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CONVERSION FACTORS

The following factors can be used to convert the inch-pound units in this
report to the International System of Unite:

Multiply By 7o obtain
inch 25.40 millimeter
foot 0.3048 meter
mile 1.609 kilometer
square mile 2.590 square kilometer
foot per day 0.3048 meter per day
foot squared per day G.0929 meter squared per day
gallon per minute 3.785 liter per minute
cubic foot per second 0.02832 cubic meter per second
acre-foot 1,233. cubic meter
acre-foot per day 1,233, cubic meter per day

Temperature can be converted to degrees Fahrenheit (°F) or degrees Celsius
(°C) by the following equations:

°F = 9/5 °C + 32
°C = 5/9 (°F ~ 32)
Sea level: 1In this report "sea level" refers to the National Geodetic
Vertical Datum of 1929 (NGVD of 1929)--a geodetic datum derived from a general

adjustment of the first-order level nets of both the United States and Canada,
formerly called "Sea Level Datum of 1929."



HYDROLOGY OF THE POWDER RIVER ALLUVIUM BETWEEN

SUSSEX, WYOMING, AND MOORHEAD, MONTANA

By Bruce H. Ringen and Pamela B. Daddow

ABSTRACT

The generally fine-grained alluvium along the Powder River between
Sussex, Wyoming, and Moorhead, Montana, ranges from 4 to 45 feet thick but is
usually 10 to 30 feet thick and about one-~half mile wide along the reach
studied. The length of the study reach is 155 river miles. The water 1in the
alluvium primarily comes from seepage from the river, stored during periods of
high streamflow and discharged back to the river in some reaches during low
flow. Flow~duration curves indicate ground-water discharge and (or) irriga-
tion return flow to the river near the streamflow-gaging station near Sussex,
Wyoming, but not near stations near Arvada, Wyoming, or Moorhead, Montana.
The lack of ground-water discharge was supported by analysis of streamflow
gains and losses; net annual gains in the reach from Sussex to Arvada in 1978
and 1979 were due to runoff not accounted for between the two sites.

Water in the alluvium has good hydraulic connection with the river.
Generally, the bedrock is believed to be isolated from the alluvium and the
river. Although the Powder River alluvium does not fully meet the assumptions
of the method used, an approximate value of diffusivity of 10,200 feet squared
per day was computed for the alluvium at a site near Interstate Highway 90.
Approximate values for transmissivity and hydraulic conductivity were calcu-
lated from this diffusivity value.

The river rarely was dry at Sussex, but it was dry for at least 1 day in
2 of every 3 years at Arvada, and not so frequently at Moorhead. For 1 year
in 2 for the period of record, it was dry at Arvada for 13 consecutive days,
and for 1 year in 5 for the period of record, it was dry for 30 consecutive
days. At the site near Interstate Highway 90, about 15 percent of the pumpage
from a hypothetical well located 200 feet from the river and pumping 50
gallons per minute for 2 days would be drawn from the river. An increasing
percentage of the water pumped would come from the river as the distance from
the river to the well is decreased or as the well is pumped for longer
periods.

The quality of water in the alluvium improves downstream, but even at
Moorhead the water does not meet standards recommended by the U.S. Environ-
mental Protection Agency for drinking water. It is acceptable for most
livestock uses, but concentrations of certain constituents may limit its use
for irrigation or industrial use. Chemically, the water in the alluvium is
similar to water in the river. The river water is dominated by sodium and
sulfate ions, whereas water in the alluvium is dominated by sodium, calcium,
and sulfate ions. The water in the bedrock, however, is dominated by sodium
and bicarbonate ions.



The potential for developing water supplies from the alluvium along the
Powder River i1s limited. The areal extent and saturated thickness of the
galluvium are not large. Water in the alluvium 1s supplied primarily by the
river, which goes dry periodically. Pumpage from wells completed in the
alluvium is highly dependent on water supplied directly from the river,
particularly from wells close to the river. As noted above, the quality of
water in the alluvium also limits its use as a water supply.

INTRODUCTION

Reliable sources of water are needed to| support industrial and municipal
growth in northeastern Wyoming, a water-scarce area. The alluvium along the
Powder River in northeastern Wyoming is identified as a principal aquifer in
some reports (Taylor, 1978, plate 1; and U.$. Water Resources Council, 1980,
p. 9. However, preliminary data indicated that the alluvium has good
hydraulic connection with the river, generally would yield less than 100
gallons per minute to wells, and contains water that is generally of poor
quality. The U.S. Bureau of Land Management and the U.S. Geological Survey
cooperated in a hvdrologic study of the Powder River alluvium during 1983-85
to determine whether the alluvium should be classified as a principal aquifer.

