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HYDROLOGIC ANALYSIS OF THE PROPOSED BADGER-BEAVER CREEKS
ARTIFICIAL-RECHARGE PROJECT, MORGAN COUNTY, COLORADO

By Alan W. Burns

ABSTRACT

A hydrologic analysis of the proposed Badger-Beaver Creeks artificial-
recharge project was made with the aid of three digital computer models: A
canal-distribution model, a ground-water flow model, and a stream-aquifer
model. Statistical summaries of probable diversions from the South Platte
River based on a 27-year record of flows indicate that an average annual di-
version of 96,000 acre-feet and a median annual diversion of 43,000 acre-feet
would be available. Diversions would sustain water in ponds for waterfowl
habitat for an average of about 5 months per year, with a maximum pond
surface area of about 300 acres with the median diversions and a maximum pond
surface area of about 1,250 acres at least one-half of the vyears with the
historic diversions. |If the annual diversion were 43,000 acre-feet, recharge
to the two alluvial aquifers would raise water levels sufficiently to create
flowing streams in the channels of Badger and Beaver Creeks while allowing an
increase in current ground-water pumping. The only area of significant water-
logging would be along the proposed delivery canal on the west edge of Badger
Creek valley. |If the total water available were diverted, the aquifer system
could not transmit the water fast enough to the irrigation areas to avoid
considerable waterlogging in the recharge areas. The hydrologic impact of
the proposed project on the South Platte River basin would be minimal once
the ground-water system attained steady-state conditions, but that may take
decades with a uniform diversion of the 43,000 acre-feet annualty.

INTRODUCT1ON

Badger and Beaver Creeks are small tributaries to the South Platte River
in Morgan County, Colo. (fig. 1). The importance of these tributaries is not
their streamflow--both are dry for most of their courses except during floods
--but the alluvial aquifers adjacent to them. The two alluvial aquifers un-
derlie valleys that are 1 to 5 mi wide and provide ground water for irriga-
tion in areas where surface water from the South Platte River is not supplied
by gravity flow. Code (1943, p. U41) reports, "Pumping in this valley (Beaver
Creek) dates back to about 1910. There was a small steady growth up through
1936, but in the 4 years following, the number of plants increased more than
twofold, or to 53, south of Brush in 1940. Electric power became available
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in 1939."" Pumping continued to increase, according to Bjorklund and Brown
(1957), who reported that 109 wells were pumped in 1946 and 138 wells were
pumped in 1950. The increased pumping began creating drawdown problems as
early as 1950. Bjorklund and Brown (1957, p. 50) reported, ''The decline of
the water table is more critical in the Beaver Creek valley than in any other
part of the South Platte River valley project area . . .'"'" Pumping apparently
continued to increase until drawdowns caused abandonment of numerous wells
and withdrawal of land from irrigation.

Proposed Artificial-Recharge Project

In April 1976, the Badger and Beaver Water Conservancy District was
formed under the provisions of Article 45, Title 37, Colorado Revised Stat-
utes, 1973. The purpose of this conservancy district was to promote a proj-
ect to artificially recharge the two alluvial aquifers in an attempt to again
achieve the historical pumping rates and return lands to their previous ir-
rigated conditions. Although no formal engineering designs have been devel-
oped, a preliminary plan has been developed. According to the plan, water
would be diverted from the South Platte River at the headgate of the existing
Bijou Canal just west of Canton, Colo., in Weld County (fig. 2). Water would
flow through the Bijou Canal to about the mouth of San Arroyo Creek south of
Griffin, Colo., in Morgan County, where it would be diverted into a new canal
to be constructed. This new canal would cross the channel of Badger Creek at
about the section 1line between Tps. 1 and 2 N., R. 57 W., where some water
would be released down the channel of Badger Creek. About 2.5 mi downstream,
water in Badger Creek would be diverted to another canal to be constructed
east of the creek. This canal would trend northward along the edge of the
sand hills and terminate about 2 mi north of the section line between Tps. 2
and 3 N., R. 57 W.

Water not diverted into Badger Creek would be pumped into a lined canal
leading to the channel of Beaver Creek near the southern Morgan County line,
where the water would be released into the channel of Beaver Creek. About
1 mi downstream, part of the water would be diverted into a new canal to be
constructed west of the creek. This canal would trend northward through the
sand hills and terminate about 2.5 mi south of Brush (fig. 2). In addition,
another canal may be constructed to carry water farther east where it could
be released to the channels of Buck Creek and an unnamed draw (fig. 2).

It is also proposed to create numerous ponds throughout this recharge-
distribution system by either installing check dams along the canals and
channels or by creating turnouts to the many natural depressions, particu-
larly in the sand hills. These proposed ponds primarily would enhance the
environment relative to wildlife and waterfowl. Water would seep from the
canals, stream channels, and ponds, and infiltrate the underlying aquifers.
The desired resuit of this infiltration would be to recharge the aquifers
sufficiently to accommodate increased ground-water pumping during the irriga-
tion season.
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in a filing in the District Court in and for Water Division No. 1, State
of Colorado, the conservancy district has requested a water right of
240,000 acre-ft annually to be made senior in right to filing 366 for the
proposed Narrows Reservoir and also has asked for an alternative point of
diversion for the 355.025 ft3/s decreed rights of existing wells to the
headgate of Bijou Ditch. On the basis of these water-right filings and the
typical flows in the South Platte River, the conservancy district proposes to
divert about 90,000 acre-ft per year into the canal system.

Purpose and Scope

In February 1978, the U.S. Fish and Wildlife Service entered into a Mem-
orandum of Agreement with the Badger and Beaver Water Conservancy District.
Under the terms of this agreement, the U.S. Fish and Wildlife Service would
finance a hydrologic analysis of the proposed project because of the poten-
tial benefits to wildlife that could accrue through development of wetlands
from ground-water augmentation projects. It was believed that artificial
recharge could become widely used in the South Platte River basin of north-
eastern Colorado. The U.S. Fish and Wildlife Service determined that through
this study it would gain a better understanding about the direct and indirect
impacts of artificial recharge on fish and wildlife.

In March 1978, the U.S. Fish and Wildlife Service agreed to fund an 18-
month study to be conducted by the U.S. Geological Survey of the hydrologic
aspects of the proposed artificial-recharge project. The study had four pri-
mary objectives: (1) The availability of water for diversion from the South
Platte River; (2) the delivery and recharge of the diverted water; (3) the
effects of the artificial recharge on the ground-water system; and (4) the
total hydrologic impact of the proposed project on the South Platte River
basin. The study was to consider only the general hydrologic aspects of the
proposed project and was not intended to consider any site-specific hydraulic
conditions, engineering-design problems, or economic considerations.

At the request of the U.S. Fish and Wildlife Service, a meeting was held
on March 16, 1979, at which the U.S. Geological Survey presented preliminary
results of the study to representatives of the U.S. Fish and Wildlife Service
and the Badger and Beaver Water Conservancy District. On May 23, 1979, the
u.s. Fish and Wildlife Service notified the Badger and Beaver Water
Conservancy District that it could not participate in the wildlife-management
part of the recharge plan because preliminary results of the study indicated
that the project would significantly deplete flows in the South Platte River.
According to the U.S. Fish and Wildlife Service, such depletion could have
adverse effects on habitat for whooping cranes or other migratory birds along
the Platte River in Nebraska. However, all parties agreed that the results
of the study should be published.



AVAILABILITY OF SURFACE WATER

The South Platte River is the principal source of surface water for
irrigation in the plains of northeastern Colorado. Between 1850 and 1900,
numerous irrigation canal and ditch companies formed . and constructed head-
gates along the river to divert water to the fields and to off-channel reser-
voirs. Leakage from these canals and reservoirs plus applications of water
on the land in excess of consumptive use sustains a huge aquifer within the
alluvium adjacent to the river. Discharge from this aquifer has transformed
the South Platte River into a gaining stream throughout most of its course.

Streamflow Statistics

Data to determine the streamflow available for diversion have been col-
lected at the gaging stations in the Kersey-Balzac reach of the river by
either the U.S. Geological Survey or the Colorado Department of Natural
Resources, Division of Water Resources, Office of the State Engineer. These
stations (fig. 3) and dates for which data are available are: Kersey (1905-
present); Sublette (1927-55); Weldona (1952-present); and Balzac (1916~
present).

The streamflow of the South Platte River is quite variable--within the
year, from year to year, and from site to site. The flow-duration curves for
Kersey and Balzac (fig. 4) show this temporal variability, and the different
placement and shape of the two curves indicate the spatial variability. |In
spite of the fact that the South Platte River is an effluent stream (a gain-
ing stream due to ground-water inflow), the many diversions cause the stream-
flow to decrease downstream through this reach. From 1927 through 1955 the
average flows were: Kersey, 625 ft3/s; Sublette, 336 ft3/s; and Balzac,
301 ft3/s. From 1952 through 1976 the average flows were: Kersey,
847 ft3/s; Weldona, 572 ft3/s; and Balzac, 439 ft3/s.

Water Rights

To gain legal access to water for diversion during the nonirrigation
season, the project must conform with the water rights of existing reser-
voirs. The reservoirs in the Kersey-Balzac reach of the river with senior
water rights are Bijou No. 2, Empire, Jackson, North Sterling, Prewitt, and
Riverside (fig. 3). On the basis of records provided by the State Engineer's
Office (Walter Knudsen, written commun., 1975), the apparent rights of these
reservoirs are listed in table 1 along with the basin rank, which is a prior-
ity numbering system.

