow regime, the spatial distribu-
tion of transmissivity, storativity, the spatial distribution of
punping, the homogeneous initial conditions and the type of boundary
conditions. They are independent of pumping rate. However, equation
(5.1) expresses a linear relationship between drawdown and pumping.
This result is obtained only when the partial differential equation
representing the flow regime is linear. In the case of an unconfined

aquifer, such as in the Calera basin, the governing equation is

3 dh 3 - dh dh N,
L-[Kh ---] + 8- [Kh ---] =S, -—— +}  O(F,t)(x-x;) - (5.2)
dx  Ox dY QY 3t  j=1

However, egquation (5.2) is not linear in h. A linear approximation of
equation (5.2) can be produced as follow (Maddock, 1974 b)
3 3s” ds* ds*

d S
SE[T'-—-] + S- [T'e-1 =5, —-- 42T 003, B)(xxy) --- (5.3)
dx dx dY Y ot j=1
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where:

T'=HK
H=1/A J H dA ;A, is the areal extent of the aguifer
s* = 1/H (sH, - 0.5 §2)
then, the initial and boundary conditions are as follow:
initial conditions.-

s =0 at t=0
boundary conditions.
constant head along

s* =0 along [
unperturbed boundary condition along

ds”
—_— = 7
. 0 along r
the error introduced by this linearization is of the order of s/H.
Inasmuch as equation (5.3) is linear, response functions can be ob-
tained using equation (5.1). In practice, the response functions can
be obtained by subjecting a calibrated finite difference model of the
flow domain to unit discharges at each pumping well utilizing known
initial and boundary conditions. The procedure proposed by Maddock is
as follow: a) the domain is discretizes; b) to each cell or node,
values of hydraulic parameters are assigned; c) the boundary conditions
are identified and quantified for input to the model; d) the location
of wells are designated; e) a unit pumpage is assigned to the
first well during the first time step and zero units for the rest of

the time steps, the procedure is repeated for the rest of the wells; f)

the drawdowns calculated at each well in this manner are the response
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coefficients in equation (5.1).

Formulation of the Management Model

In this study an objective function based on the physical cap-
ability of the system is proposed. The model shows the maximum a-
mount of water that may be pumped while mantaining the drawdowns within

reasonable limits. The formulation of the model is as follow:

M N
Max Q=3 ¥ alkn) (5.4)
k=1 n=1
a(k,n) € Q.. (k) for all k and n (5.5)
M
¥ a(k,n) »D(n) for alln (5.6)
k=1
M N
Y ¥ a(j.i) B(k,j,n-i+1) < Ib(k) (5.7)
j=1 i=1

where: Q, is the sum of pumpages of M wells for N time periods; q(k,n),
is the pumpage of well k during period n; Q,.,, is the upper limit well
field capacity of well field k; D(n), is the water demand required for
time period n; b(k), is the saturated thickness before pumpage
started; | , is a value within the interval 0 <]> 1; and |b(k), is the
useable saturated thickness for well k up to the end of period n.
According to this groundwater management model, the objective

function, equation (5.4), tries to find the maximum quantity of pumpage

from M well fields for N time periods. Constraint (5.5) states that
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the quantity of water pumped from the k'*P well field for all n may
not exceed some design capacity, Q ..(k,n). Constraint (5.6) states
that the sum of pumpages from M well fields during any time period
should meet the water demand during any time period, D(n). Con-
straint (5.7) states that the drawdown for the k'P well field may
not exceed a limit, [Ib(k). Clearly, constraint (5.7) considers the
continuity equation that describes the flow regime through the re-
sponse coefficients. The set of equations (5.4) through (5.7) form a
linear programming model that can be solved by any linear programming
package. For each well field and time step there are one unknown,

a(k,n).

Application of the Groundwater

Management Model to the Calera Basin

In order to evaluate the potential pumpage of the Calera aqui-
fer, a number of well fields had to be designated in the area. How-
ever, a management model for the entire aquifer would have been
prohibitively large. In other words, a management model for the entire
aquifer involves camputing response functions at each nodal point of
the grid. As a result, response functions were obtained at selected
nodes according to the following criterion. Inasmuch as the model was
developed for a microcamputer system, the memory of the system had to
be taken into account. In addition, the number of response functions
were restricted by the linear programming package used to solve the

set of linear equations. That is, the linear programming package used
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in our model was the LP88 version 3.12 (Eastern Software Products,
Inc., 1984). This linear programming package can handle efficiently
as many as 255 constraints and 2255 variables and requires at least 128
K bytes of memory. Another factor that affected the number of well
fields was their pumping capacity. That is, each well field represents
the total pumpage fram several real wells in its wvecinity. Therefore,
response functions were obtained at well fields which had a pumping
capacity greater than 141 Lps (5 Ft3/sec). The time horizon considered
in our study consisted in two time steps, each time step consisted in
five years. That is, optimal pumpage policies were obtained for the
periods 1985-1990 and 1991-1995. Thus, considering these factors in
mind, the total number of well fields at which response functions were
coamputed were 63. Figure 5.1 shows the distribution of the chosen
nodes. According to the number of time steps and the number of well
fields; the total number of variables and constraints were 123 and 254,
respectively.

Once the total number and location of well fields were defined,
the response functions were obtained at each well field and for each
time step by a finite difference program developed by Maddock (1974).
The hydrologic parameters such as transmissivity and storativity used
in the finite difference program were obtained fram previous chapters.
That is, transmissivity estimates were obtained from the geostatisti-
cal method called Kriging performed in chapter three; storativity
estimates were obtained from the calibrated simulation model performed
in chapter four. In addition, the calibrated simulation model was used

to generate the steady state hydraulic heads (H,) taking as initial
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Figure 5.1 Locations at which response functions were camputed.
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condition the 1956 water table. In other words, according to egquation
(5.1), s is the drawdown at a particular time and location, therefore,
to calculate the water table configuration at the end of each time step
due to the optimal pumpage policy, one had to consider the drawdown
produced by non-optimal pumpage during the period 1956-1985. That is,
s'+s, where s' is the drawdown produced by non-optimal pumping rates.
Therefore, to obtain the optimal water table at the end of each time
period, one had to superimpose the total drawdown, s'+s, on the steady
state water table configuration. According to the number of well
fields and the number of time steps, the total number of B's coef-
ficients was 7938. Analyzing the response functions, their wvalues
range from 35.7 to 84 sec/M (3.32 to 7.80 sec/Ft?) and 20.6 to 76
sec/M (1.91 to 7.06 sec/Ft?) for the first and second time periods,
respectively. Clearly, the highest values were obtained in well fields
located near o flow boundary conditions or in areas of low transmis-
sivity, whereas the lowest values were found in areas of high transmis-
sivity or storativity.

