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CONVERSION FACTORS

For use of readers who prefer to use metric units, conversion factors 
for terms used in this report are listed below:

Multiply

acre
acre-foot (acre-ft)
acre-foot per acre per year

((acre-ft/acre)/yr) 
foot (ft)
foot per day (ft/d) 
foot per mile (ft/mi) 
foot squared per day (ft /d) 
cubic foot per second (ft /s) 
gallon per minute per foot

((gal/min)/ft) 
inch (in.)
inch per year (in./yr) 
mile (mi)
mile per hour (mi/hr) 
square mile (mi )

Bv_

1,233
304,800

0.3048
0.3048
0.1894
0.0929
0.0283
0.207

25.40
25.40
1.609
1.609
2.590

To obtain

square meter 
cubic meter 
cubic meter per

kilometer per year 
meter
meter per day 
meter per kilometer 
meter squared per day 
cubic meter per second 
liter per second

per meter 
millimeter 
millimeter per year 
kilometer
kilometer per hour 
square kilometer

Temperature in degrees Fahrenheit (°F) can be converted to degrees Celsius 
(°C) as follows:

°F = 1.8(°C) + 32°

National Geodetic Vertical Datum of 1929 (NGVP of 1929): A geodetic datum 
derived from a general adjustment of the first-order level nets of both the 
United States and Canada, called NGVD of 1929, is referred to as sea level in 
this report.



NUMERICAL SIMULATION OF THE ALLUVIUM AND TERRACE AQUIFER ALONG 

THE NORTH CANADIAN RIVER FROM CANTON LAKE TO LAKE OVERHOLSER,

CENTRAL OKLAHOMA

By Scott C. Christenson

ABSTRACT

Alluvium and terrace deposits of Quaternary age, which cover an area of 
about 4-00 square miles along the North Canadian River between Canton Lake and 
Lake Overholser, locally yield as much as 500 gallons per minute to wells. 
The deposits are as much as 100 feet thick and consist of clay, silt, sand, 
and gravel, with sand-sized material dominating. The underlying bedrock is 
Permian sandstone and shale. The amount of water stored in the aquifer dur­ 
ing 1980 was estimated to be 4.00 x 10 10 cubic feet.

A digital model was used to estimate the ability of the aquifer to con­ 
tinue to supply water for irrigation, industry, and domestic use. A block- 
centered, finite-difference model with 1 mile node spacing was used to 
project the amount and distribution of water in the aquifer in the future. 
The model was calibrated using the aquifer discharge to the North Canadian 
River and the difference between computed and measured heads. The model was 
calibrated using a recharge rate of 1 inch per year, a horizontal hydraulic 
conductivity of 4.5 x 10~ feet per second and a specific yield of 0.16.

Model simulations using the 1979 pumping rate, a projected pumping rate 
(based on expected increases in water use), and double the projected increase 
in pumping rate were made to 1993. With the 1979 pumping rate, the volume of 
water in storage in 1993 is 3.88 x 10 cubic feet and ground-water discharge 
to the North Canadian River is 10*9 cubic feet per second. With the pro­ 
jected pumping increase, the volume of water in storage is 3.81 x 10 cubic 
feet and ground-water discharge to the stream is 6.91 cubic feet per second. 
At double the projected increase in pumping rate, the volume of water in 
storage is 3.74 x 10 cubic feet and the ground-water discharge is 2.93 
cubic feet per second.



INTRODUCTION 

Background

The Oklahoma Ground Water Law (82 Oklahoma Statutes Sup. 1973, 
para.1020.2 et seq.) states:

It is hereby declared to be the public policy of this state, in 
the interest of the agricultural stability, domestic, municipal, 
industrial and other beneficial uses, general economy, health 
and welfare of the state and its citizens, to utilize the 
ground water resources of the state, and for that purpose to pro­ 
vide reasonable regulations for the allocation for reasonable use 
based on hydrologic surveys of fresh ground water basins or sub- 
basins to determine a restriction on the production, based upon 
the acres overlying the ground water basin or subbasin.

The Oklahoma Water Resources Board is required by law to "make a deter­ 
mination of the maximum annual yield of fresh water to be produced from each 
ground water basin or subbasin" based on a minimum life of 20 years from the 
effective date of the law, Duly 1, 1973. The maximum annual yield is to be 
based on the following information:

1. The total land area overlying the basin or subbasin;
2. The amount of water in storage in the basin or subbasin;
3. The rate of natural recharge to the basin or subbasin and total 

discharge from the basin or subbasin;
4. Transmissibility of the basin or subbasin; and
5. The possibility of pollution of the basin or subbasin from 

natural sources.

This study was undertaken in response to these specifications in the 
Oklahoma Ground Water Law. The U.S. Geological Survey, in cooperation with 
the Oklahoma Water Resources Board, studied the alluvium and terrace deposits 
along the North Canadian River from Canton Lake to Lake Overholser as a 
"ground water basin." The information required by law is specified in this 
report in the section, "Summary of information required by Oklahoma Ground 
Water Law."

Purpose and Scope

The purpose of this investigation is to define the hydrologic system 
that operates in the alluvium and terrace deposits along the North Canadian 
River to determine the maximum annual yield of ground water. Many factors 
must be considered to achieve this purpose, including physiography, climate, 
geology, surface water, ground water, and water use in the study area.

2 The study area consists of approximately 400 mi of alluvium and terrace
deposits along the North Canadian River from Canton Lake to Lake Overholser 
(plate 1). The "ground water basin," as defined by the Oklahoma Water 
Resources Board, is that portion of the study area underlain by 5 or more 
feet of saturated thickness of alluvium and terrace deposits. As there are 
areas within the study area that have less than 5 ft of saturation, the 
"ground water basin" has an area of approximately 331 mi .