Potential Diversions

The data used for determining the potential diversions for the proposed
project came from an analysis by the U.S. Bureau of Reclamation (Roger
Wiedlemann, written commun., 1976). The Bureau computed the streamflow that



*S110A19831 UOISIJAIp pue suonels uifed jo uoneso|---¢ andig

i T .SHILIWOTIN 02 ol 0
; g _ — _ 5
/ S3INW 0C 413 0
\ Sl
O.)'SHVav _ = 00O
i v
=\ s
- N L
_ 2\ NOLLVIS ONIOVD (o ¥
= ] JAAINOV TVIANTIV 40 LINIT = =— — —
Y NOLLVNV 1dXd
1 N
\ 2
N ﬂww/ 6961 ‘dew oseq 1¥1§
£ // ! AdoAaIng [e2130]09D °*S°[] WOIj oseq
i = q B
S 12 \S =y | |
~
m | IV \QQW.U ﬂ m ~ ﬂ S
m Z . 110m1255Y 1D ! | !
Iz oo o BN h .
&1 s /ot T T T T
Sy 7 * w
N — _w
we( v
4 SMOLIBN amn3qng d
\\_ pasodoid > \\\: c=<_ /(\LIJV 5
\\\ — 1 m 11044289 \ -
=l sprsavary | N Y
)A410442833 \ \\n = 1 1 ~o >y
A inimard A/ 1044052 \ W_d l/ S
P uoSYoD [ N 2z \ fos10%
=1 { \:m
T
SN
NO'L
i
- - L N B ! .

9g LG 86 6G .00.F0T 09 19 ) £9 MPIYH



10,000 T

5000 —

I
|

1000

L1l

T TTTI

|

500

100

50

DISCHARGE, IN CUBIC FEET PER SECOND

10

TTTTT
111

o
|
]

1 1 I | l ] | | | I
0.01 0.1 1 5 20 50 80 95 99 99.9 99.99
PERCENTAGE OF TIME THAT INDICATED DISCHARGE WAS EQUALED OR EXCEEDED

Figure 4.-- Flow-duration curves for the South Platte River
near Kersey and at Balzac.



Table 1.--Water rights of existing reservoirs

Annual volume

Reservoir Basin rank!
(acre-feet)
Bijou Reservoir No., 2-=------- 9,183 1,047
Jackson Lake---~--=---=--cu-- 30,992 1,364
Riverside Reservoir----------- 16,070 1,384
Jackson Lake-----==--==c-uu--- 4,637 1,485
Empire Reservoir------=------- 37,710 1,580
Riverside Reservoir----------- L1,437 1,725
North Sterling Reservoir------ 69,446 1,762
Prewitt Reservoir------------- 32,300 1,841
Riverside Reservoir----------- 7,501 1,863
North Sterling Reservoir------ 11,954 1,985
Empire Reservoir----=----=---- 37,709 2,490
Riverside Reservoir---=------- 56,325 2,490
Jackson Lake-========m~=memmen 8,270 2,490
Prewitt Reservoir--~---=--=---= 34,960 2,490

1A ranking system used by the Colorado Department of Natural Resources,
Division of Water Resources, Office of the State Engineer, in which the
smaller numbers have higher priority.

could be stored in the proposed Narrows Reservoir. This computed flow (re-
ferred to as storable flow for purposes of this report) is considered to be
representative of the available legal diversion for the proposed project,
even though the site of the proposed Narrows Dam is downstream from the head-
gate of Bijou Canal. This analysis would be invalid if the Narrows Reservoir
were constructed and the water right there remained senior to that of the
proposed project.

The average winter flow (November through May) and the average storable
flow for those same 7 months, when there is typically no irrigation, for the
Kersey-Balzac reach of the river is shown in figure 5. These plots were based
on 1947-61 data obtained from a U.S. Bureau of Reclamation study (1965). The
flow-duration curve of the storable flow from October through June, when di-
version for storage would be aliowed, for 1947 to 1974 is shown in figure 6.
The 1large variability is indicated by the monthly distributions of the
storable flow for these same data in table 2.

The divertible flow for this proposed project would be the storable
flows except for the fact that the capacity of the Bijou Canal will prevent
the diversion of the higher flows. The reported capacity of the Bijou Canal
is 30,000 acre-ft per month and, thus, any monthly storable flow that exceeds
30,000 acre-ft is limited to that value. Because of the high variability of
the monthly flows (table 2), the effects of this limitation are quite dra-
matic. The average storable flow from October through June for the 1947-74
period is 217,000 acre-ft but the average divertible flow is only 96,000 ac-
re-ft. Because the average flow occurs only about 30 percent of the time,
the median (50-percent) storable flow is used as the divertible flow for most
of this study.
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Table 2.--Storable flows into the proposed Narrows Reservoir

[Computed from U.S. Bureau of Reclamation analysis for 1947-1974]

Percentage of the time that the indicated flow may be stored

Month
10 20 50 80 90
Thousands of acre-feet

October=======- 57 9.0 1.7 0.3 0.1
November===~==~~ 36 8.5 1.1 .1 .1
December====-==~ 30 16 1.2 .3 .1
January=====-=- 48 31 3.3 .5 .3
February~===~=~=-- 46 32 4.8 .5 .3
March=-----==-- 48 33 7.0 .9 .2
April=mmmmmmmme 60 47 6.1 .9 .
May--=-=-===-~-- 190 100 5.7 b .1
June-=========- 230 170 12 2 .1
Total----- 740 450 43 4.1 1.4

DELIVERY AND RECHARGE OF THE DIVERTED WATER

The proposed project would divert water through much of the existing
Bijou Canal before diverting it into new canals to be built as part of the
project. Some of these canals would lead to depressions in the adjacent sand
hills where ponds would be formed. The purpose of these canals and ponds is
to allow water to recharge to the adjacent and underlying aquifers. James
Pugh  (Superintendent, Bijou Irrigation System, written commun., 1978)
estimates seepage along the downstream length of the Bijou Canal to be 12 to
15 percent of the flow. According to Mr. Pugh, and a local retired farmer
who was interviewed, a ditch was constructed about 1900 in the vicinity of
part of the proposed system west of Badger Creek valley. This ditch was
abandoned due to large seepage rates.

During a field trip to the area June 12-14, 1978, several observations
of flow were made. On June 13, water was released from Bijou Canal into Bad-
ger Creek in sec. 6, T. 2 N., R. 57 W. The duration of the release was less
than 2 days and the quantity was unknown; the flow in the canal on the morn-
ing of June 14 was measured at 8 ft3/s. The entire release seeped from the
channel within a 0.5-mi reach below the release point. During the same trip,
water from the Fort Morgan Canal also was being released into Badger Creek in
sec. 21, T. 3 N., R. 57 W. Discharge measurements indicated 12 ft3/s in Bad-
ger Creek about 1 mi downstream and only 4 ft3/s, 2.5 mi downstream from the
release point. The creek channel was completely dry 1 mi farther downstream.
Previous releases of unknown quantities from the Fort Morgan Canal had caused
seepage losses from Beaver Creek for a distance of about 2 mi downstream from
the release point.
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Distribution Model

A digital computer model was developed for this study to simulate the
routing of the diversions from the river throughout the canal and pond sys-
tem, and to compute the seepage losses. There are four basic components to
the model: (1) Routing the flow along the channels; (2) proportioning the
flow at the diversion points; (3) simulating the pond conditions; and (4)
computing the seepage. The time interval used in the model is 1 month. That
is the time interval of the diversion data and also seems to be the shortest
convenient time interval for all the water to move through the entire canal
system at low flow.

The canal system is described by reaches which connect node points. The
nodes are identified by their latitude, longitude, and altitude of land
surface. These data were digitized from maps of the preliminary canal layout
provided by Thomas Norton (Norton, Underwood, and Lamb Engineering Consult-
ants, written commun., 1978) (fig. 2). The model uses 982 nodes to describe
the 225-mi network (fig. 7).

Fiow routing is a simple conservation of mass with the only cause of de-
pletion in a reach being seepage,

Q_ .=Q. -5, (1)

where Qou is the discharge leaving the reach, in cubic feet per second;

t
€. is the discharge entering the reach, in cubic feet per second; and
in

S is the seepage lost within the reach, in cubic feet per second.

Possible losses due to evaporation or transpiration are considered small and
were ignored. An important feature of the routing component of the model was
the computation of depth of the water in canals. The depth 1is needed for
computing time of travel and seepage. The depth is computed by two different
techniques, depending on which part of the canal system is being analyzed.
In the existing part of the canal, there are so many check gates and dams for
the purpose of diverting water to farm laterals that the only useful tech-
nique was a stage-discharge relationship. Based on discharge measurements
made by D. R. Minges (U.S. Geological Survey, written commun., 1978) on the
Fort Morgan Canal and Lower Platte and Beaver Canal, the general logarithmic
function computed is:

h=o.106Q°'64°, (2)

where 7 is depth of the water in the canal, in feet; and

@ is the discharge in the canal, in cubic feet per second.

13
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Because the widths, slopes, and numbers and types of check gates are quite
similar for most of the canals in this part of the South Platte River valley,
the above function is believed to be representative. For the rest of the ca-
nal system, Manning's equation (Chow, 1959) was iteratively solved until the
computed discharge equaled the routed discharge. This is an iterative process
because the hydraulic radius 1is a function of wetted perimeter which is a
function of depth:

1486, 2/3.. 1/2
Qe +4 R85, 107, (3)
Ac=h-W, and (4)
R=A /P=—ﬁz— (for rectangular channel) (5)
e'" 2htW 9 ’

where @ is the discharge of the canal, in cubic feet per second;
n is the Manning's coefficient;

A is the cross-sectional area of water in the canal, in square feet;

0
o

the hydraulic radius, in feet;

S, is the dimensionless channel slope;

()

is the depth of water in the channel, in feet;

the average width of water in the channel, in feet; and

v o
o

is the wetted perimeter, in feet.