Purpose and Scépe
i

The purpose of this report is to describe the hydrology of the alluvium
along the Powder River between Sussex, Wyoming, and Moorhead, Montana, and the
potential for developing water supplies from the alluvium. Study objectives
were: (1) To determine the availability and quality of water in the alluvium,
and (2) to determine the hydrologic function |of the alluvium by observing the
relations between water in the alluvium, the river, and the bedrock aquifer.

The study was limited by its short durdation and limited funding. Exten-—
sive use of existing hydrologic data was made. Only limited new data were
collected; the field work was done during 1983 and the data were compiled and
analyzed during part of 1984. Results of the study were expected to be
nonquantitative or approximate, but sufficient to satisfy objective 1.
Detailed data for determining the hydrologic function of the alluvium (objec-
tive 2) were collected at only one site.

Previous Investigqtions
|

Information about the potential of the Powder River alluvium as an
aquifer 1is available for specific areas. Alluvial aquifer characteristics in
Sheridan County, Wyo., were discussed by Lowry and Cummings (1966) and in
parts of Johnson County, Wyo., by Whitcomb and others (1966). U.S. Bureau of
Reclamation drilling activity within the study area is discussed in a report
by 0Olive (1957). The hydrology of the study |Jarea is discussed in a report by
Lowry and others (1986); they describe many aspects of the water resources as
related to the development of coal. The report includes a bibliography of
more than 350 references.




Description of the Study Area

The study area (fig. 1) 1s the Powder River valley from Sussex, to
Moorhead, a distance of about 155 river miles. The drainage areas upstream of
streamflow-gaging stations on the Powder River are: 3,090 square miles at
Sussex; 6,050 square miles at Arvada; and 8,088 square wmiles at Moorhead. The
river channel is wide, shallow, and sinuous throughout the study reach; for
long distances both banks are vertical. The river meanders from one side of
the alluvial valley floor to the other; thus the alluvial deposits are
vulnerable to fluvial erosion and deposition.

The valley generally is grass-covered, has some trees and underbrush, and
is dissected in places by the channels of tributary streams. The most common
tree in the area is cottonwood, but there are occasional clumps of willow and
Russian olive trees. Saltcedar, greasewood, and saltsage comprise most of the
small plants.

The bedrock underlying the alluvium from Sussex to just south of Arvada
is the Wasatch Formation of Eocene age. The area north of Arvada is underlain
by the Fort Union Formation of Paleocene age. Bedrock is exposed at Arvada,
and Moorhead. Both the Wasatch and the Fort Union Formations are composed of
sandstone and interbedded shale and coal.

Water development in the valley is limited. Several deep wells for
watering livestock have been drilled into the underlying bedrock, but there is
currently (1984) no stock, irrigation, industrial, or municipal water use from
wells completed in the alluvium. Six small areas irrigated with surface water
are farmed: one at Sussex, two downstream from Sussex, one near the mouth of
Clear Creek, and two a few miles downstream from the mouth of Clear Creek.

Precipitation in the study area is highly variable from year to year.
From 1936 through 1975, annual precipitation ranged from a minimum of
7.0 inches during 1966 to a maximum of 17.1 inches during 1944 at the weather
station near Arvada (Lowry and others, 1986, p. 12). Most of the precipi-
ation from November through April is snow. Summertime precipitation occurs as
light showers and occasional intense thunderstorms (Lowry and others, 1986,
p. 12).

The Powder River is formed by the confluence of four streams. The
combined North and Middle Forks of the Powder River contribute mountain
snowmelt and runoff for about 50 percent of the total flow at Sussex, the
upstream end of the study area (table 1). The South Fork Powder River
contributes plains runoff and Salt Creek contributes plains runoff and an
unmeasured discharge of brine effluent from the Salt Creek oilfield. Average
annual discharge of the Powder River at Sussex was 479 cubic feet per second
in 1978, 227 cubic feet per second in 1979, and 154 cubic feet per second in
1980. The long-term average is 188 cubic feet per second.
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Table l.--Average annual discharge and percentage of total flow for
streams contributing to flow In Powder River at Sussex, Wyo.,
water vears 1979 and 1980