Methods of Investigation

Data were collected in order to describe quantitatively the physical 
characteristics of the ground-water system. These data came from several 
sources. Ground-water and stream-discharge data were collected in the 
field. Drillers' logs and water-use data were supplied by the Oklahoma Water 
Resources Board. Information on crop irrigation came from the Oklahoma State 
University Cooperative Extension Service and from conversations with irriga- 
tors in the study area.

Data collected for this study were analyzed using a computer. The high­ 
speed digital computer was an excellent tool for estimating the maximum 
annual yield as specified by the Oklahoma Ground Water Law. A computer was 
needed to store large volumes of data and to solve the complex, repetitive 
mathematical equations that describe ground-water flow. Use of a computer 
made it possible to evaluate several different water-management plans.

Explanation of the Site-Numbering System

The standard legal method of giving location of data-collection sites by 
fractional section, section, township and range is replaced in this report by 
the method illustrated in the diagram below. By the legal method, the loca­ 
tion of the site indicated by the x would be described as SE1/4- NW1/4- SW1/4- 
sec. 9, T.12 N., R.5 W. The method used in this report reverses the order 
and indicates quarter subdivisions of the section by letters. By this 
method, the location of the site is given as 12N-05W-09 CBD 1. The final 
digit (1) is the sequential number of the site within the smallest fractional 
subdivision.

xD

T.12 N,

R.5 W.



Previous Studies

Several investigations have been made of all or parts of the study 
area. The Hydrologic Atlas series, reconnaissance-type atlases, covers parts 
of the study area on each of three atlases. The western section of the study 
is on the Woodward quadrangle (Morton, 1980), the central section is on the 
Clinton quadrangle (Carr and Bergman, 1976), and the eastern section is on 
the Oklahoma City quadrangle (Bingham and Moore, 1975). The ground-water 
resources of Canadian County were studied by Mogg, Schoff, and Reed (1960). 
Engineering Enterprises, a private consulting firm, has conducted ground- 
water studies for the municipalities of Bethany, El Reno, and Yukon (Engi­ 
neering Enterprises, 1971, 1974, 1976, and 1980). Moench, Sauer, and 
Oennings (1974) used North Canadian River data in their study entitled, "Mod­ 
ification of routed streamflow by channel loss and base flow." More 
recently, Davis and Christenson (1981) studied the North Canadian River 
stream-aquifer system above Canton Lake.
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DESCRIPTION OF THE STUDY AREA 

Physiography and Drainage

The study area is part of the Western Sand-Dune Belt of the Great Plains 
physiographic province. The altitude of the study area ranges from about 
1,700 ft in the northwest to about 1,200 ft in the southeast. Local relief 
generally is less than 100 ft.

The drainage area of the North Canadian River basin extends across 
northwestern Oklahoma, across the Oklahoma Panhandle, and into northeastern 
New Mexico. The drainage basin above the study area includes 12,4-84- mi . 
The drainage area between Canton Lake and Lake Overholser includes 738 mi . 
There are no perennial tributaries to the North Canadian River within the 
study area.

Climate

The study area has a dry subhumid climate. Average annual precipitation 
ranges from approximately 27 inches in the northwest to approximately 31 
inches in the southeast. Precipitation is greatest in the spring and summer 
and least in the winter. Average annual pan evaporation is about 61 inches. 
Winds predominantly are southerly at 12 mi/h, although during winter months 
northerly and southerly winds prevail with egual freguency. Annual precip­ 
itation and the distribution of average monthly precipitation are shown in 
figures 1 and 2.

Geology

The North Canadian River between Canton Lake and Lake Overholser is 
bounded by a band of alluvium (pi. 1). To the north of the alluvium are ter­ 
race deposits, which generally extend to the northern drainage divide. South 
of the alluvium are low hills of Permian bedrock.

The Quaternary alluvium and terrace deposits are composed of clay, silt, 
sand, and gravel. The sand-size sediments dominate, consisting of poorly 
sorted, fine to coarse, unconsolidated guartz grains. Colors range from 
white to red, but buff or brown shades are the most common. The terrace 
deposits also contain minor amounts of volcanic ash, bentonite, and caliche.

The alluvium consists of channel and flood-plain deposits of the North 
Canadian River and its tributaries. The width of the band of alluvium ranges 
from one to four miles. Maximum thickness of the alluvium is about 65 feet, 
but the average thickness is approximately 30 feet. Some alluvium is present 
along the tributary creeks, but these deposits are very limited in extent.

Topographically above and adjoining the alluvium to the northeast are 
terrace deposits. The terrace deposits form a band that ranges from one-half 
mile in width to five miles in width. Maximum thickness of the terrace is 
approximately 100 feet. The minimum widths and thicknesses of the terrace 
deposits are in the southeastern part of the study area, while the maximum 
dimensions are in the northwestern part. The terrace deposits are probably 
channel and flood-plain sediments that were deposited during the Pleistocene 
Epoch, before the river channel had been incised to its present depth. In



JAN FEB MAR APR MAY JUNE JULY AUG SEP OCT NOV DEC

CANTON DAM

CO 
UJ

0 °
z

z
- 4

O

1- 2

rf
Q.

-

-

 

-

-

 

JAN FEB MAR APR MAY JUNE JULY AUG SEP OCT NOV DEC

QEARY

JAN FEB MAR APR MAY JUNE JULY AUG SEP OCT NOV DEC

OKLAHOMA CITY

Figure 1. Graphs showing average monthly precipitation 
at Canton Dam, Geary, and Oklahoma 
City, 1941-70.



au

40

30

iiO

1 0

0

-

in 
in
<7>

O 
CO
o>

m 
co 
o>

o
I*- 
o>

-

m 
N. 
o>

CO
IJLJ 50
I
o
? 40 

. 30

CANTON DAM

I-

o

o: 
o.

