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The test was made during the fall of 1961, when evapotranspiration
losses were small and when baseflow conditions existed in the stream.
Unfortunately, these baseflow conditions were disrupted by rain at
three times during the test. A light rain occurred a few hours after
the test started, which did not greatly affect streamflow. A heavier
rain occurred after about 55 hours of pumping, causing an increase
in streamflow that affected the results of the test considerably. After
the pump had been off about 6 hours, a very heavy rain caused a sharp
rise in the streamflow which masked the recovery of stream stage due
to the cessation of pumpage.

The discharge hydrographs for each of the five streamflow-measur
ing sites observed during the test are shown in figure 15. The top line
in this figure shows the natural streamflow entering the test area at
site 9., just upstream from the area affected by the pumped well.

Prior to pumping, the streamflow was relatively constant and water
levels were stable. About 15 minutes after the pump was started, the
streamflow began to decrease and continued to decrease until the test
was disrupted by runoff from rainfall 56 hours later (fig. 15). At that
time, about 340 gpm, or 30 percent, of the well pumpage was being
derived from the flow of the stream. The streamflow depletion prob
ably continued to increase slowly throughout the remainder of the
pumping period, although the effects of the depletion were masked by
runoff from precipitation.

The results of the tests demonstrate the relation between ground
water and surface water and the effects of ground-water pumpage on
streamflow. However, this test shows the effects of pumpage at only
one well site. An equation has been developed by Theis (1941) to
estimate streamflow depletion caused by pumping wells at different
locations. The equation is based on the assumption that the aquifer
is under artesian conditions, is homogeneous and isotropic, and extends
to infinity away from the stream. The equation also assumes that the
stream completely penetrates the aquifer and is straight and infinite in
extent.

Values for streamflow depletion caused by pumping well Ptr410
were computed from the equation and compared to the measured
values to determine the validity of the equation in predicting stream
flow depletion. For the computations, it was assumed that the aquifer
had a coefficient of transmissibility of 200,000 gpd per ft and a coeffi
cient of storage of 0.15. The comparison of these values (fig. 16)
indicates that the depletion of flow between measuring sites 6 and 8 was
a great deal less than the computed depletion, but the depletion between
gaging station B and measuring site 6 (below sites 6-8) and between
measuring sites 8 and 9 (above sites 6-8) agree fairly closely with the



FIGURE 15.-Discharge hydrographs for the stream-measuring sites during the pumping test on well Pt-410, October 2~28, 1961.
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FIGURE 16.-Measured streamflow depletiou during the test on well Pt-410
compared with values computed using an equation tor streamflow depletion
trom a stream tully penetrating the aquifer.
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FIGURE 17.-Measured streamflow depletion between gaging station B and site
9 compared with values obtained from the equation as modified tor a partially
penetrating stream. (See pages 69-73.)

computed depletion (compare shaded areas, fig. 16). The reach of
stream between measuring sites 6 and 8 lies near the well, and it is in
this area that the differences in effect between the actual partially
penetrating stream and the theoretical fully penetrating stream are
greatest. Because the stream penetrates only a very small part of the
aquifer, the water table was drawn below the bottom of the stream
after the pump had been run for about 15 minutes. After this time,
most of the water moving from the stream toward the well moved
vertically downward through the less-permeable streambed materials.

The average permeabilities of the streambed materials for the
reaches between measuring sites 6 and 7, 7 and 8, and 6 and 8 were
computed by use of Darcy's Law (Ferris and others, 19_62, p. 71).
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This law states that the permeability of a material is equal to the dis
charge through the material divided by the area through which the
flow is occurring and by the hydraulic gradient. For the computa
tions of the permeability of the streambed materials in the designated
reaches of the Little Plover River, the discharge, or downward flow,
was considered to be equal to the streamflow depletion measured in each
reach after well Pt--410 had been pumping for 48 hours. The stream
bed area for each reach was determined by multiplying the measured
streamline length of the reach by an assumed average width of 10 feet.
The hydraulic gradient was assumed to be equal to unity in each reach.
The water table probably was pulled down below the streambed in each
reach, as indicated by the constant rate of streamflow depletion in
those reaches. Consequently, the actual hydraulic gradient across the
section of streambed materials was somewhat greater than unity, de
pending on the thickness of the section and the depth of the streaIIL
The gradient would approach unity as the section became thick or as
the stream depth approached zero. Because of the low estimate of the
hydraulic gradient, the permeabilities determined for the streambed
materials are somewhat too high, although they probably are the right
order of magnitude. The results of the computations are given in
table 6.

