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GLOSSARY

Composite is a mixture of two or more samples. Complete chemical
analysis of individual daily samples is impractical; therefore,
analyses are usually made on composites of several daily
samples. Samples of bed material or suspended sediment col-
lected at individual verticals are usually composited for a single
analysis.

Depth-integrated sediment sample is a suspended-sediment sample
that is accumulated continuously in a sampler that moves ver-
tically at a constant transit rate and that admits the water-
sediment mixture at a velocity about equal to the stream
velocity at every point of its travel. Present depth-integrating
samplers normally collect a water-sediment mixture only from
the surface to a point about 0.3 foot from the streambed.

Discharge composite is a composite for which the volume from each
sampler is proportional to the streamflow at the time the sample
was collected.

Dissolved-solids discharge is the rate at which dry weiglt of dis-
solved solids passes a section of a stream or the quantity that
is discharged in a given time.

Equal-volume composite is a composite made of equal volumes from
each sample.

Equivalents per million (epm) is a unit for expressing the concen-
tration of chemical constituents in terms of the interreacting
values of the electrically charged particles, or ions, in solu-
tion. One equivalent per million of a positively charged ion
will react with one equivalent per million of a negatively
charged ion. Parts per million are converted to equivalents
per million by multiplying by a factor that is the reciprocal of
the combining weight of the ion.

Cations Factor Anions Factor
Calcium (Ca*®)_____ 0. 04990 Carbonate (CO:™) _______ 0. 03333
Magnesium (Mg*™)__ .08224 Bicarbonate (HCO:™)__-- .01639
Sodium (Na*')._.____ . 04350 Sulfate (SOs™2) - . 02082
Potassium (K*™)____ .02558 Chloride (C1™) o _____ . 02820

Fluoride (F) o _____ . 05263
Nitrate (NOs™?) oo __ . 01613

Fluvial sediment is sediment transported by, suspended in, or de-
posited from water.

vI



GLOSSARY VII

Median or median diameter, according to Twenhofel and Tyler
(1941, p. 110), is “the mid-point in the size distribution of a sedi-
ment of which one-half of the weight is composed of particles
larger in diameter than the median and one-half of smaller
diameter. The median diameter may be read directly from the
cumulative curve by noting the diameter value at the point of
intersection of the 50 percent line and the curve.”

Particle-size classification is the classification recommended by the
American Geophysical Union Subcommittee on sediment ter-
minology (Lane and others, 1947, p. 937). According to this
classification, clay particles have diameters betweer 0.0002 and
0.004 mm, silt particles have diameters between 0.004 and 0.062
mm, and sand particles have diameters between 0.062 and
2.0 mm.

Parts per million (ppm) is a unit for expressing the concentration,
by weight, of chemical constituents or sediment. Parts per
million of chemical constituents is computed as one million
times the ratio of the weight of constituents to the weight of the
solution. Parts per million of sediment is comp-ted as one
million times the ratio of the weight of sediment to the weight
of the water-sediment mixture.

Percent sodium is the ratio, expressed in percentage, of sodium to
the sum of the positively charged ions (calcium, magnesium,
sodium, and potassium)—all ions in equivalents per million.

Residual sodium carbonate is the amount of carbonate plus bicar-
bonate, expressed in equivalents per million, that would remain
in solution if all the calcium and magnesium were precipitated
as the carbonate (Eaton, 1950).

Residual sodium carbonate= (CQ;+HCO,) — (Ca+Mg)

Runoff is streamflow unaffected by artificial diversions, storage, and
other works of man in or on the stream channels.

Scheduled sampling station is a location at which water samples are
collected on a systematic basis. Three types of s‘ations were
operated in this investigation: daily—water sampled once or
more each day; periodic—water sampled about once a month;
infrequent—water sampled less frequently, usually at 3- to 4-
month intervals.

Sediment is fragmental material that originates mostly from rocks
and is transported by, suspended in, or deposited from water
or air, or is accumulated in beds by other natural agencies.

Sediment discharge is the rate at which dry weight of sediment
passes a section of a stream or conduit or is the quantity of
sediment, as measured by dry weight or by volume, that is
discharged in a given time.



VIII GLOSSARY

Sediment sample is a quantity of water-sediment mixture that is col-
lected to represent the average concentration of suspended sedi-
ment, the average particle-size distribution of suspended or
deposited sediment, or the specific weight of deposited sediment.

Sodium-adsorption-ratio is related to the adsorption of scdium by
the soil and is an index of the sodium, or alkali, hazard of the
water. Concentrations of constituents are in equivalents per
million.

SAR—_ .N& __
‘/Ca,—l—Mg
2

Specific conductance is a measure of the ability of a water to con-
duct an electrical current and is expressed in microrihos per
centimeter at 25°C. Because the specific conductance is re-
lated to the number and specific chemical types of ions in
solution, it can be used for approximating the dissolved-solids
concentration of the water. The following general relations are
applicable: Specific conductance X (0.65=0.05)=ppm dis-
solved solids

Specific conductance total epm
100 - 2

Specific weight of a sediment deposit is the weight of solids per unit
volume of deposit in place.

Streamflow includes the sediment and dissolved solids that are con-
tained in the water and is the rate at which water passes a sec-
tion of a stream or is the quantity of water that is discharged
in a given time.

Suspended sediment is sediment, that is in suspension in water and
is maintained in suspension by the upward components of turbu-
lent currents or as a colloid.

Unscheduled sampling point is a location at which sample~ are col-
lected less frequently and systematically than at a scheduled
station; usually only 1 or 2 samples were collected for a specific
purpose.

Weighted average represents approximately the chemical character
of the water if all the water passing a cross section in the
stream during the year were impounded and mixed in a
reservoir.



CHEMICAL QUALITY OF SURFACE WATERS, AI'D SEDI-
MENTATION IN THE GRAND RIVER DRAINAGI® BASIN,
NORTH AND SOUTH DAKOTA

By C. H. HEmBreE, R. A. Kr1EGER, and P. R. Jorban

ABSTRACT

An investigation of the chemical quality of surface waters and of the sedi-
mentation in the Grand River drainage basin by the U.S. Geological Survey
began in 1946. The chemical quality of the water was studied to obtain in-
formation on the nature and amounts of dissolved solids in the streams and
on the suitability of the water for domestie, industrial, and irrigation uses.
Sedimentation was studied to determine the quantity of sedirent that is
transported by the streams, the particle sizes of the sediment, and the prob-
able specific weight of the sediment when deposited in a reservoir.

