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VERTICAL VARIABILITY OF AQUIFER CONSTANTS

~

Richard N. DeVries and Douglas C. Kent

ABSTRACT

The Ogallala aquifer in the Oklahoma Panhandle is in need of better
management because of increased groundwater demand which has caused de­
clines in static water levels at an alarming rate. A groundwater
management computer model was developed for the Ogallala aquifer in the
Texas Panhandle and treats the aquifer as a homogeneous system. In this
study, the computer model has been modified in order to evaluate the
effect of vertical layering on semi-static water level changes which
occur during the dewatering of a single unconfined aquifer. The modified
model was applied to a study area near Guymon, Oklahoma, using both the
homogeneous and the mu~i-1ayered cases. The aquifer is characterized
by a saturated thickness of 400 feet. The accumulated drawdown values
of the homogeneous and the multi-layered cases demonstrate that there
is about 88 feet difference between the two cases before the base of the
aquifer is encountered. Approximately 26 percent more time is required
to dewater the layered aquifer. Thus, vertical variations of lithology
in an aquifer such as the Ogallala should be considered when prediction
is made relative to groundwater management.

A physical sand model was constructed using four layers of Ogallala
aquifer material. Pumping tests and drainage tests were conducted.
Average values of aquifer characteristics were obtained for the model
under different saturated configurations. The results clearly indicate
that the aquifer characteristics change as dewatering takes place.
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I. DESCRIPTION OF RESEARCH PERFORMED

INTRODUCTI ON

The Ogallala Formation has been used as an aquifer providing a
groundwater 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 aquifer 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 alack of strati graphi c deta 11 the name "Oga11ala"
was used in this study to include all Tertiary sediments. These sedi­
ments 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 moderate­
ly permeable and provide a major source of ground water in the area.
The saturated thickness ranges from 300 to 800. feet with an average
thickness of 400 feet. Bedrock units of Mesozoic and Permian times
subcrop under the Tertiary sediments. The bedrock within the study area
is composed of vari-colored shale, sandstone, siltstone, and a limited
occurrence of thin discontinuous gypsum beds. With the exception of
Jurassic and Cretaceous sandstones in western Texas county, the bedrock
is generally too fine grained and impermeable to transmit water. Thus,
the bedrock surface forms an impermeable boundary at the base of the
aquifer in the study area. The bedrock surface is characterized by
moderate topographic relief with numerous local depressions 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 being mined in this
area and the resulting declines in: static water level are becoming
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critical. In order to predict these declines in the Texas Panhandle, a
mathematical 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 approach to modeling the Ogallala Formation in Kansas. However,
these investigators (Sechrist, et al., and McClain) are considering the
Ogallala Formation as a homogeneous unit. Heterogeneous porous materi­
als 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 permeability irrespective of vertical variation in the aquifer and
use fitting procedures to statistically determine lateral variations of
permeability. 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 groundwater
flow models is evident in articles which have appeared since the begin­
ning of the middle 1960's. The bulk of this research has been restricted
to the analysis of multi-aquifers (several aquifers) or to aquitards
between multi-aquifiers. Bredehoeft and Pinder (1968, 1970), Hantush
(1967), and Neuman and Witherspoon (1969, 1969) have applied mathemati­
cal models in this manner to nonhomogeneous, anisotropic, and/or leaky
artesian aquifers.

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
modeling of a single multi-layered aquifer is being conducted by
Pinder, Bredehoeft, and Bennett. They are concerned with the determination
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of factors and relationships that govern permeability distribution (in­
cluding layering) which in turn will be useful for predicting permeabili­
ty 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
effects of layering on semi-static water-level changes which occur
during the dewatering of a single unconfined aquifer over a long period
or 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 groundwater flow models. This would be particularly valuable when
such models are used for predicting the time for a given water-level
change to occur during the dewatering of an aquifer.

The determination of the relationship between aquifer constants 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
subsequently made between the homogeneous and multi-layered case using
hydrographs.
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DESCRIPTION AND MEASUREMENT OF

AQUIFER CHARACTERISTICS

In constructing the groundwater management 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.

The well data for Texas County were provided by the United States
Geological Survey and the Oklahoma Water Resources Board. An isometric
map was prepared to show the three dimensional distribution of the
lithologic characteristics of the Ogallala aquifer both in Texas County
and in the test ar'ea, located northeast of Guymon, Oklahoma. (See
Figure 2).

Layer codes (see figure 3), were used to simplify log descriptions
and provide uniformity in the data. This was achieved by identifying
the principal grain sizes. Subsequently the codes were used to prepare
isometric diagrams for Texas County and the test area (See Figure 3).
Two maps were also used to represent other hydrogeologic aspects of the
test area, These two additional maps include the water-level map
(Figure 4) and the saturated thickness map (Figure 5),

The isometric diagram was prepared to show the lithologic character­
istics of the Ogallala aquifer boch 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 provlde a three-dimensional
view of the groundwater system, A reference datum of 3300 feet above
sea level was used with a vertical scale of 1 inch to 100 feet and a
horizontal scale of 1 inch to 1 mile. Panel diagrams were not used to
show correlation between wells 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 published data (from Hart, 1971), A contour interval of
10 feet was used, The saturated-thickness map was a modification of one
prepared by Wood and Hart (1967). A contour interval of 100 feet was
used to show the distribution of saturated thickness in the test area.
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In order to develop an idealized conceptual model which would repre­
sent the layered character of the Ogallala Formation, a simple statisti­
cal study was made showing the frequency of occurrence of lithology
type and layer sequence. In Texas County, 37 percent of the lithology
is coarse sand, 25 percent is medium sand, and the remainder is fine
sand and clay. (See Tables 1,2). By lumping thinner units together on
the isometric map, a sequence of fine to coarse sediments from the water
table to the base of the aquifer could be observed. There were 13 from
a total of 17 wells within the test area which were representative of
this sequence. A similar sequence was noted when 75 of the total number
of wells (112) in Texas County were noted to have this sequence. Based
on the frequency of occurrence of sequence and lithology type, it was
concluded that the model should be described using medium and coarse
sediments in a graded sequence with coarser sediments occurring at the
base.

To simplify the model, four layers of uniform thickness were as-
sumed. The thickness of each was 100 feet in order that the total
thickness of 400 feet would correspond with the average thickness rep­
resented on the saturated-thickness map of the study area, (See Figure 5).
It was also assumed that the layers were homogeneous when extended uni­
formly in the lateral direction. Although this assumption is an over­
simplification, it was considered necessary for the Texas Tech model
and before more complex models could be evaluated,

The distribution and character of the sediments were studied at an
outcrop of the Ogallala Fromation at a location just west of Guymon. A
photograph and generalized cross-sectional diagram of the Ogallala out­
crop is shown in Figures 6 and 7. The outcrop consists of a buried sand
and gravel channel fill overlain by later Ogallala deposits and the
caliche caprock which is used as the upper boundary of the Ogallala
Formation, It was assumed after examining the well logs that the channel
and dissected deposits are similar to those which appear to occur at a
much larger scale within the saturated zone of the Ogallala aquifer,
Therefore, the graded sequence used to describe the mathematical model
was characterized by the sand types at the outcrop (A, B, C, D, in
Figure 7) The A, B, C, and D sands were classified as medium, coarse,
and very coarse sands, respectively, on the basis of the median grain size.