The flows were distributed through the system by trying to make the di-
versions at branching nodes (fig. 7) such that water just reached the termi-
nal node (fig. 7). If there was less water than potential leakage, then water
was diverted to each section on the basis of section number and potential
seepage rate. The water was diverted to each section until all the water was
used; and the last sections would receive less than their potential, or none,
if the excess water was gone. |f there was more water avaijlable than the com-
bined potential leakage rates, the extra water was apportioned evenly to all
the ponds. Proportioning the flow at points of diversion was a trial-and-
error routine. Because seepage is partly a function of the hydraulic head in
the canal, whenever the diversion through a section of the canal system
changes, the seepage also may change. The technique used to distribute water
at a branching node (fig. 7) was to divert exactly the amount of water needed
so that the seepage in the last reach causes the flow at the terminal node of
the section to be zero. This was an iterative process whereby all of the
water was initially diverted into one section. The amount of outflow at the
end of the section was then subtracted from the first diversion, to determine
the estimated second iteration diversion. Because the seepage decreased with
the new decreased diversion, there still was outflow from the section and the
process was repeated. A schematic of the number of branching nodes that had
to be repeatedly solved is shown in figure 7.
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Computing the monthly pond conditions was based on mass balance of the
volume stored. The average volume for the month was computed by:

Vave™ VeegintVenn) /2 (6)

where VAVG is the average storage, in cubic feet;

VBEGIN is the storage at the beginning of the month, in cubic feet; and
VEND is the storage at the end of the month, in cubic feet.
However,

Venn™VpegINTeINTE 5 (7)

where QlN is the inflow, in cubic feet per month;
E is the evaporation, in cubic feet per month; and

S is the seepage, in cubic feet per month.

Because evaporation 1is a function of surface area and seepage is a function
of depth, these values are actually functions of the average monthly volume.
Thus, there is an iterative process of estimating the average volume; comput-
ing evaporation and seepage from that average volume; solving equation 7 for
END; and then comparing the average volume computed with equation 6 with the
initial estimate. The initial estimate can be systematically adjusted and
the above step repeated several times until the computed and estimated
average volumes compare within an acceptable level of error.

Computations of pond surface area, depth, and shoreline perimeter were
of interest to wildlife-habitat specialists. Because no specific pond sites
have been chosen, a typical shape and slope of the potential ponds was deter-
mined by evaluating depressions in the sand hills using topographic maps.
This analysis led to the following formulations:

r
r o, (8)
and ?

d=0.4d, (9)

where r is the radius of an assumed pond, in feet;
d is the maximum depth, in feet; and

d is the average depth, in feet.

Using the assumed circular surface area, then

A=1r2=(50d)2m=15,62542, (10)
and -
V=da, (11)

where V is the volume in storage, in cubic feet; and
A is the surface area, in square feet.
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By examining the topographic maps, it was estimated that the average shore-
line would be about 140 percent of the minimum perimeter that would be com-
puted assuming a perfect circle. Therefore,

Pp=(1.L;)oz-n-p=2.8n50d=350n£z, (12)
where Pp is the length of shoreline, in feet.

The computation of seepage from a canal is discussed in the literature.
Many of these papers--Morel-Seytoux (1964), Bouwer (1965), Garg and Chawla
(1970), Hunt (1972), and Abiodun (1973), for example--consider solutions
dealing with varied geometries of the channel, variable hydraulic conductiv-
ity between channel sediments and the aquifer, and various depths to the
water table below the canal. Other papers--Schiff (1953), Robinson and Roh-
wer (1957), Bouwer, Myers, and Rice (1962), and Worstell (1976)--consider the
more practical aspects of measuring and estimating canal seepage and the ef-
fects of velocity and hydraulic head on seepage. Without considering the
theoretical aspects, it generally appears that in the study area where the
water level is typically far below the land surface, the primary considera-
tions for estimating seepage are hydraulic conductivity of the soils and the
hydraulic head in the canal. As discussed earlier, the hydraulic head in the
canal is computed as part of the routing model. The hydraulic conductivity
of the soils was determined from infiltration rates for soil types (Terstriep
and Stall, 1974) and a soil type was assigned to each node from the soil sur-
vey of Morgan County (U.S. Department of Agriculture, 1968). Thus, the seep-
age is computed as:

=4-I - (ky+kyeh), (13)

where S is the seepage, in cubic feet per second;
A is the surface area, in square feet;

Ia is the multiplication factor for the infiltration rate for a partic-
ular soil type;

ki is the intercept of a linear relationship between infiltration and
hydraulic head, in feet per second;

ko is the slope of a linear relationship between infiltration and hy-
draulic head, in feet per second per foot of head change; and

h is the depth of water, in feet.

The I, factor was zero for the lined part of the canal and ranged from I
to 10 for seven additional soil types identified. The k; value used was
about 0.05 ft/d and the k, value was about 0.01 ft/d. The k; parameter was
adjusted somewhat during calibration so that the computed seepage matched
values expected for this region based on other studies. For instance, in a
stream-aquifer model of the entire South Platte River valley, R. T. Hurr and
A. W. Burns (U.S. Geological Survey, written commun., 1977) used a value of
1 ft3/s per mi of canal. Bittinger and others (1979) interviewed personnel
of several ditch companies whose ditches are immediately downstream of this

17



study area and arrived at a consensus average seepage loss of about 25 per-
cent of the diversion. Parshall (1922) measured seepage losses of 7.8 ft3/s
in a 9-mi reach (0.9 ft3/s per mi) of Jackson Reservoir inlet canal and of
19.3 ft3/s in a 19.7-mi reach (1 ft3/s per mi) of the Empire Reservoir inlet.
In 1967, D. R. Minges (U.S. Geological Survey, written commun., 1978) meas-
ured several of the reservoir inlet canals in the South Platte River basin
and calculated seepage losses ranging from 0.2 to 2.8 ft3/s per mi. Code
(1945) reported canal losses in the nearby Prospect Valley of 0.6 ft3/s per
mi. Worstell (1976) reviewed and summarized 765 seepage tests made in the
western United States and found that seepage rates normally ranged from
0.1 ft/d to 2 ft/d, which for a typical canal width of 40 ft would range from
0.2 to 5 ft3/s per mi.

Pond seepage was also computed using equation 13. Although there are no
pond-seepage data for the project area, pond-seepage data from other areas
were available and were the primary adjustment factors for the k, parameter.
Skinner (1963) computed changes in infiltration rates of about 0.25 ft/d per
ft for 0lds Reservoir in Prospect Valley. Taylor (1975) computed values from
0.04 to 2 ft/d per ft in several ponds near Fountain, Colo. Emmons (1977)
computed average rates of change of 0.7 ft/d per ft, &4 ft/d per ft, and
L ft/d per ft at three sites in El Paso County, Colo. Prill (1977) computed
values ranging from 0.7 to 2.2 ft/d per ft for a pond in western Kansas.

Average Pond Conditions

An important aspect of the proposed project is the wildlife-environment
enhancement due to the ponds. Estimates of the diversions to ponds and their
size and number are necessary parameters for assessing that part of the proj-
ect. Because no site-specific engineering has been done, typical pond geome-
tries were computed and it was assumed that ponds would be placed uniformly
along canals located in the sand hills.

Several model-simulation runs were made to evaluate the effects of
various pond diversions. Each simulation was made over several months with a
particular inflow diversion until the ponds reached a steady-state condition.
An example of the results of one such simulation is shown in table 3. After
making several of these simulations, figure 8 was drawn to illustrate the di-
version into a pond necessary to maintain it at a certain surface area.
Steady-state seepage is nearly equal to the inflow, with the evaporation be-
ing much smaller than the seepage. A problem with the transient analysis that
needs to be resolved for any additional studies involves the oscillations in
all values other than inflow in table 3. Although not considered critical
for this analysis, the use of smaller time steps or some predictor-corrector
technique would result in oscillations with reduced magnitudes--the ideal be-
ing no oscillations.

18



Table 3.--Distribution-model results of the average pond

with an inflow of 1 cubic foot per second

Inflow Mean Surface Shore- Seepage

Month (cubic feet depth area line (cubic feet

per second) (feet) (acres) (miles) per second)
1--- 1.00 1.7k 3.45 0.36 0.78
2-=-- 1.00 2.01 L.62 42 1.06
3--- 1.00 1.90 4.18 .40 .93
b--- 1.00 1.97 L .48 L1 1.02
5~-- 1.00 1.95 4,39 Y| .99
6--- 1.00 1.95 4.39 Y .99
7=-- 1.00 1.94 L. 32 Lo .98
8~-- 1.00 1.94 L. 34 .4o .98
9--- 1.00 1.94 L.32 Lo .97
10--- 1.00 1.94 4,32 ) .97
11~-- mmmmmmmmmm e Steady-state---=-=====---=-----

The distribution model was also run with various inflow conditions to
identify the available flow for diversions into the ponds. Different river
diversions were routed through the system without any ponds being simulated.
The excess outflow from the system that would occur is shown in table 4. This
outflow 1is an indication of the quantity of water that would be available to
be diverted into ponds. A linear regression relating the river diversion to
the excess outflow (fig. 9) was computed to be:

PS=-82.5+0.913D, (14)

where PS is the potential supply to ponds, in cubic feet per second; and
D is the river diversion, in cubic feet per second.
The regression coefficients were placed in the model along with the number of

ponds to be simulated. Based on the monthly diversion, the model computed
the amount of water to be diverted to each pond.
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Table L4.--Distribution-model results for various river diversions

and no ponds
. Seepage from Excess
River Seepage from - Total
. . . 1 section 1 Travel- outflow
diversion section 1 seepage

time (cubic feet

é::bézcz:§§ (days) per second)

(cubic feet

(cubic feet  (cubic feet per second

per second) per second)

per mile)
10 10 (2) 10 31.8 0
25 25 (2) 25 33.1 0
50 L3 0.9 50 3.2 0
100 Lg 1.0 91 11.2 9
150 54 1.1 97 10.4 53
200 58 1.2 102 10.0 98
300 66 1.4 111 9.6 189
400 72 1.5 119 9.4 281
500 78 1.7 126 9.2 374

lsee figure 7 for location.
2Length is unknown because water did not reach the end of section 1.
3Flow did not get through the entire system.