20

10

0
10
m

m

o>

GEARY

o
N- 
0> 0>

ou

40

30

20 

1 0 

0

-

m 
m 
o>

o
(0
o>

»o 
<o 
o>

-

O h-
0>

-

10 
N- 
0>

OKLAHOMA CITY

Figure 2. Graph showing annual precipitation at Canton Dam, 
Geary, and Oklahoma City, 1955-75.



parts of the study area the alluvium and terrace deposits are covered with a 
layer of wind-blown sand. The sand is mainly a well-sorted, fine to medium, 
quartz sand. In certain areas this sand forms dunes, which are generally 
stabilized by vegetation. Thicknesses of these deposits are erratic, but are 
generally less than 20 feet.

Bedrock underlies the alluvium and terrace deposits in the study area. 
The Hennessey Formation, Flowerpot Shale, Blaine Formation, Dog Creek Shale, 
Marlow Formation, and Rush Springs Formation consist of Permian sandstones, 
siltstones, and shales with interbedded evaporites. These bedrock formations 
are locally referred to as redbeds, due to their universal red iron-oxide 
staining. In the eastern part of the study area, bedrock crops out within 
the alluvium and the terrace deposits due to protruding high spots on the 
irregular bedrock surface.



HYDROLOGY 

Principles

Ground water occurs in the interstices (voids, pores, joints, etc.) in 
sediment and rock. At some depth below the earth's surface, usually referred 
to as the zone of saturation, ground water completely fills the interstices. 
In a well penetrating the zone of saturation, water will rise to a certain 
elevation. The height of this elevation above a standard datum, usually sea 
level, is the head of the water.

Head is a measure of the fluid potential at a given point and is the sum 
of three components: (1) elevation head, which is equal to the elevation of 
the point above a datum, (2) pressure head, which is the height of a column 
of water that can be supported by the static pressure at the point, and (3) 
velocity head, which is the height the kinetic energy of the liquid is capa­ 
ble of lifting the liquid (Lohman, 1972). Ground-water velocities are 
usually so low that the velocity head is negligible.

The head distribution in a formation forms a continuous surface known as 
the potentiometric surface. It can be defined by the levels to which water 
will rise in tightly cased wells. The slope of the potentiometric surface is 
referred to as the hydraulic gradient. Since the head distribution is a 
measure of the fluid potential, water flows from areas of higher head to 
areas of lower head.

The rate water flows through a formation is controlled by the transmis- 
sivity of the formation. Transmissivity is the rate at which water of the 
prevailing kinematic viscosity is transmitted through a unit width of the 
formation under a unit hydraulic gradient. Dividing the transmissivity by 
the thickness of saturated material in the formation gives the hydraulic con­ 
ductivity of the formation. The hydraulic conductivity of a formation is 
defined as the volume of water at the prevailing kinematic viscosity that 
will move in unit time under a unit hydraulic gradient through a unit area 
measured at right angles to the direction of flow (Lohman, 1972).

In general, formations with greater transmissivities will yield more 
water to wells than formations with lesser transmissivity values. The amount 
of water yielded to wells is used to classify formations. An aquifer is a 
formation that will yield significant quantities of water to wells. There is 
no precise term for a formation that will not yield significant quantities of 
water to wells. The terms "aquitard" and "aquiclude" have been used in the 
past, but are not commonly used now. A confining bed is a formation of low 
transmissivity adjacent to an aquifer. Confining beds have particular sig­ 
nificance because they can strongly influence the hydrologic responses of the 
adjacent aquifers.

Aquifers can be either unconfined or confined. In an unconfined aqui­ 
fer the upper boundary of the aquifer is the end of the zone of saturation 
and at the boundary the water is at atmospheric pressure. The upper boundary 
of a confined aquifer is a confining bed, and at this boundary the water is 
at a pressure significantly above atmospheric pressure.



Another important concept is that of storage, the formation's ability to 
store water. The storage coefficient is the volume of water a formation re­ 
leases from or takes into storage per unit surface area of the formation per 
unit change in head. In a confined formation water derived from storage with 
declining head comes from expansion of the water and compression of the sedi­ 
ment or rock in the formation. In an unconfined formation the water derived 
from storage with declining head comes from gravity drainage of the inter­ 
stices. The term specific yield is generally used to describe storage in 
unconfined formations. Specific yield is more precisely defined as the ratio 
of the volume of water which rock or sediment, after being saturated, will 
yield by gravity drainage to the volume of rock or sediment (Lohman, 1972).

Hydrology of the Study Area

The aquifer in the study area consists of alluvium and terrace deposits 
along the North Canadian River. Well yields sufficient for domestic or stock 
supplies are obtainable almost anywhere that is underlain by these deposits, 
and in some areas municipal, industrial, and irrigation wells yield over 500 
gallons per minute.

The Permian redbeds are not a good aquifer in the study area. Wells 
drilled into these formations generally have very small yields, not always 
sufficient for domestic or stock supplies. Because of the relatively small 
transmissivities of the redbeds, the volume of water flowing between them and 
the alluvium and terrace aquifer is considered to be insignificant for this 
study. The configuration of the contact between the redbeds and the alluvium 
and terrace aquifer is shown on plate 2.

The head distribution in the aquifer during 1980 is shown on the poten- 
tiometric surface map (pi. 3). The data used to make this map are shown in 
table 1. Water in the alluvium and terrace aquifer is unconfined.

At any given point, the vertical distance between the potentiometric 
surface and the contact with the redbeds is the thickness of saturated mate­ 
rial in the aquifer. The saturated thickness of the aquifer ranges from 0 to 
50 feet, and averages approximately 26 feet. The distribution of saturated 
material in the aquifer is shown in plate 4.