Having camputed the response functions at each well field and
for each time pericd, the set of linear equations, (5.4) through (5.7),
were solved to obtain the optimal pumping patterns subject to the fol-
lowing management schemes. Three management schemes were considered to
obtain ocur goal. The criteria considered to come up with the three
management alternatives were based on the water demands in the region,
maximum well field capacity and percentage of useable saturated

thickness.
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First management scheme.- Two five years optimal pumpage poli-
cies will be generated for a total time of 10 years. In order to ac-
camplish such "optimal pumpage scheme", water demand for the first five
years was estimated to be 1.2E08 M? /Yr (9.72E04 AF/Yr) and 1.5E08 M /Yr
(1.22E05 AF/Yr) for the second five years. According to some water
management from the region, the southern area of the basin has favor-
able conditions for agricultural purposes. Therefore, water demands
were obtained based on crop consumptive use. Regarding the well field
capacity, the estimate of 227 Lps (8 Ft3/sec) was obtained taking into
account the following facts. As previously mentioned, pumpage from ir-
rigation, mmicipal and industrial wells which laid on the same cell
were added up and assigned to a single well field or node in the grid.
In the process of associating pumpage to each well field, it was found
that each well field camprises in the average five or six wells.
Furthermore, the actual well capacity of a production well for agri-
cultural purpose range from 28.3 to 48 Lps (1.0 to 1.7 ft3/sec). Thus,
it was reascnable to assign a maximum well field capacity of 227 and
340 Lps (8 and 12 Ft3/sec) for the first and second periods of time,
respectively. Inasmuch as the water table has declined 30 M (80 Ft)
during the period of 1956-1985 in the northern part of the aquifer, as
a result, it was necessary to reduce the effects of pumping in this
particular area. Therefore, a 5 percent of the 1984-1985 saturated
thickness is allowed to be deplited during the first and second
periods.
Second management scheme.- Another alternative to obtain the

optimal pumpage policies from these 63 well fields is to consider
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different values for well field capacity and allowable saturated
thickness in constraints (5.5) and (5.7). That is, the well field ca-
pacity for the second period of time is reduced fram 340 to 227 Lps (12
to 8 Ft3/sec). In addition, the 5 percent useable saturated thickness
is increased to 10 percent for the second time period. The reasoning
to increase the useable saturated thickness in the second time period
is based on the fact that, altough 340 Lps (12 Ft®/sec) of well field
capacity in the previous management scheme, the water demand could
not be met by decreasing 5 percent of allowable saturated thickness.
For example, the first time period might have used the total 5 per-
cent to meet its water demand. The water demands for the two periods
of time remain the same.

Third management scheme.- Similarly to the previous manage-
ment schemes, the water demands for both periods of time are kept
without modifications. Likewise, the 5 and 10 percent of wuseable
saturated thickness for both period are unchanged. The only modifi-
cation is the well field capacity for both periods. For instance, the
well field capacity is increased from 227 to 1415 Lps (8 to 50 Ft3/
sec). According to this strategy, the well field capacity is set equal
to a large enough value so that the useable saturated thickness to-
gether with continuity control the maximum allowable pumpage. Further-
more, this strategy provides a criterion to expand agricultural lands.
That is, areas with low pumpage rates should not be considered for

agricultural purposes, but may be considered for industrial purposes.
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Evaluation of Coamputational Results

The purpose of this section is to assess the results obtained in
each management scheme and choose the optimal pumpage policy for the
Calera basin.

First management scheme.- The distributed optimal pumpage poli-
cies for the two periods are listed in tables 5.1 and 5.2 together with
the allowed aquifer saturated thickness, actual saturated thickness
used and well field capacity for each well field. Clearly, in this
policy the water demand for the first period was met, however, the
strategy failed to meet the water demand for the second period of time.
That is, according to tables 5.1 and 5.2, most of the 5 percent of the
useable saturated thickness was exhausted during the first period of
time. As a result, pumping rates were very low during the second peri-
od, and therefore, they did not meet the required water demand. Hence,
based on this fact, the first management scheme to obtain optimal pum-
page policies was rejected.

Second management scheme.- Similarly, results obtained under
this policy are listed in tables 5.3 and 5.4. According to the re-
sults, this strategy was capable of obtaining coptimal pumpage for the
two periods of time. As a result, the total amount of water that can
be extracted fram the 63 well fields under optimal conditions at the
end of the first five years is 1.32E+08 M /Yr (1.07E+05 AF/Yr). The
water demand for this period was 1.2E+08 M3 /¥r (9.72E+04 AF/Yr). On
the other hand, some well fields used their maximum well field capaci-

ty, 227 Lps (8 Ft3/sec), without using the full 5 percent of the
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saturated thickness. Consequently, they are located in areas where
groundwater hydraulic conditions are favorable to agricultural 1land
use, for example, well fields 13, 15, and 20. For the second five
years period, the total amount of water that can supply the well fields
under these optimal conditions is 1.5E+08 M} /¥r (1.2E+05 AF/Yr).
Clearly, the water demand was hardly met, besides, more well fields
were obtained pumping at their maximum capacity without using the 10
percent useable saturated thickness limit. As a result, the capacity
of these well fields could be increased to a 1limit that would allow to
use the full 10 percent saturated thicness bound.

Third management scheme.- In order to find out the maximum pum-—
ping rate at well fields which did not use the 5 and 10 percents of
useasble saturated thickness limit, the well field capacity was in-
creased to 1415 Lps (50 Ft3/sec). Results for both periods are listed
in tables 5.5 and 5.6. The total amount of water that can supply the
63 well fields at the end of the first five years period using 5 per-
cent of saturated thickness is 1.47E+08 M} /Yr (1.18E+05 AF/Yr). The
water demand was exceeded by 2.68E+07 M /Yr (2.17E+04 AF/Yr). The
pumping rates at well fields varied from O to 448 Lps (0O to 15.84
Ft3 /sec). The 5 percent saturated thickness ranged from 5.8 M (19 Ft),
in the northwestern region, to 14.6 M (48 Ft) in the north central
part of the agquifer. For the second five years period, the total
amount of water that can be extracted from the system is 1.7E+08 M? /Yr
(1.38E+05 AF/Yr). The demand for this period was far exceeded by
1.99+07 M3 /Yr (1.61E+04 AF/Yr). The maximum pumping rates fluctuated

within the range of 544 and 100 Lps (19.20 and 3.53 Ft®/sec).
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Similarly, the 10 percent saturated thickness was within the interval
of 30 and 8 M (97 and 39 Ft).

A general assessment of the three management schemes revealed
that the first strategy failed to meet the water demand for the second
period. In other words the 5 percent of useable saturated thickness
was not enough to provide the water to meet the demand. Next, the
second management scheme succeeded in meeting the water demands for
both periods. In addition, some well fields, for example 14, 26, 39,
46, 47 and 53, can be considered inoperatives due to their low pumping
rates during the first period of time. However, they should be
reincorporated to the system to help meet the water demand for the
second period. Clearly, the second management scheme was chosen to
provide the optimal pumpage policies for the Calera aguifer. However,
the third management scheme produced an optimal pumpage policy
that exhausted the total useable saturated thickness. Consequently,
the latter approach can be used as a criterion to increase the well
field capacity at well fields operating under the second manage-
ment scheme but without exhausting the useable saturated thickness.

Once the optimal pumping rates were obtained, the total drawdown
at each well field was substracted from the initial water table con-
figuration of 1956 to obtain the optimal water levels at the end of the
first and second five years time piriods. That is, figures 5.2 and 5.3
show the final water level configuration at the end of 1990 and 1995,
respectively. In an attempt to show the effects on the aguifer of non-
optimal pumping rates, the simulation model was run to obtain non-

optimal water levels at the end of 1990 and 1995. For this purpose,
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the 1985 water demand remained constant for both periods. According to
this criterion, drawdowns may be underestimated at the end of each time
period due to the fact that the amount of water required in 1985 is
less than the water demands considered during the management model.
Figures 5.4 and 5.5 show the non-optimal hydraulic head distribution
at the end of 1990 and 1995, respectively. According to the optimal
hydraulic head distribution at the end of 1990, the cone of depression
in the northern area of the basin increased. In addition, a small cone
appeared in the south central part of the basin. However, the non-
optimal head distribution shows steeper hydraulic gradients and the
cone of depression with much larger radius. According to the hy-
draulic head distribution at the end of 1995, as expected, the radius
of the cones of depression and the hydraulic gradient increased. For
example, heads declined 10 M (32.8 Ft) in the northern area and the
cone of depression increased approximately five times in the south
central area after an increased of pumpage to meet the water demand for
this period. However, by pumping at the non-optimal rates, the results
were not satisfactory, that is, the radius of the cones of depression
were larger than those produced under optimal conditions and the hy-
draulic gradient was steeper in heavily pumped areas. In addition, the
non-optimal heads were obtained as a result of affecting the aquifer
with pumping rates that only met the 1985 water demand. Clearly, the
results showed that the water demand can be met under optimal pumping
rates for the two time periods. However, 5 and 10 percent of the 1985
saturated thickness should be used up. Furthermore, the effects on the