The basin is underlain by consolidated sedimentary rocks of Cretaceous
and Tertiary age; along the Grand River and its tributaries these rocks are
mantled by alluvium of Quaternary age. The Hell Creek and Fort Union
Formations underlie about 4,700 of the 5,680 square miles of drrinage area.
The climate of the basin is semiarid and is characterized by Fot summers
and cold winters. Mean annual runoff is about 53 acre-feet per square mile
of drainage area and is equal to about 7 percent of the mean annual pre-
cipitation. The highest streamflows on the Grand River and majo~ tributaries
are caused by melting of snow in March and April. Streamflow is extremely
variable from year to year.

Most of the surface waters in the basin are of the sodium sulfate or sodinm
bicarbonate type. High percent sodium is typical of almost all the surface
waters. The streamflow-quality patterns of the Grand River and its two forks
are very similar; dissolved-solids concentration, which usually coes not ex-
ceed 3,000 ppm, is maximum during low-flow periods.

The water in Shadehill Reservoir became stratified during the flood inflow
of 1952 ; about 75 percent of the fioodwater, which was of good qu-lity, passed
through the reservoir. The quality of the water became almost uniform
throughout the reservoir the latter part of July 1952. After the specific con-
ductance became relatively stable in 1956, it fluctuated from ab~ut 1,300 to
1,600 micromhos per centimeter and was between 1,400 and 1,500 micromhos
per centimeter most of the time.

During the representative period July 1937 to June 1950 the quantity of
dissolved solids passing the station near Wakpala was estimated to have been
about 140,000 tons per year. Yields computed for different parts of the basin
ranged from about 22 to 32 tons per square mile.

Except for sulfate, concentrations of chemical constituents usvally do not
exceed the maximum concentrations recommended for domestic supplies.

1



2 SURFACE WATERS, SEDIMENTATION, GRAND RIVER BASIN

The rather high dissolved solids and hardness of most of the surface waters
prevent the use of these waters for most industrial purposes unless the qual-
ity is improved by treatment.

Classified for irrigation use according to its specific conductance and sodium-
adsorption-ratio, the water stored in Shadehill Reservoir has a ligh salinity
hazard and a medium sodium hazard. The water can be usec safely for
sustained irrigation on soils of the proposed irrigation unit if adequate leaching
is practiced and if gypsum or some other calcium compound is added to the
water or land during the high sodium cycle.

Suspended-sediment discharges of the Grand River at Shadehill from
March 1946 through July 1950 averaged 700,000 tons per year. Suspended-
sediment discharges of the South Fork Grand River near Cash for 1947-50,
estimated from periodic measurements, averaged 270,000 tons per year.
Sediment discharges during these periods were much greater than normal.
Suspended-sediment discharges of the North Fork Grand River for 1947-60,
estimated from periodic measurements, averaged 31,000 tons per year at
Haley and 140,000 tons per year near White Butte. Suspended sediment is
predominantly clay ; some silt and a little sand are transported.

The probable specific weights of sediment deposits are about 42 pounds per
cubic foot for the North and South Forks and 56 pounds per cubic foot for the
Grand River at Shadehill. These specific weights are for deposits that have
not been appreciably compacted by overlying deposits or by exposure to the
air. At 56 pounds per cubic foot, the sediment that was carried by the Grand
River at Shadehill from March 9, 1946, to June 30, 1950, would o~cupy about
2,500 acre-feet when deposited in a reservoir.

INTRODUCTION
PURPOSE AND SCOPE OF INVESTIGATION

The investigation by the U.S. Geological Survey of chemi~al quality
of surface waters and of sedimentation in the Grand River drainage
basin was part of the program of the Department of tle Interior
for the development of the Missouri River basin. The overall plan
for the Missouri River basin includes the development of irrigation
and hydroelectric power and the storage and regulation of
floodwaters.

Information on the chemical quality of the water and on fluvial
sediments is one of the requirements for successful planning of
economically feasible projects. Successful irrigation depends not
only on the type of soils, drainage, and climate but also on water of
suitable chemical quality. The suitability of the water for domestic
and industrial uses and for the propagation of wildlife depends partly
on its chemical quality. A knowledge of the quantity ard particle
sizes of sediment transported by a stream is necessary for the design
and operation of reservoirs and irrigation projects. Moreover, sedi-
ment data are used in making estimates of the amount and possible
extent of aggradation and degradation upstream and downstream
from hydraulic structures.
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This report summarizes the results of the investigation to Sep-
tember 30, 1960. The results can be utilized to further the develop-
ment, control, and use of the water resources of the area.

In the investigation several items were considered: the nature
and concentrations of the mineral constituents in solution and of the
sediment in transport; the geologic, hydrologic, and cultural factors
that influence the chemical quality and the sediment discharge of
the streams; the amount of sediment and dissolved minerals dis-
charged by the streams at points of measurement; tl'~ probable
source of dissolved minerals; the initial specific weight of the sedi-
ment after deposition; and the suitability of the water for irrigation,
domestic, and industrial uses. Special studies were made of water
impounded in Shadehill Reservoir to determine the suitahility of the
water for irrigation and domestic use.

Chemical-quality data were obtained at Shadehill Reservoir and at
six other scheduled chemical-quality stations, which were operated
from 2 to 10 years. Supplemental data were obtained on most of the
principal tributaries. These data furnish information on the quality
of the water that enters Shadehill Reservoir and that leaves the
basin.

Studies were made to determine the quantity of sediment trans-
ported by the Grand River at Shadehill and the prokable initial
specific weight of the suspended sediment after depo-ition in a
reservoir. Sediment samples were collected at four scheduled
stations and were analyzed for concentration of suspended sediment.
Some of the samples were also analyzed for particle-size distribu-
tion of suspended sediment. Samples of bed material weve collected
at several sites and were analyzed for particle size. Field studies
made during the investigation provided a background of information
that was essential to the understanding and interpretation of the
basic data on chemical quality and sediment. Pertinent published
reports were reviewed in the study of the relationship of the geology
to the sediment and dissolved minerals that are transpcrted by the
streams in the Grand River drainage basin.

PREVIOUS INVESTIGATIONS

The U.S. Army Corps of Engineers, measured the suspended-
sediment discharge of the Grand River at Wakpala on 2 pril 17, 18,
20, and 22, 1981, and collected sediment samples at the surface dur-
ing the period March 1 to July 81, 1981 (U.S. Congress, 7934, p. 36).
Suspended-sediment records were also obtained on the Grand River
near Wakpala by the Corps of Engineers from April 1947 to Sep-
tember 1951 (U.S. Army Corps of Engineers, 1951, 1957).
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Two samples of water from the North Fork of the Grand River,
obtained 9 miles south of Hettinger, N. Dak., were analyzed for dis-
solved-mineral and sediment content (U.S. Congress, 1934, p. 84).

During October 1941 to September 1945, the Bureau of Reclama-
tion periodically collected and analyzed quality-of-water samples
from stations on the Grand River at Shadehill and near Wakpala,
S. Dak.