Water in the alluvium and terrace aquifer flows from areas of higher 
head toward the North Canadian River, which is the area of lowest head in the 
stream-aquifer system. Water discharging from the aquifer to the stream is 
termed baseflow. In the absence of storm runoff, baseflow alone sustains the 
flow in the stream.

During the spring, summer, and fall, plants growing along the North 
Canadian River intercept a large portion of the ground-water discharge. The 
water is transpired as part of their growing process. During the summer 
months when transpiration is greatest it is common for the North Canadian 
River to have no flow.

During the course of this investigation streamflow measurements were 
made to determine the amount of baseflow in the North Canadian River. Meas­ 
urements were made in January, 1981, at a time when no storm runoff was in 
the river and the riparian vegetation was dormant. At that time, the flow

10



qincreased 12.5 ft /s between the upper end of the study area, at the stream- 
flow gage just downstream from Canton Dam, and the streamflow gage furthest 
downstream in the study area, at El Reno. The increase in streamflow between 
these two locations is the ground-water discharge from the aquifer for this 
reach of the river. All streamflow measurements are listed in table 2.

To determine if these measurements were representative of current base- 
flow conditions, historic streamflow data at the gages at Canton and El Reno 
were examined. The January and February 7-day low-flow value based on a two- 
year recurrence interval gives a good indication of baseflow. In any given 
year the probability is 50 percent that the average minimum for 7 consecutive 
days in January or February will be less than this value. Two ten-year per­ 
iods, from 1959 to 1968 and from 1969 to 1978 (at the time of this investiga­ 
tion 1978 was the last year with records available) were examined. The 7-day 
low-flow values (in ft /s) are shown below:

Canton El Reno Difference

1959-1968 7.27 19.83 12.56

1969-1978 3.20 14.73 11.53

Since the differences in the low-flow values between the two gaging stations 
are in good agreement with the difference in discharge measured in January, 
1981, it was felt that 12.5 ft /s is representative of the ground-water dis­ 
charge from the aquifer to this reach of the North Canadian River.

Recharge to the alluvium and terrace aquifer occurs when a portion of 
the water that falls on the land surface as precipitation infiltrates the 
soil (the remainder evaporates or runs off). Most of the soil water either 
evaporates or is transpired by plants. However, if enough moisture accumu­ 
lates in the soil so that it becomes saturated, some water will move downward 
to recharge the aquifer. In the study area recharge probably occurs only in 
the winter, when plants are dormant. Except in winter, the native vegetation 
and agricultural crops grown in the area can transpire water at a rate that 
greatly exceeds the rate of precipitation.

Recharge to the aquifer is difficult to measure in the field. In an 
undeveloped aquifer (one with no pumpage), recharge is approximately equal to 
discharge, therefore baseflow is a good indication of the rate of recharge. 
However, as the aquifer becomes developed, the baseflow will begin to de­ 
crease. Drilling of wells in the study area probably began in the late 
1800's. Early development is difficult to trace because before 1949, the 
year Oklahoma's first ground-water law was enacted, no permits were required 
to drill a well. Even under current law, metering of water use is not re­ 
quired (although many municipal and industrial users do so for their own pur­ 
poses). Estimated ground-water pumpage in the study area is shown in figure 
3.

Recharge to the alluvium and terrace aquifer is estimated to be 1 
in./yr. A detailed discussion of how this value was calculated is presented 
in the section titled "Model Calibration".

11
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Water Quality

Water samples were taken from 33 wells in the alluvium and terrace aqui­ 
fer. The wells were distributed across the aquifer (plate 1). These samples 
were analysed to determine the concentrations of common chemical constituents 
and selected trace elements. Results of the analyses are shown in table 3.

The analyses show that the aquifer contains water of several different 
chemical types. The chemical type is determined by the predominant cation 
and anion, predominant in this case meaning that the concentration in milli- 
equivalents per liter is greater than 50 percent of the total concentration. 
If no cation or anion is predominant the type is said to be mixed. Of the 33 
samples, 9 were calcium bicarbonate type water, 9 were mixed-cation bicar­ 
bonate, 9 were mixed-cation mixed-anion, 2 were calcium sulfate, 2 were cal­ 
cium mixed-anion, 1 was sodium sulfate, and 1 was sodium mixed-anion type 
water.

Concentration limits for selected chemical constituents in water used 
for public supply, livestock, and irrigation are listed in table 4-. Of the 
33 samples from the alluvium and terrace aquifer, 27 have one or more chemi­ 
cal constituents that are qreater than or equal to the specified limits. 
Ground water from the alluvium and terrace aquifer is used for many purposes. 
Users of ground water from the alluvium and terrace aquifer should determine 
if water from their wells is suitable for its intended use.

13



DIGITAL SIMULATION MODEL 

Principles

A model is a representation of a real system that describes some aspect 
of the system. The description of the alluvium and terrace aquifer along the 
North Canadian River in the preceding pages represents a conceptual model of 
the aquifer system. Ground water flowing through a porous medium (such as 
alluvium and terrace deposits) can be described by a mathematical model:

9h v c=

in which

Txx, Txy, Tyx, Tyy are components of the transmissivity tensor (L^/T); 
h is the hydraulic head (L);
S is the storage coefficient (dimensionless); and 
W(x,y,t) is the volumetric flux per unit surface area

of the aquifer (L/T).

In an unconfined aquifer, transmissivity is a function of saturated 
thickness and hydraulic conductivity. By assuming that the Cartesian coordi­ 
nate axes are aligned with the principal components of the hydraulic-conduc­ 
tivity tensor, the flow equation can be rewritten as:

/I/. L" x /ir L x f. ... / ~ \-5  (K b-r ) + -^-(K b-r-) = Sy -rr- + W, . » (2)9x xx 8x 8y yy 8y J 9t (x,y,t)

in which

Kxx, Kyy are the principal components of the hydraulic-
conductivity tensor (L/T);

Sy is the specific yield (dimensionless); and 

b is the saturated thickness (L).