aquifer under optimal stresses help to keep the hydraulic heads at a
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desirable level while meeting the water demands. On the other hand,
non-optimal pumping rates produced drawdowns that were even greater
than the 5 and 10 percent allowable saturated thicknessﬁ while
just meeting the 1985 water demand. As a result, groundwater decision
makers will have to consider this fact in mind for future agricul-

tural, municipal or industrial water allocations.
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OPTIMAL PUMPING RATES ACCORDING TO THE FIRST MANAGEMENT SCHEME FOR

THE FIRST PERIOD. WELL FIELD CAPACITY 227 LPS (8 FTI3/SEC).

WELL

FIEID

> W N

(6]

10

11

12

13

14

15

16

17

OPTIMAL

PUMPING RATES

LPS

201.5

226.2

226.5

226.5

0.0

226.5

0.0

226.5

226.5

226.5

226.5

191.7

226.5

161.4

226.5

216.9

180.1

FI3 /SEC

7.12
7.99
8.00
8.00
0.00
8.00
0.00
8.00
8.00
8.00
8.00
6.77
8.00
5.70
8.00
7.66

6.36

5% SAT.
THICKNESS
M FT

9.4 31
8.8 29
8.8 29
11.5 38
8.8 29
8.5 28
8.5 28
11.2 37
10.3 34
11.5 38
13.7 45
9.4 31
10.6 35
8.5 28
10.9 36
10.9 36
8.8 29

OPTIMAL
DRAWDOWN
M FT
9.4 31.0
8.8 29.0
8.8 29.0
9.5 31.2
0.0 0.0
8.5 28.0
0.0 0.0
10.6 34.9
10.3 34.0
9.5 31.3
8.3 27.5
8.8 28.9
9.0 29.5
8.5 28.0
10.9 36.0
10.9 36.0
8.8 29.0



Table 5.1--Continued

WELL

FIELD

18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36

37

OPTIMAL

PUMPING RATES

LPS

0.0
184.9
226.5
194.2

0.0
226.5
226.5
186.0
161.7
206.4
136.1

0.0

0.0
226.5
188.8
180.3
226.5
186.3
180.6

183.2

FT® /SEC

0.00
6.53
8.00
6.86
0.00
8.00
8.00
6.57
5.71
7.29
4.81
0.00
0.00
8.00
6.67
6.37
8.00
6.58
6.38

6.47

5% SAT.
THICKNESS
M FT

8.8 29
9.1 30
11.5 38
9.1 30
11.5 38
14.6 48
14.6 48
9.4 31
8.8 29
9.1 30
6.7 22
10.9 36
13.7 45
13.7 45
8.8 29
9.1 30
9.1 30
9.4 31
9.4 31
9.4 31

OPTIMAL
DRAWDOWN
M FT
0.0 0.0
9.1 30.0
8.7 28.6
9.1 30.0
0.0 0.0
8.6 28.2
9.0 29.6
9.4 31.0
8.8 29.0
9.1 30.0
6.7 22.0
0.0 0.0
0.0 0.0
8.1 26.7
8.8 29.0
9.1 30.0
9.1 30.0
9.4 31.0
9.4 31.0
9.4 31.0
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FIELD

38
39
40
41

42

45
46
47
48
49
50
51
52
53
54
55
56

57

OPTIMAL
PUMPING RATES
LPS FT% /SEC
226.5 8.00
135.1 4.77
0.0 0.00
0.0 0.00
226.5 8.00
210.6 7.4
174.1 6.15
217.4 7.68
96.0 3.39
0.0 0.00
0.0 0.00
226.5 8.00
226.5 8.00
226.5 8.00
218.6 7.72
0.0 0.00
169.9 6.00
171.8 6.07
178.9 6.32
178.6 6.31

5% SAT.
THICKNESS
M FT

10.3 34
6.4 21
10.3 34
13.7 45
13.7 45
9.1 30
9.1 30
9.7 32
6.4 21
5.7 19
8.5 28
10.6 35
10.9 36
10.9 36
9.7 32
6.4 21
8.2 27
7.9 26
8.2 27
9.4 31

OPTIMAL

DRAWDOWN

M FT
10.3 34.0
6.4 21.0
0.0 0.0
0.0 0.0
8.1 26.8
9.1 30.0 -
9.1 30.0
9.7 32.0
5.5 16.8
0.0 0.0
0.0 0.0
8.0 26.4
9.0 29.7
8.9 29.3
9.7 32.0
0.0 0.0
8.2 27.0
7.9 26.0
8.2 27.0
9.4 31.0
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Table 5.1--Continued

FIELD

58
59
60
61
62

63

OPTIMAL
PUMPING RATES
LPS FT3 /SEC
174.6 6.17
196.7 6.95
205.0 7.24
191.7 6.77
189.4 6.69
226.5 8.00

5% SAT.
THICKNESS
M FT

8.8 29
8.5 28
9.1 30
9.1 30
9.1 30
9.4 31

OPTIMAL
DRAWDOWN
M FT
8.8 29.0
8.5 28.0
9.1 30.0
9.1 30.0
9.1 30.0
9.4 31.0
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OPTIMAL PUMPING RATES ACOORDING TO THE FIRST MANAGEMENT SCHEME FOR

THE SECOND PERIOD. WELL FIELD CAPACITY 340 LPS (12 FT3 /SEC).

WELL

FIELD

O o« 3

10

11

12

13

14

15

16

17

OPTIMAL

PUMPING RATES

LPS’

33.4
16.1
15.3
116.4
170.2
14.4
162.2
63.7
49.3
116.4
229.3
21.8
52.1
5.7
38.5
25.2

10.8

FT3 /SEC

1.18
0.57
0.54
4.11
6.01
0.51
5.73
2.25
1.74
4.11
8.10
0.77
1.84
0.20
1.36
0.89

0.38

5% SAT.
THICKNESS
M FT

9.4 31
8.8 29
8.8 29
11.5 38
8.8 29
8.5 28
8.5 28
11.2 37
10.3 34
11.5 38
13.7 45
9.4 31
10.6 35
8.5 28
10.9 36
10.9 36
8.8 29

OPTIMAL
DRAWDOWN
M FT
9.4 31.0
8.8 29.0
8.8 29.0
11.5 38.0
8.8 29.0
8.5 28.0
8.5 28.0
11.2 37.0
10.3 34.0
11.5 38.0
13.7 45.0
9.4 31.0
10.6 35.0
8.5 28.0
10.9 36.0
10.9 36.0
8.8 29.0



Table 5.2--Continued

WELL

FIELD

18
19
20
21

22

24
25
26
27
28
29
30
31
32
33
34
35
36
37

OPTIMAL

PUMPING RATES

LPS

125.4
16.7
154.9
17.6
138.4
161.9
184.6
17.8
9.9
36.0
15.6
168.5
229.6
157.4
26.6
20.1
20.7
20.1
16.1

