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CHAPTER I

INTRODUCTION

The Ogallala Formation has been used as an aquifer providing a
ground-water resource to farm production and the agriculturally based
industries in the High Plains Province of the United States. The forma-
tion extends from Nebraska to the Texas Panhandle. This study was re-
stricted to the portion of the Ogallala Formation which occurs in .the
Oklahoma Panhandle. Although this aquifier occurs in Cimarron, Texas,
and Beaver counties of the Oklahoma Panhandle, only Texas County is con-
sidered because of the availability and quality of data (see Figure 1).

Geologically, Pleistocene and Pliocene sediments crop out in the
study area. The Ogallala Formation is of Pliocene age. However, be-
cause there is a lack of stratigraphic detail the name 'Ogallala" was
used in. this study to include all Tertiary sediments. These_sediments
can occur either as unconsolidated or semiconsolidated sediments and are
composed of -discontinuous layers of sand, silt, clay, gravel, sandstone,
caliche, limestone, conglomerate, and volcanic ash, Locally the units
are tightly cemented by  calcium carbonate while in other places, they are
very poorly consolidated. These sediments are moderately permeable and
provide a major -source of ground water in the area, The saturated thick-
ness ranges from 300 té 800 feet with an average thickness of 400 feet.
Bedrock units of Mesozoic and Permian age subcrop under the Tertiary

sediments. The bedrock within the study area is composed of .vari-colored
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shale, sandstone, siltstone, and a limited occurrence of thin discontin-
uous gypsum beds, With the exception of Jurassic 'and Cretareous sand-
stones in western Texas County, the bedrock is generally too fine grained
and impermeable to transmit water.  Thus, the bedrock surface forms an
impermeaﬁle‘boundary.at the base of the aquifer in the study area., The
bedrock surface ié characterizéd by moderate topographic relief with
numerous local depressiops which are considered to be bedrock valleys,
The Ogallala aquifer is being subjected to increased water with-
drawals. These withdrawals far exceed the natural recharge, especially
in the Southern High Plains area. The aquifer is beigg mined in this
area and the resulting declines in static water level are becoming criti-
cal. In order to predict these declines in the Texas Panhandle, a mathe-
matical management model was developed by investigators of Texas Tech
University's Civil Engineering and Mathematics departments and of the
High Plains Underground .Water Conservation District No. 1 at Lubbock,
Texas (Sechrist, et al.,, 1970). McClain (1970) is using a similar ap~
proach.to modeling the Ogallala Formation in Kansas:. However, these in-
vestigators (Sechrist, et al., and McClain) are considering the Ogallala“
Formation as a homogeneous unit. Heterogeneous porous materials have
also been considered by researchers such as Nelson and Cearlock.(1967)
as a homogeneous mass in which there is a statistical variation in the
distribution of -aquifer constants. They model the distribution of per-
meability irrespective of vertical variation in the aquifer and use
‘fitting procedures to statistically determine lateral variations of per-
meability. A heterogeneous distribution of permeability has also been
assumed by McMillan (1966) to be homogeneous with a specific range of.

variance.



Research by Frye (1970), Keys and Brown (1970); and Pearl' (1970)
has shown, that the Ogallala Formation is neither homogeneous nor randomly
heterogeneous but rather is discontinuously layered. The importance of
considering layering as it would apply to ground-water flow models is
evident in articles which have appeared since the ﬁeginning ﬁfrthe middle
1960's. The bulk of this research has been restricted to the analysis
of multi-aquifers (several aquifers) or to aquitards between multi-
aquifers. Bredehoeft and Pinder (1968, 1970), Hantush (1967), and.
Neuman and Witherspoon (1969, 1969) have applied mathematical models in-
this manner to nonhomogeneous, anisotropic, and/or leaky artesian aqui-
fers.

Freeze and Witherspoon (1966, 1967, 1968) evaluated the effects of
layering within a single aquifer (with different values of permeability)
on flow net configurations within the saturated zone using the finite
difference technique. and the digital computer. More recently Javandel
and Witherspoon (1969) have extended the layered case to consider the
temporal effects of layered aquifers on drawdown associated with pump
tests and their analysis. Current research concerned with mathematical
;odeling of a single multi-layered aquifer is being conducted by Pinder,
Bredehoeft, and Bennett. They are concerned with the determination of
factors and relationships that govern permeability distribution (includ-
ing layering) which in turn will be useful for predicting permeability
distribution by indirect means, In addition, they are considering how
this information can be applied to mathematical models. However, it is
apparent that no attempt is being made to specifically relate the ef=-
fects of layering on semi-static water level changes which occur during

the dewatering of a single unconfined aquifer over a long period of time,



Thus, this study is an evaluation of how the variation of 'lithology
within an aquifer can affect the rate of dewatering. This variation is-
assumed to be a major factor contributing to the response of mathemati- -
cal ground-water flow models. This would be particularly valuable when
such models are used for pfédicting the time for a given. wWater-level -
change to occur dﬁfing the.dewatefing of .an aquifer. '

The determination of -the relationship between aquifef\cénetan:s~and
declines in static water levels would not.only be useful -in analysis of .
the Ogallala aquifer but also could be applied to layered alluvial -aqui-:
fers (floodplain and terrace deposits, alluvial fan deposits) as well as
to layered basin and coastal plain aquifers. Layered alluvial :deposits
are associated with many of the major streams in.the State of Oklahoma.

Therefore, the major objective of this study was to compare the
response of a modified version of the Texas Tech management model to
multi-layered and homogeneous cases. This was accomplished by making
modifications in the management model which would accommodate the multi-
layered case and the assumption based on the use of weighted-average
values to represent the hydraulic coefficients. Comparisons were sub-
sequently made between the homogeneous and multilayered case using hy-

drographs .and residual maps.



CHAPTER ‘II

DESCRIPTION AND MEASUREMENT OF

AQUIFER CHARACTERISTICS

In constructing the ground-water managemeﬁt model for the Ogallala.
aquifer in Texas County, hydrogeologic data were collected and analyzed.
‘Data were evaluated in order that a basic set of ‘assumptions could be.
determined and adaptations made in the mathematical model. After this:
was achieved, the model was tested and the results tabulated.and plotted.

Most of the well data collected for Texas County were provided by
the United States Geological Survéy. Driller's logs and well data were
on microfilms, Topographic quadrangile maps provided elevation coentrol
with an accuracy of *2 feet in the eastern hglf of Texas County. Water-
level records for Texas County from 1966 to 1970 were obtained from
published data (Hart, 1971).

Layer codes (see FigurenZ) were used to simplify log descriptions
and to provide uniformity in the data. This was achieved by.identifying
the principle grain.sizes. Subsequently the codes were used to.prepare
preliminary isometric diagrams for Texas County and the test area (see
Figure 2). Two maps were also used to represent other hydrogeologic.
aspects of the testﬂarea.(Figufe 1). These two additional maps. include
the water-level map (Figure 3) and the saturated thickness map. (Figure
4).

The isometric diagram was prepared to show the lithologic character-



0 3

-~

Tl

T

” -
undifierentiated sand, clay, catiche.
clay or shale.

.

ine and fine spnd.
same asy uﬁﬂm clay,

- wadium ormiu“tod(.i,u sand.
5ame as 4 wil SR -
 mediom 10 coarse Sand, Cosrse sand,gravel. P
same a8 3 but with clay. H
bedrock. -
undetined.

NelRubeBun
X
L

-

k-

. ¥ 1 -4
6% _ . ‘
%\ ] " b &
N ] H
I

" COOED-LAYER ISOMETRIC' DIAGRAM OF ﬁtz
FIGURE 2. oouyua M. eAR GUVMON, OKLAHOMA

LEGEND
234 Wil nember D Woter lovel
Horizontal scate
1inch : 1 mile
Vertical scale
1inch : 10 feet
Reterence datum 1 3300 fest above S.L.

o

2 :

~ .

v

7‘34' -/

F1g. 2.-Coded~layer isometric dia

Guymon, Oklahoma

BY W.1L00 3-72

gram of the Ogallala Formation near



R15E " RIGE ' R17E
TO6N
5
'5°'5°° A
ey a  Contour interval 10 feet
A n §§>A .
TSN
N _—
A N
A & ,
: T4N
o -
T3N
& Control  points
o 2 a4 e

Fig. 3.-Water-level map of test area (after U.8.G6.8.), March, 1966



1

R15E ) RI1GE R17E

T6N

Contour interval 100 feet

TN

T4N
Scale in miles T3N
0 2 P °

Fig. 4.-Saturated—thickness map of the Ogallala Formation in the
‘test area (after U.S.G.S.), March, 1966




10

istics of the 6gallala aquifer both in Texas County and in the test area.
Preparation of this diagram involved the transformation of coded‘layer
data into a visual three~dimensional diagram. The map grid was skewed
to a 30 degree angle in order to provide a three-dimensional view of the
ground-water system., A reference datum of 3300 feet above sea level was
used with a vertical scalefof 1 inch to 100 feet and a horizontal scale
of 1 inch to 1 mile, Panel diagrams were not  used .to show correlation
between welis because of the apparent discontinuous nature of the layers,

The water-level map was used.to represent the water-table configura-
tion of the test area. All water-level records for March, 1966'were
taken from publiéhed data (from Hart, 1971). A contourinterval of 10 feet
was used, The saturated-thickness map was a modification of omne prepared
by Wood an& Hart (1967). A contour interval of 100 feet was used to
show the distribution of saturated thickness in.the test area..