A reconnaissance of geology and ground water in the lover Grand
River valley, South Dakota, has been made by the Geological Survey
(Tychsen and Vorhis, 1955).

PERSONNEL AND ACKNOWLEDGMENTS

This investigation was made by personnel of the Water Resources
Division of the Geological Survey in cooperation with other agencies
of the Department of the Interior and was under the successive
supervision of P. C. Benedict, regional engineer, and D. M. Cul-
bertson, district engineer.

GRAND RIVER DRAINAGE BASIN
LOCATION AND EXTENT

The Grand River drainage basin (5,680 sq miles) in northwest
South Dakota and southwest North Dakota (pl. 1) occupies approxi-
mately the north half of Harding and Perkins Counties, all of Corson
County, and small parts of Ziebach County, S. Dak., and Bowman
and Adams Counties, N. Dak. The drainage basin, whicl* is about
160 miles long and 25 to 60 miles wide, is bounded by low divides
that separate it from the drainage basins of the Cannonball River to
the north, the Moreau River to the south, and the Little Missouri
River to the west.

TOPOGRAPHY

The Grand River basin is in the Missouri Plateau section of the
Great Plains province. It has the characteristics of an old plateau
modified by valley terraces, local badlands, and isolated buttes.
The general topography is a rolling plain broken by the valleys of
the mainstream and its tributaries (fig. 1). DButtes and associated
badlands are prominent local features of the landscape.

In the eastern part of the basin, the stream valleys are deeply
incised below the general level of the land and the stream profiles of
the tributaries are very steep. In the western part of the basin, the
separation of the valleys from the uplands, although distinct, is not
so abrupt as in the eastern part. In general, the valleys are narrow
and are bordered by several levels of terraces that parallel the
general course of the stream. The flood plain of the Grend River
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varies only slightly for different areas. Although the heaviest rain
normally falls in May and June, the highest streamflow rates on
the Grand River and major tributaries are caused by melting of
snow in March and April. On the small tributaries, prak stream-
flow rates are caused by intense rainstorms in summer. For ex-
ample, H. M. Erskine (written communication), district engineer
of the U.S. Geological Survey, Bismarck, N. Dak., reported that the
highest streamflow rates ever measured in the region were in the
extreme headwaters of the North Fork Grand River and of Bull
Creek during the night of July 28-29, 1951. Precipitation of 5 to 10
inches was reported by residents in the area. Streamflow rates
were as high as 7,500 cfs (cubic feet per second) from 5.2 square
miles of drainage area.

Extremes in streamflow are characteristic of the Grand River.
For the period of record, the streamflow of Grand River near
Wakpala before closure of Shadehill Dam ranged from zero about
12 percent of the time to 82,200 cfs. Most of the trilutaries are
ephemeral streams that flow only after heavy rainfall or when snow
is melting. The reservoir regulates the flow from about 55 percent
of the Grand River basin. Records are available for seven stream-
flow stations and one reservoir in the basin (table 1).

TABLE 1.—Periods of streamflow records in the Grand Rive* basin

Drain-
Gaging stations age area Period of record
(sq mi)
North Fork Grand River:
At Haley, N.Dak_ ______________________._____. 509 | May 1908 to September 1917.
October 1945 to Septerrber 1960.
Near White Butte, 8. Dak_____._..___...____... 1,190 | October 1945 to September 1960.

South Fork Grand River:
At Bufialo, s Dak
Near Cash, S. Dak___.__._____..____.__

Shadehill Reservoir: At Shadehill, S. Dak._.

148 | August 1955 to Septemyer 1960.
1,350 | October 1945 to Septem ber 1960.
3,120 | June 1950 to September 1960.

Grand River:
At Shadehill, 8. Dak._ oo oo .. 3,120 | February 1943 to September 1960.
At Little Eagle, 8. Dak_________________.____._. 5,370 | July 1958 to September 1960.

Near Wakpala, S. Dak.t_________________._______ 5,510 | April 1912 to March 19°R
August 1928 to September 1960.

1 Before Mar. 18, 1918, gaging station was 12 miles downstream from present site. Fror: Aug. 26, 1928, to
Mar. 30, 1944, gaging station was 17 miles downstream from present site.

The use of long-term records to derive a duration curve of daily
streamflow is the most accurate method of defining the f'ow charac-
teristics of a stream. Unfortunately, such records are seldom
available. The longest period of record is for Grand River near
Wakpala, but only the period March 1931 to June 1950 can be used
for a duration curve of daily streamflow because before March
1931 daily records were not available for some periods and after
June 1950 the streamflow was regulated. Although the longest
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usable period may fairly well represent the long-term s‘reamflow,
it included 5 years of extreme drought; therefore, a shorter period,
if correctly chosen, may be even more representative. The period
chosen was based on the assumption that a period representative
for an area having similar climate, topography, and geographic
location would also be representative for the Grand River near
Wakpala.

The part of the drainage basin of the Missouri River bet:ween the
Garrison and Fort Randall damsites include the Grand River
basin and has similar climate and topography, and streamflow
records (furnished in part by the U.S. Army Corps of I’ngineers,
Omaha District) are available for 1898 through 1954. Figure 4
shows that runoff from this area follows the same trend as runoff
from the Grand River basin. Frequency distributions of annpal
runoff between Fort Randall and Garrison were plotted for the
water years 1898 through 1954 and for various periods during which
streamflow records for the Grand River were availeble. The
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frequency distribution for July 1, 1937, to June 30, 1950, is almost
the same as that for the long period (fig. 5); therefove, the flow
for July 1, 1937, to June 30, 1950, is probably representative of
the long-term unregulated flow of Grand River near Wakpala
(fig. 6).

For the stations upstream from Wakpala, representative duration
curves could not be obtained in the same way as for Wakpala.
Concurrent records are available for the stations at Haley, near
White Butte, and near Cash for water years 1947 through 1960, and
streamflow-duration curves were constructed for this period (fig. 7).
The period included several years of high streamflow and several
years of low streamflow; therefore, the duration curves may not
differ greatly from those for a longer, more representative period.

Periods of record for South Fork Grand River at Buffalo and for
regulated streamflow of Grand River at Shadehill are composed
almost entirely of years of below-normal streamflow; tl-erefore, the
curves for these stations (fig. 8) are not comparable with the
curves for the other stations. For Grand River at Sl'adehill, the
slope of the curve from 15 to 250 cfs probably represents the normal
slope for unregulated streamflow. The less-than-normal slope of the
curve above 4,000 cfs shows that the magnitude of the highest
streamflows was reduced by storage in the reservoir. The steeper-
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than-normal slope of the curve between 250 and 4,000 cfs shows
that the duration of streamflows of more than 4,000 cfs was increased
by releases from storage. The less-than-normal slope of the curve
between 8 and 15 cfs shows that the duration of streemflows of 8
to 15 cfs was increased by releases from storage.