These equations have no general solutions. However, approximations for 
the continuous derivatives can be obtained by the method of finite-differ­ 
ences. In this method, the governing differential equation is replaced by an 
approximating difference equation. The continuous region for which a solu­ 
tion is desired is replaced by an array of discrete points, or nodes. This 
reduces the problem to a system of algebraic equations that can be solved for 
each node. The finite-difference approximation for equation 2 is:



K xx(i- 1 / 2 ,J)

K xx(i + 1 / 2 ,J)

K yy(i,J- 1 / 2 )

(Ax) 

n-1

(Ax) 2

(Ay) 2

At

where

i,j,k are indices in the x,y, and time dimensions;
n is the iteration index; and
Ax, Ay, At are increments in the x,y, and time dimensions.

The source term W(x,y,t) consists of several components. For this study 
it was computed as:

in which

Qw(i,j,k) is the well discharge (L /T);

jjjk) is the recharge flux from precipitation per unit 

area (L/T); and

,k) is the flux per unit area through a confining 
layer (L/T).
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The system of algebraic equations generated by this method is so large 
that a computer is needed to obtain a solution. A computer program used to 
solve this type of problem is called a digital model.

All models, whether conceptual, mathematical, or digital, are less com­ 
plex than the system they describe. Simplifications and assumptions are nec­ 
essarily made when a model is constructed. It is important to realize that 
these assumptions limit the accuracy of answers obtained from a model. This 
is particularly true of digital models. A digital model, which is based on 
the conceptual and mathematical models, has limitations based on the assump­ 
tions used to construct all three.

Application to the North Canadian River 
Alluvium and Terrace Aquifer

The alluvium and terrace aquifer from Canton Lake to Lake Overholser was 
modeled using a finite-difference model developed by Trescott, Pinder, and 
Larson (1976). Minor modifications were made to the FORTRAN code, so that 
entry and retrieval of data was more convenient, leakage would be printed 
node-by-node, and, in some model simulations, pumping would cease at a node 
when the aquifer's saturated thickness was less than 5 feet. The model iter­ 
ated to a solution using the strongly-implicit procedure.

A list of some of the major assumptions used to construct the model of 
the alluvium and terrace aquifer along the North Canadian River is presented 
below:
1. Flow of water in the aquifer is consistent with Darcy's Law.
2. The aquifer is isotropic with respect to hydraulic conductivity in the 

horizontal direction.
3. The vertical-flow component in the aauifer is negligible in comparison

to the horizontal-flow component. 
A-. The density of water in the aquifer is constant in time and space.
5. Recharge to the aquifer is constant with time.
6. The formations that underlie the aquifer are impermeable.

The digital model was executed on a computer that maintains seven sig­ 
nificant figures for ordinary computations. To enhance readability, some of 
the numerical output in this study is reported with as many as five signifi­ 
cant figures. However, many of the data used in the model are accurate to 
only three or fewer significant figures.

Finite-Difference Grid and Boundary Conditions

The alluvium and terrace aquifer was modeled by subdividing the con­ 
tinuous area into a finite-difference grid having 20 rows and 72 columns 
(plate 5). Nodes are located at the centers of the grid blocks and are 1 
mile apart. This node spacing affords good resolution for the study area as 
a whole and was computationally efficient, but was not close enough to study 
individual wells or well fields.

Several types of boundary conditions were used in the model. The com­ 
puter program requires that the modeled area be surrounded by a no-flow boun­ 
dary, which consists of nodes at which the transmissivity equals zero. Where 
the aquifer terminates against the relatively impermeable Permian redbeds, 
the no-flow boundary simulates actual conditions. At the upstream and down-
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stream ends of the study area, the aquifer extends beyond the geographic 
limits of the study area. At the upstream end of the study area the model 
area was extended to a distance sufficient to prevent the effects of the no- 
flow boundary from affecting the modeled response in the study area during 
the modeled time. The upstream location of the no-flow boundary was tested 
by placing constant-head nodes just inside the no-flow boundary and stressing 
the aquifer. The differences in head in the study area with and without the 
constant head nodes were neglible.

Constant-head nodes were used to simulate Canton Lake and Lake Overhol- 
ser. The pool at Canton Lake is maintained at or near an altitude of 1,615 
ft, while Lake Overholser is held at 1,24-2 ft. Lake Overholser spans the 
entire width of the alluvium and terrace aquifer, which is narrow at that 
point. This prevents significant ground-water flow from by-passing the lake.

The North Canadian River was treated as a partially-penetrating stream 
with a leaky streambed. An area-vector weighting method was used to propor­ 
tion the streambed leakage to the area of the stream within the one square 
mile grid block. Streambed leakage, which corresponds to ground-water dis­ 
charge, was printed for every node in the model simulations. No values for 
streambed hydraulic conductivity along the North Canadian River could be 
found, so 1.0 x 10" ft/s (.86 ft/d) was used, as this value is in the range 
of values for streams similar to the North Canadian River.

Model Calibration

Calibration of a ground-water model consists of adjusting the coeffi­ 
cients in equation 3 so that the modeled head distribution and flow rates 
accurately simulate measured head distribution and flow rates. The coeffi­ 
cients in equation 3 correspond to aquifer parameters. Some of the 
parameters, such as the altitude of the aquifer base, can be measured and are 
therefore not adjusted. Other parameters, such as recharge, hydraulic con­ 
ductivity, and specific yield, are difficult to measure, so they may be ad­ 
justed within reasonable limits for this type of aquifer during calibration.