Table -1-

Frequency of Occurrence of Sediment Types
within Texas County

Accumulative Thickness of Sediment Accumulativp. Thickness of Sediment Accumulative Thickness of Sediment
Types in Each Well Types in tach Well Types in Each Well

-------~---

Well 2 3(13 ) 4(14) 5(15) Sun: Well 2 3(13) 4(14 ) 5(15) Sum Well 2 3(13l 4(14 ) 5(15) Sum
No. (feet) (feet) (feet) (feet) (feet) No. (feet) (feet) (feet) (feet) (feet) No. (feet) (feet (feet) (feet) (feet)

5 150 150 58 60 120 180 202 80 40 75 195
6 50 145 195 59 80 20 20 180 300 2n3 170 30 30 230
7 45 30 90 165 62 40 236 40 316 204 45 30 90 105 270
8 64 16 219 299 65 20 85 120 225 205 30 120 75 225

10 215 15 55 285 71 16 117 83 216 207 90 75 90 255
13 21 52 39 112 72 45 235 20 60 360 208 220 220
16 19 27 131 177 76 120 50 80 250 209 100 100 50 250
17 10 80 165 225 79 30 212 60 302 210 50 127 10 187
19 40 32 48 80 200 80 120 135 255 211 20 20 320 360
20 27 24 36 72 159 81 30 40 226 296 215 15 90 60 180 345
21 49 23 62 106 240 82 20 127 288 435 216 30 30 60 90 210
23 160 50 210 83 13 168 50 211 217 70 15 10 95
26 150 30 180 84 80 216 296 219 15 210 225
27 120 120 240 87 32 176 208 220 155 280 435
29 34 9 242 32 317 90 284 10 106 400 221 30 75 105

30 23 23 103 153 92 103 10 104 217 225 40 20 200 260
31 40 205 62 307 94 90 30 190 310 226 270 75 15 360
33 45 163 56 203 467 96 45 30 165 240 227 80 130 210
34 80 5 111 196 97 60 80 120 260 228 72 86 96 26 280
35 125 90 215 98 75 105 105 285 229 76 54 10 10 150
38 225 15 45 75 360 100 45 30 140 215 230 214 7 77 21 319

41 217 217 101 25 90 190 305 232 150 170 45 365
47 40 70 150 260 102 46 176 222 234 38 40 48 50 176
48 90 30 90 210

1

104 70 20 212 302 236 30 75 45 150
50 60 10 54 124 107 91 25 124 240 238 90 75 90 255
52 64 69 140 273 162 35 330 365 239 15 180 195

108 75 130 80 285 163 40 230 370 240 24 29 178 167 398
109 146 30 105 281 '164 145 230 375 241 85 12 231 328
110 66 77 185 20 348 1167 44 300 344 242 36 23 21 107 187
111 55 90 166 49 360 h68 30 45 30 3M 405 244 30 45 112 187
112 20 120 140 280 1169 45 205 15 265 245 70 120 190
113 120 150 270 170 20 260 280 249 17 18 190 41 249
114 100 60 240 40 440 171 60 220 280 252 30 18 90 138
116 55 14 116 80 265 172 120 250 3m 253 50 100 50 200
117 50 210 30 80 370 173 92 228 . 320 254 14 88 87 41 230
118 135 68 140 343 175 15 15 90 382 502 255 40 120 60 220
119 35 175 103 315 178 105 US 120 55 445 256 135 45 60 240
121 150 180 330 180 105 165 120 100 490

"

260 120 165 75 360

125 85 120 15 120 181 375 75 IIS0 I 262 40 240 80 36n

131 235 40 140 415 182 320 30 45 395
I

263 60 260 20 40 380
134 37 6 77 120 183 80 10 6 25 m 264 20 340 80 440
135 40 140 180 184 90 135 150 375 !

265 120 240 360
137 3 136 5 50 194 185 8r; 120 330 480 268 15 135 109 259
146 220 30 250 186 75 fir. 1RI1 60 375 I, 269 227 54 81 361
147 180 18D 187 35 25 74 96 230 ?7? 130 15 80 60 285
149 90 10 270 370 188 15 15 375 405 I

151 30 90 125 145 '190 179 7 26 69 2~1 I Total thickness
152 30 15 90 120 255 192 158 17 195 of each sedime~t

154 60 18 69 147 194 65 35 10 JO 140 type for all
156 98 164 58 120 195 15 3n 90 135 well s 7.991 7,654 10,568 15,595 111,808
159 180 190 196 75 00 165 % of total
160 160 240 400 235 25 15 100 140 thickness 19.11 18.30 25.27 37.32 100
197 83 108 6 D2 329 200 60 45 10 185 240
56 30 230 100 360 2nl 105 33 22 20' 369
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Table -2-

Frequency of Occurrence of Sediment Types
within Study Area

Well 2" 3 & 13" 4 & 14" 5 & 15"
No. (feet) (feet) (feet) (feet)

167 0 0 44 300
173 0 0 92 228
175 15 15 90 232
178 105 165 120 55
180 105 105 120 100
181 0 375 75 0
183 80 10 6 25
184 90 150 150 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 90
219 0 0 15 210
220 155 0 0 280
221 30 0 75 0
225 20 20 0 200

Total thickness
of each sediment
type for all
wells 770 1045 1161 2437 L ~ 5413 ft.

%of total
thickness 14.3% 19.3% 21.4% 45% L ~ 100%

"Codes are defined in Figure 7
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Poor to moderate sorting was characteristic of these sands. The overall
average coefficient of permeability of 400 gpd/ft2 was used to represent
the four layers. This average was the same as the value which was de­
rived from pump test analysis and used in the original Texas Tech model.
The coefficient of permeability values used for each of the sands A, B,

2
C, 0, were 150, 236, 3BO, and B35 gpd/ft respectively. Specific yield
values were estimated based on each sand type. An average specific
jield value of 0.15 was used which corresponds to the value used pre­
viously in the Texas Tech model. Specific yield values of 0.07, 0.11,
0.17 and 0.25 were assigned to sands A through 0 respectively. Samples
of each identified layer at the outcrop (A, B, C, and 0 in Figure 7)
were collected for analysis and subsequently used in a sand model which
will be discussed later.

ADAPTATION OF AQUIFER CHARACTERISTICS

TO MANAGEMENT MODEL

Introduction

Because preliminary geologic and hydrologic data were used, a
simplified conceptual model was considered. Therefore, the basic assump­
tions used in the modified version of the management model were the
following: (1) The aquifer is multilayered and is ideally represented
by four uniform sand layers of equal thickness. (2) Each layer is
horizontally homogeneous. (3) The bedrock topography underlying the
Ogallala aquifer is considered to be relatively smooth and slopes ap­
proximately 14 feet per mile in a southeasterly direction. (4) The
bedrock and water-table surfaces are approximately parallel and are used
as the lower and upper boundaries respectively. (5) Weighted average
values of permeability and specific yield assigned at each time step
are close approximations for that particular time period. (6) There
is no recharge or discharge through the bedrock. (7) Natural recharge
and discharge at the boundary of the study area are equal. (8) The total
saturated thickness is subject to pump withdrawal in anyone time step.

A hypothetica"1 grid of well nodes was designed and subsequently
adapted to the study area. Within this area, 24 nodes were assigned
having fixed coordinates. In addition, 17 nodes were located around
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the perimeter of the area and were used as an aid in defining the
boundary conditions, A separate computer program was used to divide the
24 internal nodes of the study area into a polygonal grid system using
the Thiessen Method (see Figure 8). The amount of groundwater withdraw­
al from each polygon was based on the area of the polygon and on an
assumed constant rate of discharge per unit area of the polygon. The
computations used to obtain the adjusted pump withdrawal at each node is
shown in Table 3.

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 latter program includes the Crank-Nicholson finite differ­
ence method and the Gaus-Seidel iteration procedure. In all preceding
uses of the program, the homogeneous case was assumed. In this study,
where the multi-layered case was also considered, vertical variations
of permeability and specific yield values were introduced into the
program as a sub-program, (Figure g).