Combining the results of the average surface area per pond (fig. 8) and
the available supply for pond diversion (fig. 9) yields the total pond
surface area that could be maintained from a given river diversion (fig. 10).
These relationships were computed by dividing the potential supply to ponds
(equation 14) by the average inflow to the ponds in order to obtain the num-
ber of ponds. The total surface area is computed by multiplying the number
of ponds times the average pond surface area (fig. 8). The total number of
ponds in the model was limited to 75, and, thus, the curves in figure 10 have
limits on the left side of the graph.
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TOTAL POND SURFACE AREA, IN ACRES

1200 I I T T 1 I
D RIVER DIVERSION, IN CUBIC
FEET PER SECOND
1000 |— |
800 |— ]
600 |— ]
400 |- -
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o | | l | 1 I 1
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INFLOW TO PONDS, IN CUBIC FEET PER SECOND

Figure 10.-- Relationship of steady inflow into the ponds and river diversions
to the total steady-state pond surface area.
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Model Results

The distribution model was used to evaluate the proposed project for
various river flow conditions and combinations of proposed canals. Two as-
sumptions made in the model that are simplifications which need to be consid-
ered in any engineering analysis are: (1) The ditch capacity is 500 ft3/s
for its entire course and (2) water can be diverted and delivered all winter.
A typical example of model results is shown in table 5. The simulation com-
puting these results used 1 year of inflow data representative of the 50-per-
cent divertible flows (table 2) and assumed the entire proposed canal system
was used with 65 ponds along the two canals that would be constructed through
the sand hills. These results show that an average of 59.3 ft3/s would be
diverted during the year and most of that water would be lost as seepage.
However, not all of the seepage would be located geographically to aquifers
in the alluvial valleys. The column labeled ''Beneficial seepage'' accounts
for all the seepage except for that occurring in section 1 of the canal sys-
tem (fig. 7). Most of section 1 is the existing part of the Bijou Canal and
overlies the alluvium of the South Platte River valley. Thus, seepage in
this part of the canal system will recharge the South Platte River alluvial
aquifer and contribute eventually to the return flows of the river, but not
to the alluvial aquifers of Badger and Beaver Creek valleys. The simulation
also indicated that ponds would contain water for only 5 of the 12 months,
with a maximum total surface area of 304 acres.

Table 5.--Distribution-model results for entire proposed canal system

with 65 ponds and 50-percent probability river diversions

Diversion Total Beneficial Pond Total pond
Month inflow seepage seepage seepage surface
(cubic feet (cubic feet (cubic feet (cubic feet area
per second) per second) per second) per second) (acres)
October----- 28.2 28.2 0 0 0
November---- 18.2 18.2 0 0 0
December---- 19.9 19.9 0 0 0
January----- 54.7 54.7 10.76 0 0
February=---- 79.6 79.6 32. 44 0 0
March------- 116.0 112,31 61.25 19.72 89.5
April-==-=-- 101.0 104.01 54 48 13.01 65.8
May-======-- 94.5 93.61 L4.77 3.4 17.3
June-=====--- 199.0 177.17 118.79 77.36 304.0
July--=-=--- 0 20.35 20.35 20.35 145.3
August------ 0 0 0 0 0
September--- 0 0 0 0 0
Average--- 59.3 59.0 28.57 11.2 51.8
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A summary of six model simulations comparing different geographical lay-
outs of the proposed canal system is presented in table 6. The alternative
""Recharge canals only' assumed that no water would be released to the chan-
nels of Badger and Beaver Creeks and only those canals which are planned to
go through the sand hills would be constructed. The alternative ''"Recharge
canals plus extension'' assumed that the canal leading to Buck Creek in Beaver
Creek valley also would be constructed. From the viewpoint of beneficial
seepage, none of the alternatives has any distinct advantage over another.
Pond surface area can be increased by eliminating diversions to the creek
channels if this situation creates a better wildlife environment. The monthly
distribution of the total pond surface area for four canal-layout alterna-
tives is shown in figure 11.

Table 6.--Summary of distribution-model results
for six canal-layout alternatives

with 50-percent probability river diversions

Beneficial Pond . Maximum monthly
seepage seepage Duration total pond
Alternative =Pag °Pag of ponds P
(cubic feet (cubic feet surface area
(months)
per second) per second) (acres)
Entire canal system
with 7 ponds==-=-====--- 28.6 11.2 6 201
Entire canal system
with 65 ponds--------- 28.6 11.2 5 304
Beaver Creek valley only
(53 ponds)~-=--------~- 28.5 14.7 6 339
Badger Creek valley only
(22 ponds)=~-=-=-------- 28.4 23.3 6 345
Recharge canals only
(65 ponds)-=====-==--~- 28.2 23.7 6 Loo
Recharge canals plus
extension (65 ponds)-- 28.4 22.2 6 392
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Figure 11.--Monthly total pond surface areas for four canal-layout
alternatives with 50- percent probability river diversions.
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Another set of simulations was made with the larger river diversions of
20-percent probability (table 2). Example model results for the same canal-
layout alternative as used to create table 5 are shown in table 7. The sum-
mary of five of the canal-layout alternatives for the larger river diversions
is shown in table 8. The monthly distribution of the total pond surface area
for three of these alternatives is shown in figure 12.

Table 7.--Distribution-model results for entire proposed canal system

with 65 ponds and 20-percent probability river diversions

Diversion Total Beneficial Pond Total pond

Month inflow seepage seepage seepage surface
(cubic feet (cubic feet (cubic feet (cubic feet area

per second) per second) per second) per second) (acres)

October=--=--~ 149 138.60 84.44 43.13 182
November---- 14 146.55 93.11 51.78 215
December---- 265 230.10 166.71 124.54 460
January----- 500 442,61 364.15 319.39 1,015
February---- 500 514.62 436.16 391.39 1,203
March-=-=--~ 500 487.71 L409.25 36L4.49 1,138
April-=---=-- 500 493,79 415.33 370.56 1,152
May---~----- 500 490.85 412.39 367.62 1,145
June---=--=--~ 500 491.03 412.57 367.81 1,145
July=======- 0 75.57 75.57 75.57 431
August-----~ 0 0 0 0 0
September--- 0 0 0 0 0
Average--- 296 293 239 206 674
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Figure 12.--Monthly total pond surface areas for three canal-layout
alternatives with 20-percent probability river diversions.
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Table 8.--Summary of distribution-model results
for five canal-layout alternatives

with 20-percent probability river diversions

Beneficial Pond . Maximum monthly
seepage seepage Duration total pond
Alternative (cubi . of ponds
cubic feet (cubic feet surface area
(months)
per second) per second) (acres)
Entire canal system
with 65 ponds-====-=--~ 239 206 10 1,203
Beaver Creek valley
only=========mcmomeen 241 214 1 1,257
Badger Creek valley
only=========noomme 237 233 10 1,109
Recharge canals only--- 240 232 10 1,292
Recharge canals plus
extension=-======-=-- 2ko 228 10 1,278

To compare the results from the simulations using river diversions of
certain probabilities (20 percent and 50 percent have been shown), one final
simulation was made with 27 years of historically developed data. The river
diversions for this simulation are the estimated monthly divertible flows for
1947 through 1974. These are the same storable flows used to compute the
frequencies shown in table 2, limited when necessary by the capacity of Bijou
Canal. An annual summary of the model results by water years is presented in
table 9. Although not 1listed in this table, the historical diversions
compare quite closely and would be slightly larger than the total seepage
shown in table 9. Of particular interest relative to the potential waterfowl
habitat is the pond acreage during April. The frequency curve for the pond
surface area during April for the 27-year period is shown in figure 13.
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Table 9.--Annual summary of distribution-model results for 27 years

of monthly, historically developed river diversions

Average

seepage Average Max imum Duration April
Year (cubiz %eet pond area pond area of ponds pond area
per second) (acres) (acres) (months) (acres)
1-- 221.0 552.2 1,292 10 1,216
2-= 111.6 286.6 966 6 0
3-- L. o 79.0 483 4 376
L-- 28.5 30.7 150 4 133
5-- 168.1 7.8 1,274 6 778
6-- 33.0 43.3 334 3 334
7-- 8.1 0 0 0 0
8-~ 21.2 21.9 141 3 0
9-- 5.2 0 0 0 0
10-- 103.1 249. 4 1,319 7 0
11-- 264.0 658.7 1,269 8 1,269
12=-- 111.3 276.8 1,279 4 1,080
13-- 125.0 350.6 1,249 7 1,249
14~~ 91.1 186.4 1,317 4 64
15-~ 324.6 837.0 1,320 10 1,153
16-~ 60.7 152.0 888 4 345
17-- 9.6 2.9 29 2 29
18-~ 43,1 127.3 939 2 0
19-- 203.1 487.4 1,320 8 0
20-~ 61.4 136.7 954 3 0
21-- 14.3 0 0 0 0
22-- 94.2 235.2 1,313 4 119
23-- 328.8 832.7 1,321 10 1,156
24-~ 336.7 857.9 1,253 9 1,235
25-~- 1h4. 4 345.3 823 8 279
26-- 278.5 699.0 1,289 10 1,240
27-- 314.6 790. 4 1,320 10 1,236
Average
of the
27 years---  131.5 320.6 19,249 5.4 1279

IMedian rather

than average.
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GROUND-WATER SYSTEM

Hydrogeologic Setting

Alluvium underlying the South Platte River valley and the tributary
valleys consists of Pleistocene and Holocene terrace deposits and Holocene
flood-plain deposits. The terrace deposits form the major part of the allu-
vium and are continuous upstream along Lost, Kiowa, Bijou, Antelope, Badger,
and Beaver Creeks, and contain the major alluvial aquifers 1in these areas
(Bjorklund and Brown, 1957, p. 30). The alluvium consists of interbedded and
lenticular deposits of clay, silt, sand, and gravel. McGovern (1964, p. 19)
reported, ''The Beaver Creek drainage is a complex system of meandering
streams that have cut and refilled their channels periodically throughout
most of Pleistocene time. Some of the streams presently occupy their original
channels, but others do not.'' McGovern also reported that the alluvial de-
posits of Beaver Creek valley were generally of local origin. These comments
for the Beaver Creek drainage basin also generally apply to the Badger Creek
drainage basin.