In order to develop an idealized conceptual model which would repre-
sent the layered character of the Ogallala Formation, a simple statistic-
al study was made showing the frequency of .occurrence of lithology type
and layer sequence. In Texas County, it was found that 37 percent of
the lithelogy is coarse or very coarse sand, 25 percent.is medium sand,
and the remainder.is fine sand and clay. Within the smaller tesﬁ'area,
approximately the same.percentages occur; 45.percent16fﬂthe local lditho~
logy is coarse or very coarse sand; 21 percent is,dédium sand, and the-
remainder is fine sand and clay.~-Results_qf.tﬁeJSégtistical study for
the ‘test area are liéted on Tablé I. . By lumping thinner. units together
on the‘isometric map, a.sequence.of‘finé to .coarse sediments genefallf
occurred -respectively from the water table to the base of the aquifer.

There were 13 from a total of 17 wells within the test area which were



TABLE I

STATISTICAL ANALYSIS OF -LITHOLOGY IN TEST AREA

Layer. Code - Layer Code " Layer Code’ . . Layer Code
Well 2 3 and 13 4 and 14 5 and 15
Number Thickness (Feet) Thickness (Feet) Thickness (Feet) Thickness (Feet)
167 0 0 44 300
173 0 0 92 228
175 15 15 90 232
178 - 105 105 120 55
180 105 105 120 100
181 0 | 375 75 0
183 80 10 ’ 6 25
184 90 135 150 0
186 75 60 © 180 60
187 35 25 74 96
188 15 15 0 375
215 15 90 60 ' 180
216 30 30 ' 60 Q90
219 0 0 15 210
220 155 0 0 280
221 30 0 75 0
225 20 20 0 200
Total -
Thickness 770 1045 - 1161 - 2437

79 l4;3% ° 19.3% ) 21.4% 45%

11
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representative of this sequence. A similar sequence was noted when 75°
of the total number of wells (112) in Texas County were studied. Based
on the distribution of lithology type, it was concluded that only the
medium and céarse sediments should be represented in the ‘model using
this sequence.

Samples of medium to coarse gfained sands were collected from an
outcrop of the Ogallala Formation at a location just west of Guymon. A
generalized cross-sectional diagram of the Ogallala outcrop is shown in
Figure 5, Thg outcrop consisted of a buried sand and gravel channel fill
overlaiﬁ by later Ogallala deposits and the caliche caprock which is-
used ‘as.the upper boundary of the Ogalléla Formation. Although this
channel is relatively small, it is assumed from examining the well logs
that sediments of similar fluvialzofigin.may exist nearer the base of tle
Ogallala. Therefore, sand types at the outcrop.were corisidered to .bhe
representative of the saturated interval and were subsequently used in
the mathematical model (see Figure 5). TFour layers of uniform thickness
were used to describe the mathematical model. Thg-thickness'of.each was
100 feet in order that the total thickness of 400 feet would correspond
with the average . thickness represenﬁed on ‘the saturated—thickness map
(see Figure 4). In order to simplify the model, it was alse assumed
that the layers were homogeneous when extended uniformly in .the lateral
direction. Although this assumption is an over simplification, it was
.consideredvnecessary before more complex models could be developed.

Four sand samples from.the outcrop near Guymon.were identified as
being representative of the A, B, C, and D sands respectively (see Fig-
ure 5), The measured properties of these samples were used.to represent

hydraulic coefficients of the Ogallala aquifer. Sieve analysis-and
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permeability tests were conducted using conventional sieve analysis tech-
niques and a Soiltest model K-670 high pressure permeameter. The A sand
was the finest of the 4 samples and the D sand was the coarsest. Samples
were oven—-dried before testing. A nest of 10 sieve pans were used repre-
senting the following United States Standard Sieve numbers: 10, 18, 35,
45, 60, 70, 80, 100, 140, and 170. The results were plotted as a
cumulative weight percentage (% passing) versus the passing grain size.
The Wentworth Classification for grain sizes was used. The cumulative
curves representing the four sand samples are shown in Figures 6, 7, 8,
and 9., The A, B, C, and D sands were classified as medium; coarse,
coarse, and very coarse sands, respectively, on the basis of the medium
grain size (50% passing). All but the B sand were well sorted.
Permeability tests procedures were those used:by Levings4(1971§§‘
Both constant head and falling head methods ‘were used for the
analysis of each sample, Coefficient of permeability values were com-

puted using the following equations:

L
Constant Head K = %ﬁ 2.1)
where K = coefficient of permeability, cm/sec;
Q =. rate.of discharge, cm3/sec;
L = 1length of sample, cm;
A = area of sample, cm2;
H = pressure head, cm, .
2.3aL H0
Falling Head K = =T loglo-if (2.2)

where K = coefficient of permeability, cm/sec;
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19

a = cross sectional area of pipette, cm2;
L = length of sample, cm;

area of sample,_cmz;

>
(]

T = time of test, sec;

H, = pressure head at beginning of test, cm;

H = pressure head at end of test, cm.

Results are tabulated in Table II. The overall average coefficient
of permeability representing the four samples is 400 gpd/ftg.\ This aver-
age is identical to the coefficient of permeability value which was de-
rived from pump test analysis and used in the original Texas Tech model.
Therefore, the coefficient of permeability values for each sand were con-
gidered to be representative and Were,subsequently used in the modified

management model,

TABLE II

COMPUTED -COEFFICIENT OF PERMEABILITY BASED ON LABORATORY TESTS

Falling Head Constant Head @™~ Mean
Sand Method Method Value
Sample GPD/ft?2 GPD/ft2 GPD/£t2
A 220 . 0 150
B 297 175 236
C 280 475 277
D 870 800 835.
Mean of All 7

Samples 420 380 400

Specific yield values were estimated for each layer. Because an’
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average specific yield value of 0.15 was used previously,inltheéTeXas'

Tech model, it was considered reasonable to assign approximate specific
yield values from which an average value of 0,15 could be obtained, The
sands (A - D) were assigned values of 0.07, 0.11, 0.17 and 0.25 respec-

tively.,



CHAPTER - III

ADAPTATION OF AQUIFER CHARACTERISTICS

TO MANAGEMENT MODEL

Because preliminary geologic and hydrologic data were used, a sim="
plified conceptual model was considered. ' Therefore, the basic assump-
tions used .in the modified version of the managément model were the fol-

i
lowing: -

1) The aquifer is multilayered and is i1deally represented by 4
uniform layers of equal thickness.

2) Each layer ié horizontally homogeneous.

3) The bedrock topography underlying the Ogallala aquifer is con-
sidered to be relatively smooth and slopes approximately 14 feet per
mile in a south-easterly directipn,

4) The bedrock and water table surfaces are approximately parallel,
and .are used as the lower and upper boundaries respectively,

5) Weighted averaged values of permeability and specific yield"
assigned at each time step is a close approximation for the aquifer dur-
ing that particular time period.’

6) There is no recharge or discharge through the bedrock.

7) Recharge and discharge at the surface or boundary of .the study
area are accounted . for by adjustments in pump withdrawal from nodes
nearest anyone of several discharge or recharge. zones.

A hypothetical grid of well nodes was designed and subsequently.

21
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adapted to the study area. Within'this-area,‘24 nodes were ‘assigned
having fixed cocordinates. 1In addition, 17 nédes werée located around
the perifery of the area and were used as an aid in .defining the bound-
ary conditions. The 24 internal nodes were used to divide the study

area into a polygonal grid system. Fhe Thiessen~method}(Linsley, et al.)y
. - ¥

1958), used for averaging the distribution of precipitation, was applied
to the formation of polygons. This involved bisecting lines between
adjacent nodes .and subsequently connecting the .bisectors together to
form 24 polygons within the outer boundary (see Figure 10),

A computer program developed by Lamirand (1971) was used to calcu-
late the surface area of each polygon.as well és the ratio of width and-
length between each common polygon face between adjacent nodes. These
computations were used as part of the input data for the computer pro--
gram. of the management model,

In order to quantitatively adjust the boundary conditions relative
to natural recharge and discharge, adjustments.were made on the pump
withdrawal of each node. A weighted-average method based on.the area of
a polygon was used to account for-irfigation well withdrawal from.each
polygon and to .account for gain or loss of ground water from those poly-
gons which are adjacent to the outer boundary of the grid. Irrigation
withdrawal from each polygon, and natural recharge or discharge.estimateg
are shown in Table III. Total pump withdrawal from.all polygons was
equivalent .to the sum of the pump capacity for .each well within -the grid.
Natural recharge and discharge values at the edge of the test area were
accounted for by nodes.adjacent.to the boundary. The calculation of
natural recharge and discharge included the assumption that an average

coefficient of permeability of 400 gpd/ft2 and an average.saturated
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TABLE III

NODE WITHDRAWAL ADJUSTMENTS

1 2 . 3 ' ‘ 4
Adjusted
Withdrawal#* Boundary . Seasonal.
of : Discharge- Sum* of Withdrawal*
Node Irrigation Wells or Recharge¥® . Columns 1 and 2 (Weighted Average)

1 920 0 920 725
2 1320 0 1320 452
3 400 0 400 580
4 932 0 932 564
5 1602 0 1602 790
6 0 0 0 514
7 ] 0 0 445
8 0 0 0 449
9 0 - 646 ~ 646 666
10 960 - 946 14 1153
11 480 - 270 210 733
12 0 - 224 - 224 282
13 1080 - 445 635 752
14 460 - 916 - 456 962
15 0 101 101 . 739
16 0 336 336" 262
17 400 1346 1746 522
18 440 1952 2392 576
19 880 1216 2090 417
20 568 - 476 1038 736
21 0 0 0 650
22 0 -+ 197 197 319
23 360 © 449 809 491
24 400 612 . 1012 601
Total 11202 14500

*
All units are in acre-ft/0.25 year.