15.3

FT3 /SEC

4.43
0.59
5.47
0.62
4.89
5.72
6.52
0.63
0.35
1.27
0.55
5.95
8.11
5.56
0.94
0.71
0.73
0.71
0.57

0.54

5% SAT.
THICKNESS
M FT

8.8 29
9.1 30
11.5 38
9.1 30
11.5 38
14.6 48
14.6 48
9.4 31
8.8 29
9.1 30
6.7 22
10.9 36
13.7 45
13.7 45
8.8 29
9.1 30
9.1 30
9.4 31
9.4 31
9.4 31

OPTIMAL

DRAWDOWN

M FT
8.8  29.0
9.1  30.0
11.5  38.0
9.1  30.0
0.0 0.00
14.6  48.0
14.6  48.0
9.4 31.0
8.8  29.0
9.1  30.0
6.7  22.0
10.9  36.0
0.0 0.0
13.7  45.0
8.8  29.0
9.1  30.0
9.1  30.0
9.4  31.0
9.4 31.0
9.4  31.0
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Table 5.2--Continued

OPTIMAL 5% SAT. OPTIMAL
WELL PUMPING RATES THICKNESS DRAWDOWN
FIELD LPS FT3 /SEC M FT M FT
38 46.1 1.63 10.3 34 10.3 34.0
39 7.1 0.25 6.4 21 6.4 21.0
40 153.2 5.41 10.3 34 0.0 0.0
41 265.0 9.36 13.7 45 0.0 0.0
42 173.8 6.14 13.7 45  13.7  45.0
43 46.4 1.64 9.1 30 9.1  30.0
44 13.3 0.47 9.1 30 9.1  30.0
45 40.8 1.44 9.7 32 9.7  32.0
46 25.8 0.91 6.4 21 6.4  21.0
47 88.3 3.12 5.7 19 5.7 19.0
48 115.2 4.07 8.5 28 8.5  28.0
49 66.8 2.36 10.6 35 10.6 35.0
50 59.5 2.10 10.9 3 10.9 36.0
51 95.1 3.36 10.9 36 10.9 36.0
52 46.7 1.65 9.7 3R 9.7  32.0
53 100.8 3.56 6.4 21 6.4 21.0
54 17.3 0.61 8.2 27 8.2  27.0
55 16.4 0.58 7.9 26 7.9  26.0
56 32.8 1.16 8.2 27 8.2  27.0

57 17.0 0.60 9.4 31 9.4 31.0



Table 5.2--Continued

FIELD

58
59
60
61
62

OPTIMAL
PUMPING RATES
LPS FT3 /SEC
17.6 0.62
44.5 1.57
39.1 1.38
17.6 0.62
34.8 1.23
57.2 2.02

5% SAT.
THICKNESS
M FT
8.8 29
8.5 28
9.1 30
9.1 30
9.1 30
9.4 31

OPTIMAL
DRAWDOWN
M FT
8.8 29.0
8.5 28.0
9.1 30.0
9.1 30.0
9.1 30.0
9.4 31.0
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OPTIMAL PUMPING RATES ACCORDING TO THE SECOND MANAGEMENT SCHEME FOR

THE FIRST PERIOD. WELL FIELD CAPACITY 227 LPS (8 FI®/SEC).

WELL

FIELD

g o W N

N

10

11

12

13

14

15

16

17

OPTIMAL

PUMPING RATES

LPS

201.5
205.5
226.5
226.5
161.9
201.3
185.7
226.5
226.5
226.5
226.5
167.6
226.5

36.2
226.5
217.7

176.6

FT2 /SEC

7.12
7.26
8.00
8.00
5.72
7.11
6.56
8.00
8.00
8.00
8.00
5.92
8.00
1.28
8.00
7.69

6.24

5% SAT.
THICKNESS
M FT

9.4 31
8.8 29
8.8 29
11.5 38
8.8 29
8.5 28
8.5 28
11.2 37
10.3 34
11.5 38
13.7 45
9.4 31
10.6 35
8.5 28
10.9 36
10.9 36
8.8 29

OPTIMAL
DRAWDOWN
M FT
9.4 31.0
8.2 27.4
8.8 29.0
9.5 31.2
7.1 23.4
7.9 26.0
7.3 24.0
10.6 34.9
10.3 34.0
9.5 31.3
8.3 27.5
8.8 28.9
9.2 30.5
3.4 11.4
10.9 36.0
10.9 36.0
8.8 29.0



Table 5.3-- Continued

WELL

FIELD

18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36

37

OPTIMAL

PUMPING RATES

LPS

56.6
182.3
226.5
176.9
216.5
226.5
226.5
195.0

64.2
213.4
136.1
215.7
226.5
226.5
188.8
180.3
226.5
186.8
121.4

192.5

FI3 /SEC

2.00
6.44
8.00
6.25
7.65
8.00
8.00
6.89
2.27
7.54
4.81
7.62
8.00
8.00
6.67
6.37
8.00
6.60
4.29

6.80

5% SAT.
THICKNESS
M FT

8.8 29
9.1 30
11.5 38
9.1 30
11.5 38
14.6 48
14.6 48
9.4 31
8.8 29
9.1 30
6.7 22
10.9 36
13.7 45
13.7 45
8.8 29
9.1 30
9.1 30
9.4 31
9.4 31
9.4 31

OPTIMAL
DRAWDOWN
M FT
3.9 12.9
9.1 30.0
8.7 28.6
9.1 30.0
11.5 38.0
11.1 36.6
9.5 31.2
9.4 31.0
4.5 14.9
9.1 30.0
6.7 22.0
10.9 36.0
10.6 34.9
9.4 31.1
8.8 29.0
9.1 30.0
9.1 30.0
9.4 31.0
6.7 22.0
9.4 31.0
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Table 5.3-- Continued

WELL

FIELD

38
39

41

42

45
46
47
48

49

51
52
53
54
55
56

57

PUMPING RATES

LPS

226.5

0.0
199.6
226.5
226.5
210.6
160.8
217.1

0.0

0.0
150.3
226.5
226.5
226.5
225.3

0.0
162.2
171.8
178.9

178.6

OPTIMAL

FT3 /SEC

8.00
0.00
7.05
8.00
8.00
7.44
5.68
7.67
0.00
0.00
5.31
8.00
8.00
8.00
7.96
0.00
5.73
6.07
6.32

6.31

5% SAT.
THICKNESS
M FT

10.3 34
6.4 21
10.3 34
13.7 45
13.7 45
9.1 30
9.1 30
9.7 32
6.4 21
5.7 19
8.5 28
10.6 35
10.9 36
10.9 36
9.7 32
6.4 21
8.2 27
7.9 26
8.2 27
9.4 31

OPTIMAL

DRAWDOWN

M FT
10.3 34.0
0.0 0.0
10.3 34.0
10.3 34.1
9.5 31.2
9.1 30.0
8.4 27.8
9.7 32.0
0.0 0.0
0.0 0.0
8.5 28.0
9.6 31.5
9.3 30.8
8.9 29.3
9.7 32.0
0.0 0.0
8.2 27.0
7.9 26.0
8.2 27.0
9.4 31.0

124



Table 5.3-- Continued

WELL

FIELD

58
59

61
62
63

OPTIMAL

PUMPING RATES

LPS

174.6
196.7
213.4
189.1
189.4

226.5

FT8 /SEC

6.17
6.95
7.54
6.68
6.69
8.00

5% SAT.
THICKNESS
M FT
8.8 29
8.5 28
g.1 30
9.1 30
9.1 30
9.4 31

OPTIMAL
DRAWDOWN
M FT
8.8 29.0
8.5 28.0
9.1 30.0
9.1 30.0
9.1 30.0
9.4 31.0

125



Table 5.4
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OPTIMAL PUMPING RATES ACCORDING TO THE SECOND MANAGEMENT SCHEME FOR

THE SECOND PERIOD. WELL FIELD CAPACITY 227 LPS (8 FT®/SEC).