The streamflow that is typical, or most common, is represented
approximately by the median (the streamflow exceeded 50 percent
of the time). The total volume of water available for storage is
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represented by the mean streamflow, in cubic feet per second or
in acre-feet per year. For streams such as those in the Grand
River basin, the mean is much larger than the median bacause it is
influenced by the very large volumes that are discharged during
short periods of high streamflow. The median and me~n stream-
flows at four locations are shown in the following table:

Summary of streamflow characteristics

Mean streamflow

. Median
Location ‘Water years or period stream- Acre-feet
flow Cubic | Acre-feet per
(cfs) feet per | per year | square
second mile per
year

North Forkat Haley .. ____ ____.___ 1947-60. .. 1.7 37 27, 000 5
North Fork near White Butte..._._. 194760 .o 4.4 71 &2, 000 44
South Fork near Cash_______________ 194760 oo 11 64 46, 000 34
Grand River near Wakpala__________ July 1937 to June 1950._ 47 400 | 200,000 53

Because the drainage areas for the stations near Cash and White
Butte are of similar size (see table 1), their streamflow character-
istics may be compared without an adjustment for drainage area.
Although the mean streamflow of the North Fork near White Butte
is slightly higher than that of the South Fork near Cash, the stream-
flow of the South Fork near Cash exceeded the streamfow of the
North Fork near White Butte at least 90 percent of the time. (See
fig. 7.) The higher mean streamflow for the North Fork is due to
a few days of very high streamflow. Although the me»n stream-
flow of the North Fork near White Butte for the period was 71 cfs,
this streamflow was exceeded less than 9 percent of the time, and
the median streamflow was only 4.4 cfs. (See fig. 7.)

Although the mean streamflow represents the volume of water
available for storage over a large number of years, the streamflow
in any one year may be considerably more or less than the mean.
The extreme variability of yearly streamflows at two selocted loca-
tions in the basin is shown in figure 9. In this figure, the stream-
flow for Grand River near Wakpala after 1950 has bwen partly
regulated by Shadehill Reservoir.

Before Shadehill Reservoir was constructed, the streamflow of
the Grand River was greater near Wakpala than at Shadehill except
for some periods of low streamflow (fig. 10). During very low
streamflows in the summer the Grand River between Shedehill and
Wakpala lost more water than it gained. Some of the water was
lost by infiltration, but probably the greater part was lo-t, through
evaporation.
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On April 3, 1958, water right filings for irrigation in the Grand
River basin totaled about 2,500 acre-feet. This amount of water
was to be used on an estimated 22,872 acres of land (South Dakota
Water Resources Commission, written communication). Data from
the 1950 census (U.S. Dept. Commerce, 1952) indicate that many of
the filings do not represent use of water. According to the census,
the area irrigated in 1950 was less than 1,000 acres. Irrigation is
predominantly by diversion or pumping from the streams and is
mostly in Harding County, S. Dak. The amount of irrigation has
not increased appreciably since 1950. Although Shadehill Reser-
voir has been in operation since 1950, the only land irrigated from
this source has been about 28 acres on the Shadehill Development
Farm (U.S. Bur. Reclamation, written communication).

CHEMICAL QUALITY OF THE WATER

The water that falls on the earth as rain or snow is nesrly devoid
of dissolved constituents except for small amounts of dissolved
gases, such as carbon dioxide. The water in streams, lal-es, oceans,
and ground-water reservoirs contains dissolved solids in variable
amounts. These dissolved solids are derived from the rocks and
soils with which the water has been in contact. Differences in the
chemical composition and dissolved-solids concentration of waters
are due to differences in the mineral composition of rocks and in
the solubility of minerals.

Water that enters a stream or lake from surface runof’ generally
has a lower dissolved-solids concentration than water that enters
from the ground-water reservoir. The concentration is lower be-
cause water that flows over the surface reaches the streams quickly,
is in contact with the rocks and soils only briefly, and thus dissolves
relatively small amounts of material. On the other hand, sub-
surface water increases its solvent power by dissolving carbon di-
oxide while percolating through the soil, is in contact. with the
minerals a long time because it travels slowly, and thus may be
highly mineralized.

The chemical composition of surface water may, and usually does,
fluctuate. Some of the environmental factors that cause f 1ctuations
or differences in chemical composition of surface waters at one
location or between two locations are climate, geology, tributary
inflow, and such activities of man as regulation of flow and industrial
development.

RELATION TO GEOLOGY

The total mineralization and the proportional amourt of each
mineral in the streams depend mainly on the physical and chemi-



20 SURFACE WATERS, SEDIMENTATION, GRAND RIVER BASIN

cal properties of the rocks and soils in the drainage b~sin. The
availability of the minerals in the rocks and soils is de-reased by
leaching, and the rate of leaching depends on the solubility of the
minerals, length of time the water is in contact with the minerals,
and temperature of the water. The amount of dissolved products
of weathering carried by the streams depends also on tl'« climate.
In arid or semiarid regions, most soils and the rocks from which
they originated are incompletely leached and still contain large
amounts of readily soluble material.

Fine-grained rocks, such as siltstone and shale, expose large dreas
to the solvent action of water, and water in contact with these rocks
may dissolve and carry in solution large amounts of dissolved solids.
The cementing material of many rocks is calcium carbonate, which
is easily dissolved in water that contains carbon dioxide.

The Grand River basin is underlain by shale, siltstone, sand-
stone, and limestone of Cretaceous and Tertiary age. Alluvium of
Quaternary age partly mantles these consolidated rocks along the
Grand River and its tributaries. The formations exposed at the
surface are the Pierre Shale, Fox Hills Sandstone, and Tell Creek
Formation of Late Cretaceous age and the Ludlow, Cannonball, and
Tongue River Members of the Fort Union Formation (Paleocene),
the White River Group (Oligocene), and the Arikaree Formation
(Miocene) of Tertiary age.

Clarke (1924, p. 69) pointed out that a river water is tho average,
or composite, of all its tributaries. Similarly the chemical composi-
tion of a river water reflects the physical and mineral composition
of the rocks in the drainage basin. The quadrilaterals in plate 3
illustrate the effect of geology on the chemical characteristics of the
water. The kite diagrams (quadrilaterals) are from analyses of
samples collected during periods of low flow.