How closely the modeled response matches observed conditions is measured 
by several different criteria. The rate that water is leaving and entering 
the aquifer is called the mass balance. Rates computed in the model must 
closely agree with rates measured in the field. Comparing computed versus 
measured head distribution is done at every node. The average difference 
between computed and measured heads is computed, and the absolute values of 
the differences are summed. The average difference should be near to zero in 
a calibrated model, signifying that on the average computed and measured 
heads are the same. .However, since differences are both positive and nega­ 
tive, it is possible to have the average difference equal to zero with large 
differences at individual nodes. The sum of the absolute values of the dif­ 
ferences shows the total magnitude of the differences regardless of sign. 
The sum should be minimized during calibration.

Calibration of the alluvium and terrace aquifer model was done in two 
steps. A steady-state calibration simulated conditions prior to pumping, 
followed by a transient calibration to simulate conditions after significant 
pumpage developed in the aquifer. In the study area, unfortunately, very
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little information about head distribution prior to development was avail­ 
able. Head measurements for this investigation were the first for most of 
the study area. This lack of information about predevelopment head distribu­ 
tion was handled by identifying areas in the aquifer that were still at 
steady-state conditions and calibrating the steady-state model to those 
areas. It was assumed that the aquifer parameters that applied to the areas 
that were still at steady-state conditions were correct for the rest of the 
steady-state model. The entire model was then calibrated to transient condi­ 
tions.

In order to find areas in the aquifer that were still at steady-state 
conditions it was necessary to compute the effects of pumpaqe on head distri­ 
bution. If the head in an area of the aquifer has not been decreased by 
development, that area can be considered to be still at steady state, since 
by definition a system is at steady state if it has not changed with time. A 
model simulation was made from 1940 to 1980 using the specified boundary con­ 
ditions (that is, the constant-head, stream, and no-flow nodes were posi­ 
tioned as shown on plate 5), a specific-yield of .10, and 1-year time steps. 
Since the model was not calibrated, the absolute values of the heads computed 
by this simulation were not significant. However, since the boundary condi­ 
tions were defined, the effects of pumpage on head distribution could be com­ 
puted by examining the decline in head from the beginning to the end of the 
simulation. A specific-yield of .10, which represents the lower limit of 
specific-yield values for this type of aquifer, will maximize drawdowns. 
Thus, if the head in a part of the aquifer does not decrease under conditions 
that maximize drawdown, it can be assumed that that part of the aquifer is 
still at steady state.

At the end of the simulation from 1940 to 1980, 83 nodes of the 336 
nodes in the study area had head declines of less than 1 foot. Actually, 
more than 83 nodes showed declines of less than 1 foot, but constant-head and 
streambed nodes were not included in the tabulation, since these boundary 
conditions work to minimize head changes. In a fully developed aquifer, 
probably very few nodes would have less than 1 foot of drawdown. The allu­ 
vium and terrace aquifer along the North Canadian River has areas where 
development is minimal. At these small-decline nodes, heads measured in 1980 
are probably representative of predevelopment heads.

A steady-state model then was calibrated by adjusting the aquifer para­ 
meters to match computed heads with the 1980 measured heads in the 83 small- 
decline nodes. An initial estimate for recharge for the steady-state model 
was made so that ground-water discharge from the aquifer would be correct 
after being decreased by pumping. During the simulation from 1940 to 1980 
ground-water contribution to the North Canadian River was decreased by 12.0 
ft /s, of which about 82 percent occurs from Canton to El Reno. By adding 
the product of .82 times 12.0 ft /s to 12.5 ft /s, (the measured ground-water 
discharge from Canton to El Reno), the initial estimate for predevelopment 
ground-water discharge from Canton Lake to El Reno was 22.3 ft /s. Dividing 
22.3 ft /s by the area of the aquifer that discharges this flow, 300 mi , 
gave an estimated recharge of 1.01 in./yr, which was rounded to 1.00 in./yr 
(2.64 x 10- 9 ft/s).
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To calibrate the steady-state model, hydraulic conductivity then was 
adjusted to minimize the average head difference and the sum of the absolute 
values of the head differences in the small-decline nodes. The minimum 
values were obtained using a hydraulic conductivity of 4.5 x 10" ft/s. In 
the 83 small-decline nodes the average head difference was 0.220 ft and the 
sum of the absolute values of the differences was 468.5 ft. A mass balance 
for the steady-state model is shown below:

Storage 0.0 
Recharge 25.685 ft/s
Pumpage 0.0 
Constant head -1.097 ft/s 
Groundwater 
discharge -24.567 ft 3 /s

Sum of rates 0.021 ft 3/s 
The sum is not zero due to round-off error.

The sensitivity of the model was tested to variations in hydraulic con­ 
ductivity, recharge, and the vertical hydraulic conductivity of the leaky 
streambed. Variations in hydraulic conductivity and recharge rate cause the 
computed heads to change significantly, while the computed heads are rela­ 
tively insensitive to changes in the vertical hydraulic conductivity of the 
leaky streambed.

A refinement was added while arriving at the steady-state model. The 
hydraulic conductivities of the first column of nodes outside the western end 
of the study area were set to 1 percent of the value used in the rest of the 
model, to 4.5 x 10" ft/s. This column of nodes simulates the dam axis of 
Canton Lake.

The model then was calibrated to transient conditions, using the pumping 
history from 1940 to 1980. The set of parameters developed in the steady- 
state model were retained for the transient simulation, and time advanced in 
one-year time steps. Specific yield was varied to give the best match be­ 
tween the computed heads and mass balance and 1980 measured heads and mass 
balance. The effects of varying the specific yield on the average head dif­ 
ference and the ground-water discharge is shown in figures 4a and 4b.