3226

14428

144
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thickness of 200 feet existed at the edge of the grid throughout the en-
tire period of . the dewatering process. The water-table gradient for
segments -on.the grid boundary was estimated using the water—level 'map
(Figure 3). Measureable boundary segments were defined as perimeter .
lengths that are perpendicular to the water-table gradient (parallel to
the water-level.contour lines); Calculation of boundary recharge or

discharge was based .on the following equation:
Q = KaAi (3.1)

where Q = the discharge or recharge in acre-feet;
K = the permeability value express on a seasonal basis in
terms of acre-feet/0.25 year/ftz;
A = the effective cross—sectional area of -the boundary seg-
ment;

i = the gradient perpendicular to the boundary.

The resulting natural discharge and recharge values were propor-
tionately assigned, based on boundary segment length, to the outer most
polygons in the grid and are listed in Table III, Positive and negative -
values represent discharge and recharge respectively. The sum of ground-
water withdrawal.per season from each polygon was obtained by summing
algebraically the estimates of pump discharge and natural discharge
and recharge. This sum was then.divided among polygon nodes depending
on their area (weighted-average metﬁod). These values.for each node are-
shown in Table III as adjusted seasonal withdrawal, The adjusted with-

drawal values were used in the modified computer program.



CHAPTER IV
COMPUTER PROGRAMMING OF ‘MANAGEMENT MODEL

The basic program used in.this study was-originally written by
Weber (1968) and later revised by Sechrist, Claborn, Rayner, and Wells
(1970). The program was subsequently adapted to the 360-65 at Oklahoma
State University by Lamirand (1971). In all preceding uses of the pro-.
gram, the homogeneous case was assumed.CiFn'this study, where the multi-
layered case was also considered, vertical variations of -permeability
and specific yield.values;werehintroduced into the program as a subpro-
gram.j>Additional revisions were made within the main program and in-.
cludea adaptations for modifying boundary conditions and for electronic .
plotting of well hydrographs and residual maps. A simplified flow dia-
gram of the modified program is shown in Figure 1l. Modifications of
the . computer management program were two~fold in purpose:

1) To compare results of the program when applied to two situa-

tions: a homogeneous aquifer and a multilayered.aquifer, .

2) To predict the life expectancy of the Ogallala aquifer within

the test area when treated -as a multilayered aquifer,

There were two types of input data used in the program: data.
initialized within the program and data input by cards. Initialized
data included values of the coefficients of permeability and specific
yield, and elevation above sea level for the top of .each layer.  Either

the homogeneous or the multilayered case could be-used with the selec-
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program
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tion of the appropriate initialized data. Input data by cards included
duration of study or .of dewatering, starting time, coqrdinétes of nodes,
adjusted node withdrawal values, ratios of wid;h~aqd length between
nodes sharing polygon faces,.areas‘of nodes, bottom and top elevations
of aquifer at nodes, and initial water-level elevation of nodes. 1In
this stﬁdy, all input data was considered to be thie same for the four
seasonal periods (Oct.-Dec., Jan.-Mar., April-June, July-Sept.). Defi-
nitions of all terms used in.the program are shown in.the documented
program which is listed in Appendix A, The formats used for punching
the data inputﬁontO‘cards are listed in Appendix ‘B,

The mathematical model was used to define watér~level elevations
with respect to time during the dewatering process. vNew-Qeighted-average-
-values of permeability and specific yield -were introduceéd into the model
before each new time step, Thus, the effectiof'vertical;variation in
lithology on rates of dewatering could be evaluated1wheﬁ{c6mparing the .
multilayered and homogeneous cases. . The water-level elevation at eaéh
node was directly affected by pump withdrawal and flow across polygon.
faces. Based on Darcy's Law anq the concept of continuity, the basic
continuity equation for any one node such as the one shown in Figure.1l2

can be written in the form:

' oh
—Ql_Qz —Q3+ Q4 —Q5 _QP = AS 3t (4'1>
where
Qi = the amount of flow across the ith face during ot time,
Qp =. the net adjusted pump withdrawal during 9t time,
A = the surface area associated with the node,
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S = the specific yield value of the aquifer,
dh = the increment of change in water-level elevation at.the
node during 3t time,

dt - = the period of time represented by time step.

The 3h term of Equation (4.1) is approximated by:

J- J=1
where:
Hi = water-level elevation of the node computed during the.
present time step.
Hi-l = water-level elevation of the node at the end of the pre-

~vious time step.

The amount of flow at the ith face can be defined by Darcy's law:

BEi
R N (4.3)
where:
K, = the permeability value at ith face,

H, = the saturated-thickness at ith face,

W, = the width of the ith face,

i
BEi = the difference between water-level elevations of nodes
sharing the ith face,
Li = the distance between nodes which share fhe ith face..

The Hi term in Equation (4.3) is approximated by the following relation-.

ship:
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H o+
H =——- By (4.4)
where:
Hi = the water-level elevation of the node éoncérned computed
during present time step,
Hi = the water-level elevation of -the adjacent node computed

during present time step,

B, = the bottom elevation of the aquifer at -the ithvface.which

is common to both nodes.

The<8Ei term of Equation (4.3) 1s approximated by:
3E, = H - H (4.5)

Finally, by substituting Equations (4.2), (4.3), (4.4), and (4.5)

into Equations (4.1), the following equation is obtained:

a Hi”+‘ui » Hi - Hi
Kyg) 3-8 "W - ( L, )= %
- (4.6)
Hi - H; 1
= AS ( T )
where in additionm:.
a = the number of faces that the node in concern has.

However, Equation (4.6) represents only one node., If there are X
number of nodes in a grid, it is then necessary to use Equation (4.6)
sequentially for X number of nodes for any one timestep and then.to
solve the equations simultaneously for Hi,_

A relaxation method was. used to-solve the set of simultaneous equa-
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tions in the form of Equation (4.6). This is a numerical—differencing
technique which is often used in solving finite-=difference equations.

The relaxation procedure is used at each timestep. Within each timestep,
water-level elevations of all nodes are adjusted through a series of
iterative steps until the difference between the right-hand side of Eqn.
(4.6) and the Qp term on the left—hand side becomes less than the value
of a specified degree of error (4 acre-feet was arbitrarily used in this-
study). Other terms on the left-hand sdide of the equation should equal
zero when the flow between polygons within the grid boundary are balanc--
ed, Therefore, the difference between the two sides of the question
will theoretically converge to zero. The-adjusted water—level elevations
for all nodes will be introduced into the next timestep and considered

J-1

as the term Hm_ for each nodé.
New weighted—average values of the coefficient of permeability and
specific yield are computed in a subprogram between timesteps. The two

hydraulic coefficients-are averaged using the following equations:

n
2. K M
g = S L4 4.7)
M
151 i
IS, M
g = 1=% i i (4.8).
121 My
where:
n = the number of layers,
Ki = the coefficient of permeability value of ith layer,
S =

the specific yield value of ith layer,
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Mi = the saturated thickness of ith layer.

The term Mi is the difference between the elevation at the base of the
middle point in the grid and the average of the water-level values.
(Hi-lj computed at the end of the previously executed timestep.

An example for computing the new weighted average of the coeffic-
ients of permeability and specific yield can.be cited. It will be as~
sumed that the aquifer has been dewatered from a saturated thickness of
400 feet to 250 feet. The hydrauli¢ coefficients constants used for the

4 layers are the following:

- 2 -
K, = 150 gpd/ft’ s = 0.0
K, = 236 gpd/ft? s, = 0.11
K, = 377 gpd/fe’ 5y = 0.17
- 2 -
K, = 835 gpd/ft’ 5, = 0.25

Layer.1 represents thé top of the saturated aquifer. Assuming the aqui-
fer has achieved a saturated thickness of 250 feet, only layers 2, 3,
and 4 would be involved in the calculation. The weighted-average values
of permeability and specific yield for this hypothetical timestep would

be calculated in the following manner:

K (236 .S 50) + (377 x 100) +‘(835 x»lOO) gpd/ftz
250
2
= 532 gpd/ft’
g (0.11 x 50) + (0.17 x 100) + (0.25 x 100)

250

= 0.19
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Final output from the computer program-of the mathepatical model
was in the form of printed output and included average coefficients of
permeability and specific yield, water-level elevations and accumulative
drawdown values for each timestep, as well as residual water-level values
of selected time periods. These results were also electronically plott-

ed in the forms of hydrograph plots for each node and residual maps for

different time periods.,



CHAPTER V
RESULTS

Two sets of results were obtained from the computer program of the
modified computer—management model., The first set 'included a comparison
of hydrographs representing nodes in both homogeneous and multilayered
cases. In addition, a sensitivity analysis of the coefficient of per-
meability and specific yield was conducted. The second set of results
included predictions of water—level change over time within the test
area near Guymon, Oklahoma.