WELL

FIELD

B W N

10
11
12
13
14
15
16

17

OPTIMAL

PUMPING RATES

LPS

224.0
226.5
226.5
226.5
226.5
226.5
226.5
226.5
226.5
226.5
226.5
197.1
226.5
226.5
226.5
226.5

173.6

FI3 /SEC

7.91
8.00
8.00
8.00
8.00
8.00
8.00
8.00
8.00
8.00
8.00
6.96
8.00
8.00
8.00
8.00

6.14

10% SAT.

THICKNESS

M FT
18.9 62
17.7 58
17.7 58
23.2 76
17.7 58
17.1 56
17.1 56
22.6 74
20.7 68
23.2 76
27.4 90
18.9 62
21.3 70
17.1 56
21.9 72
21.9 72
17.7 58

OPTIMAL

DRAWDOWN

M FT
18.9 62.0
17.7 58.0
17.7 58.0
16.0 52.6
17.7 58.0
17.1 56.0
17.1 56.0
19.3 63.4
19.1 62.8
16.2 53.3
13.9 45.5
18.9 62.0
17.7 58.1
17.1 56.0
20.5 67.1
21.5 70.5
17.7 58.0



Table 5.4--Continued

WELL

FIELD

18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36

37

OPTIMAL

PUMPING RATES

LPS

226.5
186.6
226.5
187.4
221.1
226.5
226.5
194.2
226.5
226.5
151.2
224.8
226.5
226.5
211.5
193.7
226.5
196.8
226.5

191.1

FT® /SEC

8.00
6.59
8.00
6.62
7.81
8.00
8.00
6.86
8.00
8.00
5.34
7.94
8.00
8.00
7.47
6.84
8.00
6.95
8.00

6.75

10% SaAT.

THICKNESS

M FT
17.7 58
18.3 60
23.2 76
18.3 60
23.2 76
29.3 96
29.3 96
18.9 62
17.7 58
18.3 60
13.4 44
21.9 72
27.4 90
27.4 90
17.7 58
18.3 60
18.3 60
18.9 62
18.9 62
18.9 62

OPTIMAL

DRAWDOWN

M FT
17.7 58.0
18.3 60.0
14.2 46.6
18.3 60.0
23.2 76.0
21.1 69.1
18.3 59.9
18.9 62.0
17.7 58.0
18.3 60.0
13.4 44.0
21.9 72.0
20.9 68.6
18.3 60.2
17.7 58.0
18.3 60.0
17.9 58.7
18.9 62.0
18.9 62.0
18.9 62.0
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Table 5.4--Continued

WELL

FIELD

38
39

41

42

45
46
47
48
49
50
51
52
53
54
55
56

57

OPTIMAL

PUMPING RATES

LPS

226.5
205.3
193.4
226.5
226.5
226.5
194.5
226.5
220.8
191.7
142.1
226.5
226.5
226.5
225.3
217.4
174.1
195.9
205.3

186.0

FT3 /SEC

8.00
7.25
6.83
8.00
8.00
8.00
6.87
8.00
7.80
6.77
5.02
8.00
8.00
8.00
8.00
7.68
6.15
6.92
7.25

6.57

10% SAT.

THICKNESS

M FT
20.7 68
12.8 42
20.7 68
27.4 90
27.4 90
18.3 60
18.3 60
19.2 63
12.8 42
11.6 38
17.1 56
21.3 70
21.9 72
21.9 72
19.5 64
12.8 42
16.5 54
15.8 52
16.5 54
18.9 62

OPTIMAL

DRAWDOWN

M FT
19.1 62.8
12.8 42.0
20.7 68.0
20.3 66.5
18.1 59.4
17.3 56.8
18.3 60.0
18.8 61.6
12.8 42.0
11.6 38.0
17.1 56.0
18.6 60.9
17.7 58.1
16.5 54.2
18.3 60.2
12.8 42.0
16.5 54.0
15.8 52.0
16.5 54.0
18.9 62.0
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Table 5.4--Continued

WELL

FIELD

58
59
60
61
62

63

OPTIMAL

PUMPING RATES

LPS

186.0
226.5
226.5
195.1
217.2

226.5

FT® /SEC

6.57
8.00
8.00
6.89
7.67

8.00

10% SaT.

THICKNESS

M FT
17.7 58
17.1 56
18.3 60
18.3 60
18.3 60
18.9 62

OPTIMAL

DRAWDOWN

M FT
17.7 58.0
17.1 56.0
18.2 59.7
18.3 60.0
18.3 60.0
17.1 56.1
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Table 5.5
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OPTIMAL PUMPING RATES ACCORDING TO THE THIRD MANAGEMENT SCHEME FOR

THE FIRST PERIOD. WELL FIELD CAPACITY 1415 LPS (50 FT®/SEC).

WELL

FIEID

a w» W N

[ RN

10

11

12

13

14

15

16

17

OPTIMAL

PUMPING RATES

LPS

201.5
217.2
231.3
303.2
203.3
214.6
211.8
265.0
234.1
300.7
408.8
197.3
266.1
150.6
238.7
216.3

176.6

FT3 /SEC

7.12
7.67
8.17
10.71
7.18
7.58
7.48
9.36
8.27
10.62
14.44
6.97
9.40
5.32
8.43
7.64

6.24

5% SAT.
THICKNESS
M FT

9.4 31
8.8 29
8.8 29
11.5 38
8.8 29
8.5 28
8.5 28
11.2 37
10.3 34
11.5 38
13.7 45
9.4 31
10.6 35
8.5 28
10.9 36
10.9 36
8.8 29

OPTIMAL
DRAWDOWN
M FT
9.4 31.0
8.8 29.0
8.8 29.0
11.5 38.0
8.8 29.0
8.5 28.0
8.5 28.0
11.2 37.0
10.3 34.0
11.5 38.0
13.7 45.0
9.4 31.0
10.6 35.0
8.5 28.0
10.9 36.0
10.9 36.0
8.8 29.0
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Table 5.5--Continued

OPTIMAL 5% SAT. OPTIMAL
WELL PUMPING RATES THICKNESS DRAWDOWN
FIELD LPS FT3 /SEC M FT M FT
18 159.7 5.64 8.8 29 8.8  29.0
19 182.3 6.44 9.1 30 9.1  30.0
20 330.1  11.66 11.5 38 11.5 38.0
21 176.9 6.25 9.1 30 9.1  30.0
22 0.0 0.00 11.5 38 0.0 0.00
23 425.3  15.02 14.6 48  14.6  48.0
24 410.8  14.51 14.6 48 14.6  48.0
25 195.0 6.89 9.4 31 9.4 31.0
26 161.7 5.71 8.8 29 8.8  29.0
27 213.4 7.54 9.1 30 9.1  30.0
28 136.2 4.81 6.7 22 6.7  22.0
29 289.1  10.21 10.9 3 10.9  36.0
30 0.0 0.00 13.7 45 0.0 0.0
31 412.8  14.58 13.7 45 13.7  45.0
32 188.8 6.67 8.8 29 8.8  29.0
33 180.3 6.37 9.1 30 9.1  30.0
34 237.0 8.37 9.1 30 9.1  30.0
35 186.8 6.60 9.4 31 9.4  31.0
36 180.6 6.38 9.4 31 9.4 31.0