. The maximum thickness of alluvium along Beaver Creek ranges from about
60 ft at the Morgan County line to nearly 100 ft near Brush. Along Badger
Creek, the maximum thickness of the alluvium is about 100 ft.

Dune sand occurs both east and west of the two alluvial valleys and
overlies parts of the alluvium, especially west of Beaver Creek. ''In general
the areas of dune-sand deposits are good infiltration areas for recharge to
the underlying alluvial material' (Bjorklund and Brown, 13957, p. 33).

The Pierre Shale of Late Cretaceous age underlies the alluvium and dune
sand. ''The Pierre Shale consists of bluish-black marine shale and silt and
interbedded tan to yellowish-brown sand and sandy shale in the upper part, or
transition zone. Many beds of bentonite and large bluish-grey limestone
concretions are present throughout the formation' (Bjorklund and Brown, 1957,
p. 19). This formation provides a relatively impermeable base beneath and
adjacent to the alluvium and sand dunes.

Natural recharge to ground water beneath the alluvial valleys occurs
from precipitation on the valley floors and on the adjacent sand dunes.
Except on the sand dunes, '"'only a small part of the precipitation reaches the
ground-water reservoir; most of the water 1is lost by evapotranspiration
before it can percolate downward to the water table'' (McGovern, 1964, p. 22).
""The potential evapotranspiration rate exceeds the average precipitation
rate; thus only during very wet periods is the opportunity favorable for ap-
preciable amounts of water to escape downward to the water table'' (McGovern,
1964, p. 22). Also, because the surface area of the alluvial valleys (about
40 mi%?) is considerably smaller than the surface area of the contributing
dune sand (estimated to be 200 mi2), most of the natural recharge to the al-
luvium along Badger and Beaver Creeks comes from the dune sand adjacent to
the alluvial valleys.
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Development of Ground-Water Models

To predict the effects of artificial recharge on the aquifer system, a
ground~water model of each of the two alluvial valley aquifers was construct-
ed. These models consist of a unique set of input parameters describing the
respective aquifer systems and a digital computer program which approximates
the solution to the ground-water flow equation. The program used is a modi-
fication of the standard U.S. Geological Survey two-dimensional, finite-dif-
ference model using the iterative, alternating direction, implicit solution
technique (Trescott and others, 1976).

To model the aquifers, maps of the areas of interest were first subdi-
vided into a rectangular network of nodes. Beaver Creek valley was subdivided
into 37 rows by 27 columns with the largest node representing an area of
0.5 mi2 and the smallest node an area of 0.08 mi2. Badger Creek valley was
subdivided into 33 rows by 24 columns with the largest node representing an
area of 0.3 mi? and the smallest node an area of 0.04 mi2. The input param-
eters to these models included the hydraulic head, hydraulic conductivity,
specific yield of the aquifer, altitude of bedrock surface, and altitude of
land surface at each node. |In addition, all the stresses to the aquifer were
specified. These stresses included boundary fluxes, pumping, recharge, and
discharge to the stream.

A1l of these stresses are input to the model except discharge to the
stream, which is computed by the model. Discharge to a stream was simulated
by defining a node to be constant head if the water level at a stream node
rose above the bottom of the streambed (as defined by the altitude of land
surface). The discharge to all constant head stream nodes was accumulated and
accounted for as the surface streamflow leaving the modeled area. If the
flow to a stream node reversed directions as water levels in the aquifer de-
clined, thus making the stream a source of water, the designation of a con-
stant head node was discontinued and that node would no longer be considered
a part of the flowing stream.

Data Availability

The most abundant data available for ground-water modeling are water
levels. In Beaver Creek valley, south of Brush, water-level data for at least
15 years were available for 24 wells (fig. t4). The hydrographs of these
wells (fig. 15) illustrate some interesting trends. Little change in water
levels is noted in the southern end of the valley (higher altitudes) since
about 1955-60. The date of the initial water-level declines cannot be deter-
mined from the available data for that part of the valley. In the northern
end of the valley (lower altitudes) the date when water levels began declin-
ing moved steadily forward in time. Thirteen wells within the modeled area of
Badger Creek valley have at least 10 years of data (fig. 16). Unfortunately,
most of these wells are considered part of the South Platte River alluvial
aquifer and are in areas that are irrigated by surface-water supplies. The

33



R.55W.

EXPLANATION
OBSERVATION WELL —

o

Number refers to site
listed in figure 15

3 MILES

i

3 KILOMETERS

103°30"

31

|

|
]
1
]

!

1
]

o

! ,é

0.) NOLONIHSVM

rorams

0O NV

WASHINGTON CO

R.56 W,

103°40

.0
e
! ——

- —
' ‘
e —

i
i
i
i
|
I
|
i
|
i
;
e

L)
L

[ S

&
N

75
%
_‘4;‘;«‘ i

I

|

|

|

36

|
i

T S
B g |~ Uy
| J;T e e 1

o ]® |
,s;¥|;¢‘li§i!{r!+l4f
|
| | |

ot ;hlﬂ

TAN| |
|
|

40°10'f- 6

T.2N.

34

Base from U.S. Geological Survey

1:24 000 quadrangles
Figure 14.--Location of wells with long-term water-level data, Beaver Creek valley.

[ 1 e
40°00 = ot e e e —-——-r——“‘ir—z-l—’j*-’_—:r—

T.IN.



ALTITUDE OF WATER LEVELS, IN FEET
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Figure 15.-- Water levels for selected wells in Beaver Creek valley.
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Figure 17.-- Water levels for selected wells in Badger Creek valley.
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hydrographs of wells in the southern end of the valley (fig. 17) show two
trends. The only long-term record (well 2-57-5CCC) shows a rather large
water-level decline until about 1960. The short-term records generally show
slight increases in water levels in this part of the valley since 1967.

In addition to the temporal data indicated in the hydrographs, spatial
data collected in 1947 and 1978 were used to plot water-table maps. Water-
table maps of Beaver Creek valley (fig. 18) and Badger Creek valley (fig. 19)
were drawn from data published by Bjorklund and Brown (1957). As part of this
study, water levels in approximately 200 wells were measured in the spring of
1978 (table 19, at back of report). Water-table maps drawn from these data
are shown on figures 20 and 21. Comparison of the figures (18 with 20 and 19
with 21) indicates some of the problems of declining water levels faced by
the irrigators of this area.

Hydraulic-conductivity data are not generally available for the modeled
areas. Transmissivity and saturated thickness maps have been published by
Hurr, Schneider, and others (1972a, 1972b) for the South Platte River allu-
vial aquifers north of this study area. Estimates of hydraulic conductivity
obtained from these maps range from 100 to 500 ft/d. Bjorklund and Brown
(1957, p. 37) reported the results of two aquifer tests in Beaver Creek val-
ley; computed values of hydraulic conductivity were about 90 and 380 ft/d.
Specific-capacity data reported by Bjorklund and Brown (1957, p. 89) ranged
from 19 to 65 (gal/min)/ft. Computing transmissivity from the specific-
capacity values and dividing by the probable range of saturated thickness
gives hydraulic-conductivity values ranging from about 30 to 500 ft/d. There
are no specific-yield data for either of the alluvial valleys. Bjorklund and
Brown (1957, p. 58) and Hurr, Schneider, and Minges (1975, p. 17) assumed a
value of 0.20 for the specific yield of the entire South Platte River valley
alluvium. Altitudes of the bedrock surface were obtained from maps published
by Bjorklund and Brown (1957). Recontouring was necessary in the area of the
sand dunes between the two valleys due to discrepancies in altitudes of bed-
rock and water-level data. Altitudes of the land surface were obtained from
U.S. Geological Survey 7i-minute quadrangle maps.

Data describing boundary fluxes or recharge were not available for
either modeled area. On the basis of information presented in the section on
Hydrogeologic Setting, the recharge due to precipitation was assumed to be
zero on the valley floor. Recharge in the sand dunes was assumed to enter
the modeled areas as boundary fluxes. Recharge in the Badger Creek valley is
complicated by the fact that the quantity of surface water used for irriga-
tion is unknown in much of the modeled area.
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A limited amount of pumping data is available, mostly for the Beaver
Creek valley. Published pumping data for Beaver Creek valley collated from
various sources is presented in table 10. The pumping rates from year to year
were quite erratic. A change in precipitation was hypothesized to be a
reasonable indicator for variable rates of application. Data for the 6 years -
available were plotted versus the annual precipitation for the same year,
resulting in the relationship shown in figure 22, A regression analysis of
this data resuited in the equation:

Ap=2.66-0.093Pa, (15)
where Ap is the application rate, in feet per year; and

Pa is the annual precipitation, in inches.

The equation computes a reasonable estimate of 1.43 ft per year for the aver-
age application rate when using the average annual precipitation of 13.2 in.