Comparison of homogeneous and multilayered cases were made using the
original and modified programs respectively. A permeability value of -
400 gpd/ft2 and a specific yield value of 0.15 was used for the homogen-
eous case. Weighted-average values of permeability and specific yield
were int;oduced between timesteps for the multilayered case. An initial
saturated thickness of 400 feet was used in both cases. Accumulative
drawdown over time was extended until the water level of any one node
reaChéd'the,base of the aquifer. Accumulative drawdownvover time was.
obtained in the form of X-Y plots representing hydrographs for each node.

Hydrographs representing the same node for both hqmogeneous‘and
multilayered cases were then overlaid on one another and a residual
curve was drawn which represented the residual difference between the-
two curves. . This was repeated for all 24 nodes. Representative hydro-

graphs are shown in Figures 13, 14, and 15. These plots ‘are representa-
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tive of the upper, central, and lower portions of the grid area .respec-
tively. A significant difference between the homogen;;us and thé multi-
layered cases can be noted in all three hydrographs. The residual dif-
ference is clearly indicated by the residual curve. Envelope curves
were prepared to represent hydrographs for all nodes for both homogene-
ous and multilayered cases. These are shown in Figure 16. Four resid-
ual maps were prepared (Figures 17, 18, 19, and 20) in order to evaluate
the areal variation of the residual differences between hydrographs for
the two cases. An accumulative time period is represented on .each map.
The residual values for the first 40 years (Figure 17) indicates that a
difference of.approximately 6 feet of drawdown occurred between the
homogeneocus and the multilayered cases throughout the area. Similarly,
differences of approximately 18 feet, 39 feet and 66 feet occurred for
periods of 80, 120, and 160 years respectively (see Figures .18, 19, and"
20). The maximum difference of 66 feet occurred at the time whenJany~v
one of the polygons was completely dewatered., The small difference_in
residual values befween‘nodes for any one time period is apparently the
result of the following assumptions: 1) Each layer is uniformally thick
and homogeneous in the lateral directions, and 2) an averaging téchnique
was used for determining the distribution of pump.discharge for each
polygon.

The sensitivity of -the program go the coefficients of permeability
and specific yield was. evaluated by keeping either of the two variablgs
constant throughout the period of dewatering while using the multilayered
case, When specific yield was varied, it was noted that the water—level,

changes were clearly different in the two cases (see Figures 13, 14, and

15). Conversely, the model response was identical to that of the homo-
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geneous case if specific yield was held constant. It was.concluded from
these results that the program is insensitive to changes of the average
coefficient of permeability over time but is sensitive to changes of the
average specific yield over the same period of time.

The area just north of .Guymon (see Figure.l) was.chosen as a test
for the model predictions of water-level change over time because of the
uniformity of saturated thickness and the heavy density of irrigation
wells. Predictions of future water levels were obtained for both homo-
geneous and multilayered cases using an.estimate of the present pump

rate, In the case of a homogeneous aquifer, the minimum life expectancy

of the aquifer was computed to be approximately 300 years assuming no in-
crease in the ground-water withdrawal rate during the dewatering period.
Similarly, dewatering to the base of the aquifer was computed to take
approximately 400 years in the case of the multilayered aquifer,
Residual values representing the difference in water levels between
1966 to 1970 for wells located in the test area were obtained from pub-
lished data\(Hart,'l971); .These data were used for verification of.t@el
model., Residual values of all nodes for the same four year period were
available from printed output for both'hoﬁogeneous and multilayered
cases in the test area. A comparison of these residual values are' shown
on Table IV. Residual values for both'cases are identical because the
same average.values are used for: the coefficlents of permeability and
specific yield in both cases during the initial timestep and because. the
model is insensitive to changes occurring within such a-short period of
time. It .is apparent that not enough recorded ground-water levels are
available for an adequate comparison to be made. Also, the time period -

represented 1s too short for any statistical analysis to be made of .the
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TABLE IV

COMPARISON OF WATER LEVEL RESIDUAL VALUES

"USGS -

Node Homogeneous* Multilayered* Water Level*
Residual
1966 - 1970
1 12.4 12,4 9.6
2 10.1 10.1 22,0
3 6.5 6.5 No Data
4 9.2 9.2 9,2
5 3.0 3.0 8.3
6 9.2 9.2 No Data-
7 5.9 5.9 No Data
8 2,1 2.1 No Data.
9 11.8 11.8 No Data
10 17.2 17.2 No Data
11 8.8 8.8 No Data
12 6.8 6.8 No Data
13 11.3 11.3 6.4
14 6.8 6.8 - 0.9
15 4.5 4,5 No Data
16 3.2 3.2 - 0.6
17 -16.3 -16.3 No Data
18 -38.5 -38.5 10.8
19 - 9.5 -9,5 12.4
20 - 2.3 - 2.3 No Data
21 - 0.1 - 0.1 No Data--
22, 5.4 5.4 No Data
23 3.4 3.4 No Data
24 8.7 8.7 5.4
Average . 2.8 2.8 8.5

*
All units are in feet.
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comparison, It is apparent, however, that the magnitude of the computed

and actual residual values are approximately the same.,’  More recorded:

well data representing a much longer period of record are needed to make-

a valid verification of the model.



 CHAPTER VI
CONCLUSTONS

Results from the mathematical model indicate that~a significant dif-
ference can be obtained when comparing the homogeneous and multilayered
approaches to aquifer management. Therefofe, it can be concluded that"
layering in an aquifer should be considéred in any management model which
will be used for management of the ground-water resource. However, the
assumption that the layers are considered to be of equal thickness and
laterally homogeneous, is as previously stated, an over-simplification.
Before more complex layering can be considered, additional data and fur-
ther ‘modifications in the program will be required. Lateral variations
in lithology may pfoduce results in which the polygons behave more. inde-
pendently resulting in a greater variation in drawdown.at any one time-.
step. Furthermore, ﬁore complex layering may produce results in which
drawdown estimates would occur in the range between the values computed
for the two cases considered in this study, If this can be shown by in-
cluding other variations in the model, the model estimates for the homo-
geneous and multilayered cases might provide an envelope within which
the actual values would occur. By using such an envelope, both conser-
vative and liberal predictions of water-level change.over time .could bg:ﬁ
provided. .

Problems encountered in this study included the following: esti-.

mates of natural recharge and discharge at the boundary of the grid .and

48
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of distributed pump withdrawal, estimation of .the coefficierits of per-
meability and specific yield, and lack of water-lével and borehole data. -
A better definition of boundary conditions could result by.including the
computations of .flow across outer boundaries between timesteps instead .
of using an average value for the entire dewatering period. Thua; new:
estimates of gradient and saturated thickness at the outer boundary.
could be computed for each succeeding timestép:as the aquifer is“beiﬁg
dewatered, Additional data outside of the. grid Boundarvaoﬁld improve .
these estimates. A more accurate estimate of pump withdrawalvshould'npt
be averaged but rather consist of total pump withdrawal from each node:
for only the wells inside of each corresponding polygon. However, this
improvement will require additional pump discharge values and a better
method for estimating them.

Better estimates of the coefficients of permeability and specific
yield can be achieved by 1) laboratory analysis of a greater number of .
field samples from outcrops, 2) laboratory analysis of core samples; and
3) pump test data within the areas being modeled. The logic of using
weighted-average values for the coefficients at each new timestep shouhd
also be verified by simulating pump tests using sand models. Research
using this approach is currently being conducted by R. N. DeVries and
D. C: Kent at Oklahoma State University.

Additional borehole control will be necessary in order to.enhance
verification of the+#model and to more carefully define both vertical and -
horizontal variations in litholegy. If the management model -is to be
used for more accurate predictions, both veFtical and horizontal varia=-.
tions will have to be considered because only vertical variatipns were.

considered in this study.
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The present model has been useful in providing information for the
determination of additional field work and model adjustments., Improve-.
ments of the management model which are based on the above recommenda-
tions.will provide a more accuréte prediction of water—level changes in
layered aquifers. However, in the development of a good aquifer manage-
ment model, social, legal, and economic ‘constraints should to be quanti-
tized and subsequently adapted to the model as additional input 'data,
This will provide the necessary link between mathematical programming
and the application of the model to current and future demands. for

ground water,
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¢ AOS(I)= MET SURFACE FLOW OF NODE{I) AT TIMESTEP (ACRE=FT) c
s AS{T)= ARFA (F POLYGON(I)Y  (AGRES) C
r R{IY= ELEVATICN BREDRNCK AT  POLYGEN INTERFACE(I) (FEET) c
r BL(T)= RENFOCK ELEVATION AT NODE(I) (FEET) c
C COFEFR{1)= PERMEABILITY OF SATURATED MATERIAL,_ UNDER NODE(I) AT  C
r A TIMESTEP (ACRE-FT/TIMESTEP/SQ.FT) C
e DLI)=  THICKNFSS AQUIFER AT POLYGCN INTERFACE(D) (FEET) c
r DHEI,J)=  ACGUMULATIVE NRAWDOWN AT NODE(I)  AND C
r AT TIME  TSTEP{1,I1) (FFFT) o
r EL{T}= ELEVATION 0F TOP 0OF LAYER(I) (FEET)(BATUM= 0.0) c
c H(1)= WATFR TABLE ELEVATION AT POLYGON(I) (FEET) C
r HINIT{I)= INITIAL WATER LEVEL AT NOCE(I) (FEET) C
c HN{T}= IKITIAL WATER TARLFE ELEVATION AT NODE(I)  (FEET) C
r HS(T,JY= WATSE TABLE FLFVATION OF NOGE(I} AT TSTEP(1l,J) (FEET) C
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nQee
one s
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0nse
0059
BIVISE]
I
0Q¢.2
0063
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DO
307
(S et
one o
ng7oe
D071
2072