New weighted-average values of the coefficient of permeability
and specific yield are computed in a sub-program between timesteps. The
two hydraulic coefficients are averaged using the following equations:

n
n

E SiMil: KiMi Sy = i =K= i '" 1
n n

E MiE Mi i = 1i = 1
where

n = the number of layers
Ki = the coefficient of permeability value of ith layer

Si = the specific yield value of ith layer

Mi = the saturated thickness of ith layer

The validity Of the values used in this approach was subsequently tested
using a physical sand model and will be the subject of the next part of

this report.
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Table -3-

Data Used For Computation Of

Simulated Pump Withdrawal

At Each Node

Seasonal Withdrawal Season...' Total Adjusted
Node Area at pach node{acre feet) Boundary Seasonal

(acres) (1.77 acre feet/ Discharge/ Wi thdrawa1 at
acre/ season) Recharge each node

(acre feet) (acre feet)

1 4915.20 8699.9 0.0 8699.9
2 2867.20 5074.9 0.0 5074.9
3 3635.20 6463.3 0.0 6463.3
4 3532.80 6253.1 0.0· 6253.1
5 4940.80 '8745.2 0.0 8745.2

6 3225.60 5709.3 0.0 5709.3
7 2790.40 4939.0 0.0 4939.0

8 2816.00 4984.3 0.0 4984.0

9 4172.80 7385.9 -5011. 3 2374.6

10 7219.20 12778.0 -7338.6 5439.4

11 4582.40 8110.8 -2094.5 6016.3

12 1766.40 3126.5 -1737.7 1388.8

13 4710.40 8337.4 -3452.1 4885.3

14 6016.00 10648.3 -7105.8 3542.5

15 4633.60 8201.5 404.0 8605.5

16 1638.40 2900.0 1344.0 4244.0

17 3276.80 5799.9 5384.0 11183.9

18 3614.40 6397.5 7808.0 14205.5

19 2611.20 4621.8 4864.0 9485.8

20 4608.00 8156.2 1904.0 10060.2

21 4070.40 7204.6 0.0 7204.6

22 1996.80 3534.3 788.0 4322.3

23 3072.00 5437.4 1976.0 7233.4

24 3763.20 6660.9 2448.0 9108.9
",._--

TOTAL 90,475.20 160,140.7 0.0 160,140.7
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Final output from the computer program of the mathematical model was
in the form of printed output and included average coefficients of perme­
ability and specific yield, water-level elevations and accumulative draw­
down values for each timestep. The results were also electronically
plotted in the forms of accumulative drawdown curves for each node.

Results of the Mathematical Model

Comparison was made of accumulative drawdown curves representing
nodes in both homogeneous and multi-layered cases. In addition, a
sensitivity analysis of the coefficient of permeability and specific
yield was conducted.

Accumulative drawdown curves representing the same nodes for both
homogeneous and multi-layered cases were overlain on one another and a
residual curve was drawn which represented the difference between the
two curves. This was repeated for all 24 nodes (See Table 4). Accumu­
lative drawdown curves for a representative node are shown in Figure 10.
A significant difference between the homogeneous and the multilayered
cases can be noted. The difference is clearly indicated by the re­
sidual curve. It can also be noted that the length of time for dewater­
ing of the layered aquifer is approximately 26 percent longer than the
comparable dewatering of the homogeneous aquifer. A maximum difference
between accumulative drawdown curves for the two cases was 20 percent
of the original saturated thickness. This maximum difference occurred
at the time when a polygon was completely dewatered using the homogeneous
case (see Figure 10).

The sensitivity of the model to the coefficients of permeability and
specific yield was evaluated by keeping the initial average value of
either of the two coefficients constant throughout the period of dewater­
ing while using the multi-layered case. When specific yield was varied,
it was noted that the water-level changes were clearly different in the
two cases (see Figure 10). Conversely, the model response was identical
to that of the homogeneous case if specific yield was held constant. It
was concluded from these results that the model is insensitive to changes
of the average coefficient of permeability over the same period of time.
However, it should be noted that the model response for either case is dif­
ferent from the above when the initial average values of either coefficient
are changed.
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Table -4-

Accumulative Drawdown
Relationships Between Homogeneous and Layered Cases

%of Aquifer Depth Depth Remaining
Extended Peri od Remaining Saturated Saturated For
of Dewatering For Layered Case Layered Case

None Caused bv When Dry For When Dry For
Number -Layering Homogeneous Case Homogeneous Case

(%) (%) (feet)
1 27.4 23.0 92
2 24.6 21.4 86
3 32.0 25.7 103
4 25.0 21. 7 87
5 27.7 23.9 93
6 24.6 19.8 79
7 27.7 21.2 85

8 23.7 18.7 75

9 33.5 27.8 111

10 24.7 22.8 91

11 29.0 25.0 100

12 29.5 27.0 108

13 26.2 23.8 95

14 28.0 25.0 100

15 24.6 22.0 88

16 24.4 20.2 81

17 20.0 18.0 72

18 17 .5 15.5 62

19 18.0 16.5 66

20 25.0 18.7 75

21 27,0 22.0 88

22 24.0 22.0 88

23 27.6 23.0 92

24 29.2 23.5 94

Average
for all

Nodes 25.8% 20.3% 88 Ft.
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ADAPTATION OF AQUIFER CHARACTERISTICS

TO SAND MODEL

Introduction

Using the aquifer material collected near Guymon, a physical sand
model was constructed. A photo of the model is shown in Figure 11. The
model consists of an inner tank 3' in diameter, and 4' diameter outer tank.
The inner tank was perforated to allow water from the annular area to
flow into or out of the tank. Aquifer material previously described as
A, B, C, and D sands, (see Figure 7), were wetted and compacted into
the inner tank in one foot layers respectively. A 1-1/4" Johnson well
screen with four 10" sections was fabricated and used for the pumped well.
Additional observation wells were made from 1" plastic pipe. Water-
level observations were made using direct open hole measurements and
water manometers.

Pump Test

The model was first constructed during early 1972, and pumping tests
run during the Spring. The data from these tests are shown in Tables 5,
6, 7, and 8. Because of a requirement that the model be moved to another
area in the laboratory, the original model was dismantled and recon­
structed during the Summer of 1972. The reconstructed model was again
pump tested and also allowed to gravity drain.

The configuration of the model was so designed that the pumping
tests data could be evaluated using the Theis Non-equilibrium Equation.
A constant head level could be maintained in the annular area between
tanks and drawdowns in the pumped and observation well were observed.

Pump Test Results

Plots of the drawdown versus time for the four layers are shown on
Figure 12. These data reflect a test procedure where the water level
in the annular area was held constant at the upper level of each sand
layer. The resulting average values of transmissibility and specific
yield are shown in Table 9. The values obtained in these tests are





Table -5-

Pump Test Data Layer A

Q= 46.41 m1/see

time drawdown time drawdown
t = see s = em t = see . s = em

0 0.0 210 10.6
20 0.9 215 10.8
25 1.3 240 11.4
30 1.7 270 11.8
35 2.0 300 12.5
40 2.2 330 12.8
45 2.7 360 13.1
50 3.1 390 13.4
55 3.5 420 13.7
60 3.8 450 13.8
65 4.2 480 14.0
70 4.5 510 14.1
75 4.9 540 14.25
80 5.3 570 14.35
85 5.5 600 14.45
90 5.9 630 14.5
95 6.15 660 14.6

100 6.4 690 14.7
105 6.7 720 14.75
110 6.9 750 14.8
115 7.1 780 14.95
120 7.4 810 15.05
125 7.7 840 15.1
130 7.9 870 15.2
135 8.2 900 15.3
140 8.4 930* 15.4
145 8.6 960 15.4
150 8.8 990 15.5
155 9.0 1000 15.4
160 9.3
165 9.4
170 9.5
175 9.6
180 9.8
185 10.0
190 10.2
195 10.3
205 10.5
* equilibrium pt.
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Table -6-

Pump Test Data Layer B

Q= 49.24 m1/see

27

time
t = see

o
5

10
15
20
25
30
35
40
45
50
55
60
65
70
75
80
85
90
95

100
105
110
115
120
210
240
270
300*
330
360
390
480
510

drawdown
s = em

0.0
4.0
9.7

13.3
15.4
16.7
17.8
18.5
19.0
19.4
19.65
19.80
20.00
20.1
20.2
20.3
20.4
20.4
20.6
20.6
2009
20.9
21.05
21.05
20.2
20.7
20.5
20.6
20.7
20.7
20.7
20.7
20.7
20.7

* equilibrium pt.