TABLE 6.-Streambed permeabilities along the Little Plover River, as determined
by the test on weU Pt-410

Btream1low Permeability
Reach of stream between meBSUrlng sites de~letion Length of Width of of streambed

(flg. H) gpm) reach (teet) reach (feet) materials
(gpd per sq It)

7, 8__________________________ 115 405 10 406, 7__________________________ 45 645 10 106, 8__________________________ 160 1,050 10 21

The vertical permeability of the streambed materials also was deter
mined at two places near site 7 by an in-place infiltrometer that was
installed by driving a section of thin-wall pipe into the sediments,
filling the pipe with water and observing the rate at which the water
level declined. The difference in piezometric head between the sedi
ments at the streambed surface and the sediments at the base of the
pipe were measured with piezometers, and the hydraulic gradient was
determined by dividing the head difference by the thickness of sedi
ments penetrated by the pipe. These tests gave values for the verti
cal permeability of 14 and 15 gpd per sq ft which agree closely with
the values obtained by analysis of the pumping-test data.

The equation for streamflow depletion derived by Theis was modi
fied to account for partial penetration and the low permeability ~f the
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streambed materials, as described on page 69. Values for stream
flow depletion were computed from the modified equation and the
results were again compared to the measured values to check the valid
ity of the equation. The values for streamflow depletion computed
from the modified equation showed good agreement with the measured
values during the period of the test, as shown by figure 17. For the
computations, it was assumed that the streambed below site 7 had a
vertical permeability of 10 gpd per sq ft and that the streambed above
site 7 had a vertical permeability of 40 gpd per sq ft.

The modified equation was used to compute the effects on streamflow
due to ground-water pumpage by wells pumping at various rates near
reaches of streams having different streambed permeabilities (fig. 18)
and by wells at various distances from a stream (fig. 19). The curves
were computed for a homogeneous and isotropic aquifer having a
coefficient of transmissibility of 200,000 gpd per ft, and a coefficient
of storage of 0.15. Although the curves were drawn for hypothetical
conditions, they show the magnitudes of the effects of ground-water
pumpage on streamflow that could be anticipated under various con
ditions in the Little Plover River basin and other basins in the sand
plain area. The ratio of streamflow depletion to ground-water
withdrawal after a given time of pumpage is greater for a well near
the stream than for a well more distant (fig. 19) and for a well near
a stream with a more permeable bed (fig. 18) .

For wells near partially penetrating streams and discharging at
different rates, the wells having smaller discharges will derive a
greater part of their discharge from diverted streamflow although the
total streamflow depletion will be smaller. This condition differs
from that for a well near a fully penetrating stream, for which
streamflow depletion is proportional to pumpage.

Any cyclic effect on streamflow caused by the cyclic or intermittent
pumpage of ground water for irrigation would be of concern to con
servationists interested in the stream as a trout habitat. The effects
of a well on a stream that is 1,000 feet or more from the stream are
considerably delayed as may be seen in figure 19. The cyclic pump
ing of a well at this distance from the stream probably would not cause
a noticeable cyclic effect on streamflow (fig. 13) but would cause an
effect similar to that of a well pumped continuously at the average dis
charge rate of the cyclically pumped well. Wells that are between 500
and 1,000 feet from the stream probably would have some cyclic effect
on streamflow, although this effect probably would not be easily dis
cernible. Cyclically pumped wells that are at distances of 500 feet or
less from the stream probably would produce noticeable cyclic effects
on streamflow.
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T=200,OOO gpd per ft,
8=0.15,
a=300 ft, where a=distance from well to stream,

W = 10ft, stream width,
q,= 1.3, coefficient of sinuosity for stream,

P' = Streambed permeability in gpd per sq ft, and
1=1 ft per ft, hydraulic gradient across bed limiting flow.