37 192.5 6.80 9.4 31 9.4 31.0



Table 5.5--Continued

WELL

FIELD

38

39

41

42

45
46
47
48
458
50
51
52
53
54
55
56

57

OPTIMAL

PUMPING RATES

LPS

226.5
128.0

0.0

0.0
448.5
210.6
174.1
217.1
113.8
100.8
150.3
317.7
270.4
310.9
225.3
114.4
162.2
171.8
178.9

178.9

FT3 /SEC

8.00
4.52
0.00
0.00
15.84
7.44
6.15
7.67
4.02
3.56
5.31
11.22
9.55
10.98
7.96
4.04
5.73
6.07
6.32
6.31

5% SAT.
THICKNESS
M FT

10.3 34
6.4 21
10.3 34
13.7 45
13.7 45
9.1 30
9.1 30
9.7 32
6.4 21
5.7 19
8.5 28
10.6 35
10.9 36
10.9 36
9.7 32
6.4 21
8.2 27
7.9 26
8.2 27
9.4 31

OPTIMAL

DRAWDOWN

M FT
10.3 34.0
6.4 21.0
0.0 0.0
0.0 0.0
13.7 45.0
8.1 30.0
9.1 30.0
9.7 32.0
6.4 21.0
5.7 19.0
8.5 28.0
10.6 35.0
10.9 36.0
10.9 36.0
9.7 32.0
6.4 21.0
8.2 27.0
7.9 26.0
8.2 27.0
9.4 31.0
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Table 5.5-~-Continued

WELL

FIELD

58
59
60
61
62
63

OPTIMAL

PUMPING RATES

LPS

174.6
196.7
213.4
189.1
189.4

234.7

FT3 /SEC

6.17
6.95
7.54
6.68
6.69
8.29

5% SAT.
THICKNESS
M FT

8.8 29
8.5 28
9.1 30
9.1 30
9.1 30
9.4 31

OPTIMAL
DRAWDOWN
M FT
8.8 29.0
8.5 28.0
9.1 30.0
9.1 30.0
9.1 30.0
9.4 31.0
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Table 5.6
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OPTIMAL PUMPING RATES ACCORDING TO THE THIRD MANAGEMENT SCHEME FOR

THE SECOND PERIOD. WELL FIELD CAPACITY 1415 LPS (50 FTI3 /SEC).

WELL

FIELD

B W N

O 0 N o »

10
11
12
13
14
15
16

17

OPTIMAL

PUMPING RATES

LPS

224.0
222.3
226.5
368.3
192.0
217.7
é05.8
301.0
265.6
361.3
513.3
180.4
265.9
149.2
260.2
222.3

169.6

FI3 /SEC

7.91
7.85
8.00
13.01
6.78
7.69
7.27
10.63
9.38
12.76
18.13
6.37
9.39
5.27
9.19
7.85

5.99

10% SAT.

THICKNESS

M FT
18.9 62
17.7 58
17.7 58
23.2 76
17.7 58
17.1 56
17.1 56
22.6 74
20.7 68
23.2 76
27.4 90
18.9 62
21.3 70
17.1 56
21.9 72
21.9 72
17.7 58

OPTIMAL

DRAWDOWN

M FT
18.9 62.0
17.7 58.0
17.7 58.0
23.2 76.0
17.7 58.0
17.1 56.0
17.1 56.0
22.6 74.0
20.7 68.0
23.2 76.0
27.4 90.0
18.9 62.0
21.3 70.0
17.1 56.0
21.9 72.0
21.9 72.0
17.7 58.0



Table 5.6--Continued

FIELD

18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36

37

OPTIMAL
PUMPING RATES
LPS FT3 /SEC
154.6 5.46
182.1 6.43
416.8  14.72
182.1 6.43
291.1  10.28
375.4  13.26
447.3  15.80
193.7 6.84
163.9 5.79
225.7 7.97
143.3 5.06
188.6 6.66
455.6  16.09
374.3  13.22
205.8 7.27
188.0 6.64
241.5 8.53
190.3 6.72
187.7 6.63
185.7 6.56

10% SAT.

THICKNESS

M FT
17.7 58
18.3 60
23.2 76
18.3 60
23.2 76
29.3 96
29.3 96
18.9 62
17.7 58
18.3 60
13.4 44
21.9 72
27.4 90
27.4 90
17.7 58
18.3 60
18.3 60
18.9 62
18.9 62
18.9 62

OPTIMAL

DRAWDOWN

M FT
17.7 58.0
18.3 60.0
23.2 76.0
18.3 60.0
23.2 76.0
29.3 96.0
29.3 96.0
18.9 62.0
17.7 58.0
18.3 60.0
13.4 44.0
21.9 72.0
27.4 90.0
27.4 90.0
17.7 58.0
18.3 60.0
18.3 60.0
18.9 62.0
18.9 62.0
18.9 62.0

135



Table 5.6--Continued

FIELD

38
39
40
41

42

45
46
47
48
49
50
51
52
53
54
55
56

57

OPTIMAL

PUMPING RATES

LPS

262.7
112.1
289.9
543.6
404.6
246.0
178.4
240.1
115.2
100.0
131.1
256.5
271.0
341.5
256.8
113.3
168.2
172.4
199.0

180.9

FT3 /SEC

9.28
3.96
10.24
19.20
14.29
8.69
6.30
8.48
4.07
3.53
4.63
9.06
9.57
12.06
9.07
4.00
5.94
6.09
7.03

6.39

10% SaT.

THICKNESS

M FT
20.7 68
12.8 42
20.7 68
27.4 90
27.4 90
18.3 60
18.3 60
19.2 63
12.8 42
11.6 38
17.1 56
21.3 70
21.9 72
21.9 72
19.5 64
12.8 42
16.5 54
15.8 52
16.5 54
18.9 62

OPTIMAL

DRAWDOWN

M FT
20.7 68.0
12.8 42.0
20.7 68.0
27.4 90.0
27.4 90.0
18.3 60.0
18.3 60.0
19.2 63.0
12.8 42.0
11.6 38.0
17.1 56.0
21.3 70.0
21.9 72.0
21.9 72.0
19.5 64.0
12.8 42.0
16.5 54.0
15.8 52.0
16.5 54.0
18.9 62.0
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Table 5.6--Continued

OPTIMAL 10% SAT. OPTIMAL
WELL PUMPING RATES THICKNESS DRAWDOWN
FIELD LPS FT® /SEC M FT M FT
58 180.4  6.37  17.7 58 17.7  58.0
59 231.3  8.17 17.1 56 17.1  56.0
60 231.0 8.16 18.3 60 18.3  60.0
61 189.7  6.70 18.3 60 18.3  60.0
62 211.2  7.46  18.3 60 18.3  60.0

63 272.4 9.62 18.9 62 18.9 62.0
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CHAPTER 6
SUMMARY AND OONCLUSIONS

The primary objectives of this study were to: 1) Estimate
log—transndssivities and hydraulic heads given measured spatial data
from the Calera basin, 2) Quantify the uncertainty in estimation, 3)
Develop a groundwater management model which is capable of calculating
the best pumpage policies "optimal” subject to physical constraints.

The first two objectives were accamplished by performing a
geostatistical estimation technique called Kriging, which was used to
estimate log-transmissivities, hydraulic heads and their associated
estimation error. Regarding log-transmissivity, a spherical model was
fitted to the isotropic semivariogram. Although the range is small,
there is a relatively high correlation between transmissivity values
at two close locations. According to the log-transmissivity estimation
kriging errors, the least reliable areas were along the boundaries and
southern region of the basin.