The size of the diagrams shows the concentration of the ions in
solution, and the size and shape show the suitability of the water for
irrigation (Colby, Hembree, and Rainwater, 1956, p. 118). The
dissolved-solids concentration in equivalents per million is equal to
the sum of the lengths of the horizontal and vertical axes, which are
of equal length. The inclusion of potassium with sodium in the
lower vertical axis is not in absolute agreement with th= agricul-
tural definition of percent sodium, but potassium is usually present
in such small quantities that its inclusion is insignificant in percent-
sodium interpretation from plate 8. If the major part of the quadri-
lateral is above the horizontal axis, the water has a lcw percent
sodium; the percent sodium is approximately equal to tl'e ratio of
the length of the sodium-and-potassium line to the total length of
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the vertical axis expressed in percentage. If the major part is in
the upper left, the water is the most desirable type for irrigation;
sulfates and chlorides of calcium and magnesium predominate.
If the major part is in the upper right, percent sodium is low but
residual sodium carbonate may be present. The slope of the line
joining the plots of calcium plus magnesium and carbonate plus
bicarbonate is the ratio of these constituents and indicates the
presence or absence of residual sodium carbonate. If the slope is
greater than 45 degrees, there is no residual sodium carbonate; as
the slope decreases from 45 degrees, residual sodium carbonate in-
creases. Location of the larger area in the lower right quarter
indicates water least desirable for irrigation; high percent sodium
and residual sodium carbonate are both present. The significance
of these water-quality characteristics is discussed further in the
section on suitability of the waters for irrigation.

Exposed rocks in the drainage area of the North Fork are the
Hell Creek Formation and the Fort Union Formation. (See pl. 3.)
The Hell Creek Formation consists of continental depos‘ts of alter-
nating strata of sandstone, shale, bentonite, and thin beds of coal.
The formation is light to dark gray and contains manganese and
iron concretions, which weather out and give a distinctive appear-
ance to the areas underlain by the formation. Clay beds that were
fired by burning lignite beds form red bands around some of the
hills and buttes.

In the Grand River basin the Fort Union Formation consists of
three members: TLudlow, Cannonball, and Tongue Piver. The
Ludlow and Tongue River Members are of continental origin and in-
terfinger with the Cannonball Member of marine origin. The Can-
nonball Member, which is the marine equivalent of the Ludlow and
the lower part of the Tongue River, crops out mostly to the east of
Haley. The Ludlow Member consists of sandstone, shale, clay, and
lignite and is characterized by its yellowish color. The Cannonball
Member is composed of dark-gray sandstone and sh-le and is
difficult to distinguish from the underlying Hell Creek Formation
because of the similarity in lithology and color. The Tongue River
Member consists of gray to brown clay, shale, sandstone, end lignite;
some thin limestone is present locally.

Water of the North Fork at Haley is of the sodium sulfate type
and has a high percent sodium. The water at Haley is a mixture
of waters draining from areas consisting mostly of exposed Hell
Creek Formation and the Ludlow and Tongue River Members of
the Fort Union Formation. Waters draining from aress of these
exposed rocks are represented individually on figure 19 by diagrams
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for other parts of the basin: South Fork at Buffalo dr~ins rocks
of the Hell Creek Formation; Nasty Creek near Ralph drains an
area consisting mostly of exposed Ludlow Member; and Flat Creek
at Haynes drains rocks of the Tongue River Member. Waters
draining from areas of exposed Ludlow Member are of about the
same type as those draining from areas of the exposed Tongue
River Member.

Water of the North Fork south of Hettinger and farther down-
stream at the station near White Butte has higher percentages of
calcium than the water at Haley. The increase in the per-entage of
calcium downstream is probably due to the decreased influence of
the Hell Creek Formation and the increased effect of the Fort
Union Formation, particularly the Cannonball Member.

Most of the headwater drainage area of the South Fork consists
of exposed Hell Creek Formation. Waters from the South Fork at
Buffalo and from Sand Creek are of the sodium bicarbonate type
and have a very high percent sodium. Waters from Eull Creek
and Jones Creek, which drain areas of exposed Hell Creek Forma-
tion and Ludlow Member, are mixtures of sodium sulfate and sodium
bicarbonate types (pl. 8). The water has about equal proportions of
sulfate and bicarbonate. The sodium bicarbonate waters of the
South Fork between the mouth of Jones Creek and Shadel'ill Reser-
voir progressively decrease in percentage of bicarbonate and in-
crease in percentage of sulfate, calcium, and magnesium. The
change in the type of water is effected by inflow from tributaries
draining areas of exposed Ludlow Member.

About 1 percent of the drainage area upstream from the Cash
station consists of exposed rocks of the Arikaree Form-tion and
White River Group. The White River Group overlies both the Fort
Union and Hell Creek in the western part of the basin (Gill and
Moore, 1955, p. 252). The Chadron and Brule Formations of the
White River Group are restricted mostly to the Slim Buttes area,
but a few small remnants remain on the tops of several otl'or buttes.
The lower part of the Chadron Formation consists of medium-yellow
to dark-yellowish-orange sandstone and siltstone, and the upper part
is mainly white sandstone and light-olive-gray bentonite. The Brule
Formation is composed of well-cemented sandy claystone and tuff-
aceous sandstone. The Arikaree Formation consists .mostly of
yellowish-gray tuffaceous sandstone and locally contains basal
beds of conglomerate.

The water of Shadehill Reservoir is a mixture of waters of the
North Fork and South Fork, and the waters of each fork, in turn,
are mixtures of waters draining from several different types of
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rocks. Of the 3,120 square miles of drainage area upstream from
Shadehill, about 30 percent consists of exposed Hell Creel- and about
70 percent consists of exposed members of the Fort Union Forma-
tion. The effect of the Hell Creek on the chemical composition
(high residual sodium carbonate) of water in Shadehill Reservoir
seems to be disproportionate to the area of the exposed formation.
(See pl. 3.) However, this effect may be due to differences in the
amounts of ground-water inflow to the streams from the Hell Creek
and Fort Union Formations.

Approwimate drainage areas of ewposed formations upstream from the gaging
station at Shadehill

Area in square miles

Formation Upstream Upstream | Downstriam | Upstream

from Cash | from White | from Cash from
station Buttestation | and Wtite | Shadehill

Buttestations| station

Arikaree Formation and White River Group,
undifferentiated. .. ... ...._._.__._. 16 1 0 17

Fort Union Formation:

Tongue River Member_ _____________________ 75 660 85 820
Cannonball Member. 26 120 130 270
Ludlow Member. 500 330 270 1,100
Hell Creek Formation. _ ... . .___....__ 730 856 99 920

Flat Creek and East Flat Creek join near Shadehill upstream
from where Flat Creek empties into the Grand River. The drainage
basin of Flat Creek is in the Tongue River Member in the upper
reaches and in the Cannonball Member in the lower reaches. The
drainage basin of East Flat Creek is mostly in the Cannonball
Member. Waters from East Flat Creek and Flat Cree% Lake are
of the sodium sulfate type, but the percentage of sodium plus
potassium is about equal to the percentage of calcium plus
magnesium.