The best head match occured with a specific yield of .16. Using this 
value the average head difference was -0.023 ft and the sum of the absolute 
values of the differences was 2466.0 ft. Since there are 336 nodes in the 
study area, the average difference per node was 7.34 ft. This amount of 
error was considered acceptable, since the altitudes of the wells used to 
compute the heads were taken from topographic maps, and were known only to 
approximately 10 ft.
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Computed ground-water discharge from Canton Lake to El Reno was 12.4-78 
ft /s, comparable to the measured value of 12.5 ft /s. The mass balance (in 
ft /s) at the end of the transient simulation is shown below:

Storage 6.169 
Recharge 25.685 
Pumpage -18.574 
Constant head -1.045 
Groundwater discharge

Canton to El Reno -12.478
El Reno to Lake
Overholser 0.266 

Sum of rates 0.023

Model Projections of Saturated Thickness and 
Volume of Water in Storage

The ultimate objective of this investigation was, in hydrologic terms, 
to determine the distribution of saturated thickness and volume of water in 
storage in the alluvium and terrace aquifer at specific times. The digital 
computer is an excellent tool to make such determinations. It can be used to 
estimate future aquifer response to various projected conditions, and can do 
the necessary calculations quickly and inexpensively.

The volume of water in storage before well development began, as com­ 
puted by the model, was 4.30 x 10   ft 3 (987,000 acre-feet). The volume of 
water in storage at the end of the transient-model simulation was 4.00 x 10 
ft (918,000 acre-ft). Thus, pumpage up to 1980 had depleted about 7 percent 
of the water in storage prior to development.

Due to provisions in the Oklahoma Ground Water Law, the distribution of 
saturated thickness and volume of water in storage on Duly 1, 1973, is signi­ 
ficant. A simulation similar to the transient-model simulation was executed, 
only it was stopped at a time corresponding to Duly 1, 1973. This simulation 
used one-year time steps, except for the final time step, which was 181 days 
in duration. Plate 8 shows saturated thickness for each grid block in the 
model. The volume of water of water in storage calculated by this simulation 
is 4.14 x 10 l0ft 3 (950,000 acre-ft).

This simulation is also used to define the "ground water basin" referred 
to in the Oklahoma Ground Water Law. As defined by the Oklahoma Water 
Resources Board, the "basin" is that part of the study area that has more 
than 5 feet of saturated thickness on 3uly 1, 1973. Of the 336 nodes in the 
study area, 331 had more than 5 feet of saturated thickness. The area of the 
"ground water basin" is thus 331 mi (211,840 acres). The volume of water in 
the "basin" is the same, to three significant figures, as the volume in the 
study area, 4.14 x 10 10 ft 3 .

The 20-year minimum aquifer lifespan provision of the Oklahoma Ground 
Water Law (the 20-year period began with the date the law went into effect, 
Duly 1, 1973) makes Duly 1, 1993, the logical date to examine future aquifer 
conditions. Since the amount of future development is unknown, several simu­ 
lations were run to simulate a range of conditions. These simulations were 
run from the end of the transient-calibration model, which corresponds to
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January 1, 1980, to July 1, 1993. One-year time steps were used, except for 
the first time-step, which was 181 days in duration. A check was built into 
the model code to test the amount of saturated thickness at every node at the 
beginning of each time step. If the saturated thickness was less than 5 
feet, no pumping was allowed at that node.

A simulation was executed from January 1, 1980 to Duly 1, 1993, using 
the 1979 pumping rates, which remained constant throughout the simulation. 
The resulting distribution of saturated thickness is shown in plate 9. The 
volume of water in storage was 3.88 x 10 ft (891,000 acre-ft). By the end 
of the simulation the calculated value of ground-water discharge to the river 
decreased from 12.2 ft /s to 10.9 ft /s. Because saturated thickness at some 
nodes decreased to less than 5 feet, pumpage decreased from a total of 18.6 
ft /s to 1A-.8 ft /s. Since aquifer development is expected to continue, this 
simulation probably represents the lower limit of future conditions.

Information published by the State of Oklahoma (Oklahoma Comprehensive 
Water Plan, 1975) projects a rate of growth in water use for the combined 
Central and Northwest Regions of the State, including the study area, of 5.07 
percent per year for irrigation and 2.21 percent per year for municipal and 
industrial users. These values were incorporated into a simulation from 
January 1, 1980 to July 1, 1993, in an attempt to project future water use. 
At each well within a grid block pumping was increased by either 5.07 percent 
per year or 2.21 percent per year, depending on whether the well was an irri­ 
gation, municipal, or industrial well. Since the location of new wells can­ 
not be predicted, increased pumpage was restricted to existing well sites. 
The resulting distribution of saturated thickness is shown in plate 10. The 
volume of water in storage at the end of the simulation was 3.81 x 10 ft 
(875,000 acre-ft). By the end of the simulation the calculated value for 
ground-water discharge to the river decreased from 12.2 ft /s to 6.91 ft /s. 
The combined effect of wells shutting off as saturated thickness decreased to 
less than 5 feet and projected pumping increases resulted in a net increase 
in pumping, from 18.6 ft /s to 20.9 ft /s. During this simulation, one node 
went dry, decreasing the number of nodes in the study area from 336 to 335.

A simulation with pumping rates double the state projected pumping in­ 
crease was executed from January 1, 1980 to July 1,1993. The double rate, or 
10.14- percent per year increase for irrigation wells and A-.A-2 percent per 
year for municipal and industrial wells, probably represents the upper limit 
of future aquifer development. The distribution of saturated thickness at 
the end of this simulation is shown on plate 11. The volume of water in 
storage was 3.74- x 10 ft 3 (859,000 acre-ft). Ground-water discharge to the 
river was decreased to 2.93 ft /s. The combined effects of wells ceasing to 
pump as saturated thickness dropped below 5 feet and projected pumping in­ 
creases was a net increase in pumpage from 18.6 ft /s to 26.1 ft /s. Two 
nodes went dry during this simulation, decreasing the total to 33A-.