Average
annual
dis-
charge
(cubic Percentage of total
Station Water feet per flow of Powder River
Streamflow-gaging station number year second) at Sussex, Wyoming
Powder River near Kaycee, 1 1979 114 50.2
Wyo. (combined North and 1980 79.8 51.8
Middle Forks)
South Fork Powder River 2 1979 35.1 15.5
near Kaycee, Wyo. 1980 27.1 17.6
Salt Creek mnear Sussex, Wyo. 3 1979 41.2 18.1
1980 39.5 25.7
Powder River at Sussex, Wyo. 4 1979 227 100
1980 154 100
Discharge at station 4 1979 36.7 16.2
minus sum of discharges 1980 7.6 4.9

at stations 1-3




Data Collection

Hydrologic data from streamflow-gaging stations and water wells in the
study area were used. Discharge and water~surface elevation of the Powder
River were obtained from records at three streamflow-gaging stations. An
inventory of selected wells in the study area was conducted. Drillers' logs
were examined to determine the composition arld thickness of the alluvium. The
extent of the alluvium was measured from U.S. Geological Survey 1:24,000-scale
topographic maps. :

Only limited new hydrologic data were collected. Two observation wells
were drilled at a site near the Powder River where Interstate Highway 90
crosses the river. Recorders were installed in three other wells at that site
to record changes in water levels in the alluvial and bedrock aquifers. A
recorder was installed in a stilling well to record the river stage. Other
field data collected during the study included periodic water-level measure-
ments in selected wells, and a total of six water samples from the Powder
River and selected wells for chemical-quality analysis.

i
Well-Numbering S&stem

Most wells mentioned in this report are identified by a number based on
the U.S. Bureau of Land Management system of land subdivision. An example is
illustrated in figure 2. From left to right, the parts of the well number
indicate township, range, section, and subdliivision of section. Subdivisions

WELL 55-077-34dbdy

b a
34L
+4 a
Sy
¢ c|d

18117116 (1

/
19 | 20 | 21 fz 23/ 24

7
30| 29|28/ 27|26 25

313233

zg4
[A)
9N
w
[+)]

(4}
zg-

\

2 zg4[ zg

78W.|R.77W.|R.76W.[R.75W.

Figure 2.--Well-numbering system.




are designated counterclockwise by letters a, b, ¢, and d, beginning with the
northeast quarter. Successive letters indicate successive subdivisions. If
there is more than one well in the smallest subdivision, consecutive numbers
beginning with 01 are appended to the well number.

A simpler method was used to identify wells at the Interstate Highway 90
study site. The wells were numbered consecutively beginning with 1; a letter
prefix designates the material in which a well was completed (A for alluvium;
B for bedrock).

DESCRIPTION OF THE ALLUVIUM

As described by Leopold and Miller (1954, p. 7-11, 17-23), the Powder
River (and most other major streams in eastern Wyoming) is bordered by
alluvium forming three prominent terraces. Geologic sections near Arvada and
Sussex (fig. 3) show these alluvial terraces. The oldest and highest terrace,
the Kayvcee, stands 55 feet above the river near Arvada, and 53 feet above the
river near Sussex. The Kaycee terrace 1s composed of several alluvial
formations, consisting of sandy silt and gravel and coarse sand with cobbles.
The Moorcroft terrace is the middle terrace, standing 17 feet above the river
near Arvada and 23 feet above the river near Sussex. The Moorcroft is
composed of silty, fine-grained alluvium. The lowest terrace, the Lightning,
stands 7 feet above the river near Arvada and 5 feet above the river near
Sussex. It is somewhat broader than the Moorcroft and is separated from it by
an abrupt escarpment. The Lightning terrace is in contact with the stream in
many reaches, and consists of silty, fine or medium sand with lenses of coarse
sand or fine gravel. It may be the floodplain in some reaches, but generally
the floodplain 1is a slightly lower, narrow, relatively inconspicuous flat
bordering the river.

The thickness of the alluvium along the Powder River ranges from about
4 to 45 feet, but commonly is 10 to 30 feet; the alluvium generally is about
one-half mile wide. The locations of geologic sections and wells with
drillers' logs used to calculate thickness of the alluvium are shown in
figure 4. The geologic sections are shown in figure 5, and the drillers' logs
are listed at the end of this report (table 7).

HYDROLOGIC FUNCTION OF THE ALLUVIUM

To assess the potential for developing water supplies from the Powder
River alluvium, the hydrologic function of the alluvium first must be
described. The hydrologic function of the alluvium is defined in this study
as how the alluvium stores and transmits water to and from the river and from
the bedrock. Recharge to the alluvium along the Powder River is greatest
during high flow (high stage) in the river. During low flow (low stage) in
the river, the alluvium discharges water back into the river in some reaches.
The following information was used to analyze the hydrologic function of the
alluvium: flow-duration curves, streamflow gains and losses, responses in
wells to changing river stage, and aquifer characteristics of the alluvium.
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Flow~Duration Curves

Flow-duration curves, computed from streamflow records, commonly indicate
the presence or absence of ground-water discharge to the river and the
variability of streamflow. The curves show the percentage of time during a
given period of record that streamflow equalled or exceeded specified flows.
According to Searcy (1959, p. 22), the shape of the curve is an indication of
the hydrology of the drainage area. A steep slope throughout the length of
the curve indicates the flow in the stream is highly variable, with the flow
originating mostly from direct runoff; whereas a flat slope usually indicates
the effect of surface-water or ground-water storage. A flat slope at the
lower end of the curve usually indicates the effect of ground-water storage,
while a steep slope indicates its absence (Searcy, 1959, p. 22).