Downstream from Shadehill, water samples from tributaries of the
Grand River that drain areas of exposed Hell Creek Formation
are of the sodium sulfate type; however, the percentage of sulfate
is only slightly greater than the percentage of bicarbonste. In the
upper part of the basin, water from areas of exposed Hell Creek
are of the sodium bicarbonate type. The reason the waters from
the two areas differ is that the waters collected from an unnamed
tributary near Athboy, Willow Creek near Morristown, and Hump
Creek near McIntosh, all downstream from Shadehill, represent
surface runoff, and the waters collected from upper Couth Fork
and Sand Creek represent ground-water inflow. Analysss of water
from two wells in the Hell Creek indicate that the ground water
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is of the sodium bicarbonate type and increases in dissolved solids
with depth (table2).

TABLE 2.—Results of chemical analyses of ground water from the Hell Creek
Formation in the eastern part of the basin

Equivalents per million

Dis-
Location Depth of | solved
well (ft) | solids Calcium Sodium | Bicarbon- Sulfate,
(ppm) | and mag- | and potas- | ate and chloride,
nesium sium carbona*e |and nitrate
SWiisec.1, T.20 N., R.18E_.... 30 732 2.26 9.39 7.19 4.76
NElisec.24, T.20 N,, R.18E__. 80 1,260 .22 20. 06 12.22 8.82

High percent sodium is typical of almost all the water in the Grand
River basin. Most of the surface water is of the sodium sulfate
or sodium bicarbonate type. Ground waters, however, generally
contain greater proportions of bicarbonate than sulfate.

In the eastern part of the basin the Pierre Shale and the Fox Hills
Sandstone are exposed. The Pierre Shale consists principally of
very dark gray to black clay and shale. Beds of marl ard impure
chalk, as well as calcareous and gypsiferous concretions, are in the
formation. Bentonite, an alteration product of volcanic dust, occurs
in thin beds and is interspersed in the shaly facies. In gemeral, the
Fox Hills Sandstone consists of brown to yellow fossiliferous sand-
stone and sandy shale. In some exposures the basal beds cf the Fox
Hills consist of sandy shale that is gradational from the dark-gray
shale of the underlying Pierre. In some exposures, however, a
distinet difference in color and texture marks the contact between
the two formations.

Water that drains from the Fox Hills Sandstone is similar in type
to water that drains from the Hell Creek Formation ercept that
water from the Hell Creek generally is more mineralized. Water
from Stink Creek near Bullhead is a mixture of water from the Hell
Creek Formation and Fox Hills Sandstone.

Water draining from areas of exposed Pierre Shale genorally has
higher dissolved-solids concentration than water draining from areas
of other formations in the basin. Because the Pierre Shale contains
the minerals gypsum, calcite, and pyrite in quantity, the water drain-
ing from it is of the calcium or sodium sulfate type. Generally the
percent sodium is somewhat lower in water draining from the Pierre
Shale than in water draining from the Hell Creek and other forma-
tions in the basin. The analyses in the following table are for
waters from a well in alluvium, which was derived mo-tly from
the Pierre Shale, and from Snake Creek, which drains an area
of exposed Pierre Shale.
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Chemical characteristics of water from areas of exposed Pierre Shale

Equivalents per m‘llion
Dissolved

Origin of water sample solids Caleium Sodium | Bicaron- Sulfate,

(ppm) and and potas- | ate end chloride,
magne- sium carbonate | ant nitrate

sium
Well, Little Eagle Day School, Little

Eagle, S. Dak._ ___ . _________________ 2,510 19.80 19.21 141 28,98
Snake Creek near Wak»ala, S. Dak. _.____ 1,540 14.98 7.54 1.57 21.59

The chemical quality of the water that is contributed to the
Missouri River by the Grand River depends mainly on tl» action of
weathering on the Fort Union and Hell Creek Formations. The
areas of outcrop of the different formations are indicative of their
relative importance to the quality of water. However, the effects
of the different formations are not necessarily proportional to their
areas.

Approzimate drainage areas of the exposed formalions in the Grand River basin

Drainage
arec
Formation (3q mi)

Arikaree Formation and White River Group undifferentiated____________ 17
Fort Union Formation:

Tongue River Member_ _ __ ________ e 1, 000

Cannonball Member. - _ . __ oo 440

Ludlow Member_____ o e 1, 100

Hell Creek Formation___ . _____ . 2, 200

Fox Hills Sandstone . _ _ _ _ oo 620

Pierre Shale____ _ e 280

RELATION TO STREAMFLOW

The patterns and characteristics of streamflow affect ths chemical
characteristics of the water in the streams; two of the most
important are velocity and quantity. Concentration of mineral
constituents generally varies inversely with the stream velocity
because the solution of minerals is more dependent on th~ time that
the water is in contact with the rocks than on the. stre~m energy.
For example, if two streams are flowing over the sarie type of
material, the one having the lower gradient will pick up the greater
amount of dissolved solids from a unit area of stream channel.
The quantity of streamflow is closely related to velocity and varies
from day to day and hour to hour. Likewise, the chemical quality
of the stream varies from day to day generally in inverse propor-
tion to the stage of the stream. The base flow, or low sustained
flow, of a stream is generally predominantly water that has entered
the stream from the ground-water reservoir. This water has been
in contact with rock and soil particles and has leached the soluble

723432 0—64—3
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minerals. At high stages the more mineralized ground water enter-
ing the stream is diluted by surface runoff. Figure 11 shows the
differences in the mineral content and chemical composition of some
of the streams at different streamflow rates.

The general streamflow-quality patterns of the Grand River and
its two forks are very similar. The dissolved-solids content varies
greatly, especially at high streamflow rates (fig. 12). Nevertheless,
the quality of the water clearly improves as streamflow increases.
The dissolved-solids concentration is maximum during low-flow
periods and generally does not exceed 3,000 ppm (parts per million).

Waters of the North and South Forks have about the same
dissolved-solids concentration most of the time. Morzover, the
waters at the five scheduled stations do not vary greatly in dissolved-
solids concentration most of the time (table 3). Dissolved-solids
concentration is maximum at low streamflow and minimum at high
streamflow. Low flows are mostly from ground-water inflow, and
during high flows the normal and base flows are diluted by overland
runoff.

The effect of ground-water inflow and overland runoff on the
chemical composition of the water is shown by figures 11 and 13.
At flows of more than 1,000 cfs the water was of the calcium bicar-
bonate type, and at flows of less than 20 cfs the water was of the
sodium sulfate type (fig. 13). For most flows the water in the
Grand River at Shadehill was of the sodium sulfate type.