A simulation was run from January 1, 1980 to July 1, 2020. It incorpor­ 
ated the state projected increases in pumping of 5.07 percent per year for 
irrigation wells and 2.21 percent per year for municipal and industrial 
wells. This simulation uses one-year time steps except for the first time 
step, which was 181 days in duration. The distribution of saturated thick­ 
ness is shown on plate 12. The volume of water in storage was 3.64 x 10 ft 
(836,000 acre-ft). Ground-water discharge to the river decreased from a net
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gain of 12.2 ft /s to a net loss of 0.560 ft /s, thereby indicating the river 
would become a losing stream. By the end of this simulation total pumping 
had increased to 24.3 ft /s. Two nodes went dry during the simulation.

A special simulation was made at the reguest of the Oklahoma Water 
Resources Board. This simulation begins on Ouly 1, 1973, using the calcu­ 
lated head distribution and mass balance for that day, and runs to Ouly 1, 
1993 in one-year time steps. This simulation assumes that water is being 
withdrawn at each node at a rate sufficient to irrigate every acre in the 
grid block at a rate of 1.0 acre-ft/yr for every node in the "ground water 
basin". This simulation also assumes a recharge rate of 2.5 in./yr. The 
resulting distribution of saturated thickness is shown on plate 13. The num­ 
ber of nodes in the "ground water basin" decreased from 331 to 163, giving a 
surface area of the "basin" of 163 mi (104,320 acres). The volume of water 
in storage in the "basin" decreased from 4.14 x 10 ft 3 on Duly 1, 1973, to 
1.21 x 10 ft 3 (278,000 acre-ft) on Duly 1,1993. Pumpage decreased from 293 
to 149 ft /s as saturated thickness decreased. Ground-water discharge to the 
North Canadian River decreased from a net gain of 14.1 ft /s to a net loss of 
55.2 ft /s. This simulation is necessary for the administration of the Okla­ 
homa Ground Water Law, and does not necessarily represent application of 
identical hydrologic principles to those used elsewhere in this report.
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SUMMARY OF INFORMATION REQUIRED BY 
OKLAHOMA GROUND-WATER LAW

The Oklahoma Water Resources Board is required by the Oklahoma Ground 
Water Law to "make a determination of the maximum annual yield of fresh water 
to be produced from each ground water basin or subbasin" based on a minimum 
life of 20 years from the effective dates of the law, Ouly 1, 1973. The 
maximum annual yield is to be based on the following information:

1. The total land area overlying the basin or subbasin;
2. The amount of water in storage in the basin or subbasin;
3. The rate of natural recharge to the basin or subbasin and total 

discharge from the basin or subbasin;
4. Transmissibility of the basin or subbasin; and
5. The possibility of pollution of the basin or subbasin from 

natural sources.

Based on this study, the following information is provided to assist the 
Oklahoma Water Resources Board to meet the requirements of the Oklahoma 
Ground Water Law:

1. The total land area overlying the basin on Duly 1, 1973 was 331 
mi , or 211,840 acres.

2. The amount of water in storage in the basin on Ouly 1, 1973 was 
approximately 4.14 x 10 10 ft 3 , or 950,000 acre-ft.

3. Based on a recharge rate of 2.5 in./yr, the total discharge by 
pumping from the basin for the period from Ouly 1, 1973 to Ouly 1, 
1993, was determined by a digital-model simulation to be 1.23 x 
10 ft 3 , or 2,830,000 acre-ft.

4. The model-derived transmissivity for Ouly 1, 1973 ranged from 0 to 
2,050 ft /day in the basin. The average transmissivity was 1,080 
ft 2/day.

5. There are several possible sources of pollution of fresh water in 
the ground-water basin:

a) Water in the North Canadian River generally is of poorer 
quality than water in the alluvium and terrace aquifer. If 
the head in the river is higher than the head in the aquifer, 
surface water enters the aquifer and degrades the quality. 
This may already be happening and will increase as pumping 
lowers heads in the aquifer.

b) Water in the redbeds adjacent to the aquifer generally is of 
poorer quality than water in the aquifer. As heads in the 
aquifer are lowered by pumping, flow from the redbeds into the 
aquifer may be induced.

c) Agricultural or industrial chemicals may be entering the 
aquifer.
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The maximum annual yield was determined by a digital-model simulation 
from 3uly 1, 1973, assuming an equal proportionate share throughout the 
basin, except where prior rights had established a larger share, such that 
one-half of the land area of the basin had less than 5 feet of saturated 
thickness on 3uly 1, 1993. The equal proportionate share was determined to 
be 1.0 (acre-ft/acre)/yr, and total discharge by pumping during the 20-year 
period was determined to be 1.23 x 10 ft , or 2,830,000 acre-ft.
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CONCLUSIONS

The results of the numerical simulations indicate that the alluvium and 
terrace aquifer will continue to be an important source of ground water into 
the first part of the twenty-first century if development continues at or 
near the present rate. However, ground-water discharge to the North Canadian 
River has been decreasing since the aquifer has been developed, and will con­ 
tinue to decrease. As the surface waters of the North Canadian River are 
almost completely appropriated for irrigation, municipal, and industrial sup­ 
plies (Ghermazien and Zipser, 1980), this decrease in ground-water contribu­ 
tion from the aquifer may create a potential problem.

1
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Table 2.--Low-flow discharge measurements along the North Canadian River.

Location of Discharge, in cubic 
measurement site_____________Date____________feet per second

19N-13W-33 CB 1/28/81 6.06

17N-13W-11 AA 1/28/81 10.9

16N-12W-22 DC 1/28/81 12.0

15N-11W-27 CD 1/28/81 H.7

HN-10W-25 CD 1/28/81 H.3

13N-08W-08 DA 1/29/81 15.6

13N-07W-32 AA 1/29/81 18.6

12N-05W-05 DD 1/29/81 20.1

12N-05W-01 DC 1/29/81 20.3
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