Flow—duration curves for the three streamflow-gaging stations in the
study reach are shown in figure 6. All three curves have a steep slope,
indicating highly variable flow mostly from direct runoff. The slopes of the
curves for Powder River at Arvada and Moorhead are steep throughout, indi-
cating that discharge from ground water is small in the downstream part of the
study reach. The curve for Powder River at Sussex, the upstream end of the
study reach, is the only curve that flattens out at the lower end. This
indicates that, during the period of record, low flows were sustained by a
discharge of about 2.8 cubic feet per second or greater, possibly from ground
water. Return flow from local irrigation also may help to sustain low flows.

During most years, the ground-water contribution to streamflow at Sussex
may be much larger than the minimum indicated by the flow-duration curve.
Based on average annual discharge at stations on the three tributaries
contributing to the flow at Sussex, ground-water discharge at Sussex was
estimated to be 36.7 cubic feet per second in 1979, or 16.2 percent of the
total flow, and 7.6 cubic feet per second in 1980, or 4.9 percent of the total
flow (see table 1).

Streamflow Gains and Losses

Streamflow gain or loss along a reach of the river is determined by
subtracting the streamflow recorded at an upstream streamflow-gaging station
and any intervening tributary inflow from the streamflow recorded at =a
downstream station. An increase (gain) in streamflow at the downstream end of
the reach indicates runcff between the two stations or ground-water discharge
into the stream channel. A decrease (loss) in streamflow indicates streamflow
has been lost to evaporation or transpiration, or that seepage has recharged
ground water in the alluvium. The recharge to the ground water from the
stream during high flow and the ground-water discharge to the stream during
low flow vary, depending on the amount, intensity, and location of precipita-
tion, as well as seasonal variations in runoff and evapotranspiration.

Streamflow gains and losses in the Powder River were computed for the

upstream reach between Sussex and Arvada, and for the downstream reach between
Arvada and Moorhead. Tributaries accounted for were Crazy Woman Creek between

11
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Sussex and Arvada, and Clear Creek between Arvada and Moorhead. The monthly
sums of the differences in daily mean discharges are shown in figure 7 for the
reach between Sussex and Arvada, and in figure 8 for the reach between Arvada
and Moorhead.

Annual discharge as a percentage of the long~term mean discharge at
streamflow~gaging stations along the Powder River is computed for 1978-80
(table 2). In 1978 when discharge at the three stations (4, 5, and 6) along
the upstream reach was about 250 percent of the long-~term mean discharge, a
net gain of 50,500 cubic feet per second was computed for the year between
Sussex and Arvada (see fig. 7). Gains in streamflow occurred every month
except in January, February, and December. The gains in streamflow in the
reach between Sussex and Arvada could have been due to precipitation, snow-
melt, or ground-water discharge, although most of the gains probably represent
flood runoff not accounted for by Crazy Woman Creek. The losses in streamflow
during the low-flow months of January, February, and December indicate seepage
to ground water during that period.

In 1979, streamflow was about average, and a very small net gain was
recorded for the year (fig. 7). For 7 months (January, February, March,
August, September, November, and December) net losses in streamflow between
Sussex and Arvada indicate seepage to ground water along the reach. In August
and September, evapotranspiration would have accounted for part of the loss.
During the low~flow months, ground-water discharge to the stream is not
indicated.

In 1980 when stream discharge was about 75 percent of the long-term mean
discharge, 6 months of net losses (January, February, May, June, August, and
December) between Sussex and Arvada resulted in a net loss for the year
(fig. 7). The losses in January, February, and December primarily were caused
by seepage into the alluvium, while part of the losses in May, June, and
August would have been due to evapotranspiration.

For the downstream reach between Arvada and Moorhead, the annual dis-
charge in 1978 was about 230 percent of the long-~term mean discharge, and
about 70 percent of the long~term mean in 1979 and 1980 (table 2). Net losses
in streamflow were recorded for all 3 years (fig. 8). For 1978, a monthly net
gain in streamflow due to precipitation, snowmelt, runoff, or ground-water
discharge in the reach was recorded at Moorhead only in January, March, and
May. For 1979, the driest of the 3 years, monthly net gains in streamflow
were recorded only in January, September, and November. For 1980, monthly net
gains were recorded in February, May, June, and August. Net losses of
streamflow to ground-water storage in the alluvium or to evaporation and
transpiration occurred in the other 8 to 9 months of each year.