TABLE 3.—Perceniages of time concentration and sireamflow were equaled or
exceeded

[Partly based on estimated data]

Equaled or exceeded values for indicated perc3ntage of time

Station Dissolved-solids concentration Strear‘n?ow
(e

99 pereent| 50 percent|20 percent| 1 percent |50 percent|80 percent

North Fork Grand River at Haley, 1047-60. 190 1,670 1,750 760 1.7 0.6
North Fork Grand River near White

Butte, 1947-60 ________________________ 380 1,670 1,830 1,100 4.4 .3
South Fork Grand River near Cash,

1947-60_ . ______ . 340 1,740 2, 500 850 11 3.5
Grand River at Shadehill, 1904449 ________ 262 1,480 2, 200 3,300 25 5.7
Grand River near Wakpala, 1937-50_______ 220 1,250 1,400 7,200 47 4.0

SHADEHILL RESERVOIR
WATER IN THE RESERVOIR

A fter storage began in July 1950, the reservoir filled slowly until
the spring runoff of 1952 and then filled rapidly. No water was
discharged from the reservoir until April 4, 1952, when the water
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reached the spillway crest. (Because the water has never reached
the emergency spillway, for convenience in this and following sec-
tions the term “spillway” refers to the service spillway.) Therefore,
samples collected from the reservoir during the period of rapid
filling represent the accumulated total runoff for 21 months from
the upper Grand River basin. The quality of the stored vater prob-
ably changed during the period because of evaporation, direct pre-
cipitation on the surface of the reservoir, solution, and possibly
some precipitation of salts.

Before the closure of the dam, range lines across various parts
of the reservoir were established by the Bureau of Reclamation (pl.
4) for use in measuring sediment accumulations. Samples of water
were collected at several different depths at each sampling site on
the range lines. The sites were selected over the old stream channel
and at as many other points along the range lines as was necessary
for adequate sampling of the reservoir in the vertical. (See pl. 4.)

Samples of water from the reservoir at different sites end depths
defined lateral and vertical variations in the quality of the water.
These samples, which were taken at different times during a period
of several years at the same lczations, show changes in the quality
of water with season and with inflow.

Only during a relatively short time in the year is the dissolved-
solids concentration of the inflow as low as that of the water in the
reservoir. Except at the points of inflow and during floodflows, the
water in the reservoir is well mixed and is uniform in composition.

Runoff was below normal from July 1950 to March 1952. On
March 7, 1952, Shadehill Reservoir contained only 56,000 acre-feet
of water mostly from low flows, and the specific conductance of the
water was about 1,500 micromhos per centimeter and percent
sodium was 79. By March 30, 1952, the spring runoff from snow-
melt had begun to enter the reservoir. From March 30 to April 17,
water entering the reservoir amounted to more than 327,800 acre-
feet (the sum of the flows for the North Fork Grand Fiver near
White Butte and the South Fork Grand River near Cash). Because
this water was mainly snowmelt, it was low in dissolved solids.
Water discharging from the spillway outlet had decreased in con-
ductance to 472 micromhos per centimeter and in percent sodium
to 74 by April 5. Conductance of the water in the spillvay outlet
decreased gradually to a low of 333 micromhos per centimeter by
April 7, and percent sodium reached a low of 65 by April 9.

On April 17, 1952, the specific conductance of the water varied
both horizontally and vertically. The horizontal variation of surface
samples was not great; the conductance ranged only from 240 to 346
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micromhos per centimeter on range lines 1, 2, 4, and 21. However,
the measured vertical variations in conductance ranged from 240
micromhos per centimeter at the surface to 1,820 micromhos per
centimeter near the bottom. The decrease in specific conductance
from the bottom of the reservoir upward is similar to that noted in
Lake Mead by Anderson and Pritchard (1951). The dilute flood-
waters apparently moved over the top of the concentrated residual
water and out the spillway without being entirely mixed. On April
17 the water on the bottom at range lines 1 and 2 probably had
been in the reservoir before the floodflows; at range lines 4
and 21, the floodwater had displaced the residual water.

Although on March 7, 1952, the reservoir contained 56,000 acre-
feet of water, by April 17 the surface of the reservoir was 20 feet
higher than the spillway crest, and the reservoir contained 83,600
acre-feet of floodwater below the spillway elevation. Because 2,200
of the 83,600 acre-feet of floodwater was below the irrigation outlet,
the 2,200 acre-feet would not be available for irrigation.

From March 31 through May 18, 1952, at least 340,000 acre-feet
of water entered the reservoir, and probably about 75 per-ent of this
water of low specific conductance passed through the reservoir and
out by way of the spillway. The reservoir was sampled on May 19,
1952, after most of the excess water had passed from tho reservoir.
Samples taken at different depths and locations on the range lines
indicate that mixing of the water was fairly complete lzterally but
not vertically. Specific conductances in the deeper areas of the lake,
along range lines 1 and 2, were constant to a depth of about 40
feet and then increased rapidly with greater depth (fig. 14). The
data collected on May 19 indicate that the boundary line between
the dilute upper layer and the more concentrated lower layer of
water was not horizontal but sloped slightly upward away from the
dam. The fact that the water was still stratified 6 veeks after
floodflows filled the reservoir can be explained by tho effect of
temperature on the circulation of waters in reservoirs.

In a study of the hydrology of Indiana lakes, Perrey and Corbett
(1956, p. 16) discussed the temperature data collected at Maxinkuc-
kee, Ind., by Evermann and Clark (1920) as follows:

When lakes are open and water temperatures are between 32°T" and 39.2°F
any tendency for the water to become warmer will increase its density. as
fresh water reaches its maximum density at 39.2°F; consequently, the heavier
“water will move downward and be replaced by colder and lighter water from

below, thus maintaining a nearly constant temperature at the w-ter surface.
Of course, if this process continues long enough, the whole body of water will
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eventually become warmed to 39.2°F and the temperature at the water
surface will gradually increase.

During the spring and summer months when the water temperature of the
lake surface is above 39.2°F, daily variations of 6°, 8°, and 10°F in the water
at the surface are not uncommon. These variations are possible because of
a greater differential existing between surface temperatures £nd, those a
short distance below the surface. The top few inches of water may be warmed
very rapidly under the hot summer sun, and because the water becomes lighter
as its temperature increases it will remain on top. Consequentl™ there will
be very little mixing with the water underneath, particularly or calm days.

On March 7, 1952, the temperatures measured in Shadehill Reser-
voir were from 38° to 40°F, which is near 39.2°F, the temverature at
which water reaches maximum density. On April 17, the water
temperature was still near 39.2°F except at the surface where tem-
peratures were higher. On May 19, 1952, temperatures had risen
from 10 to 20 degrees throughout the profile, and the warmest water
was at the surface. On July 23, 1952, the water in the rerervoir was
almost uniform in chemical quality, and temperatures of the water
at all depths were generally higher than those in May. The mix-
ing that took place between May 19 and July 23 was due to wave
action and currents.