AT

0074
075
0074/
nprY
I T
2979
nyan
ARER}
A
03>
R
Qe
bHETS
Cas?
NORA
noan
nnng
0941
3002
0.3
ol a2
[$39 X430
I 1
)7
Nk
Qe
cr N
RARES]
107
010
S104
AR RSN
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a1y
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R e T T e T T

YT Y N

R T e T T W N

e

TR e B R

[ Nn Niat

AR TR T S

MODELCIYLNOOEZ (T Y= FLOWPATH EXISTS HRETWEEN CENTER NODFI(I)
AMD ADJACENT NODE NODE2(I)
M1{I},%2(1)= SAME AS NODEL,NODEZ2
NWELLCET}= WELL NUMBER OF NODE(I) )

P(T)= CONSTANT FOR FLOWPATH(I) SO THAT FLOW CAN PBE CALCULATED

PL{T)= PEEMEABILITY QF LAYER(]) (ACRE-FT/TIMESTEP/SQ.FT)
f(I¥= Fiw FROM  INE  PGLYGON TO  ANQTHE® DUFING . ONE TIMESTEP
(ACRE-FTY) . %
©S{1y= VOLUME  OF  WATER ABOVE GROUND SURFACE OF  NODE(I)
(2chr-FT) '
KELAXCIY=  STORAGF CHANGF AT NODE(]) PER TIMESTEP
(ACRE-FT/TIMESTEP) :

RES(IY= HESINYAL EKKOP AT NOGDE(T) AFTER  BALANCING ALL  FLOWS

(BY FINITE OIFFFRENCING) PER TIMESTEP
(COMPARISUN OF VGLUME | OF CRAFT WITH VOLUME
REPWESENTED RY DRAWDOWN FOR EACH NODE &

TIMESTEP)  (ACRE-FT/TIMESTEP)

SOIV=  MET  WITHDRAWAL AT NUBE(T). FOR A TIME STEP (ACKE=-FT)
SCLETY=  <TURAGF COCFFICIENT OF LAYER(I)

SteT)= SHEFACE ELFVATION AT NUPE(I) (FEET)

SUX{I)= SURRACE ELEVATION AT NODE(IY  (FEET)

TSTEO(1,1)= TIME CORRESPOND TO A TIMESTFP  (CALFNDER YEAR)
XWECEY s X COURDINATE  VALUE OF  NODECI)  (MILES)

Y(ly= WIDTH OF FACF/NISTANCE BETWEFEN NGDES

YNANECTY= Y CONRDINATE  VALUF  0F NODE(I)  (MILES)

0 g e g ek Kk OB R 2ROl Bk ROR kol Bk AR SR R Rk R R R R Ok R R K R R

VARTABLE NAMES

sNelsNolaNalalaNeNelalaNalaNaNaNaNeNelasNalaNaNeNa]

la]

C
C
C

: g : : C
AM=  AVTRAGE  WATEX TABLE FLEVATION FCF A PARTICULAR TIMESTEP (FEETC

AT=  AVELAGE  SAT, THICKNESS OF AQUIFER AT A PAPTICULAR TIMESTEP

REL=  ZSKC NATUM & TOP  OF  BEDROCK
(NEEFAS  FIEID  PERMEABILITY FOR A PARTICULAP  TIMESTE
DFLTA= TIMISTEP PR 10N (YEAR)
FURGR = CLUSURE  ALLOWAMCE  FOP A TIMESTEP  (ACRE~FT)
ITER=  NUMBEY OF [TE2ATIONS OONE
LIST= NUMEER (F  YEARS OF STUNY
LMAX=  NUMBER  CF  FLOWPATHS AT POLYGON INTERFACES
MAJIP=  NUMRTR  NF  TIMESTEPS  WITHIN A YFAR
MEGS = FIR(W  MESSAGE
MIvits  MUNEER  OF MINAOR. TIMESTEPS WITHIN  MAJOR
MaAds  TOTAL O NUMAER  DF TIMESTEPS TO  RE  PERFURMED
MMAY=  MIMPEC  OF GELLS  UNDEK  STUDY
$K=  NAME  CF SUHEr O50AM T COMPUTE  AVERAGE COEFFA & SY

FOR A TIMESTED
SY=  STTRARL (ONEFFICIENT ik SPECIFIC  YIELD

Ev & PARTICULAS  TIME  PERTAN :
TIM = JNITIAL  TIM:STEP (CALENDER YEAR)

T2= FIMST TIMESTEP  (CALFNOSR YEAR)

ALY ATHEL  INTEGER R REAL  VARIABLF NAMES= COUNTERS

SRR TR RO R R AR AR R R Rl R R R R R R AR R R R G
DEAEMSION AS(24)2HI24),PLI4Y,S0L14Y,AQ(24)4EL(4),A(24)

[«

laXsXaEsieXsEsNeNsNeNoRsNaNeNalaNeKe NeNaNel
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CART

n1ne ATMENSTION SU24) 4COFFF(24),0S8(24)4HD{24),Y{106),C(106),SLX{24)

0110 DIMENSTON NUDIL(108),NADE2{106) (R(106),0(106),P {106}

01l DTENSION N1{106) N2{105) :

0112 NIMENSTICN HINIT(24)

ni12 DIMENSION DL(24) 4350 026) ,RELAX(24) yRES(24)

0114 OTMENSTON XNUDF (44) s YNIDE (44 )y NWELLC (44),005(24),0RY(24)

o11. DIMENSINN TSTEP (1415200 4DH(24,1520),HS{24,1520)

0lle {7 deate e ofe ste s e ok 2 o ofe ok o o 2 o ko ool e ol o K ok ko okl g o g ok koK R kR Rk kR ko kR R Tk kR Rk KKK
0117 ¢ C
nris ¢ INITIALIZED INPUT DATA c
orre CARD TSPHT DATA : C
2120 © DATA PPEPACATICON FOR MODEL ¢
0171 ¢ : ‘ c
D122 Xgickrddsddht ik aiokkokk ki hiokfhkkkkokhkkhr kg rtoh i kk kkk Rk ko k kkhkkkdokikk kgl
0173 PLI1)=0,0420225%

9174 PLEZY=0, 06615

01:F PE(3)=0,105561¢5¢

01,6 PL(4)=0,233C0400,

0127 SCL{1)=C.07

0174 SCLE21=0,11

012¢ SCIL{3)=0.17

0130 SCL(4)=0.725

21721 SLL1Y=600.0

Y, EL(2)=300,0

nian TLE3Y=R00.0

013a Ti{e1=120.,0

0125 PEL=0.0

PIRES KK=1

’ ¥HK=1

kKA=1

0124 K=l

0140 1778 =0

0141 DATA LMAX,4MAX /106,247 e

01e? PTAN(S, 10T )L IST W MAYNR,MINOR 0

N1az wMs] LG T ML JO

ni44 ARS8, 102 EEe L TIME Cj)

0148 Y1211 T=1,MMAX !

Nien REAP(S5,1212) XNODFE(T) JYNGDF(T ) NWELLC(]) é%

0147 TS CANTINUE

D149 n 131 Me],MMAX {2;

Dia0 171 REAN(S,14)N1(M) ,40(M)

niag -

0151 € (1K 38T Fad (ORKECT DONER

nie? ¢

0182 NN 140 M=) ,MMAX

018e TEIMT(M)=NWELLE(M)) 1239, 160,139

015% The Megg =y

npee PT=p1(n)

n1s7 117=%

D18R JI=NWELLC M)

01e9 < ERBESS

e €

O1st ¢ BECCATE =1 FECD DATA FOE A WELE NOY IN CL2SS € R CUT OF ORDER

DI r



CARD
0143
0l44
0165
0les
(¥4
Dl&w
016G
0170
0171
0172
0173
0174
0175

0176

0177
or17¢#
o170
a1%0
ore)
0187
0183
0184
01 RS
olae
01r7
019R
018
Q12n
010l
Qle-
01092
Ol')l.
n1as
0196
Q1e?
nlee
Q179
0200
0201
0232
0203
N2 04
020%
0206
0207
020¢%
0209
0210
0211
0712
02112
0214
9215

PEANY

0000000001ll!lllll12222222222333333333344444444445555555555666666666677777777778
1734567890122456TR30173456789012345678901234567890123456789012345678901234567890

140

640
15

-

A0/80 LIST

60 TN 10000

CONTINUF

DELTA=1./FLOAT(MAJOREMINOP)

NO 15 M=1,MMAX

TECAD (M) 1640,15,15

A0(MY= AD(N)E.2 A

AQIM) ==AQ( M) 7

PEAD(5,100) (NDDEL(L),NODE2 (L) »¥{L),L=1,LMAX)

PEAD(5,104) (NT(M),BLIMI oSLUM) yAS(M) yH{M) ,M=1, MMAX)

CALL SK{ASyHy PLySCLyBL yCOEFFA,BEL \KKy TIME o ITER JEL 4 A)

r (HELCK FNR DT NF (RDER CARDS

106

ANND

10°¢

103
aqg
qa8

-~

98%
APk
f)g"