Table -7-

Pump Test Data Layer C

Q= 50.44 m1/see

28

time
t = see

a
5

10
15
20
25
30
35
40
45
50
55
60
65
70
75
80
85

120

drawdown
s = em

0.0
3.71
9.82

14.43
18.24
21.3
24.35
25.32
26.79
27.86
28.75
29.5
30.37
30.74
31.21
31. 38
31.55*
31.50
31.50

* equilibrium pt.



Table -8-

Pump Test Data Layer 0

o=19.6 m1/see

29

time
t =see

drawdown
s " em

o
10
15
20
25
30
35
40
60
80

100
120
140

* equilibrium pt.

0.0
8.4

11. 3
12.8
13.2
13.4
13.9
14.0
14.1
14.3
14.4
15.5*
15.5
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Table -9-
Resulting Average Values of

Transmissibility and Specific Yield

Acti ve Layers T (gal/day/ft) Sy (dimensionless) K (gal/day/ft2)

A,B,C,D 325 0.28 80
B,C,D 125 0.05 40
C,D 150 0.02 75
D 155 0.007 155

31
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considerably lower than those obtained in actual field tests. They are
reported here though to confirm that the aquifer characteristics do, in
fact change as dewatering takes place. No attempt was made to mathe­
matically establish a set of characteristics curves (S, T, K) plotted
versus depth from the results of the sand model tests. Additional runs
are being made on the model as part of a class project and it is antici­
pated that a mathematical relationship can be derived.

Laboratory Measurements

Several samples for permeability analysis were obtained from each
packed layer in the sand model by using 1-1/4" x 2" stainless steel tubes.
Larger plastic tubes (length 7.7 cm; diameter, 6.49 cm) were also used to
collect larger samples. In addition, samples were collected from the
sand model for determination of grain-size distribution.

Standard methods of falling head and constant head analysis were
used for the determination of the coefficient of permeability. The
permeameter used was a soil test model K-670. It is equipped with a
6 x 24" reservoir tank for the permeability fluid (distilled water), a
control regulator to maintain constant pressurEl,and a calibrated pipette
to measure the change in head. Both falling head and constant head
methods were used sequentially without having to remove the sample. The
sample tubes were placed directly into the sample chamber in order to
avoid any unnecessary disturbance of the textured properties of the
samples. The following relationships were used for computing the coefficient
of permeability:

Constant Head K = QLAH

where
K= coefficient of permeability, cmlsec
Q = rate of discharge, cm3/sec
1 = length of sample, cm
A = area of sample, em2

H = pressure head, em.
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Falling Head K= 2.3aLAT

where

K" coefficient of permeability, cm/sec
a " cross sectional area of pipette, cm2

L " length of sample, cm
A " area of sample, cm2

T " time of test, sec
HO = pressure head at beginning of test, cm

H= pressure head at end of test, cm.

The grain-size distribution of each sediment type was determined using
visual-accumulation analysis. A 180 cm tube was used. The analysis in­
cluded tracking the accumulation of grains whic~ are sorted by size due
to their fall velocities as described by Stoke's Law. The accumulative
curves for each sediment type are shown in Figure 13.

Drainage tests were also conducted on samples collected in plastic
tubes from the sand model. fach sample was saturated under a vacuum,
weighed, and SUbsequently permitted to drain for 360 hours. For no ap­
parent reason, no appreciable drainage occurred in the sample represent­
ing sediment type B.

Drainage Tests USlng the Sand Model

Drainage tests were conducted on each sediment type (A, B, C, and DJ
using the sand model, The annular area was dralned incrementally with
each increment corresponding to the layer thickness of each sediment
type. Each layer was permitted to drain radially into the annular area
where the volume of drained water was collected and measured. The layers
were permitted to drain until au further drainage occurred. The bulk
volume of each layer was measured and computed. Corrections were made
for the drained fluid volume in the annulus of the tank model and in
wells which penetrated the layers in the sand model. The following
relationship was used to compute the specific yield:

5y " Volume drained from layer
Bulk Volume of layer



34

100 .... 0, ,
C COARSE SAND,,
M MEDIUM SAND\

I- 80 F FINE SAND 20 l-
I I
<.!> A <.!>
- -
w w
3= 3=

>-
60 40 >-

(]) (])

<.!> a
z w
- 40 60 z
(f)
(/) <[
<[ I-
a... w

0::
::.!? 20 80 ::.!?0 --, 0

""
-="-::::.--' ........ ---'-.... - --~-

0 --- - - 100
10 5 0.5 0.1 0.05 0.0 I

GRAIN SIZE IN MILLIMETERS

> COARSE I C I M I F I < FINE

WENTWORTH CLASSI FI CATION

Figure 13. CUMULATIVE CURVE FOR GRAIN SIZE.



35

Results of Laboratory Measurements

Results of the permeability tests are shown in Table 10. The

average of the four sediment types, comprising the four layers in the

sand model, is 69 gpd/ft2. This is considerably less than the value of

400 gpd/ft2 used for the original and modified version (in this paper)
of the Texas Tech Mathematical Model.

A summary of the statistics associated with textural characteristics

of each sediment type is shown in Table 11. Only one of the four sedi­
ment types can be considered to have good sorting. The others were
characterized by fair to poor sorting. The poor sorting was probably

the main reason for the relatively low permeability coefficient values.
If the 400 gpd/ft2 is a reasonable estimate for the average permeability

then it can be assumed that the samples used were more poorly sorted
than those found within the saturated zone.

The drainage tests of the samples in the plastic tubes provided values
of specific yield which were generally smaller than those obtained from

drainage tests using the sand model. The results of these two tests are
summarized in Tables 12 and 13 ~nd in Figure 14. The average specific
yields determined from Tables 12 tind 13 we ,09 and .12 respectively.

The average specific yield obtained from the results using the plastic
tubes is probabl.l low because of the. smaller sample size and loss

of ,ediment type B sample, However, it is assumed that the drainage
tests using the sand model are more accurate because of the larger
volume of the sediment drained. The average of .12 corresponds reason­
ably well with the average of .15 used in both the original and modified
versions (used in this study) of the mathematical modal.

II. SUMMARY AND CONCLUSIONS

Results from the mathematical model indlcate that a significant

difference can be obtained when comparing the homogeneous and multi­

la~ered approaches to aquifer management of the Ogallala aquifer, The
length of dewatering time is approximately 25 percent greater in the

multi-layered case. Therefore, It can be concluded that layering in

the Ogallala aquifer should be considered In any management mocel



Table -10-

Laboratory Determinations of the
Coefficient of Permeability

36

I

I Overall Average
No. of for Constant and

Samples Constant Head Fa 11 i ng Head Fa 1 ling Head
Sample Run for

gal/day/ft2 gal/day/ft2 cm/sec gal/day/ft~Type Each Type cm/sec cm/sec
I

A 6 0.0012 24 0.0014 29 0.0013 27 I

B 7 0.0012 25 0.0018 38 0.0015 32

C 7 (.0044 93 0.0048 103 I 98
I 10.0046

II D 6 0.0056 118 10.00561 122 0.0056 120



Table -11-

Grain Size Analysis

Sediment Sorting Degree of ~edian

type Coefficient Sorting Grain size
(D60 /D 10 ) (050 )

A 3.2 (Good) .27
B 16.7 (Poor) .36
C 5.4 (Fair) .59

0 10.0
I

(Poor) I 1.5
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Table -12-

Drainage Tests of Core Samples
of Sediment Types

A C D
time time time

Sy t = Hrs Sy t = Hrs Sv t = Hr

0.019 2 ---- ---- ---- ----

0.02 12 0.002 12 0.004 12

0.02 47 0.007 47 0.045 47

0.021 96 0.018 96 0.059 96 I
0.026 360 0.04 360 0.19 360

I !
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Table -13-

Drainage Tests
Using Sand Model

Specifi c Specific Soecifi c
Sediment Fi na1 Yield Yield at Yield at

type Time (Sy) 30 hrs 60 hrs

A 60 hrs .024 .017 .024
B 65 hrs .081 .072 .080 I
C 180 hrs .134 .080 .099 i,
0 1 190 hrs .232 .185 .220 i

1 i
! I
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which will be used for management of the groundwater 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 other
types of mathematical models should be evaluated.