Other symbols defined on page 70.

FIGURE 18.-Time-depletion curves showing theoretical effects of ground-water
pumpage on the flow of the Little Plover River by wells pumping at several
rates and for reaches of stream having different streambed penneabilities.
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FIGURE 19.-Time-depletion curves showing theoretical effects of ground-water
pumpage on the flow of the Little Plover River by wells located at various
distances from the stream.

EFFECTS OF EXISTING PlJl[PAGE

Some ground water was pumped for irrigation in the Little Plover
River basin throughout the period of study. This pumpage has
affected the flow of the stream to some extent, but the effects are not
directly discernible from the streamflow records. The effects of
ground-water pumpage cannot be determined quantitatively from
recession curves because the steeper declines are caused in part by
evapotranspiration from phreatophytes near the stream. The farm
ers usually irrigate during 10- to 12-hour periods during the day, but
the irrigation wells and pits are at considerable distances from the
stream. Because of the distance, any cyclic effect of the pumpage on
streamflow is greatly dampened and is completely masked by the
diurnal effects of evapotranspiration by phreatophytes.
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An estimate of the maximum effect of ground-water pumpage in
1962 on the streamflow was made from pumpage data by using the
equation for streamflow depletion. For the computations, it was
assumed that half the pumped water returned to the ground-watel'
reservoir and that streamflow depletion was only half that which
would have occurred if there had been no return How from irrigation.
It also was assumed that the maximum effect of each well occurred
at the same time. The effects of pumping wells east of the Arnott
moraine were ignored for the computations, because the wells are a
considerable distance from the stream.

The results of the computations (table 1) provide an estimate for
the existing irrigation for a typical year. The maximum depletion
rate would be greater in a dry sununer and leI:B in a wet one. Although
the results of the computations cannot be checked directly from the
streamflow records, the values fall in the range of credibility when
compared with the difference in summer and winter base-How reces
sions and the negative accretion rate determined for the summer
months (fig. 11).

TABLE 7.-Estimated streamflow depletion due to pumpage jor irrigation in 19Bi!

Assumed Average Average Distance Maximum
discbarge number discharge as Number from stream1low

Well during orbours continuous or weeks stream depletion
pumping pumped rate pumped (reet) (gpm)

(gpm) per week (gpm)

Pt-279 ______________ 800 72 340 6 1, 700 115340______________ 800 40 190 5~ 1,500 65400 ______________ 800 72 340 7 3, 700 654______________ 800 60 290 5 2, 100 803______________ 800 72 340 5~ 6, 500 15

TotaL 340 gpm, or 0.75 cfs

EFFEOTS OF PROJEOTED FUTURE GROU~~ATER DEVELOPMENT

Ground-water development for irrigation is expected to continue to
increase in the Little Plover River basin area, and streamHow deple
tion is expected to be greater in the future than at present. Although
the rate and distribution of future ground-water development in the
area is not known, the magnitude of future effects may be estimated
from a hypothetical schedule of development. The values derived
from these computations should be useful in anticipating future
problems which may arise because of increased irrigation.

Estimates of the depletion of streamHow caused by inc:rease<l
ground-water pumpage were made from an equation derived by Glover
(written commun. 1960). The equation assumes that the pumpage
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occurs as negative recharge behaving as a series of instantaneous with
drawals. This assumption implies that the wells intercept a uniform
amount of water over the ent.ire area. The use of this equation is
described in detail by Hurley (1961), and he gives an example of its
application to an alluvial aquifer bounded by relatively impermeable
bedrock. It was also suggested in his report that the method be
applied to areally extensive aquifers, but no examples were given.