W

1900

YYD

1100
11058

DO 105 M=] ,MMAX
IFINI(M)-NWELLC{M}) 106, 105,106
MESS =2

TT=NY1 (M)

T1l=M

JJ=NWELLC (M)

JaJd=M

MESSAGE=2 PHYSTICAL WFLL DATA FOR A WELL NOT IN CLASS C OR OUT OF ORDER
WFLL WAS FEAD

TGO TN 10000

CANT INUE

DO 1073 . M=],MMAX
CREFF{M)=CNFFFA
N0 €S8 M=] MMAX
SLX(M)=SL(M)

IDENTIFY THE PNSITINN IN THE NWELLC ARRAY OF THE WELL NUMBERS IN THF NODE1
ANN NODS2 ARRAYS. STORE THIS POSITION NUMBER IN N1 AND N2

N0 1400 M=1,LMAX

1F{M=-1)929),99C, 985

IF{NIPDELIM)-NCDET (M=1))990,586,990
M1{M)=N](M=-1)

GO 7D 1105

NN 1000 L=1,MMAX
TFINNIET(M)=-NWELLC(L))1000,1100,1000
CONTINUE ’
MESS =4

T1=MNNNT]{M)

11I=M

JI=NWELLC(L)

ENREZN

MESSAGE=J NNDEL WAS NOT FOUND IN THE CLASS C WELLS

G0 1D 1€000

NJ(M)=L

DO 1200 1=1,MMAX
TR(NADF2{M)-NWELLCIL))1200,1300,1200
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CARD
0217
021
021¢e
0220
0221
02272
nz23
0224
0225
0226
0227
0224
G227
0230
02721
0222
0223
0224
023"
0236
0237
0242
nz4o
0240
0241
G242
n2413
0244
0245
D246
027
0248
0249

0?50

0251
0252
0293
0254
0258
0256

0257 -

02%8
0279
0260
02¢1
Q267
0262
026¢
Q2¢%
nN2e6
0267
Q260
02¢e
027¢

80/80 LISTY

000000600111111111l222?222222333333333344444444445555555555666666666677777777778
12345678001234557290123456789012345678901234567890123456789012345678901234567890

1200 CONTINUE
MRSS=5
11=NODE2 (1)
I11=#
JIENRELLCIL)
Jdd=t

€ MESSAGE=S NODS2 WAS NOT FCUND IN THE CLASS C WELLS
-
1200 N2(M) =t
1400 CONT INUE
DE1NR L =1, MAX
M=M1 (L)
N=N2(L)
POLY=(RLIM)+BL(N)})* .5
ORG DEL)=(SLXIM)+SLX(N)Y/2.-81(L)
PILY=Y(L)*COEFFA
164 CCNTINUE
CoAk ARt Rk AR M SRS AR B R TR LA RA KRR R R TR AR Ra ok ek ko ko Kk X Rk kR k%

C : ¢
¢ QUTPUT OF INITIAL CONRITION DATA & HEADINGS C
C ) ) c

kool ok kol ok kol ok ko ok ol gk koo ok ek R e A ko ok Rk bk ok kk okk Rk ko kR ko kk
WRITE(4,200)
WFITE(6,670) _
WRITE (A, 201) (MgNWELLE (M), AUM) ,SLIM) ,BLIM]  H{M], M=, MMAX )
WRITE(5,202) ,
WETTE (642030 (L yNONELCL) JNODE2(L),P (LY »B(LY ,DIL) oL=1 ,LMAX)
WRITF{6,206) LIST,MAJCR,MINDR,ERROR ¢ COEFFA
TIME =T IMESFLOATILIST) -
WEITF U6 ,705) TIME, TIMED
DN E66 121 ,MMAX
AE6 HINTT(T)=H(T)
NO 150 L=1,LMAX
ROLT=2,%R(L)
150 P(L)=.5%p(L)
Cdxde el ik ah Rk kdok g ko ke e Rk kS kxR kR kkk kR kk(
c c
; STAPT OF MATH MODEL START OF MATH MODEL c
o c
(% e e e e o o e ol g ok ool e e e Bl e R R R RO R R R R R R kR TRk AR KRRk Rk ke
NO 00 LISTS=1,L1ST
[als} _!\()l Mz"}'MAx
TRY (M}=0.
6N AQS(M)= O,
JORY =0 I
DO 500 #AJNRS=] (MAJOR
[TER=0
DO 400 MINGKS=1 ,MINQOR
] TIME=TIMESDFLTA
© DN 2 M=1 ,MMAX
U (N ) =AMAXLIRL (%) JH(¥))
2 AQUIN)=AGIMI+AQS (M)
LIney = g
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caen
0271 2 DO 4 M=1,MMAX

0272 RELAX(M)=A(M)/DELTA

02732 L S(M)=RELAX(MI%(AMAXT(BL{M) yH{M))=HO(M))
0274 4 RES(M)=AQIM)~-S(M)

0275 ITER=TTER+]

027¢ [FIITER.GT.30)WRITE(64598)

0277 IF{ITER .GT.20)STOP

n27e DO 5 t=1,LMAX

0279 N=N1(L)

02R0 M=N21(L)

0281 Y{L)=P(L)EAMAXL (D4, HIMY+H{N)=B(L))
0287 r

02€7 r DPREVENT FLOW FRGM A DRY POULYGON
0204 €

0288 IF (H{N)=-H(M))701,703,711

0286

0277 ¢ FLOUW FRGM M TC N, M MUST NOT BE DRY
nzas ¢

o280 701 TF(H(M)=-RL(M))702,703,705

0250 702 0(t)=0.

021 50 TO 770

02¢2 [ .

02¢2 £ FL0W FROM N TA M, N MUYST NOT BE DRY
0204. €

oze= 71 IF{H{NY=BLIN))T03,703,705

n2 94 705 CONTINUF

0207 QILI=Y(L)#(HIM)=HI(N))

0294 770 CONTINUE

029¢ RELAX(M)=RELAX({M)+Y (L)

0200 2ELCAXINY=RELAXIN)+Y (L)

0301 RES(M)=RES(M)~Q(L)

0302 & RES(NI=RES(N)+0(L)

0302 8 DN 12 M=1,MMAX

0304 RELAX{M)=1,0/RELAX{M)

0305 HIM)=AMAXY ((H(MI+RELAX{M)*RES(M)),BL(M))
0306 TE(OS{M))1249,9

0307 9 IF(H(M)-SLIM))I11,11,10

0308 10 QS(M)=RES(M)

0300 RES(M)=0.

0310 H(M)=SL (M)

9271 6N ¥O 12

0312 11 @siM)=0,

a1y 12° CONTINUE

2214 DO 13 M=1,MMAX

031= IF(ERROR-ARS(RES(M}))33,13,13
A3LR 33 IF(H(MI-BL(M))3,34,3

9417 34 INRY=IDRY+]

n3Ta 12 CONTINUE

0313 IE(INRY 400,400,390

0399 360 NN 395 M=],MMAX

6320 TF{HIM)-BL(M))391,3914395

0322 191 JNRY=1

0323 D2Y(M)=DAY (M) +RES(M)

0324 2% CONTINUE



-CAPDQ
032%
032¢
0327
Q324
03?9
Q230
0221
033°
0333
N334
nizk
N3ie

0327
Qazga
0329
Q349
0341
0342
0343
0344
03465
034¢
0347
0348
0349
03850
0351

0352
0352
0354
01258
0386
nNas7
0388
0359
N360
341
0362
0367
0344
Q3¢ e
[ale¥ox.
0367
0342
0349
0374
037}
0272
0373
0374
031"
037+
0377
0378
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400 CNNTINYF
© TSTEP{1,KB)=TIME
KB=KB+] - . '
C*******#t**t*****ﬂ**t****t*******'**#*********}##**#********“****************c
s - c
8 CALL FOR COFFFA £ SY FOP A NFW TIMESTEP c
C c
c
CALL SK{AS,HsPL oSCL4BLyCOEFFAJBEL yKKeTIMELZITER,ELyA)
IE(ITER JEQu=1IMM=]FIX{TIME~1966.0}%4
TFLITFR G FQ.=1)G0. 7O 900
645 N0 .549 [=]1,M"AX
Gar HS (I yKKKY=H{ I}
ND 550 T=1,MMAX
550 DH{1 4KAY=HINIT({I)=-H(T)
KA=KA+1
KKK=KKK+1
0ST=0.
NN 403 M=] MMAX
TF(QS(M))403,403,401
401 WRITE(6,402)M,0S (M)
QST=NST+QS (M}
403 CONMTINUFE
500 CONTTMYE
IF(JDORY) 5010, 5010, 5300
5000 N0 5005 M=1, MMAX
IF(DRY(M))IS003,5005,5003
RO0L . DRY(MI=AQ(M)-DRY{M)*DELTA
WP TTE(E, SO02IMyNWELLC M), AQ(M]) ,DRY (M)
S00R CONTINUE
5010 CONTINUFE
600 CONTINUE
CRirde ke hkkhkhk ke h ko Gk kS ko k ok kR a ke kk kR rkarr bk ko kr kkkk kkk ok ko ko ko kk(