Results of the physical sand model and laboratory analysis indicate
that the average coefficient of permeability of the four layers were 80
and 70 gal/day/ft2, respectively. The average specific yield for the

four layers determined from drainage tests was 0.12. The coefficient
of permeability is considerably less than the 400 gal/day/ft2 used ln
the mathematical model. The specific yield value Is similar to that
used in the mathematical model. If the mathematical model is to be used
for future prediction pruposes, it is Y'ecommended that the average values

of the coefficient of permeability and specific yield given above be used

However, it is concluded that the hydraulic characteristics do change as
the dewatering of the layered aquifer progresses. This confirms the con­

clusions made from the modified mathematlcal model analysis.
Ongoing research involves the investigation of the feasibility of

combining the results of thlS study with an economic model. for the
prediction of future management alternatives for the Ogallala aquifer in

Oklahoma.
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C P(I)= CONSTANT FOR fLOwPATHlII SJ THAT fLOw C.AN bE: CALCULATED C
C PLlI)= PERMEAtllLlTY Uf LAYERlI) ACKE-fT/TI~ESTEPlS".fT C
C ;J(I)= f-lOw t-KuM ONE PiJlYGJ/Io TO ANOTHER DURING UNE T IME5TEP L
C 'CRE-fT C
G USlll= VOLUME OF ~ATEK A~ul/E GROUNO SUkFAC~ OF NODEtl I C



FCRHAN IV G LEVEL 19 MAIN liATE = 7234b 13/00/09 PAGE 000

0001
0002
0003
0004
0005
0006
C007
OOOti
(CCS
ODIC

o ACRE-fT C
C kELAX(l):= ST0RAbE CHAN13l:: AT NUuE(1J PE~ TlMESTEP C
C ALRE-FT/TIMESTEP C
C RESIII= RESIDUAL ERROR AT NUDEI II AfTER tiALANOING ALL FLOWS C
o IBY FINITE UlfFERENCINGI PER T1MESTEP C
C lCOMPAKISUN OF VuLUME JF WAF T WITH VOLUME C
C REPRESENTED BY DRA.OO.N FOR EACH NODE /; C
C TIMESTEPI ACRE-FT/TIMESTEP C
C ;'111= NET .ITHURAWAL AT NOOU II FOR A TIME STEP A~RE-FT 0
C SCLlII: STORAGE COEffiCIENT OF LAVER II I C
C SLlII: SURHCE ELEVATION AT NOUEI II FEET C
L SLXIlI= SURFACE ELEVATION AT NODElII fEET 0
C TSTC~( 1011= TIME CORRESPOND Ttl A T1MESTEP CALENDER YEAR C
L XNDUCl 11= X CUJROINATE VALUE OF NODEI II ~jLES C
C YIII= _10TH OF FACE/UI;TANCE BET_EEN NUOES C
o YNOUEI II= Y CDJRDINATE VALUE OF NOUEIII MILES C
C C
c*****.***********************************************••••*********************c
C C
C VARIAdLE NAMES C
C C
C Ati= AVERAGE wATER TABLE ELEVATION FOR A PARTICULAR TlMESTEP FEETC
C AT= AV"RAOE SAT. THIC"NESS OF A.UIFER AT A PAHI~UL'R TIMESTEPC
C B"L: ZERO UATUM & TOP OF "EOROCK C
C LOEFfA= FIELD PERMEABILITY f-OR A ~ARTICULAR T1MESTEP C
C DELTA= T[MESTEP PERIOD YEAR C
C ERROR= CLOSURE ALLUOANCE FOR A Tl MESTEP ALRE-FT C
C ITER= NUMBER Of- ITERATIONS UONE C
eLI:>T= NUMtiEH OF YEARS Jf SrUDY C
c LMAX= ~UMUE~ OF fLOWPATH;) AT POLYGON INTt:I'l.FALES C
C MAJUR= f'.4UMBt:k uF TIMESTtPS wITHIN A YEAR l
C MESS= ERROR MtSSAGE C
C MINOR= NuMBEk UF MINOR TP4ESTEf>S wI THIN MAJOR C
C MM= TUTAL NuMdER UF T IME5TEPS TO BE PERFURMEO C
C MMAX= NUMtiER lJf .ELlS UNuER STUUY C
C SK= NAME OF SuBPROGRAM TO CJMPuTE AVERAGE COEHA /; ,Y C
C fOR A T1Mlo5TEP C
C SY= STORAGE COEfFICIENT UR SPECifiC YIELD C
C FUR A PA,H ICULAR T 1Mi' PERlUll C
C TIME= INITIAL T1MESTEP LALENUER YEAR C
C TIME2= f-lRST TlMESTEP CALENDER YEAR C
C ALL OTHER INTEGER & REAL VARIABLE NAMES= CJUHERS C
C C
c***************************.**************************************************c

Dl MfNS ION AS (24) ,H(24 J, PL (41 ,SLU41 ,AOt 24), El (4), A(24)
o I HENS lUN 5 ( 241 , CO t: F F t 24) ,~5( 24) ,HG ( 24) ,Y t lOb J ,Q 11 00 I ,S LX (24 )
DIMENSIUN NUOEl(1061,NODE2(lObl,iH IObl,U( IObl,P( lOb)
OIMloN51DN N1I100l,N211061
DIME~SION HIN{T(Z4)
DIMENSION BL(24. ,SL(24),RELA;«(,j2.4),RES(241
lJ IMl::i\jS ION XNouE (44) ,YNODE (44) ,NwElLC (441, AI;,;jS (24), DR.Y« 24)
o {MENS IUN T;) T EP t 1,400 I, DH( 24, 40')) ,HS( 24, 40m
DIMENSIUN WR(24),VOL«24),SA~(241

UIM.NiION 00(24) .WNN1241
c*******************************************************************·***·*···**c
C C
C INITlAlIlloD INPUT OATA C
C CARu INPU T OAT A C
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0011
C012
0013
0014
0015
0016
C017
eOls
0019
C02C
0021
0022
CC23
OOl4
0025
coze
0021
0028

ee2 "
C030
1)031
C032
C033
0034
C035
0036
0037
CC3e

0039
C040
C041
0042
(043
0044
0045

C OAT A PREPARAT,lON FOR MODEL C
C C
c•••***••••••••••*•••*••***••••••••***•••**•••••••**•••***••••••••••••*••••••••c

PLlll=O .0420225
PLl21=0.066154
PLI31=0.10561655
PLI41=0.23392525
SCLlll=0.07
SC1I21=0 .11
SCL131=O.17
SCLl41=0.25
Ell 11,,400.0
ELl21 =300.0
Ell 31=200.0
ELl41=100 .0
BEL:O.O
KK= 1
KKK;:;l
KA=1
KB= 1
IT ER=O
NYA w=1
DATA LMAX,MMAX 110&,241
READ(S,lOl'lIST,MAJOR,MINOR
MM=l1 ST.MAJOR
REAut5,102'ERROK,TIME
DO 1211 !=l,MMAA
KEADl5,LHO. Xl'lOOElll,YNOOEtl),NilfELLCIII