The applicability of the equation to oompute the influence of a.oore
tion on flow in the Lit,tIe Plover River !basin was checked by computing
monthly streamflow for the 20-month period, January 1960 to Octo'ber
1961, using the recharge rates determined from the water-level and
streamflow data (fig. 11) and OOIllpaa'ing the results with the measured
monthly streamflow at gaging station A. To use the equation for this
study, the basin was divided into three :rectangular areas bounded by
streams, ground-water divides, and impermeable boundaries, as shown
in plate 6. The average ratio of TIS for the aquifer materials in area
2 (pI. 6) was determined to be about 1.3 X 105 sq ft per day from
analysis af water-level r~ions in two observation wells following
recharge (Weeks, 1964a). A ratio of TIS of LOX 105 sq ft per day
for area 1 was computed from water-level recessions using an equa
tion given by Brown (1963). A ratio of TIS of 1.0 X 105 sq ft per day
was assumed for area 3.

The fact that the computed stream discharge reasonably agrees with
the measured streamflow (fig. 20) indicates that the equation may be
applied to an areally extensive aquifer such '8S that in the sand-plain
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FIGURE 20.-Monthly streamflow of the Little Plover River, as computed from
recharge data, compared with the measured flow at gaging statioQ A.
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area. The equation could be used both to estimate streamflow deple
tion due to ground-water pumpage and to compu~ streamflow rates.J

It was assumed fur the oomputations of streamflow depletion tha.t
t'he ground-water purnpage lost by evapotranspiration occurred at an
annual rate of 160 acre-feet for 1 year and that the utilization in
creased at the rate of 16 acre-feet per year thereafter. These values
were obtained by assuming that evapotranspiration is increased by 4
inches per year on the irrigated acreage, that 500 acres were under
irrigation within the basin for the first year, and that the irrigated
acreage increased by 50 acres per year. All the purnpa:ge was assumed
to occur during the months of July a.nd August and to be divided
equally between the 2 months. The pumpa,ge for each month was
assumed to have occurred on the 15th day of the month. The monthly
streamflow depletion due to the evapotranspiration loss of 160 acre
feet of ground water each year for a period of 10 years was computed.
by this method. The monthly depletion ra~ due to the evapotran
spiration loss of 160 acre-feet per year increasing at the rate of 16 acre
feet per year for 10 years was also computed. The results of the
computations are shown hy figure 21. The 'average annual depletion
rate also is shown by this figure.

During exceptionally dry years, the streamflow depletion would be
considembly more than the average rate, because of the increased
c.()nsumptive use of irrigation water. For example, during an ex
ceptionally dry summer, the consumptive use of irrigation water from
500 '8.cres of land might be 160 'acre-feet in June, 200-acre-feet in July,
and 200-acre-feet in August. For these conditions, the increase in
streamflow depletion in excess of that shown by figure 21 could be
estimated by use of figure 22, which shows the monthly streamflow
depletion following a month of pumpage as a percentage of the
amount pumped. The depletion caused by pumpage in June would be
obtained by multiplying the value of consumptive use of 160 'Rcre-feet
by the graph V'8.lue from figure 22 of 0.17 to obtain the depletion in
June, by 0.10 to obtain tIle depletion in July, by 0.07 to obtain the
depletion in August, a.nd so on. The effects of the greater-than
average pumpage in July would he computed by multiplying the
increase in pumpage of 35 acre-feet by 0.17 to obtain the additional
depletion occurring in July, by 0.10 to obtain the additional depletion
in August, and so on. The same procedure would be used to compute
the depletion resulting from the greaJter-than-average pumpage in
August. The computed depletion rates resulting from the pumpage
in June and the increased pumpage in July and August would be
summed and added to the depletion rates shown in figure 21 to obtain
the total streamflow depletion rate during and following a dry
summer.
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