The gain-loss analyses agree with the analyses of flow-duration curves
for the stations at Arvada and Moorhead. The flow~duration curves for the
streamflow—-gaging stations show a probable ground-water discharge component
that sustains flow during low-flow conditions in the reach near Sussex, but
not in the reaches near Arvada or Moorhead. Along the reach from Sussex to
Arvada, 2 of the 3 years of record indicate annual net gains in streamflow due
to runoff or ground-water discharge to the river. However, losses along the
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Table 2.--Annual discharge and percentage of the long-term mean discharge

at streamflow-gaging stations, 1978-80 water vears

[ft?/s, cubic feet per second}

Water year

1978 1979 1980
Streamflow-gaging Station Dis- Per- Dis~ Per- Dis- Per-
station number charge cent charge cent charge cent
(£ft3/s) (ft3/s) (£t3/s)
Powder River at 4 479 255 227 121 154 83
Sussex, Wyo.
Crazy Woman Creek 5 125 232 51.7 98 40.1 80
near Arvada, Wyo.
Powder River at 6 744 262 284 101 184 66
Arvada, Wyo.
Clear Creek near 7 362 198 71.3 39 154 85
Arvada, Wyo.
Powder River at 8 1,093 234 312 67 329 71

Moorhead, Mont.
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same reach during the low~-flow months indicate a lack of ground-water dis-~
charge, thereby corroborating the flow-duration curve analysis for Arvada.
Along the reach from Arvada to Moorhead, streamflow losses were recorded
during all 3 years, indicating seepage to ground-water storage along that
reach, also corroborating the flow-duration curve analysis for Moorhead.

According to J.G. Rankl (U.S. Geological Survey, oral commun., 1985),
about 100 miles east of the study area, in the |Cheyenne River, evaporation and
transpiration consume water from ground-water storage in the alluvium more
rapidly than river seepage, precipitation, or other sources recharge ground-
water storage. Ground-water storage is so depleted during the growing season
that even in October, November, and December, the river is still replenishing
the water in the alluvial aquifer. This may be true also for the Powder River
in the reach between Arvada and Moorhead. |Figure 8 shows a net loss in
streamflow for nearly every month from June through December.

Ground-Water Responses to Changing River Stage

Response in ground-water levels to changes in the river stage was
analvzed at a site near the Interstate Highway 90 bridge over the Powder River
(figs. 9 and 10). Two wells were installed about 425 feet from the river--one
completed in the alluvium (well A5) and one completed in the bedrock (well B6)
(Wasatch Formation). Water—-level recorders were installed in these wells and
in an existing well completed in the alluvﬂum about 40 feet from the river
(well Al). The river stage was recorded in |a stage-measurement gage at the
river. All recorders were set to the same arbitrary datum (gage datum) by
surveying. Water levels were recorded continuously for 1 year, 1983.

Hydrographs of water-level fluctuations in wells and changes in stage of
the Powder River during 1983 are shown in figures 11-13. Only records for
runoff in the Powder River are shown. Records for intervening periods
indicate that the water levels remained constant on June 12; gradual water-
level declines occurred during June 18-~June 26, July 2-July 22, July 28~
August 4, August 10, and August 25~September 9; and slight fluctuations in the

water levels were recorded August 16-~August 19 and September 15-September 21.

Most of the runoff events are interpreted as being caused by upstream
rains or snowmelt, because there was no flow in nearby Dead Horse Creek
(fig. 1) during those periods. However, the June 8 and August 21 hydrographs
represent intense local rainstorms that generated large flows in Dead Horse
Creek. During June 28 and 29, a small local rain resulted in a small flow in
Dead Horse Creek. The gradual rise in all the water levels in the September
22-26 hydrograph probably represents the end of the evapotranspiration season.

Water in Alluvi

During the l~year period of record, the water level in alluvial well Al,
which is 40 feet from the river, was nearly always lower than the river stage,
and the water level in alluvial well A5, which is 425 feet from the river,
generally was even lower. At this site the water table in the alluvium slopes
away from the river. Water-level measurements in four wells A2, A3, A4, and
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Highway 90 bridge across the Powder River.