Table 10.--Historic pumping data for Beaver Creek valley

Year Nuz?er Pumpage lrrigated App:;z:tion PrecEpitation
wells (acre-feet) acres (feet) (inches)
19101-- First wells = ====== = —--eee - eeees
19361-- 25  memeem eeeeee i
19401-- 53 7,710 4,920 1.57 11.12
19462-- 109 11, 445 10,191 1.12 17.42
19472-- 117 12,084 10,939 1.10 13.76
19482-- 121 17,889 11,313 1.58 12.57
19492-- 135 17,018 12,623 1.35 15.10
19502-- 138 24,343 12,903 1.89 9.45
19723-- e 16,500 e

1Code, 1943.
2Bjorklund and Brown, 1957.
3Computed from U.S. Department of Agriculture, 1972.

If there were no precipitation, irrigation applications would have to
total the crop consumptive use. This equation results in a reasonable esti-
mate of 2.66 ft per year for crop consumptive use if there were no precipita-
tion. Cumulative irrigated acreage and an implied increase in pumping are
shown in figure 23. These data were obtained from a list of well permits on
file with the Conservancy District (Thomas Norton, written commun., 1978).
By estimating the land irrigated by each well and tabulating the date of
drilling, the area of irrigated land was computed. This curve has limitations
in accuracy because many wells were constructed as replacement wells as water
levels declined. Thus the curve does not include the effects of cessation of
pumping replaced wells.
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Calibration of the Beaver Creek Valley Model

Calibration of a digital ground-water model consists of entering known
and estimated input data, running the model for some historic period of
stress, comparing modeled water levels to measured water levels, and then ad-
justing certain input data until the modeled and measured water levels com~-
pare within some acceptable limit of error. Typically, the boundary fluxes
and historic stresses are known and most adjustments of input data involve
the storage coefficient and the transmissivity. In this study, however, due
to a lack of data, boundary fluxes and historic stresses also were adjusted
during calibration.

Boundary fluxes were the first variables estimated for the Beaver Creek
valley model. These boundary fluxes are the only source of water into the
model, representing the flow of water through the alluvial valley from the
south and from the sand dune areas to the east and west. The recharge to the
alluvial aquifer from the occasional flooding of Beaver Creek and recharge
from intense precipitation on the valley floor were ignored for the average
conditions being modeled. To determine the order of magnitude for estimated
inflow, the possible recharge from the sand hill area was computed. |If 3 in.
per year of precipitation were recharged--2.5 in. per year of recharge was
computed for Frenchman Creek basin, Nebraska, less than 100 mi east of this
site, where precipitation is about 75 percent greater but only one-third of
the basin is sand dunes (Lappala, 1978)--over the approximately 200 mi2 of
sand dunes, a total of about 44 ft3/s would be available to enter the two
alluvial valleys.

The steady-state flux across the boundaries and into the stream channel
was computed for the water-table configurations in 1947 and 1978. A uniform
hydraulic-conductivity value was used for these computations. The initial
simulation, using a hydraulic conductivity of 500 ft/d, resulted in a bound-
ary flux and streamflow values that were much too large. Although no dis~
charge data were available for Beaver Creek, 25 ft3/s was estimated to be the
maximum possible average annual flow in 1947 and there was no flow in 1978.
Pumpage in 1947 was reported to total about 12,000 acre-ft, which converts to
about 16 ft3/s, and in 1978 pumping was assumed to be somewhat greater. On
the basis of these values, the estimate of hydraulic conductivity was ad-
justed to about 90 ft/d. Using the water-table values of 1947, the flux at
each of the individual nodes along the boundary was computed; the sum was
21 ft3/s. The values estimated using the 1978 water-table configuration were
thought to be more accurate. This is because there was no flow in Beaver
Creek, so the hydrologic system is less complex and the hydraulic-head data
are affected by fewer external conditions. Also, the change in water levels
was smaller in 1978 than in 1947, so the hydrologic system was closer to a
steady-state condition. The sum of the fluxes using the 1978 water-table
values was 23 ft3/s.
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The method chosen to calibrate the model was to run the model from 1920
to 1980 and to try to match the water-table contours in 1947 and 1978 and fit
water-level hydrographs with at least 20 years of record. The initial water
table for the model run was assumed to be the preirrigation steady-state con-
dition--before any pumping occurred. This water-table configuration was com-
puted by running the model with the computed boundary fluxes and no pumping,
and solving for the position and flow of Beaver Creek. The simulation was
run to steady-state so that the constant flux out of the north end of the
modeled area plus the streamflow in Beaver Creek equaled the boundary=-flux
inflow.

The model was run for the 60-year period starting at this initial, no-
pumping condition. Estimating the distribution of pumping both spatially and
temporally was a part of the calibration process. The model allowed pumping
to occur only in those nodes where wells occur, as delineated from the well-
permit 1list. 1In the first calibration attempt, the total pumping was evenly
distributed to each of these nodes. However, it is known that historic irri=
gation was more concentrated at the southern end of the valley and increased
in the northern end at a later time. Thus, a function was built into the
model which weighted the distribution of the total pumping to the southern
end prior to 1953 and toward the northern end after that date. Also programed
into the model was the feature to decrease pumping at a node proportionately
as the saturated thickness decreased from its initial value. Finally, a
driving function for total annual pumpage from all wells in the entire valley
was input to the model. This driving function was generated to correspond to
the curve in figure 23 until 1955. An abrupt change in pumping was attributed
to excessive drawdowns caused in part by the extreme drought conditions from
1953 to 1956. Since that time irrigation and pumping reportedly have de-
clined steadily (Robert Samples, Water Commissioner, oral commun., 1978). The
pumping rates computed by the model as a result of these different functions
are shown on figure 24. The driving function assumed average precipitation
every year to smooth out the vagaries in pumping estimates due to fluctuating
precipitation (fig. 22).

Other than the adjustments to the pumping functions and values, the only
significant change made to the input data during calibration was the distri-
bution of hydraulic conductivity. The 1947 water-table simulation closely
matched actual conditions, but the 1978 water-table simulation was too high
in the western part of the model where the sand dunes occur. Because there
was no evidence to suggest an unidentified withdrawal in that area, and the
area in question was too far from the boundary for modifications in the
boundary flux to help, the only useful modification to the data was to in-
crease the hydraulic-conductivity values in that area to about 400 ft/d.
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Figure 24.-- Simulated historical pumping in Beaver Creek valley.
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After adding the region of higher hydraulic conductivity in the area of
the sand dunes and making a few minor adjustments to specific yield, pumping,
and boundary fluxes, the model was run in annual time increments simulating
60 years. The new initial condition was computed and the simulated water-
table configuration is shown on figure 25. As indicated in table 11, the sim-
ulated streamflow in Beaver Creek was 20.9 ft3/s. The simulated water table
for 1947 (fig. 26) can be compared to figure 18 and the simulated water table
for 1978 (fig. 27) can be compared to figure 20. The general water budgets
for these 2 years are summarized in table 11. Additional substantiation that
the model is reasonably calibrated can be seen by the comparisons of the sim-
ulated water levels to the measured hydrographs of the six wells having at
least 20 years of record (figs. 28-33). Although some of the simulated re-
sults are somewhat less than measured water levels, considering the possible
range of water levels and the fact that the actual observation wells are not
located in the middle of the simulated nodes, the results are not thought to
be unreasonable.

Table 11.--Simulated water budgets for Beaver Creek valley

computed during calibration

Preirrigation 1947 1978

Cubic feet per second

Inflow:
Boundary flux------- 23.1 23.1 23.1
OQutflow:
Pumping============= 0 20.8 24.0
Streamflow-========- 20.9 9.9 0
Boundary flux=------ 2.2 2.2 2.2
Change in storage----- 0 -9.8 -3.1
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Calibration of the Badger Creek Valley Model

Calibration of the Badger Creek valley model was complicated by three
factors: (1) Data with which to reconstruct historic development, particu-
larly water-level data, are less abundant than for Beaver Creek valley;
(2) much of the modeled area is part of the South Platte River alluvium with
water levels controlled by the regional system; and (3) much of the modeled
area is irrigated by unknown quantities of surface water. Because of these
factors, the model was not calibrated to the detail achieved for the Beaver
Creek valley model. The hydraulic-conductivity value used was a uniform
value ?f 90 ft/d (the same as that used in most of the areas for Beaver Creek
valley).

A technique was used to compute the flux at each node that would main-
tain hydraulic heads at the level contoured using the 1978 data. In total,
these fluxes provide useful information relative to boundary fluxes, net
withdrawal, and recharge. The value at any individual node is not, however,
a very reliable estimate of the site-specific recharge or discharge. This is
because: (1) The technique cannot smooth out the disjunctive water table
created when using 10-ft contour intervals; (2) an average water level (at
the center of a nodal area) needs to be specified; and (3) the computed
accretion or depletion is extremely sensitive to the head values used in the
computation.

Results of this technique indicate that the boundary inflow, which
occurs along all but the northern edge and part of the northeastern corner of
the valley, totals about 17 ft3/s. Boundary outflow to the South Platte River
valley is about 9 ft3/s. Assuming that the system is nearly in a steady-state
condition (a reasonable assumption, considering the lack of changes in the
water-level data and the results of the Beaver Creek model), net discharge
from within the valley is 8 ft3/s. Known recharge from surface-water appli-
cations in much of the northern part of the modeled area would indicate that
total withdrawals annually certainly exceed 8 ft3/s.

To confirm the occurrence of recharge and pumping, another simulation
run was made with all of the hydraulic heads at the boundary nodes being held
constant. The drawdown configuration (fig. 34) resulting from this simulation
shows the decline in water levels in the northwestern part of the modeled
area if there were no recharge in those areas to maintain heads as they are
now. Likewise, a rise in water levels would occur in the southern part of
the modeled area if there were no pumping causing the lower levels that were
measured.