Initial and transient state hydraulic heads were represented by
water levels measured in 1956 and 1985, respectively. Because hy-
draulic head is a non-intrinsic phencmenon, the drift or trend function
had to be determined from the data before kriging could be applied. A
first order polynomial was fitted to the initial and transient state
water level data by using an iterative generalized least squares

procedure. This method allowed for simultaneous determination of the
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trend surface and residual semivariogram. The method required two
steps: 1) ordinary least squares was used to select the order of the
polyncmial used to fit the trend and 2) iterative generalized
least squares was used to calculate the trend and the semivariogram
of the residuals. The second step was repeated until successive semi-
variograms were coincident. Kriging was used to estimate hydraulic
head residuals at grid points over the aquifer. The drift was added to
the kriged residuals to provide total head estimates. Hydraulic head
residual kriging errors were also calculated. Clearly, the
highest errors occured in areas where water level measurements were
not available or scarce. In addition, a cross-validation method using
the maximum likelihood appmach developed by Samper was performed to
the available water level data. Hydraulic head residual kriging errors
obtained by the latter method were lower than those by the generalized
least squares method in the central region of the basin.

Before the groundwater management model was developed, it was
necessary to simulate some known basin conditions. Consequently, a two
dimensional finite difference model was used to simulate actual
conditions on the Calera Basin. The process of simulation was carried
out in two steps. The first step consisted of obtaining the steady
state hydraulic head configuration. The second step involved matching
the camputed transient hydraulic heads with the 1985 kriging hydraulic
head estimates. In obtaining the steady state hydraulic head configu-
ration, the transmissivity distribution fram the Kriging interpolation
technique remained unchanged, while minor adjustments in recharge were

made along the boundaries of the basin. Total recharge was camputed
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using the model to be approximately 53.50E+06 M /Yr (43.37E+03 AF/Yr).
Approximately 65 percent of the total recharge occurs in the Sierra
Madre Occidental and 35 percent in the Sierra of Zacatecas. In the
second step, an average storativity value of 0.13 was used for the
first run. Further modifications were made to the storativity value in
areas where the match between computed hydraulic heads and kriging
hydraulic head estimates was poor. The final values of storativity
were within the interval of 0.1 and 0.2. The hydraulic head residual
kriging errors were used as a criterion to stop the calibration
process. That is, the calibration process was considered to be
satisfactory when the camputed hydraulic heads lay within the interval
H, +/- ;. Conseqguentely, the larger discrepancies between camputed
and kriged hydraulic heads were permitted in areas where water level
measurements were not available or scarce. A sensitivity analysis
performed on the calibrated model suggests that groundwater levels are
most sensitive to changes in storativity than in transmissivity. The
greatest water level changes occured in heavily pumped areas. Conse—
quently, sensitivity is primarly a function of the dewatering pro-
cess.

The third objective of this study was to develop a groundwater
management model based on the use of linear programming and the
response function technique. The model is capable of calculating the
optimal pumpage policy subject to physical constraints of the system.
The application of the management model to the Calera basin was done
for 63 well fields for two time periods, five years each. For the two

time periods, three optimal pumpage policies were generated allowing
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five and ten percent of the 1985 saturated thickness at each well field
to be used up while meeting the water demand during each time pericd.
The water demand for the first and second time periods were set equal
to 1.20E+08 M3 /Yr (9.72E+04 AF/Yr) and 1.50E+08 M? /Y¥r (1.22E+05 AF/Yr),
respectively. The first optimal pumpage policy was generated allowing
five percent to be used up for the two time periods, and a maximum well
field capacity of 227 lps (8 ft®/sec) for the first period and 340 1ps
(12 £t3 /sec) for the second time period. This management scheme failed
to meet the water demand for the second time period. That is, most of
the five percent of the saturated thickness at each well field was used
up during the first period. As a result, the pumping rates during the
second time period were very low. Consequently, in order to meet the
water demand during the second time period, no less than the five
percent of the 1985 saturated thickness has to be used up. Hence, the
second management scheme generated an optimal pumpage policy that used
up five and ten percent of the 1985 saturated thickness during the
first and second time period, respectively. In addition, the maximum
well field capacity was set equal to 227 1lps (8 ftd/sec) for the two
time periods. According to this optimal pumpage policy the water
demands were met during the two time periods. In addition, 29 well
fields did not use up the full five percent of the saturated thickness
during the first time period. The location of these well fields are
primarly in the north central, easterm and southeastern regions of the
basin which have fairly high transmissivity values. However, 9 of the
29 well fields are in the area where greatest drawdowns have occured.

Therefore, it is desirable not to use up the full five percent of the
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saturated thickness to prevent further declining of water levels in
this area. Similarly, in the second time period 25 well fields did
not use up the full ten percent of the saturated thickness. The
location of these well fields were the same as those previously
mentioned in the first time period, except, the well field # 52
that was located in the northwestern region of the basin. Clearly,
based on these results, the system is capable of supplying more water
if the five and ten percent of the 1985 saturated thickness is fully
used up in some regions. Therefore, the purpose of the third manage-
ment scheme was to find out the maximum amount of water that the 63
well fields could pump from the system exhausting the five and ten
percent of the 1985 saturated thickness. The results showed that the
water demand was far exceeded in both time periods.

In order to obtain the effects on the aguifer produced by
non-optimal pumping rates, the simulation model was run using the 1985
punmpage scheme, which would able to provide 89 and 71 of the water
demand at the end of 1990 and 1995, respectively. The results showed
that indeed, the optimal pumpage policy reduced the drawdowns in all
over the aquifer. That is, the drawdown at the end of 1990 in the
north central region of the basin produced by optimal pumping rates was
10 m (32 ft) less than the one produced by non-optimal pumping rates.
Similarly, at the end of 1995, the drawdown in the north and south
central regions of the basin was 10 m (32 ft) less than the one
produced by nonoptimal pumping rates. Therefore, the groundwater
management model proved to obtain an optimal pumping distribution which

may be effective in the overall preservation of the groundwater
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resources in the Calera Basin.

The following conclusions can be made fram this study:

1l.- Kriging is an effective method of estimating spatially
values of tranamissivity and hydraulic head. Kriging has the advantage
over other estimation techniques of providing unbiased linear estimates
with minimum estimation exrror variance.

2.- The quality of the estimate can be judged by the magnitude
of its kriging estimation error. In other words, kriging errors are
largest in areas where data are scarce.

3.- The maximum 1likelihood cross-validation method produced
lower Kkriging estimation errors than the conventional "jacknife"
cross—-validation method.

4.- Kriging estimation errors proved to be a useful criterion to
stop the calibration process. That is, the calibration process was
continued until computed hydraulic heads were within the interval H',
+/- O'i .

5.- Groundwater resources in the Calera Basin are highly over
appropiated. However, water demands at the end of 1990 and 1995 can be
met if five and ten percent of the 1985 saturated thickness is allowed
to be used up.

6.~ In addition, if groundwater resources in the Calera basin
are developed according to the actual non-optimal pumping rates to
meet future water demands, drawdowns will be much greater than the ten
percent allowable saturated thickness limit at the end of 1995.

7.- Areas which may be recamended for further development are

in the eastern and south central regions of the basin. Well fields in
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these areas pump at their maximum capacity without exhausting the five
or ten percent of the allowable saturated thickness.

An option to prolong the life of the groundwater resources in
the Calera Basin is to stop further development in the north central
region of the aguifer. In addition, according to the optimal pumpage
policy, well _fields’ such as # 39, 46, 47 and 53 located in this region
can be shut down over the next five years.

It should be kept in mind that water is not plentiful in the
area and that the actual appropriation is twice the estimated natural
recharge. However, following the proposed optimal pumpage scheme may
help to enhance future development of groundwater resources in the

Calera Basin.
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Transmissivity Data.