Al0, completed in the alluvium along a line parallel to the Powder River,
indicate a gradient in the alluvium similar to the downstream gradient in the
river (see fig. 9). |

The hydrographs for wells Al and A5 show responses to changes in river
stage; as expected, well Al responds sooner and to a greater degree than well
A5. The hydrograph for alluvial well Al shows rises immediately after river
stage rises for the major changes in runoff shown in figures 11-13, indicating
a direct hydraulic connection between well Al and the river. The magnitude of
the water-level rise in well Al was about one-~half that in the river, or less.
The hydrograph for alluvial well AS reflected the rises and declines of the
river stage but to a lesser extent. For example, a small peak corresponding
to runoff in the river occurred June 8, but the water-level response otherwise
is characterized by gradual, subdued rises and declines that slightly lag in
response to the rises and declines of the river stage.

The hydrographs in figures 11-13 also show the periods of streamflow gain
and loss at the Interstate Highway 90 site by the relation between water
levels in the alluvial well Al and the river stage. Runoff on June 8
recharged the alluvial aquifer (streamflow loss) as shown by the peak in the
alluvial water level; as the river stage decreased below the ground-water
level, the ground water was discharged to the river (streamflow gain) from
late on June 8 to midday on June 9. For most of the growing season, the river
stage was higher than the ground-water level, so the river lost water to the
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alluvial aquifer. This seepage of water from the river to the alluvium
probably was driven by transpiration from phreatophytes (trees and shrubs)
growing on the alluvial-valley floor. The water level in the alluvium as
measured in well A5 declined during the summer from about 5.4 feet above datum
in June to about 4.3 feet above datum in September.

Water in Bedrocﬁ

Water-level changes in well B6, completed in the bedrock, are represented
by hydrographs in figures 11-13. Well B6 is 425 feet from the river, is
90 feet deep, and is perforated between 70 and 90 feet below land surface. The
artesian water level in well B6 is about a foo% above land surface.

Hydraulic head in the bedrock is substantially higher than water levels
in the alluvium (water table) or water in t river (figs. 11-13). This is
true not only at the Interstate Highway 90 site, but also in other artesian
wells completed in the bedrock throughout the study area. Drillers' logs (see
table 7 at the back of this report) for almost every well along the Powder
River in the study area south of Arvada list a thick blue clay or shale that
is at the top of the bedrock. The clay or shale would be expected to effec-
tively isolate the bedrock from the alluvium hydraulically and therefore, from
the river in parts of the study area.

The water level in well B6 completed in the bedrock fluctuated a little,
but for seven of nine runoff events did not| respond measureably when there
were changes in the river stage or water levels in the alluvium. However, the
water level responded substantially during ruLoff events on June 8 (fig. 11)
and August 21 (fig. 13). In both cases, runoff was caused by intense local
rains; concurrently there were large increases in the bedrock water level. The
increases were larger than those in either of the wells completed in the
alluvium, although maximum recorded river stages were 1 to 2 feet higher than
for any of the other seven run-off events. One possible explanation why water
levels in the bedrock would respond to a greater degree than water levels in
the alluvium after the intense local rains is loading of the confined bedrock
agquifer by the weight of water spread over the area of intense rainfall.

Aquifer Characteriatics

Hydraulic diffusivity (the ratio of transmissivity to storage coeffi-
cient) was calculated for the alluvial aquifer along the Powder River at the
Interstate Highway 90 site. This was done to obtain part of the information
needed for determining how water in the alluvium responds to pumping and
river-stage changes. The flood-wave response method (Pinder and others, 1969)
was used. Estimates of transmissivity and storage coefficients are derived
less expensively by this method than by aguifer tests. The method generates
the predicted or theoretical aquifer response in a one-dimensional ground-
water flow system to the passage of a flood wave in the river. A series of
type curves is generated, and aquifer diffusivity is obtained by selecting the
curve that approximates most closely the observed ground-water hydrograph.
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Grubb and Zehner (1973) used this method to calculate diffusivity based on a
single flood wave at several sites along the Ohio River, but the method was
used in this study to calculate diffusivity for several flood waves at the
same site.

The equation in the computer program requires the following data:
distance from the river to an impermeable boundary, distance from the observa-
tion well to an impermeable boundary, the river—-stage hydrograph, the ground-
water hydrograph in the observation well, a time step, and estimates of
expected agquifer diffusivity values. The program generates the type curves of
theoretical aquifer response to the flood wave and calculates root-mean-square
differences for the fit of the theoretical aquifer response to the actual
aquifer—~response hydrograph.