Predicted Conditions in Beaver Creek Valley

Many simulations were made to provide planners with a variety of con-
ditions for consideration during the design of the project. Alternatives
using different combinations of proposed recharge, pumping, and time periods
included:
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1. No recharge with current pumping and annual time steps.

2. Median-diversion recharge with current pumping and annual time
steps.

3. Median-diversion recharge with current pumping and monthly time
steps.

L. Historic-diversion recharge with current pumping and monthly time
steps.

5. Median-diversion recharge with increased pumping and annual time
steps.

6. Median-diversion recharge with maximum increased pumping and annual
time steps.

Those alternatives with annual time steps used elapsed times of either
100 years or continued until a steady-state was achieved, whichever occurred
first. The order of the alternatives discussed in this report follows the
study as it was presented during frequent oral progress reports and reflects
the questions and desires of interested persons expressed during the study.
Several simulations were repeated for some of these alternatives, assuming
different canal configurations. The results of these simulations are pre-
sented in tables but discussions in the text are limited to the configuration
of the entire canal system with 65 ponds.

The first alternative simulated was for no artificial recharge. As
noted in table 11, the Beaver Creek valley aquifer system is currently (1978)
estimated to be in an overdraft condition--pumping plus natural discharge ex-
ceeds natural recharge. Unless pumping is further reduced, water levels will
continue to decline. During 15 years at the current (1978) pumping rate,
little change would occur in the southern one-half of the modeled area but in
the northern one-half, water levels would decline as much as 15 ft. After
25 years, some areas would become desaturated and some water-level declines
would exceed 25 ft. In the thirty-fourth year of simulation, the model could
no longer compute a solution because there were large areas of totally
desaturated alluvium. This simulation did not assume any reduction in
pumping as water levels declined. In reality, less water could be pumped
from wells as water levels declined, and thus land would be taken out of
irrigation; this would progress until a new equilibrium eventually would be
reached.

A set of five different artificial-recharge inflows, generated by the
canal-distribution model (table 6), were input into the model while maintain-
ing pumping at the estimated current rate. Water budgets for each of these
alternatives under steady-state water-table conditions are summarized in
table 12, For each alternative, the artitificial recharge eventually brings
a halt to the overdraft condition. The additional recharge to water levels
can be great enough to create a flowing stream. On the other hand, a re-
charge-discharge system could be designed to bring the system to a steady-
state condition where water levels would support pumping but where streamflow
would not be supported.
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Table 12.--Steady-state water budgets computed by the model for five
artifictal-recharge configurations using median-diversion recharge

with estimated current pumping, Beaver Creek valley

Entire Entire

canal canal Beaver Recharge Recharge
n n Creek 9 canals
system system canals
with with valley onl plus
only 4 extension

7 ponds 65 ponds

Cubic feet per second

Inflow:
Boundary flux--------- 23.1 23.1 23.1 23.1 23.1
Recharge-=-=-========om- 20.0 19.4 28.5 18.5 19.2
Outflow:
Pumping=-========-==-= 24,0 24,0 24,0 24.0 24,0
Streamflow------------ 16.9 16.3 25.4 15.4 16.1
Boundary flux--------- 2.2 2.2 2.2 2.2 2.2

The steady-state water-table configuration for the proposed canal layout
using all of the canals and stream channels is shown in figure 35. The parts
of the stream that are shown at or above land surface represent those areas
where the simulated water table would rise above the bottom of the streambed
and cause a flowing stream. The other areas where the water table would rise
above the land surface represent waterlogged areas. The model did not account
for additional evapotranspiration nor a change of seepage rates computed by
the distribution model in any of these waterlogged areas. These need to be
accounted for in future analysis of this project as they will reduce the
waterlogged areas but they also will represent a loss of water to the system
that agricultural interests would consider a nonbeneficial use. For instance,
evapotranspiration losses in the areas shown on figure 35 could be as much as
L ft3/s, and this loss would probably reduce the flow in Beaver Creek
(table 12) by about 25 percent. The model computed that it would take
57 years to reach steady-state with this recharge and pumping configuration,
although from figure 36 it can be seen that the system nearly reaches
equilibrium within 15 years.
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To compare the seasonal water-level changes to the long-term water-level
changes, a simulation was made with monthly time intervals. The monthly re-
charge computed by the distribution model (table 5) for the median diversions
using the canal configuration having all canals and 65 ponds was repeated for
27 years. The estimated current pumping was distributed monthly according to
a typical potential evapotranspiration curve for this area (Hurr and others,
1975, fig. 11). The resulting net stress on the aquifer is shown in table 13.
During the twenty-seventh year, water levels (table 13) were approximately at
the same level as predicted by the annual time-increment simulation
(fig. 36). Seasonal fluctuation ranged between 0.4 and 3.0 ft at the six
wells monitored during simulation. The monthly streamflow in Beaver Creek
(table 13) ranged from 4.8 ft3/s in September to 15.0 ft3/s in April. The
average of these monthly streamflow values corresponds closely to the stream-
flow for the twenty-seventh year with the simulation using the annual time
intervals, although both values are noticeably less than the final steady-
state values (table 12).

The effects of recharge greater than that occurring with median di-
versions were simulated using the 27 years of historically developed data
(table 9). Using the same monthly time interval and estimated monthly pumping
as the previous simulation, monthly recharge computed by the canal-distribu-
tion model was input into the ground-water model for 27 years. The net stress
(artificial recharge less pumping) for the 27 years is shown in figure 37.
The response of the aquifer system, indicated in figures 38-41, is compared
to the responses when simulated with median-diversion recharge. Although the
canal-distribution model indicated no problems in soil infiltration during
the 27 years of historically developed diversions, the ground-water model
did. Through the first 10 years of simulation there are intermittent periods
in which water levels 1in the sand hill areas approach land surface. The
large recharge during the eleventh year, however, raises water levels
throughout the sand hill areas above land surface (recall that the recharge
values computed by the canal-distribution model and evapotranspiration rates
are not modified by the ground-water model as areas become waterlogged).
Throughout the remainder of the 27-year simulation period, most of the sand
hill area east of the recharge ditches has water levels above the land
surface.
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A second set of simulations was made from four of the five recharge con-
figurations used previously but with increased pumping rates. The model com-
puted the increased pumping linearly based on the increased saturated thick-
ness during the first 10 years of simulation. Pumpage was extracted only in
nodes already having some pumping capacity. Water budgets for each of these
alternatives for the steady-state water-table conditions are shown in ta-
ble 14. The computed pumping rate for each of these alternatives was about
32 ft3/s, or near the estimated maximum historic pumping (fig. 24). For each
alternative, there are areas of continuous flow in Beaver Creek and no sig-
nificant areas of waterlogging.

Table 14.--Water budgets computed by the model
for four artificial-recharge configurations using median-diversion recharge

with computed increased pumping, Beaver Creek valley

Entire canal Beaver Creek Recharge Recharge

system with canals canals plus
65 ponds valley only only extension
Cubic feet per second
Inflow:
Boundary flux-- 23.1 23.1 23.1 23.1
Recharge------- 19.4 28.5 18.5 19.2
Outflow:
Pumping----=---- 31.8 32.3 31.7 31.8
Streamfiow=-=---~ 8.5 17.1 7.7 8.3
Boundary flux-- 2.2 2.2 2.2 2.2

A final simulation run was made using the maximum pumping rate. This
model run was similar to those just discussed except an arbitrary total of
Lo ft3/s pumping was simulated. This value was chosen with the artificial-
recharge configuration of using all the canals with 65 ponds so that there
would be only a minimal amount of excess water to supply streamflow (ta-
bles 12 and 14). Again the model computed the distribution of pumping con-
strained by increasing withdrawals only at those nodes that had some pumping
capability. The water budget after 100 years of simulation (the system was
still not quite at steady-state) is shown in table 15. The water-table sur-
face after 100 years of simulation is shown in figure 42.
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Table 15.--Water budget computed by the model using all canals, 65 ponds,
median-diversion recharge, and maximum computed increased pumping,

Beaver Creek valley

Cubic feet
per second
Inflow:
Boundary flux--=-========-= 23.1
Recharge----======-=ccuu-- 19.4
Ground-water storage------ 0.3
Outflow:
Pumping=-===========ccmoux ko.o
Streamflow=========-=c--—- 0.6
Boundary flux-==--====----= 2.2

Predicted Conditions in Badger Creek Valley

A set of four different canal simulations corresponding to different
configurations for recharge was simulated for the Badger Creek valley using
the estimated current pumping. Because only net withdrawals are computed and
because it was assumed that the Badger Creek system is currently at steady-
state, any artificial recharge must result in rising water levels and eventu-
ally increased streamflow if pumping and the outflow boundary flux do not
change. Water budgets for these four simulations are shown in table 16. The
predicted water-table surface for the canal configuration using all canals
and 65 ponds is shown in figure 43. A significant area of potential water-
logging is predicted along parts of the delivery canal that any project de-
sign would have to account for, either by lining that part of the canal or by
pumping ground water in that vicinity. This will occur even if the final de-
sign of the project were to recharge only in Beaver Creek valley because this
part of the canal carries all of the diversion at this point.

