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PREFACE

This report uses techniques explained in four papers that were
prepared in cooperation with the Colorado Water Conservation Board and
the Southeastern Colorado Water Conservancy District. Three of the
papers (Jenkins, 1968a, 1968b; Moulder and Jenkins, 1969) were
published in Ground Water, the journal of the Technical Division,
National Water Well Association. The fourth (Jenkins, 1970) was
published as a techniques manual of Water—Resources Investigations of
the U.S. Geological Survey. Users of this report will find that the
detailed discussions contained in the four papers mentioned above will
be helpful.
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STREAM DEPLETION FACTORS,
ARKANSAS RIVER VALLEY, SOUTHEASTERN COLORADO
A basis for evaluating plans for conjunctive use
of ground and surface water

By C. T. Jenkins and O. James Taylor

INTRODUCTION

The Arkansas River valley is a stream-aquifer system that consists of
the Arkansas River and the associated valley-fill deposits. The hydrology,
geology, and water-resources development in the valley have been described
by Moore and Wood (1967). The history of delivery of irrigation water by
canals indicates that the supply has been inadequate during some seasons
and some years. The shortage can be reduced by carefully designed
conjunctive use of ground and surface water. An analog model of the
Arkansas River valley in Colorado was constructed to facilitate such
designs (Moore and Wood, 1967).

The purpose of this report is to make hydrologic maps available to
water managers and planners. The maps are useful for estimating the
changes in streamflow caused by recharge to or withdrawal of ground water
from the valley-fill aquifer between Pueblo, Colo. and the Kansas State
line (fig. 1). Use of the maps (figs. 2-5) and a concept described will
assist planners and managers in their task of providing timely delivery
of water to the users, and in the administration of water laws.

Planned conjunctive use of ground water and surface water entails
some degree of prediction, both of streamflow and changes in ground-water
storage, which in turn requires analyses of the interaction between ground
and surface water. Until recently, prediction of the interaction between
ground and surface water depended almost entirely on two mathematical
equations derived by several investigators (Theis, 1941; Conover, 1954;
Glover and Balmer, 1954; Glover, 1960; Theis and Conover, 1963; Hantush,
1964, 1965). The equations are:
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Figure 1. --Index map showing extent of valley-fill aquifer of
Arkansas Valley in southeastern Colorado.




for which:

v = the volumetric change in streamflow caused by recharge to, or
withdrawal of water from an aquifer during a specified time.

t = the elapsed time since recharge or discharge of water to or
from an aquifer began.

a = the distance from the point of recharge or discharge of water
to or from an aquifer to the stream.

q = the instantaneous rate of effect on streamflow caused by
recharge to, or withdrawal from an aquifer hydraulically
connected to the stream.

¢ = the steady rate of recharge or discharge of water to or from
an aquifer.

T = the transmissivity of the aquifer.
S = the specific yield of the aquifer.
erf = the error function.

erfc = the complementary error function.

i® erfc = the second repeated integral of the error function.

Equation 1 is used to calculate the change in streamflow at time ¢
caused by recharge to or withdrawal of water from an aquifer that is
hydraulically connected to the stream. Equation 2 is used to calculate
the volumetric effect on the stream caused by recharge to or withdrawal
of water from an aquifer between times ¢ = 0 and ¢ = £. The equations
can be used with any consistent units.

These equations directly apply only to the idealized system, which
is a semi-infinite, homogeneous, isotropic aquifer fully penetrated by
a stratght, infinitely long stream. Real systems invariably are much
more complex, generally to a degree that casts doubt on the validity of
the results from equations 1 and 2. Analyses of real systems using
models, either electric or digital, can account for heterogeneity and
nonlinear boundaries. Even so, study of complex aquifer and stream
systems requires an inordinate amount of manpower and computer time.
However, results from a comparatively few simple tests on a model can
be generalized for calculating the desired quantitative relation between
streamflow and recharge tc or withdrawal from the aquifer, using a
technique that employs a concept called the stream depletion factor.



STREAM DEPLETION FACTOR

The basic concept introduced by Jenkins (1968a, 1970) is that the
effects on streamflow of ground-water withdrawal or recharge at any
point in a stream—aquifer system can be approximated by equations 1 and
2 and a system descriptor which has the dimension of time. The descriptor,
which Jenkins has called the stream depletion factor, or sdf, can be
obtained by a test on a model. The sdf summarizes the effects of the
hydraulic properties of the aquifer and the locations and types of
boundaries. The sdf was arbitrarily chosen as the elapsed time over which
streamflow volume is changed in the amount, 28 percent of the cumulative
recharge or withdrawal volume. For example, if the sdf at a discharging
well is 65 days, after 65 days of constant withdrawal the stream is
depleted by a volume equal to 28 percent of the volume withdrawn from
the well. The arbitrary use of 28 percent to define the sdf was designed
to simplify calculations. In the measurement and use of the sdf, it is
assumed that the hydraulic properties of the aquifer and the location of
all boundaries remain constant and the stream and certain tributaries
are hydraulically connected with the valley-fill aquifer. The sdf
concept can be used to calculate curves or coefficients which describe
both the rate or cumulative volume of streamflow change due to virtually
any type of intermittent, variable, or constant recharge or discharge.
The effect on streamflow is directly proportional to the rate of
recharge or discharge, under the stated assumptions.

The simplification of the interrelation between ground water and
surface water was done in the following steps:

1. Preparation of a simulation model of the stream-aquifer system.

2. Determination of the stream depletion factor at selected
locations in the system, using the model.

3. Contouring of selected values of the stream depletion factor,
which subdivides the system into bands which are approximately parallel
to the stream, and possibly tributaries to the stream.