The flood-wave response method is based on the assumptions that the
aquifer is isotropic, homogeneous, and of finite width; the stream fully
penetrates the aquifer; initial hydraulic head is uniform in the aquifer; and
impermeable materials exist below the aquifer and at one side of the aquifer
parallel to the stream. Conditions in the Powder River alluvial aguifer at
the Interstate Highway 90 site do not meet all the assumptions. The alluvium
may not be isotropic and is not homogeneous; the Powder River penetrates about
20 feet of the 30 feet of alluvium; initial head is not uniform; and the
valley wall is not parallel to the river.

Kernodle (1978, p. 5-6) explains that for the ideal stream-aquifer
relation, which was assumed for the equation in the program:

The observed response through a complete flood cycle (rising limb,
peak, receding limb) can be entirely duplicated by the program if
T/S [diffusivity] is known. In instances where the aguifer is not
uniform, boundaries are irregular, or recharge from precipitation
occurs, the match between calculated and observed water-level
response degenerates. Commonly, only the rising limb and the peak
of the flood cycle are of use in determining aquifer diffusivity by
the flood-wave response technique because the receding limb is the
most likely to be affected by non-ideal conditions.

Kernodle (1978, p. 6~7) also states that the equation is derived for a
constant value of transmissivity, but in a water-table aquifer, saturated
thickness and thus transmissivity, constantly change during the passage of the
flood wave:

. « . the slope of the rising and receding limbs of the response
curve will reflect the change in diffusivity with changing satu-
rated thickness. Peak amplitude will also be affected, but peak
arrival time is generally the least affected. Once the best
possible match between observed and modeled peak arrival time has
been obtained, the hydraulic diffusivity of the water~table aquifer
may be expressed as Kgb,/S, where K; is the hydraulic conductivity
of the aquifer, by is the maximum observed saturated thickness of
the aguifer during the passage of the flood wave, and Sy is the
specific yield of the aquifer.
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Although the nonideal conditions at the Poﬂder River site may have '"degen-
erated the match"” between the calculated and the observed ground-water
response, the best fit of the calculated response curve to the observed
response will provide the best estimate of diffusivity.

The program was run using the river stage as the driving force, and well
Al (40 feet from the river) was used as the response well. The predicted
hydrographs were matched with the observed hydrographs for well Al. The
distance from the response well Al to the imﬁermeable boundary (see fig. 10)
was assumed to be 860 feet, and the distance from the river to the impermeable
boundary was assumed to be 900 feet, resulting in a ratio of these distances
of 860/900, or 0.95. Kernodle (1978, p. 6) states that the response well
should be as far as possible from the valley |jwall, minimizing the effects of
boundary irregularities, and that a ratio of 0.85 to 0.95 will yield the best
results using this program. However, he also states there should be an
observable time lag between the flood wave in the river and the response in
the aquifer. The response in well Al does not have much time lag (see
fig. 11-13), but a 30-minute time step was used in the program to improve
this.

Grubb and Zehner (1973) used water levels in a well on the river bank
which fully penetrates the agquifer to simulate the water stage in the river,
which did not fully penetrate the aquifer. This approach was attempted using
water levels in well Al, which fully penetraqes the aquifer 40 feet from the
river, as a substitute for stream stage, and well A5 (425 feet from the river)
as the response well. However, the predicted hydrograph for well A5 did not
indicate any water-level response. The ratio of distances between the
impermeable boundary and wells A5 and Al is 475 feet/860 feet or 0.55. The
water—level response to flood waves is evident on the water-level hydrographs
of well A5 for only a few of the storms (see fﬂgs. 11-13).

Water—-level data from each of the nine runoff events previously described
(figs. 11-13) were used to compute theoretical responses in well Al. Some of
the nine events resulted from upstream runoff and passed the study site as
flood waves; others were local flash floods or resulted from small local
storms. One event represents recovery of the system after the end of evapo-
transpiration. For each runoff event, nine different theoretical response
curves were calculated, based on nine estimates of diffusivity. The smallest
root-mean-square difference calculated for egch of the nine curves indicated
the best fit, and that diffusivity value was récorded as the best estimate for
that runoff event.

The results of the computer—~simulation runs varied considerably. Diffu-
sivity ranged from 778 to 25,100 feet squared per day, with an average of the
nine events of 10,200 feet squared per day (table 3).