One additional computer simulation was made for Badger Creek valley.
Using the same canal configuration described above with the median-diversion
recharge, pumping was increased from the estimated current level. The model
computed the pumping as a function of increased saturated thickness due to
the artificial recharge. The model was constrained to increase pumping only
in those areas that were irrigated by wells as indicated on the water-rights
list submitted by the Conservancy District (p. 43). This insures that no
areas under a surface-water ditch could increase pumping. The water budget
for this simulation after 100 years (the system had not quite reached steady-
state) is shown in table 17. The water-table configuration after 100 years
is shown on figure 4k,
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Table 16.--Water budgets computed by the model
for four artificial-recharge configurations using median-diversion recharge

with estimated current pumping, Badger Creek valley

Entire ca?a] Entire ca?al Badger Creek Recharge
system with system with canals
7 ponds 65 ponds valley only only
Cubic feet per second
Inflow:
Boundary flux--===--- 17.1 17.1 17.1 17.1
Recharge-=========-- 12.9 13.4 32.7 14.1
Outflow:
Pumping--~====-=====-== 8.6 8.6 8.6 8.6
Streamflow~========= 12.9 13.4 32.7 14.1
Boundary flux======-= 8.5 8.5 8.5 8.5

Table 17.--Water budget computed by the model using all canals, 65 ponds,

median-diversion recharge, and increased pumping, Badger Creek valley

Cubic feet
per second
Inflow:
Boundary flux-======--===- 17.1
Recharge-==========-mucuu- 13.4
Ground-water storage------ 0.2
Outflow:
Pumping====--=-----=------- 17.5
Streamflow=-==-========ceua- .7
Boundary flux------------- 8.5
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TOTAL PROJECT IMPACT

The total impact of the proposed project on the South Platte River basin
must be determined so that the local benefits of the project can be weighed
against the possible regional adverse effects. The water in the river is of
extreme importance not only for its economic value as a source of irrigation,
but also for its environmental value, including maintainance of fish, wild-
life, and waterfow!l habitats.

The steady-state effects of this project on the river downstream from
the study area would be minimal. All of the water that would seep from the
canals before they reached the alluvial valleys would recharge the South
Platte River alluvial aquifer and thus, in a steady-state analysis, would not
constitute any loss from the total system. Most of the water that would
recharge the two alluvial aquifers along the creeks would fulfill needs for
ground-water withdrawals or become streamflow that would return to the South
Platte River. The only losses of water would be evaporation from the ponds
and any increase in consumptive use by crops. Assuming pumping is increased
to 32 ft3/s in Beaver Creek valley and to 17 ft3/s in Badger Creek valley, an
increase of about 13,000 acre-ft per year would be used by crops.

Time required to reach this assumed steady-state condition is difficult
to estimate. The existing Bijou Canal is about 40 mi long and parallels the
river at distances of about 1 to 6 mi. Using a technique to estimate stream
depletion due to pumping from wells (Jenkins, 1970), the rate of ground-water
return flow to the river can be computed as a percentage of the steady re-
charge from the canal leakage. Assuming an average distance from the canal
to the river of 4 mi and an average transmissivity of the aquifer of about
30,000 ft2/d (Hurr and others, 1972b), the ground-water return flow to the
river will be 50 percent of the canal leakage in about 10 years, 70 percent
in about 29 years, and 90 percent in about 400 years. Water recharged into
the two alluvial aquifers will eventually reach the creek channels and be
transported back to the river through surface-water channels in a matter of
weeks. The time before the recharged water becomes streamflow can be esti-
mated from figure 38. About 8 ft3/s (or one-half of the steady-state flow of
16.3 ft3/s) was flowing in Beaver Creek after 25 years. The aquifer system
requires about 60 years to reach steady-state. Using the results from the
simulation with the increased pumping rates shown in table 14, the model
shows that about 100 years are needed to reach steady-state. An estimate of
the timing of the total project impact, using the median-diversion inflow, is
shown in table 18.

These estimates of the timing for the return flows are not very precise.
To try to determine the effects of the diversions using stochastic streamflow
values, another model was used. A stream-aquifer model of the South Platte
River basin from Henderson (just north of Denver) to Julesburg (Colorado-Ne-
braska State line) is available (R. T. Hurr and A. W. Burns, U.S. Geological
Survey, written commun., 1979; A. W. Burns, U.S. Geological Survey, unpub-
lished data, 1979). This digital-computer model simulates the water-manage-
ment activities of all the irrigation systems in the basin. The water-right
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Table 18.~-Water budget of changes in the South Platte River basin

due to the artificial-recharge project

Increase in Increase in Increase in
Years Diversion consumptive ground water ground-water flow
use in storage to the river

Acre-feet per year

1-- 43,000 13,000 29,000 1,000
10-- 43,000 13,000 18,000 12,000
25-- 43,000 13,000 4,000 26,000

100-- 43,000 13,000 1,000 29,000

system is input to the model, and by trying to meet a designated demand for
irrigation, water is diverted from the river, diverted from reservoir stor-
age, or pumped from ground water for all the canals in the basin. The effect
of each stress, whether it be recharge due to applications of water or pump-
ing, is computed to determine the effect on the flow of the river. For this
study, the model was modified to allow streamflow to be diverted into canals
from which water can seep into the aquifer, either directly or from asso-
ciated spreading ponds. The model was also modified to compute tributary
inflow as a function of increasing ground-water storage; this made possible
the simulation of flowing streams at Beaver and Badger Creeks. This was an
empirical formulation with regression parameters based on matching the
streamflow in Beaver Creek computed by the ground-water model (fig. 38).

Three simulation runs were made with this model using inflow data from
1951 to 1974. The first simulation, used for control, was designed to compare
with later simulation results. For this simulation, pumping within the Badger
and Beaver Water Conservancy District was simulated at an average of about
31,000 acre-ft per year. The second simulation assumed the construction of
the artificial-recharge project. The introduction of a new water-resource
activity within the water-managment system of the South Platte River basin
affected almost every other ditch system. Because diversions for the project
took place during nonirrigation season and some of the return flows entered
the river during the irrigation season, total basin surface-water diversions
for direct applications increased. This in turn resulted in a decrease of
ground-water withdrawals. The total mass balance computed by the model (which
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includes about 30 components) maintained a conservation of mass. The more
important components listed in this discussion do not reflect the total mass
balance. The model computed an average diversion of 88,000 acre-ft per year
for the 24 years. |In the model, the entire diversion contributed directly to
recharge of the ground-water system, through either canal or pond leakage.
The impact of that recharge accounted for most of the increased ground-water
flow to the river (65,000 acre-ft per year) and increased volume in storage
(34,000 acre-ft per year). Although this simulation resulted in an average
decrease in streamflow of the South Platte River from the modeled area of
34,000 acre-ft per vyear, the streamflow was augmented during the irrigation
season downstream from the recharge site. This made possible an overall in-
crease in surface-water applications of about 9,000 acre-ft per year which in
turn caused a decrease of 13,000 acre-ft per year in ground-water pumping.

The final simulation run with the stream-aquifer model was for the same
inflow conditions and with the artificial-recharge project, but with pumping
within the project area increased about 60 percent. For this simulation, most
of the 85,000 acre-ft per year average diversion can be accounted for in the
basinwide mass balance as: (1) Increased pumping, 12,000 acre-ft per vyear;
(2) increased ground-water flow to the river, 42,000 acre-ft per year; and
(3) increased ground-water storage, 26,000 acre-ft per year. The net stream-
flow loss in the South Platte River was about 42,000 acre-~ft per year, but
the flows caused by the recharge in Beaver and Badger Creeks improved irriga-
tion-season diversions.

SUMMARY

The Badger and Beaver Water Conservancy District was formed in 1976 to
promote an artificial-recharge project 1in the alluvial valleys of Badger and
Beaver Creeks in Morgan County, Colo. The preliminary proposal was to divert
water from the South Platte River through the existing Bijou Canal, to trans-
port the water to the upper end of these two valleys, and to direct water
through ditches and into ponds to recharge the underlying alluvial aquifers.
The purpose of this recharge was to restore the water levels in these tribu-
tary valleys so that pumping for irrigation could return to its previous
larger rates.

The first item considered in the hydrologic anaiysis of the proposed
project was the availability of streamflow for diversion. In order to consid-
er the effects of all senior water rights, data developed by the U.S. Bureau
of Reclamation for the storable flows into the proposed Narrows Reservoir
were used. These data indicated that the average storable flow for the
9 months (October through June) was 217,000 acre-ft. However, because of the
limited capacity of Bijou Canal, only an average of 96,000 acre-ft per year
could be diverted. The distribution of this flow, in time, is quite variable
and for much of this study, the median-divertible flow of 43,000 acre-ft per
year was used.
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Water is to be diverted at the headgate of Bijou Canal and transported
to new canals to be constructed as part of the proposed project. The water
would be allowed to seep from these canals or be diverted into ponds or
stream channels to recharge the underlying alluvial aquifers. If the
43,000 acre-ft were diverted annually, leakage from the existing canal would
be 19,000 acre-ft, leakage into Badger Creek valley would be 10,000 acre-ft,
and leakage into Beaver Creek valley would be 14,000 acre-ft, assuming a
canal configuration using all proposed canals and 65 ponds. This inflow con-
dition results in ponds having water 5 months of the year with a maximum
surface area of 304 acres. Historically developed diversions averaged
96,000 acre-ft per year and ranged from a low of 4,000 acre-ft per year to a
high of 244,000 acre-ft per year. Using this inflow condition in the
simulation, the pond life averaged 5.4 months per year and the average pond

surface area was 321 acres with a median maximum monthly surface area of
1,249 acres.

The diversion of 43,000 acre-ft per year would provide ample recharge to
the two alluvial-aquifer systems. Waterlogging would be a problem only along
the west side of Badger Creek valley. Water levels would rise slightly and
create flowing streams in the channels of both Beaver and Badger Creeks. An
increase in current pumping rates by 50 percent would cause no drawdown prob-
lems on a regional basis. However, if the maximum available water was
diverted and recharged, it appears that the aquifer systems would be flooded
and could not transmit the water to the stream channels or irrigation wells
fast enough to avoid total waterlogging of the recharge areas in the sand
hills.,

The total hydrologic impact of the artificial-recharge proposal would be
minimal after steady-state conditions were achieved--the only significant
losses to the South Platte River basin would be the increased pumping for the
renewed irrigation. However, the time before the systems would reach steady-
state is on the order of decades, and the initial impact of the proposed
project would need to be considered as a total loss of the annual diversions.
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