1211 CONTINUE
DU 1.H M=l,MMAX

131 RoAUI5.14INllHI,AQIHI
C
C LHE'K UATA Fek CORRECT ORDER
C

lJU 140 M= I. MMAX
IF(Nl(MI-N~ELLC(HII13qt140,139

139 HESS=1
lI=NllHI
III =M
JJ=NwELLCI HI
JJJ=M

CO<tb
CC41
004e
0049
C05C
0051
C052
C053

005 ..
0055
C056

C
C
C

C
C
C

HESSAGe=l HEll DATA fOR A wELL NOT IN CLASS C OR WT Of ORDER

GO lO 10000
140 C UN II NUE

DEL TA= 1. If LDA T( MA JOR.HI NOR)
DO 15 M==l,MMAX

15 AQtMl=-AQtMI
R. EAU( 5, 100 I (NUDE ltL) ,NODE2( U ,y( LI ,l=l, LMAXI
RtAlH5 ,104) I Nl I toll tBl I Mo' tSl (H), AS (HI, HI HI, M= i,MoHA)1.)
CALL SKI A.s ,H, PL ,SCL ,al ,COEFFA, BEL, KK, T IHE, IT ER, EL ,A)

CHECK fOR OUT OF ORDoR CARDS

OU 105 M= 1, MMAX
If(Nl(Mi-N~ELLC(Mll106,105,lOb

106 HE SS=2
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COS 7
0058
0059
CC60

CObl
C062
0063
(064
C065
0066

COb 7
OL68
CObC1
0070
C07!
CC·72
1)07 j

CC7't
C075
0010
CC77
CC7B
0079

COHO
ooal
0082
cco~

C084
008~

ccec
C087
CH'HH:I
O(H:l9

CCSC
~091

0092
CC93
0094
0095
C096
0097
C098

Il=f'Iol(M~

III=M
JJ=N"ELLCIMI
JJJ=M

C
C MES5AGb=2 PHYSICAL wELL UATA fOR A iitll NOT IN CLASS C DR OUT Of ORD[j(
C. 'iorELL riA S KEAIJ
C

GO TO 10000
105 CONTINLt

00 10 j 1"1= 1, MMAX.
103 COcfFlMJ=COcFfA
qqq lJU Y98 M=l,I'IMAX
998 SLXIMI=SLIMI

C
elDEN TIfY THE "'u51 T1 ON 1 N THE NI'IlE:LLC ARKAY Of THE WELL NUMBERS IN HiE NeWEL
C AND NGDE2 ARKAVS. S70RE THIS POSI TlO~ NDM8E'< IN Nl AN) N2
C

DU i400 M=l,lMAX
If(M-IJ9qOt990,9d~

985 IfINOOEIIMJ-NOUEIlM-IJJ990,980,99Q
986 NlIMI=NlIM-ll

GU TO 1105
990 DO loce l=l,MMAX

IF( NODEl (M I-NwE:LLC (L) ) 1000, 1100,1000
lOCI) CONTINUE

ME 55=4
11=NODEllMJ
111=1'\
JJ=NwElLC( LJ
JJJ=L

C
C MES5AGE=J NUUE:l wAS NOT fOUND IN TrlE CLAS~ (, wELLS
C

GO T iJ 100(W
liC0 NllMI=L
1105 00 1200 L=l,MMAX

lFtNJD[2(M}-N~tllC{L})1200,1300,ll00

120C CONTINUE
MESS=5
11 =['jGDE21MI
III=M
JJ-=i'iwElLC(ll
JJJ-=L

c
C MESSAGE=5 NUut2 wAS NuT FGUND IN THE CLASS C wELLS
C

1300 N21MI=L
1400 CONTINUE

DO lOB l-=l f LMAX
M=NlI Ll
N=N21 L I
i:S(l»=(BL(M)+i:SLtNJ 1*.5

989 DIL)=(SLXIMI+SLXINII/2.-81LI
PIL)=YILI*COEffA

108 CONTINUE
c***************************••••******************.*.*••**••••••••••****•••••**c
C c



FCRTRAN IV G lEVEL 19 IIAIN DATE = 72348 13/00/09 PAGE 0005

0099
0100
0101
0102
0103
CI04
0105
0106
0101
0108
CI09
0110
0111
0112
0113
0114

0115
0116
0111
0118
0119
0120
0121
Cl22
0123
Cl2.4
012:5
0128
0127
0128
C129
C130
0131
0132
C13 3
0134
C135
013b
0137
C13 8
0139
0140
0141

( OUTPuT OF INITIAL (ONOlTIUN DATA I; HEADINGS (
( (
C**··*****····.·••**·.****·.···••*·••••••••*****•••••••••••••***.*•••••••••••••C

WR I TEI6, 2001
WRITE(c,6701
WRI TE te, 20U I M,NWELlC eM), AtM) ,~LtH) , dl (M J, HOI) ,M= 1, HMAX)
wR ITtt b r 202)
iii RIT t: 16, 20.3) «L ,NU 0 El «l ) ,NOUE 2 (L ) , P (L I t 8 ( L J tOt LJ ,L= 1, LMA XI
WRITE(o,204) LIST,MAJUR,MINOR,ERROk,COEFFA
T IME2=TIHE+FLuAHLlSn
WRITEI6,20S) TIME,TIMI:2
DO bb6i=1,MMAX
SAQIII=AQIII*O.OI

666 HINITIIJ=H(IJ
DU 255 l=l,MMAX

255 WRIII=AQIII
DO 150 L=l,lMAX
BI1I=2.*811l

150 PILI-.5*PILI
C•••••*******.**********•• ***••••••***•••**••••••••••••••••••••••***•••••••••**C
( (
C START UF MATH MGDtl START OF MATH MOOEl C
( (
C••***•••••*************•••••••••••*••**•••••••••••••••••••••••••••••••••••••••C

0(10=0.0
DO bCO LISTS=I,LIST
0(1=0.0
00 601 iIl=l tMMAX
DRYIIII=O.

601 'QSIII)= O.
JDRY =0
DO 500 MAJORS=ltMAJOR
IT ER=O
DC 400 MINOkS=ltM1NOR

1 TIME=TIME+DtLTA
DO .t M=l,MMAX
HOt H) =AMAX! t tilt Ml ,H( HJ )

2 SAQtM)=SA~(M)+A~StM)

lORY = 0
3 00 4 H=l,MMAX

RELAXIMI=A(MI/DcLT.
S(Ml=RElAxtM)·tAMAXllBlIMJ,HIM)J-HUIM.1

4 RESIMI=SAQIMI-SIMI
ITER=IHR+l
IFIITER.GT.301.~ITElb,5981

IfIITER.GT.30IMM=IFIXITIME-1968.01*4
IfIITER.GT 030IGU TO 900
DO 5 L=l,lHAX
N=Jlil(L)
M=N2111
Y( U =P(U *AMAXl( O. tH (HI +H IN) -61 LI J

(

t PREVENT FLOw fROM A DRY POLYGON
(

0142 If (HIN)-HtM))701,703,l11
(

C FLO~ FROM M TO Nt M MUST NOT 8E DRY
(
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0143
0144
0145

0146
0147
C146
0149
C15C
C151
01'>"
C153
0154
01'>'>
0156
01>7
0158
C159
0160
0161
0162
016~

'104
C16 5
0166
0167
C168
0109
C17C
0171
0172
0173
0174
0175
C176
0177
C17 e

C179
Clec
0181
C182
OH.13
01&4
0185
01&6
C187
0188
0189
C19C
0191
01"2

701 JF(H(MJ-Bl(MJJ703,703,705
703 '''Ll=O.

GU TO 770
C
C FLOW fROM N TO H, N MUST NOT aE DRY
c

711 IFtH(NJ-BLINlJ703,703,705
705 CUNTINUE

Q1LI=YILI*IH1MI-H1NII
770 CONTINuE

RELAX(M)=RElAXtM'+Y(ll
KeLAX1NI~RELAX1NI+Y1LI

KES1MI=RES1MI-Q1LI
5 RESINI=RES1NI+Q1LI
B DO 12 M=I,HHAX

RElAX(MJ=I.0/RELAX(MJ
Ii (HJ =AMAxl (IH(MI+KELAX(MI*RES (MI J ,BUMII
IF(USIMI I 12,9,9

9 IFIH(MI-SLCMHlltll,lO
10 QS1MI~KES1MI

KES1MI~O.