TABLE A-1

Recursos Hidraulicos (1980).
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10.80
10.90

11.00
11.15
11.45
11.55
12.00

12.12
11.70
13.45
13.75
13.97

(km)

13.15
12.00
13.40
12.90
17.35

17.55
11.25
13.85
14.85
10.55

15.40
16.85
18.35
15.85
18.20

19.00
19.70
18.00
18.20
16.30

18.25
18.20
12.00
17.70
18.75

18.50
19.55
10.65
19.55
20.50

11.60
18.05
20.50
19.10
17.20

Reported by Secretaria de Agricultura y

Transmissivity

(m? /day)

22.98
35.40
20.74
37.80
417.00

432.24
177.12
374.11
501.12
210.38

346.40
380.18
75.34
148.61
103.68.

54.43
38.62
70.55
31.10
114.91

59.96
59.27
90.72
101.20
329.18

280.28
112.32
53.22
120.10
99.36

135.65
230.62
252.29
88.99
66.53
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Table A-l1--Continued

Well
No

36
37
38
39
40

C41
42
43
44
45

46
47
48
49

X
(km)

13.95
13.95
14.10
14.50
15.30

15.40
15.55
18.27
18.65
22.50

24.00
25.35
27.65
28.75

Y
(km)

16.60
14.72
17.50
19.45
14.37

16.00
14.60
16.85
16.17
16.00

16.37
15.72
13.92
16.05
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Transmissivity
(m? /day)

39.57
22.29
32.83
114.05
56.16

86.40
36.30
61.34
69.98
114.91

93.31
190.08
183.17
189.22



Water level data measured in 1956. Reported by
Secretaria de Agricultura y Recursos Hidraulicos
(1980).
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12.50
12.00

14.65
14.87
15.55
16.95
16.95

11.75
11.80
11.55
11.25
10.45

TABLE A-2

Y
(km)

12.90
16.08
15.45
12.90
13.30

14.40
17.25
18.00
12.30
13.58

15.50
18.00
18.20
20.40
16.03

20.50
12.34
17.75
19.00
17.10

15.73
14.58
19.35
16.02
18.27

17.95
19.25
19.55
18.85
18.13

Water Level
(m)

2059.5
2059.1
2066.7
2070.5
2071.2

2076.4
2068.3
2069.0
2084.5
2080.3

2077.1
2076.5
2081.4
2086.7
2089.7

2087.2
2091.5
2097.2
2095.1
2093.2

2111.6
2114.2
2110.1
2123.7
2120.0

2092.6
2091.5
2090.8
2089.2
2085.9
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Table A-2--continued

Well
No

31
32
33
34
35

36
37
38
39
40

41
42
43
44
45

46
47
48
49
50

X
(km)

8.11
7.70
9.65
10.75
11.15

9.85
7.10
6.60
12.00
13.80

4.85
3.90
13.83
14.35
19.62

19.65
16.00
15.55
16.40

3.00

Y
(km)

17.30
16.43
15.60
15.40
15.90

13.75
14.00
16.14
20.50
18.17

14.35
12.20
15.22
12.60
15.60

17.00
14.35
18.35
16.25
11.00

Water Level
(m)

2070.1
2069.6
2082.4
2087.3
2089.4

2087.0
2072.3
2066.0
2090.1
2102.6

2059.9
2060.0
2108.6
2116.8
2138.8

2136.6
2121.6
2113.6
2120.0
2058.6
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TABLE A-3
Water level data measured in 1985. Reported by

Secretaria de Agricultura y Recursos Hidraulicos,
(1985, personal commumnication).

Well X Y Water Level
No (km) (km) (m)
1 4.00 12.90 2050.5
2 5.08 16.08 2054.8
3 6.43 15.45 2056.7
4 5.90 12.90 2054.5
5 6.55 13.30 2054.2
6 7.95 14.40 2058.4
7 7.70 17.25 2060.3
8 7.25 18.00 2060.0
9 7.95 12.30 2067.5
10 8.00 13.58 2060.3
11 8.60 15.50 2061.0
12 8.92 18.00 2065.5
13 9.45 18.20 2065.4
14 10.83 20.40 2070.7
15 11.35 16.03 2076.5
16 11.42 20.50 2069.2
17 9.40 12.34 2075.5
18 12.60 17.75 2070.2
19 12.50 19.00 2070.1
20 12.00 17.10 2076.8
21 14.65 15.73 2108.6
22 14.87 14.58 2125.2
23 15.55 19.35 2109.8
24 16.95 16.02 2120.5
25 16.95 18.27 2120.6
26 11.75 17.95 2070.6
27 11.80 19.25 2069.5
28 11.55 19.55 2065.8
29 11.25 18.85 2062.2

30 10.45 18.13 2059.9



Table A-3--Continued

Well
No

31
32
33
34
35

36
37
38
39
40

41
42
43
44
45

46
47
48
49
50

51
52
53
54
55

56
57
58
59
60

61
62
63
64
65

X
(km)

8.11
7.70
9.65
10.75

11.15

9.85
7.10
6.60
12.00
13.80

4.85
3.90
13.83
14.35
19.62

19.65
16.00
15.55
16.40

3.00

3.05
3.10
4.60
5.25
5.60

5.10
5.03
5.75
5.08
5.80

6.07
6.10
6.50
7.30
7.05

Y
(km)

17.30
16.43
15.60
15.40
15.90

13.75
14.00
16.14
20.50
18.17

14.35
12.20
15.22
12.60
15.60

17.00
14.35
18.35
16.25
11.00

14.00
17.05
12.40
14.15
15.20

12.04
15.00
14.80
13.01
14.85

14.10
16.08
16.70
12.90
13.10

Water Level
(m)

2058.9
2055.5
2067.4
2076.6
2077.3

2069.0
2050.2
2049.0
2070.9
2085.5

2030.9
2060.0
2110.0
2126.8
2133.8

2127.0
2127.2
2113.7
2115.5
2070.0

2060.4
2054.7
2062.2
2030.9
2033.6

2057.0
2036.3
2032.5
2045.1
2031.7

2036.4
2037.0
2039.1
2062.9
2060.2
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Table A-3--Continued

Well
No

66
67
68
69
70

71
72
73
74
75

76
77
78
79
80

81
82
83
84
85

86
87
88
89
90

91
92
93
94
95

96
97
98
99
100

gx
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21.60
20.20
21.25
17.65
19.30

Water Level
(m)

2040.3
2040.7
2048.5
2055.4
2050.8

2058.2
2070.1
2070.0
2060.7
2070.9

2067.0
2060.4
2079.6
2129.8
2080.1

2080.2
2105.3
2082.5
2115.6
2105.0

2113.1
2119.3
2121.5
2113.7
2125.9

2134.0
2133.7
2146.4
2145.1
2160.2

2147.5
2134.6
2142.3
2120.7
2122.5
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Table A-3--Continued

Well
No

101
102
103
104
105

106
107
108
109
110

111
112
113
114
115

X
(km)

8.00
8.95
8.75
10.90
12.00

12.70
13.65
13.80
14.60
13.95

16.80
15.60
16.00
14.10
15.00

Y
(km)

17.00
17.45
16.30
16.80
18.70

7.65
20.10
19.05
19.80
17.55

17.90
16.10
15.80
14.40
14.20

Water Level
(m)

2059.1
2064.8
2053.0
2075.1
2069.4

2070.6
2088.3
2085.9
2095.7
2087.5

2119.6
2107.0
2112.8
2110.2
2121.4
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