C C
c END OF MATH MECDEL END OF MATH MOCFL [o
p C
Fv*#****#*##*#****#*ttt##**#*tt*#*#t#t#t*t#***##****t####*ttt*t#t##t*##########C
o : : C
r FINAL QUTPUT 3 WATER LEVEL VS TIMESTEP c
c ) ACCUMULATIVE DRAWDOWN VS TIMESTEP c
s . {PRINTED NUTPUT & PLCTS) c
c c
Chkfkbhkkd ket kb bkt kbbb hh ke khhhkdr kb hkhk bk bk sk kkkk kk kR kkkk ok kkkkkkk(

200 WRITE(A,301)"
WRITE(64667)
Lt=1
NN 510 L=10,M¥,10
WRITE(69545) ((TSTEP(Tyd)sT=1y1)d=LL,L)
DD 529 I=1,3
529 WRITFE(6y543)
DN 511 1=1,24
S11 WRITF(A,544)1,(HS{T,J),J=LL,L)
PN 530 1=1,3 :
R0 WRITH(6,543)

60



CAFR
0377
038C
03f}
0382
0383
0384
Q3es
N3 RA

Q38T

03348
C3RQ
nicy
g391

n3e?
LR
03124
0245
03cek
03487
a3ag
gaece
0400
0491

0432
Qann
0ane
0405
D40~
0407
Dadr
2400
0410
0411
na12
0413
0414
0417
04156
0417
041F
na1e
G42C
0421

0422
0472
Qu24a
042°
0476
0427
Nazge
Qsaze
N43g
043

(¢

80/80 LIST
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F10 tL=tL+10
WRITE(6,201)
WRITF(6,668)
MN=1
D0 512 N=10,MM,10
WRITE(6,545) ({TSTEP(TvJ}sI=1s1)+J=NN,N}
N ET5 1=1,3
675 WRITE(6,543)
NN 13 I=1,MMAX
6513 WRITE(6+542)14(DHITsJ Vs J=NNyN)
NN 514 [=1,2
Bl6 WRITE(6,5643)
512 NN=MN+10
WRITE{A,301)

CALL PLEOTS
caLt * APLOT(TSTEP, DH, MM}
CALL CRPLGTOXNGNE S YNGRE JHINI T 4 HS 4 MM)

[ e g ok 3k e A o ke e ool R R R K ok R o K B A e o Rk ek K R R ok Rk kA

B
C
p

Ot ded ook S de e kg e ol kot gk ook ok ok ok Rk kR bk Rk ok ko w kel ok kX Kk C

"FOPMAT  STATEMENTS FORMAT STATEMENTS

la FQQMATII7.FF.O) . B

LOG FORMATE2 (T Ty IXe 179 1XoF10a2y1X) gl T91Xs1741XyF10,2)

101 FORMAT(2T]0)

102 FORMATI(2F13,4})

104 FORMATIT 795X sFTe0s5X9yF7e0+6XsF11.0411%X,F11.0}

200 FORMAT(? MATHEMATICAL MODEL CGF. GROUNDWATER FLOW IN A MU
GLTILAYTR CASFvy// /! 24 IMTERIOR NODES AND 106 POLYGUN (€O
GNTACT  FAC*SY//7)

201 FORMATITG 311X s 17910Xs6HAS= gFBo 14X s4HSL= 3FRLL,4X,4HRL = 4F8,1,4X
CyBHHINIT = LFR,1)

202 FORMATU//////7H BRANCH.,4X o 20HRETWEEN WELL NUMBERS 4X,19HPSEUDO~PER
ZMEAFTLITY, 3Xy17H BOTTOM ELEVATION,6X+10H THICKNESS//)

202 FORKATIIA X I733Xy 1T97X92HK= (F8.4,10X,3HR= ,F8,1,9X,3HD= ,FB.1)

T06 FOSMAT(/////TH LIST =1A/8H MAJNR =15/8H MINOR =15/8H ERROR =FR,2/
194 COEFFA =FT.4)

208 FOPMAT(////7/716H STIMULATINN FROM ,FR.2,3H TO,F8,.2)

301 FOARMAT{IHL) .

L02 FNRMATISH NONE, L443Xe4HAS= F8,1)

0% FORMAT(/22H TOTAL SURFACF FLOW = F10,1)

42 FNRMAT(I10,10F10.5)

G473 EORIMAT(1HD) :

R4 FOEMATI110,10F10.2)

Re® FOEMAT(® WELL NO *,10F10.2)

KO8 FORMATL! NVERFLOW R}

(6T FORMAT(Y NISPLAY (OF ° WATER LEVEL CCRRESPCOND TO TIME ST
QFEPY/ /1Y '

fHR OFNOMAT(Y NYSPLAY ©OF ACCUMULATIVE ORAWDCWN VS TIMESTEP?Y/
ars/y

70 FARMAT(Y NODF WwtlLL NO _ AREA SURFACE EL
(43" SENROCK ELEV WATER LEVEL'///)

1210 FOEMATIDFID,2,15)
G027 FORMATLH AHNODE 15,16H STATE WELL NO. 19,31H WI1TH EXPECTED WITHDR

C
C
C



CARD
0412
04364
0435
0426
0437
042F
0420
0440
0441
0447
04413
eas
0448
044&
[s 1" 4
0448

pace .

0450
045}

0652
0452
0454
0455
045E¢

0687
(2430
045¢
0460
N4r

N4t?

04ta
(A1)
0466
nak?
0462
04ko
047N
0471
nevy?
0472
0474
0475
0476
0477
067%
0679
. 0490
0487
NGk
0483
04%a
os4es
0484

80/80 LIST

00000060011111111112?2222?222333333333344444444445555555555666666666677177777778
)?3“56789012345578501?3#5678001234567B901234567890123456789012%45678901234567890

1RAWALS OF F10.0,19H ACRE FT REDUCED T0 F10.0, 8H ACRE FT)

11000 FORMAT(IH ,19HTROUBLE AT MESSAGE [I4,9HWELL NO. I7,11H SUBSCRIPT

114,14H AND WELL NO. I7,11H SUBSCRIPT 14)

11100 FORMAT(1IH ,10F12.1)

18000

o el

o T Jan |

—

29
23

22

sTOP

WRITE(4,11000) MESS,TI,I1T,JddsddJ

sSTOP '

END '

SUBROUTINE SK(ASaHyPLySCLsBLyCOFFFA,BEL KKy TIMEZITER,ELyA)
DIMENSION AS{24),H{24)4PLT 4),SCL(24),4BL{24),EL(4),A(24)
NLA=S

NL INDICATES THE NUMBER OF LAYERS USED IN THE MGDEL

NL=4
AVH=0,0
NG 1 1=1.24

CHECK 1F wATER LEVEL HJT BEDROCK o IF SC, STCP OPERATION

TFOHIT) o LFoRLIT)IWRITE(699YIoHII),TIME :
FORIPMAT(Y WELL NO 15, HAS REACHED BOTTOM AT
2F10.2)

IF(H{T) WLEAL(I))ITER==1

IF{H{IY LESBLIT)IRFTURN

-

CAVHEAVHE(H{T)=BL(T )

AH=AVH/ 24,0
AT=AH=BEL

COMPUTATINCNS (IF WEIGHFD AVERAGE VALUES OF K & SY

IF(NL.EC.LIGO TN 23

NN 20 1=2,NLA

1F{TWEQ.NLAIGC TO 23

IF (AH,GE.EL(I))} ML=]

IFIAH. GE, EL(TY}) GO TN 21

CONTINUE .

IF{AHGE LAFLICOEFFA=PL{NL)

IF(AH.GE REL)SY=SCLINL)

50 TO 10 .
CREFFA=PL(ML~1)*(AH-FLIML) ) 4+PLINL)*(FL(NL)-BEL)
SY=SCLIML=1)%(AH-EL{ML) )+SCL(NL)*{EL(NL)=-BEL)
IF(ML,EQ.NL)CGEFFA=COEFFA/AT
IF(ML.EQ.NL)SY=SY/AT

IF(MLL.EQ.NL) GO TO 10

COFF=0.0

$PY=0,0

NNN=NL =ML

o0 22 1=1,NNM .