There does not seem to be a logical explanation for the variance of
diffusivity values on the basis of different types and distribution of
precipitation. One small local rain (June 28-29) resulted in a diffusivity
value of 20,700 feet squared per day, while another in August yielded a value
of 5,180 feet squared per day. A small upstream rain (September 11-12)
vyielded the largest diffusivity value, and a longer (2-day) upstream rain

|
|
|
|
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Table 3.~~Computed diffusivity values for the Powder River
alluvium at the Interstate Highway 90 site

Computed

diffusivity Trans~-

(feet (feet missivity
Date Magnitude and squared squared (feet

of runoff distribution of per per squared

(1983) precipitation second) day) per day)
June 8 Intense local rain 0.147 12,700 2,540
June l4-~16 Upstream rain/mountain snowmelt .110 9,500 -1,900
June 28-29 Small local rain .240 20,700 4,140
July 24-26 Large upstream rain .009 178 156
August 6-8 Upstream rain .050 4,320 864
August 11-12 Small local raim .060 5,180 1,040
August 21-25 Intense local rain .080 6,910 1,380
September 11-12 Small upstream rain .290 25,100 5,020
September 22~24 No precipitation--end of .080 6,910 1,380

evapotranspiration

Average of all nine values = 0e=—e- 10,200 42,040

8Calculated from average diffusivity
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(July 24-26) yielded the smallest diffusivity value. The hydrograph for
July 24-26 (diffusivity 778 feet squared per' day) seems similar to that for
August 6-8 (4,320 feet squared per day), but the diffusivity values are not
similar. The recovery of the system after evapotranspiration stopped was
calculated with a midrange diffusivity value of 6,910 feet squared per day.

Kernodle's (1978, p. 7) guidelines for use of this program state:

All flood events are not equally suitable for analysis. A flood of
short duration and moderate-to~large magnitude following an
extended period of water-level recession is preferred. Such an
event offers good peak resolution at the observation point and min-
imizes the effect on water levels by delayed recharge from precip-
itation (usually associated with the flood event).

Unless the June 8 event (flash flood) was too| short to adequately stress the
aquifer, it should meet Kernodle's (1978) guidelines. It is of short duration
and moderate~to-large magnitude, and it may be the single most representative
diffusivity value (12,700 feet squared per day) of the nine. The August 21-25
event is similar, except that multiple pealk flows indicated on the river
hydrograph may have caused multiple flood-generated waves that may have
interfered with the water-level response. |Data for the September 22-24
end-of-evapotranspiration period do not meet K@rnodle's (1978) guidelines.
|

Although the Powder River alluvium at the hnterstate Highway 90 site does
not fully meet the assumptions of the methods, and the flood peaks may not
have been ideal, it is assumed that the average of the nine diffusivity
values, 10,200 feet squared per day, is an alcceptable approximation for the
Powder River alluvium. The average diffusivity was used to calculate trans-
missivity and hydraulic conductivity of the alluvium at the Interstate Highway
90 study site.

Diffusivity is equal to transmissivity divided by storage coefficient, so
transmissivity can be calculated 1f the storage coefficient is known. The
storage coefficient of unconfined aquifers 1is Wwvirtually equal to the specific
vield, which for most unconfined aquifers ranges from 0.1 to 0.3, averaging
about 0.2 (Lohman, 1979, p. 8). The specific yield for the Powder River
alluvium is assumed to be 0.2. Therefore, with the average diffusivity
calculated for the Powder River alluvium at the Interstate Highway 90 site,
transmissivity is estimated to be 2,040 feet squared per day.

Hydraulic conductivity is equal to transmissivity divided by the satu-
rated thickness, which averages 21.5 feet for this site. Hydraulic conduc-~
tivity is estimated to be 94.9 feet per day. | This is consistent with values
given by Lohman (1979, p. 53) for medium to medium-to-coarse sand. Generally
the alluvium at the site is fine or medium sand with lenses of coarse sand or
fine gravel.
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AVAILABILITY OF WATER IN THE ALLUVIUM

Saturated Thickness

The saturated thickness of the alluvium varies with river stage, as shown
in figures 11-13 for wells Al and A5 at the Interstate Highway 90 site.
Saturated thickness also varies across the cross section as the thickness of
the alluvium varies. The range in river stage for the periods of record shown
in figures 11-13 was about 2.7 feet. Saturated thickness for the same periods
at well Al, where the alluvium is about 31 feet thick, ranged from 20.7 to
22.2 feet; saturated thickness in well A5, where the alluvium is about 18 feet
thick, ranged from 7.6 to 8.8 feet. Ranges in stage for the period of record
at the three streamflow—-gaging stations are 11.5 feet at Sussex, 22.0 feet at
Arvada, and 15.0 feet at Moorhead. Because the river is on bedrock at the
towns of Arvada and Moorhead, there is no alluvium and hence no saturated
thickness for alluvium at those locations.

Periods of No Flow

Periods of no flow in the river limit the availability of water in the
alluvium. On days of no flow in the river, pumpage from a well completed in
the alluvium would be derived entirely from ground-water storage. Production
from the well would decrease more quickly than if there were flow in the
river. Statistical indicators of this potential limitation include the number
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