H(MJ=SUMJ
Gu TO 12

11 "SIMl~O.

12 CONTINUE
OU 13 M=I,HMAX
I F( Ek.i<Ok-Aij::' (RES 1M II I 33,13,13

~3 IF(HIMI-dLCMI13.34,3
341DRY=!ui{Y+l
13 CUNT INUE

IFCIUKYI4CC,400,390
390 DO 395 M=l,MMAX

Ir(rlCMJ-BLIMIJ391,391,395
391 JOKY=l

Ck Y {M l=lJk VI M I +kESOU
395 CeNT INuE
400 COf>4THWE

TSTEPll,K.rll=TIME
KB=KB+l

c**************************************.**.***********.*.*******••••*••*.****.*C
C C
C CALL FeR COEt-FA ~ SY fOR /J NEW T IMESTEP C
C C
C********.****************.******.*******••••**.*****.*.*••*********.*********.C

CALL ~ '" (AS I H, PL I S Cl , 8l , CG EF FA, BEll j(j(, I T 1M E. IT Eo( , El .4. )
IF ( IT cK. Ei,J.- 1J MM= If I XI TI HI:-1966. 0 1*4
IFI1TeR.Ew.-11LU TO 900

~49 DC 548 l=l,MMAX
548 H$tI,KKKI=HlIJ

UO 550 1=I.MMAX
S50 UHlI,K.AJ=HINITlIJ-HtIJ

KA=KA+l
KKK=KKK+ 1
QST=O.
DO 403 M=l.f'1MAX
IFC~~{MI)40jt403,401

401 ~RITElb,402IM,~StMI

l.lST=io,IST+QS (HI
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C19;
Cl"4
0195
0196
C1 S 7
019d
(l'iS
C20C
0201
C202
C203
0204
C2C5
C20b
0207
C2CC
(20S
021 0
C£lJ.
C,,12
0213
C214
0,,1>
C21t:
C217
OLI b
Cll S
C220
0221
Ct2i
c,a:j
0224
Cl2~

0220
02" 7

in28
C.229
0230
C231
C,2j"
0"j3
C2.34
02j5
1236
C2j1
0238
C23~

403 CUNT INUE
UJ 2~6 1=1,MMAX
IfIKK.tQ.lISAQI11=""111*I.OJ

256 CONT INUi:::
KK=KKt-l
DO 2~O 1=l,MMAX
lfIKK.E_.21SAQIII=.RI11*1.00
lfIKK.EQ.3ISAQI11="RI11*1.00
IfIKK.E".41'A"111=.R111*1.00

250 CliNT! NUE
500 CUNT I Nut

DO ZS4 l=l,MMAX
vOLII) =All.* (HI I)-BLI I))
IfIVulll).GE.-AQIIII"RIII=AQIII
I f I ,ULlI I .LT • - A~ I J) I.RI 11=- VOLI II
Z=-A'..l(l)
DC 1=uC l+nRII J
.. Cll)=VUlIll*lbO.O/ASlIl
wNN(IJ =Ati~(wK(Il/wC(lj.

I F I Wl'if\l I J J .L T• 1.0 J WN~ I I J = 1.0
1f-(VUl (1) .~E.-Alol( IJJwRITEI6, 2bO h'NNI II, I,VOLt II,l
IF ( vi,] L( J ) • l T.-A i,l1 I I J WRI TE (6 ,2.61) wNN ( 11 , I, ViJlll ) , l

254 A.... II)=wK( 1)
IF(JORV) ~010, 5010, 5000

~OOQ UO 5005 M=l,MMAX
If(uRYIMJJ5003,5005,5003

5003 OkYIMI=A .... (MJ-DRY(HJ*OElTA
~R lTd b, ,002 )l1,N~EllC t Ml , AQ CJ1J ,OK Vt MJ

5005 CeNT 1f~UE

5010 CONTiNUE
lJC1Q=uCIO+DCl
if(~iJUtLISTS,NYA~J.NE.OJGOTU 600
wRITElb,2.52JNYAW,DCI0
DC! 0= C.O

600 CONT iNlJE
C*~·*****··~*******··*~.**.***************.**••**.**.***************.**.***.***c
C C
C END UF MATH MODEL ENO Of MATH MODEL C
C C
C.************************••****•••****.**************••••••**•••**••**•••••••• C
C C
C fiNAL OUTPCT : .ATE~ ltVEl VS TIMESTEP C
C ACClJi''4ULA TI liE D~AwDOwN liS T1 ME STc P C
C IPRHnED OUTPUT & PLOTS) C
C C
C*******************************.******.*.*.*.**••••••••***.**.*.*••*••***•••••C

900 II'lRiTE(o,30U
WRiTE' t,ob7.
LL=1
00510 L=lO,MM,lO
WKIT E I 6, 545 J ( ( TS H'I' I I ,J) ,I = 1 ,1) ,J=lL ,ll
LJC 5~9 1=1, j

52'1 I<iRI IE 10,543)
DO 511 1= 1, 2.,

511 wRlTEtb,544Jl,(HS(1,JI,J=ll,lJ
OU ~3C 1 =1-,3

5~O wRlTE16, 543J
510 lL=Ll+ln
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024C
0241
0242
024j
0244
0245
0246
0247
0248
C24~

0250
0251
0252
0253
0254

0255
025e
0257
C250
C259
0200

0261

0202

C263
0204

C265
C266
C2b 7
C,2bti

C2b9

C27C
C271
0272
0273
0274
0275
C276
0277
O.t!:7t!

0,79

C2eC

C2b1
;j282

WKiTE(b,:;Ol j
WRI TEt b.6(8)
NN= 1
DO 512. N:;;lO ,"'M,lO
WR I TE «6,545) I ( TS IE PC i , J» ,1 =1 ,U • J= NN, rd
00 675 1=1,3

675 WRlrE'6,~43)

DO 513 1= l,MMAX
513 WRlTElb,542'1,IDH(1,JJ,J=NN,N'

00 ~14 1 =1,3
514 wRITHo,543.
512 NN=NN+10

"RI TE (6,3011
CALL PLOTS
CALL APLOTITSTEP,OH,MMI

C************.***********•••••••••****••••••**••••••••**•••••••••••••••••••••••C
C C
C FO"MAT STATEMENTS FORMAT STATEMENTS C
C C
C.**.**···***•••••••••*•••**••••••**••••••••••••••••••••••••••••••••••••**•••••C

14 fOKMATI17,f8.0)
100 fORMAH2( 17,lX,17,LX,flO.2,lX' ,Il,lX,17,lX,flO.Z'
101 FORMATUIlOI
102 FORMATI3F13.41
104 FORMATII7,5X,f7.0,bX,Fl.0,bX,fll.O,11X,fl1.O)
200 FURMAT(' MATHEMATICAL MODEL OF G~ODNDWATER FLO" IN A MU

QLTILAYER CASE'III' 24 I~TERIOR NODES AND 106 POLYGON CO
QNTACT fACES'III)