4. Calculation of the average stream depletion factor of each band.

5. Generation of response curves for each band using the average
stream depletion factor of the band and the solution of equation 2
obtained from a digital computer.

6. Selection of a time interval for use in subsequent simulations.
Use of the digital computer and the principle of superposition to
partition the response curves into response coefficients during each
time interval due to unit recharge or discharge with a duration of one
time interval.



7. Simulation of the effects of recharge and ‘discharge during
each time interval by multiplying rates of recharge or discharge in
each band times the corresponding response coefficients. Superposition
of results in time and space, where required.

The sdf was measured for 266 locations in the alluvial aquifer of
the Arkansas Valley, shown on figures 2-5, using an electric analog
model. The sdf values were contoured, and the resultant lines of
constant gdf are presented on the maps, figures 2-5. Horse Creek,
Adobe Creek, Apishapa River, Limestone Creek, and the Purgatoire River
are tributary to the Arkansas River and are hydraulically connected to
the valley-fill aquifer. Therefore the lines of constant sdf tend to
parallel the above named tributaries and the Arkansas River. The maps
were generalized by division into a maximum of 10 bands on each side of
the river. The effect of recharge or withdrawal in any band can be
calculated by using the average sdf value of the band, shown in
parentheses on the maps. The generalization into bands allows rapid
and simplified analysis of very complicated patterns of recharge and
discharge (see Moulder and Jenkins, 1969). It is emphasized that the
sdf concept cannot be used to calculate head distribution in the aquifer.

Hand calculations were simplified further by partitioning the
volumetric effect on the river into monthly response by band. Monthly
time intervals were used because of the normal availability of monthly
hydrologic data. Table 1 shows a matrix of values that describes the
volumetric effect on streamflow of aquifer recharge or withdrawal of
1 acre-foot for 1 month. The values were generated by a digital
computer using the mean sdf value for each band and equation 2. The
values must be multiplied by the actual recharge or withdrawal rate, and
may be superimposed.

Example 1:

Estimate the approximate average rate of effect on the stream
during June, assuming that wells in band 2 were pumped at 100
acre-feet per month in April.

=100 (0.0732) = 7.3 acre-feet per month depletion.

Example 2:

Estimate the approximate volume of return flow to the stream
during June, July, and August, assuming that band 4 is recharged
in June and July at 1,000 acre-~feet per month.

Effect of June recharge = 1,000 (0.0239 + 0.1288 + 0.1159) =
269 acre-feet

Effect of July recharge = 1,000 (0.0239 + 0.1288) =
153 acre~feet

Total return = 422 acre~feet
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Calculations can be made of the effects of a single well (Jenkins,
1968a, 1970) or for several wells that are not uniformly distributed
over a band, by using the sdf of each well, which can be determined by
interpolation (see Jenkins, 1968b).

CONCLUSIONS

By using the concept of the stream depletion factor in a stream-
aquifer system, the valley-fill aquifer of the Arkansas River valley has
been subdivided into bands based on the response of the stream to recharge
to or withdrawal from the aquifer. The use of monthly response
coefficients for each band and the principle of superposition facilitate
the calculation of the approximate effects on streamflow of aquifer
recharge and withdrawal, expressed as a rate or volume. The resulting
quantitative description of the stream—aquifer interrelation should be
extremely valuable in management studies designed to improve water
delivery.



REFERENCES CITED

Conover, C. S., 1954, Ground-water conditions in the Rincon and Mesilla
Valleys and adjacent areas in New Mexico: U.S. Geol. Survey
Water-Supply Paper 1230, 200 p. [1955].

Glover, R. E., 1960, Ground water-surface water relationships [A paper
given at Ground Water Section of Western Resources Conference,
Boulder, Colorado]: Colorado State Univ. paper CER60REG45, 8 p. [1961].

Glover, R. E., and Balmer, C. G., 1954, River depletion resulting from
pumping a well near a river: Am. Geophys. Union Trans., v. 35, pt. 3,
p. 468-470,

Hantush, M. S., 1964, Hydraulics of wells, in Chow, Ven te, ed., Advances
in hydroscience, v. 1l: New York, Academic Press, p. 386.

1965, Wells near streams with semipervious beds: Jour. Geophys.
Research, v. 70, no. 12, p. 2829-2838.

Jenkins, C. T., 1968a, Techniques for computing rate and volume of
stream depletion by wells: Ground Water, v. 6, no. 2, p. 37-46.

1968b, Electric-analog and digital-computer model analysis of stream
depletion by wells: Ground Water, v. 6, no. 6, p. 27-34,

1970, Computation of rate and volume of stream depletion by wells:
U.S. Geol. Survey Techniques Water-Resources Inv. Manual, Book 4,
Chap. D1, 17 p.

Moore, J. E., and Wood, L. A., 1967, Data requirements and preliminary
results of an analog-model evaluation, Arkansas River valley in
eastern Colorado: Ground Water, v. 5, no. 1, p. 20-23,

Moulder, E. A., and Jenkins, C. T., 1969, Analog-digital models of
stream-aquifer systems: Ground Water, v. 7, no. 5, p. 19-24,

Theis, C. V., 1941, The effect of a well on the flow of a nearby stream:
Am. Geophys. Union Trans., v. 22, pt. 3, p. 734-738.

Theis, C. V., and Conover, C. S., 1963, Chart for determination of the
percentage of pumped water being diverted from a stream or drain, in
Bentall, Ray, compiler, Shortcuts and special problems in aquifer
tests: U.S. Geol. Survey Water-Supply Paper 1545-C, p. C106-Cl09
[1964].