CUHEF=PLML J*(EL{ML)-ELIML+1) ) +COFF
SPY=SOLIMLIX(EL {ML)-EL(ML+1) ) 4SPY

M =ML+

COFFFA =(COFF+COEFFA)/AT
L SY={SPY+SY) /AT
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CAFD
04K
[/ ]
0419
0n4.20
nae’
Q67
04"
0464
9495
N4cr,
3407
BN
A k]
0500
anel
ns0”
0503
AL DTS
LIV
Qasn-~
0enz
0508
0SNG
050
a511
0512
nsta
NG
818
251+
a51?
0513
0512
n%70
J521
052?
N2
2574
05: %
Ll
ng27
054
ngEa
2540
0531
04822
nsaz
NG54
bEEE
LLEY
0927
[k
HLED]
Ol 2
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EO/80 LIST

060006000111111!1!122222722223333133333444Q4444645555555555666666666677777777773
1P2L8ATRGDL 23465672601 234567RIN123656700012346567860123456789012345678901234567890

.
c COMPUTE WITHDPAWAL FKOM NODES FOR A TIMESTEP
r .
12 DG 3 1=1,24
2 A (1)=AS(T)*SY
TRETTEE JFOOIRFTURN
TF(KKGT L4 )KK=) )
WRITF (£4100)TIME KX, AH,COEFFA,SY,JTER

100 FARMAT{1HO,* TIVE=%yF10.24° SEASON=t,15,¢ AVE SAT THICK
CNESS=t ,F10,2/° AVE  PERMEARILITY=?,F10.64°* AVE  SYx',F10.6,°
4 ITECATTIONSS , I5)
KK=KK+]
FETURN
ERD

SUREOUTINE APLOTITSTER, DH,MM)
CRRutndaad kRS SR E AR GO AR SRBEREXXTHREAERRRERE KRR RRE R PRAR LR ER KRR R REE R AR ER SR

. c
HYDRCGRAPH  PLATTING ROUTINE C
r c

T I IR R ITERSI R SRS LRSI S SRS S R RS R RS RS L LS IR AT RSS2 L] Tl
DIMENSTON TSTER(1,302),NH{Z%,802) eX1802),Y(802)
r 5P INDICATES NUMAER NF  HYDROGHAPHS TU BE PLOTTED
4P=24
J=um
J1=J+1
REENTS
XINTELCAT(JZ400+240
XAX=0.0
NO 1 Talyd
1 X(I)=TSTERP(L,1)
X(.11=1970,0
X(327Y=10,0

START IF  PLOTTINGS

N YN

"2 Ia12,NP
A I L N |
T Y EIE(TL L)
¥Y{J1)=0.0
Y()2)=40,0-
CALL OPLOTCA{XAX,~11,0,~3)
XAX=0,0
CALL 7PLNTCUXAXy0,5,-2)
CALL AXTSUD.0000TIMF YEAR® y=9, XIN,0.0,X{ J1}eX( J2))
CALL AXIS{0,00C.0 " ACCUMIHATIVE DRAWDOWN FT424,10.0990.0,Y( J13,Y
01J2))
CALL LIME(X,Y, Jrly04646)
EPN=FLOAT{(T])
CALL SYMBNLI1400940904350 "WFLL ?40.045)
CALL "NUMBE2(AGY ,0,999,G,0.3595PN,0.0,-1)
CALL PLOTCAXAXy=11404=3)
CXAX=X TN



rac™>
ohe
Q5462
0543
qh44
LI LY Y
0R4 1,
0547
15468
0954
HReEn
QR=1
Thn?
N

RO/80 LIST

ﬂﬂﬂﬂ)ObOBllll!!1111???72?2222?33333133344444444445555555555666666666677777777778
TPILRLTIO0]27456TAG0L23436TAF012345678901234567890123456789012345678901234567890

-

r
-
r

2

CONT INUF
FMD NF PLOTTINGS
FETUSN

TND

SURPOUTINEG RPLOTIXNADE, YNODEZHINIT ,HS MM}

O ARk ook ok R el on e ek ke kR ek ek e ek ok ol g el ek kb ek ek ke kkkErrkk(

FESIDUAL  MAP  BLOTTING  ROUTINE

C
C
$ c

€ 3ol & e At e ool e o ol o e e ko e %ok e ot ol ot Rt el e ok e kol g e el e ook e de akode g ok e ol el ook ek ki Rk Xk ()

~

-~

17
1

1.
e

EMSINN XNONE (44) 3 YNTDE (44 ) 4 HINIT(24) yHS(24,R802)19R {24

DIMENSICN TS(1,30)

NP OINDICATES NUMBRED OF RESIDUAL MAPS TO BE PLCTTED
MRS YHD TIME PERISD THAT RESIDUAL VALUES ARE TC BE COMPUTED

ik=4
NDSMMS{NR%L)
T=1G68A,0
SCPALF=2,9
Ja=2
fA=NRKND
MO=NR#®D

COMPUTATIGH OF RFSTHUAL VALYES

LI S 3 P

BT, 10 =S, KRR =HINITI(T)
0 2 JINCyNA AR

nn s T=1,24

L=g=NR
SLTLJAYSHS (T, J)=HS (T, L)
JA=JA+)

WOTTE (4,100
FNRWAT(20X, *NISPLAY "F ¢, 13,4
N12 1=l 3

e TTE(A, 1)

FU2VMAT{TIHN)Y

N 13 TElyRP
TS{YyI)=T+ELOAT(MP%T Y
JJ=1

DD =D

']i):!')

1 oz

LP=19
TEANID LT, 10) L PaNPP
TELHPP L TV0LP=1LP

DT LS TT=12,0(P,LP

YZAR RESIDUAL VAL UESY)

WOTTE(E T4 LTS Lod) g T=1y11,4J=4d,11)

LPP=L PP+ P
PR 1E Tz,
HRITYS (A, 11
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CARD
9578
LT
0597
0599
05499
0600
0601
0602
056073
0604
0H0S
260
Rlatoxg
0A0°
0tnna
nAY AN
[SLADY
nATZ
0A17
Dhla
0615
neln
AT
061°
961%
0620
QrZ1
na2>
06232
Q&2 4

0825

0624
0627
062*%
CAPC
Q€70
LKA
0A32
N627
Ne%4
A&
ez

0R-7
Nu2w
Jaz
Y
Nha?

LA
yent
Fenh
NAHE
Va%t

ne6e?
LY

80780 LIST

0000?05001111111111?222222222333333333344444444445555555555666666666677171717718
123456 TR90123456783012345678301234556T78901234567890123456789012345678901234567890

0NN 17 I=1,24

17 WRITE(6,18)1,(P(T,d),d=dd, 11}
N7 19 T=1,3

19 WRITE(6,11)

15 CONTINUE
NPP=pP-L PP
IF(NPP}100,100,101

101 JJ=JJ+10
G0 TO 102

14 EQPMAT(10X,10F10.2)

12 EQRMAT(T10,1GF10,3)

100 XNODE(253=0.0
XNODE(26)=SCALE
YNODE(25)=0.0
YNONE(26) =SCALE

-~

|4 START 0F PLGYYIMGS

XAX=0.0

DA 3 J=1,NP

CALL OLOTC{XAX,~-11.04-3)

XAX=0.,0

CALL PLOTCU{XAXy045,-3)

CALL AXIS(04040e04'X CIMRDINATE MILES',~18,10.0,0404XNODE(25) 9 XNOD
QF(26))

CALL AXIS(04040.04*Y COORDINATE MILES'y18,10.0,90.0+YNODE(25)4YNOD
NE(26))

CALL LINE{XNODE,YNODE 124414=1,3)

T=T+FLOAT(NB)

EPN=T

CALL SYMBOL(1.0,9.090435, 'RESINDUAL MAP ¢,0,0,13)

CALL NUMBER(9399,0,999.010435+FPN,0.04+-1}

nn 4 I=1,24

X=XNINE(I)/SCALE+Q.1

Y=YNONE(T}/SCALE+0.1

YY=YNWNE(1)/SCALE~O0.]

F=FLNAT(1)

CALL NUMBER(X 1 Y9Go074Fy0.0,-1}

CALL NUMBERIX,YY,0.079R(14+J)»0.043)
« CONTINMUE

CALL PLOYC(XAX,-11.0+-3)

Xax=12.0
2 (ONTINUFE

’ END CF  PLOTTINGS

RETHRN

£ND .
7/GOL.PLNTOUT DD UNIT=PLOT,SPACF=(TRK,,(10,10})+DISP=(,KEEP},
/1 NSN=9L (T4 ACY1192343,PLOT46
7750 ,SYSIN DD %
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APPENDIX B

CARD INPUT DATA
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Input data cards for the modified computer-management program listed
in Appendix A are divided into six different groups, Each group repre-
sents those cards needed to accommodate a specific 'READ" statement oc-

curring in the program. The format for these cards arg-as follows:
GROUP I
It consists of only one data card (general for total grid).  The:

"READ" statement for these data occurs on.line 142 in the.computer—pro--

gram-listing.

Column

:8 to 10 Number of years of intended dewatering process
20 Number of timesteps within a year

30 Number of steps within a timestep

GROUP - II

It consists of only one data card (general for total grid). The
"READ" ‘statement for these data occurs on line 144 in the computer-pro-

gram listing.

Column
8 to 13 Error 1limit in acre-feet
28 to 36 Starting time of dewatering in calendar year

GROUP III

It consists of 24 data cards (one for each node). The "READ" state-—
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ment for these data occurs on line 146 in the computer~program listing.

Column

6 to 10 X coordinate in miles
16 to 20 Y coordinate in miles
24 to 25 Node number

GROUP IV

It consists of 24 data cards (one for each node). The "READ"

statement for these data occurs on line 149 in the computer—program

listing.:

Column

6 to 7 Node number

11 to 16 Adjusted withdrawal in acre-feet

GROUP V

It consists of 36 data cards (one for every three interfaces between
polygons). The ""READ" statement for these data occurs on line 170 in

the computer—program listing.

Column

6 to 7. Node number

14 to 15 Adjacent node number

23 to 26 Ratio of width of face in contact and length between node;-
33 to 34 Node number

41 to 42 Adjacent node number
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Column

50 to 53 Ratio of width of face in contact and length between nodes
60 to 61 Node number

68 to 69 Adjacent node number

77 to 80 Ratio of width of face in contact and length between nodes

GROUP VI

It consists of 24 data cards (one for each node). The "READ" state-

ment for these data occurs on line 171 in the computer-program listing.

Column.

6 to 7 Node number

15 to 19 Bottom elevation in feet
28 to 32 Surface elevation in feet
43 to 49 Area of node in acres

67 to 71 Water level elevation
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