201 FOK1'4ATU4,11Xd1,lOX,4HAS= ,FB.l,4X,4HSL= ,F8.1,4X,4H6L := ,f8.1,4X
Q,8HHINI r = ,fB.U

202 FORMATIIIIII17H BKANCH,4X,2CH8ETWEEN WELL NUMBERS 4X,19HPSEUOo-~ER

2MEA"ILlTY,3X,17H BOTTOM ELEVATION,bXolOH THICK~ESSIII

203 FORMATllb,9X,17,3X,I7,1X,3HK= ,f8.4,lOX,3H6:= ,F8.1,9X,3~D= ,F8.1)
204 FOKMATIIIII17H LIST =16/8H MAJOR =15/8H MINOR =15/8" ERROR =F8.21

19H COEfFA =f7.4)
205 FORMATI//I/llbH SIHULATION FROM ,F8.2,3H TO,FS.2)
252 FORI"'ATt17,' YEAR AOJUSTEI,) WiTHDRAWAL := ·,f15.2)
253 FORMAT(' wELL t t 15,' HAS HIT tiOTTOH')
200 fOkMAJ(f 10.0,' wELLS ARE NEEDED AT NODE- ,IlO,' NODE CAPACI

QTY=',FIO.l,' L>EMANO=·,flO.l,' DEMAND < NODE CAPACITY')
201 FORMATIFI0.0,' loiElLS ARE NEEDED AT NODE',IlO,' NODE CAPACI

~TY=·.FI0.l,' Of::MAND=',flO.1,' oeMAND> NUDe CAPACITY')
301 FORMATUH1)
402 FORMATI5H NODE,I4,3X,4H~S= F8.11
405 !-ORMATU22H TOTAL SURFACE FLUW = F10011
542 FOKMATll10,lOF10.51
543 FURMA Tt 1HO I
544 FORMAT(1l0,lOFlO.21
545 FURMAT(' ~ElL NO ',lOf10.2)
598 FORMAT'- OVERflOW')
667 FORMAT(' DISPLAY OF WATER leVEL CORRESPO~O TO TIME ST

uEP'lll1
bbb fUKMAT(I DISPLAV OF ACCUMULATIVE DR4WOOWN VS TlMESTEP'I

QIII
670 FORMAT!' NUDE _ELL NO AREA SURFACE EL

!JEV BEDRUCK ELEI/ wATER LEVEL'lln
1210 FORMA712FlO.20151
5002 FORMATUH 4HNODE 15,lbH STATE WELL NlJ. I9,31H WITH EXPECTED WITiiOR
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IRAwALS OF FIO.Od9H ACkE FT REDcCm TO FIO.D. 8H ACRE FTI
Ci()3 1.10-00 fORMATClH .19HTRGUBLE AT MESSAGE 14,9HwELL NO. 17.11H SUBSCRIPT

114.14H AND wELL NiJ. 17,1.1H SUBSCRIPT 141
0284 11100 FURMATllH ,10FIL.1I
O;::t:i5 STUlJ
C286 10000 wRITE( 0,110001 MESS.ll,II I, JJ.JJJ
C281 STOP
(288 tND
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000 I
C002
ccn

C
C
C

SUBkDUTJNE SK(AS,H,PL,SCl,6l,CUEFFA,BEL,KK,TIHE,ITER,EL,A)
DIMENSlUN AS(241,H(24),PLt 4),SCLC241.6L(24),EU4),A(24)
NLA=5

NL INDICATES THE NUMBER Or LAVERS USED IN THE MODEL

CHECK If WAlEK lEVEL HIT aEDROCK , If SO, SHIP OPERATION

0004
COC5
C006

CC07
000"
0009

c
c
C
C
C
C
C

Nl=4
AVH=D.D
DO 1 1=1,24

I H HI 1I.L E. "LlII1WR IT EI c, 91 I, Hili, T1 ME
9 fURMAT(' wELL NO ',15,' HAS REACHED

Q 2FlO. 21
If I Hlll.LE."LlII IRETuRN

I AVH=AVH+IH1II-BLIIII
AH=AVH/24.0
AT=AH-BEL

BOTTOM AT

CCIC
COli
COl<
COL]
COl4
0015
CCI6
0017

001 "
C019
00.2.0
CC21
')/"..'2l.
002j
((;24

')C2S
G02 ()
CC27
002"
0024
CC3C
0031
0032

C033
OQj4
C035
0036
0037
C03_

CC39
0040

C
C
C

C
C
C

COMPUTATIONS Of WEIGHED ~VeRAGE VALUES Or K £ SV

IflNL.Ew.IIGD TO 23
DO LO J=2,NlA
Ifll.E •• NLAIGO TO 23
If lAH.GE.ELllll ML=I
IHAH. GE. EUIII GO TO 21

20 CONT INUE
23 IflAH.GE.BEL1COErrA=PL1NLI

IH AH .GE .8EL I SV= SCLl NU
GO TO 10

21 CUEffA=PLIML-ll*IAH-EL1ML11.PL1NLI*IEL1NLI-BELI
SV=SCL1ML-Il*IAH-EL1MLI1+SCL1NLI*IEL1NLI-BELI
lflML.Ew.NL1COEffA=COEffA/AT
I H i<ll • E~ • NL j SY= S'( / AT
IFIML.Ew.NLI GO TO 10
COEF=O.O
SPY= O. 0
1\INN=I\1L-PlL
uO 2.2 1=1 ,NNN
CUEf=Pl(Hl)*tEL(ML)-El(Ml+1J)+COEF
SPY=SCL(Ml)*( El (Ml)-El(Mli'lJ HSPV

2~ Ml =ML+l
COEfFA =(CUE~+CO~fFA)/AT

SY=ISPV+SVl/AT

CLJi"tPlJTi: wITHDRAWAL FROM NOlJES fUR A TIMEsrEP

10 00 3 1=1,24
3 A 111=ASIIl*SV

jFllTER.E~.OIRETUKN

IfIKK.GT.4IKK=1
wRITE (b,lOOHJME,KK,AH,COEffA,SY,JTER

100 fORMATUHO,' TIME=' ,flO.2,' SEASON=',I5,' AVE SAT THIC~

QNESS=',flO.2/' AilE PERMEABJLJTY=',flO.6,' AVE SY"',flO.6,'
~ ITtRATION=',J5J

KETURN
END
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OOG I
0002

ccr3
0004
COOS
COOo
0007
COO"
COC9
00 10
Call
C012

0013
0014
COlS
0016
CCl7
C018
001Y
C02C
C021
0/)2.2

002:;
0024
0025
002b
C027
0028
0029
C03C
CO 1

C
C
C

C
C
C

SUBKOUTINE APlOTlTSTEP,OH,HMJ
DIMENSIO~ TSTEPl1,400J,DH(24,400J,XC4001,YI400J

"" I"DIC4TES NlJI'4B"k Of HYUROGR4PHS TO BE PLOTTEO

NP=24
J=,'Io1M"'l
J1-=J+l
J2=J+2
XIN=flOATCJ/~OJ+Z.O

XAX=O.O
DO 1 1==1,J

I Xlll=TSTEPll,11
XI JlI =1 YOb.2'
Xl J21 =10. a

S!4RT Of PLOTTING

DO 2 l=l,NP
00 j l =1 , J

3 YILJ=LJH( I,U
YIJ 11=0.0
YIJ21=40.0
CALL PLOTCCXAX,-1l.0,-31
XAX=Q .0
CALL PLOTC(XAX,D.5,-3J
CALL AXISlO.O,O.O,'TlJl4E YEAR' ,-9,XIN,O.O,XCJ1J,XIJ2JJ
CALL AXlSI0.0,O.O,'ACCUMULATlVE URAINOOWf\I fT',24,lO.O,90.0,YlJU ,v

Q(J211
LALL LINEIX,Y,J,l,O,64J
fPN=FLOATlII
CALL SYMBOLll.O,9.0,O.35,'WELL ',0.0,5)
CALL NUMtiERC999.0,999.0,O.35,FPN,0.0.-lJ
CALL PlOTCIXAX.-ll.O,-3)
XAX=XIN+3

2 CGNT INUE
RETUKN
END