WATER DISCHARGED FROM THE RESERVOIR

After the reservoir began to spill on April 4, 1952, samples at
the spillway outlet were collected daily, or at intervals of ¢ few days,
when the water level was above spillway elevation. Samples were
also collected at the irrigation outlet, usually when the water level
was below spillway elevation. From available analyses of water
in the reservoir and of water leaving the reservoir (table 4), the
suitability of the water for irrigation and other uses can be
determined.

Figure 15 shows that the spread between the maximum and mini-
mum conductances of the water in the reservoir from September
1950 to October 1952 was only slight until the end of March 1952.
When the reservoir started to spill in early April, the more dilute
water in the top part of the reservoir (see fig. 14) was discharged
through the spillway outlet. Water discharged through the spillway
was not representative of all the water in the reservoir until July
when mixing in the reservoir was complete. The max‘mum and
minimum specific conductances as represented by the lines in figure
15 gradually began to converge in April 1952; the conductance of
water in the reservoir and the conductance of the water discharged
through the spillway were the same by late July.



33

CHEMICAL QUALITY OF THE WATER

'2G6T ‘6T AW ‘gadop 031 ddurONPWEd dypeds yo digsuoperaa pur sjurod Surrdwes Supmous I0AI9SSY TIYSPBYS JO SUOIIO9S SNOID—'HT WEAOLI

1334 JO SA3¥ANNH NI ‘3ONVLSIA TVLNOZIHOH
0s Sy ot S¢ | ol S

G2 o2 Gl Ol og G2 02 S

)
8

3]

0122
\\\
i - 0zz2
uww\m 58 @..é .An / 005 @5\«\ oczz
pﬂ\\\«ﬂ \\ \é&@ . S JALAY ovzz
AR G i .
/,
oszz
1 d
v 2
1117 I Al i Do
—_—t—— 1t T -ttt r—— 1T —— vl.lllwmmm‘_lawny‘_“nylll 0L22 Z
m I ois ; I DS l« 1D | | o822 m
T2 3NIT 35Nva 02 3NT1 39NVY ¥ 3NI1 3ONVd aq
1334 40 SG3MANNH NI ‘3ONVLSIQ TVLNOZINOH 2
Gg og G2 02 Si o] S o ot ce o¢ G2 02 Sl ol S 0 &b Oty se og¢ G2 02 Sl ol S OOONN m
)4 m
1 1%, :
77 - 7 T o1z g
1% & AA\\\\E%F\Q@ 1] »@\\ otor >
028 o222
1328 + 252 +699 %)
2 11 “ m
7 > w_on 75 . oszz >
m
ot _@ Za @\ orzz <
. r
y £60 m i24 « osze
(22 7 755 (777 Aizes £hE f o922
11T ] LAy
= Sy e S —— p—— —— (B Yo7 75 E—— S fp— —— Ep—— V747 E————— IR VS S tp— oL22
L w MI ﬁ lm A—ul 3IDJANS ISIDM A
| DiS : 1 04S 2 oS | bis 2 o8 | | oazz

€ 3ANIT 39NVY 2 3INIT 3IONVY I 3NIT 39NVY



SURFACE WATERS, SEDIMENTATION, GRAND RIVER BASIN

34

J3@

*£RM[IAS PUB I10AIISOY TIIYIPBUS TNOIF I9)BAM Y] JO SIDULIINPUOD IY[Iads WAWIUINI PUB WNUIXBN—GI EENDLY

AON

130

1438

Iny

Anre ELLN

AVW ddv HYW EE NyP

= = = = P

- OOy O

R, v

—~

2661

1661

=
0 3%
xm
oo
Zx
()
0001 &
osel‘l kel RE
34Nns0|9 woQ 2
(Rl
0002 2 3
2 uN
=
066l )
000§ m =
=

abioyosip Komyjids jo adupjonpuod d1j19adg
Q== 0--vw0

JI0AJ3S3 Ul 3IUDJINPUOI I14193ds wnwiylp
Mo e X

110A1353J Ul 3IUDJINPUOI D1§123ds wWNWIXDW
L apeemmesemens ]

NOILVYNVYTdX3

0001

0002

000¢

000!

0002

000¢

YILINILNID ¥3d SOHWONDIN NI “JONVLINGNOD J14103dS



CHEMICAL QUALITY OF THE WATER 35

TABLE 4.—Weighted-average chemical analyses, Grand River near
Shadehill, 8. Dak.

[Samples collected at reservoir outlets. Mean discharge at gaging station, 1 mile down<tream from dam.
esults in parts per million except as indicated]

Mean Cal- Mag- So- | Potas- | Bicar- Chlo-
Water year | stream- | Silica | cium | nesium | dium | sium | bonate |Sulfate| ride | Boron
1(10:; 8i0s) | (Ca) (Mg) (Na) (K) | (HCOg) | (804 | (CD ®B)
efs;
380 56 |--
115 PRSI PRSI . [ O,
b 3% N O - ) ¥ 28 DR DEPRR U [RURRRY PRIPIII FUU U,
7.36 5.1 32 17 221 7.5 6354 337 4.6 0.32
25,6 | ool
30.2
20.5
27.9 focooeeo
32.2
Dissolved solids Specific
Noncar- conduct-
Hard- | bonate | Percent | Sodium- ance
‘Water year Residue ness as | hard- sodium | adsorp- (micro-
on evap- Tons per | Tons per| CaCO; | nessas tionratio | mhos per
oration acre-foot day CaCOs; cm)
at 180° C
56 69 3.3 374
.................... 1858
47 | 72 6.4 1,030
151 1} 76 7.8 1,230
147 0 76 8.3 1,290
147 0 79 9.2 1,360
144 (1} 81 9.9 1,420
141 0 82 11 1,510
132 0 83 11 1,440

1 Includes estimated data.

2 Analytical results represent 99.9 percent of flow for water year.
3 Analytical results represent 99.8 percent of flow for water year.
¢ Analytical results represent 100 percent of flow for water year.

5 Analytical results represent 97.0 percent of flow for water year.
¢ Includes carbonate as bicarbonate.

From September 1950 to April 1952 while the reservoir was filling
to spillway level, the quality of water in the reservoir improved in
the late winter and spring and deteriorated in the summer and fall
(fig. 16). During this period specific conductance ranged from about
350 to 2,300 micromhos per centimeter. After the reservoir filled,
the quality of the water became almost uniform throughout the
reservoir by the latter part of July 1952, and the specific conductance
of the water gradually increased and became relatively stable in
1956. Thereafter, the specific conductance fluctuated from about
1,300 to 1,600 micromhos per centimeter and was between 1,400 and
1,500 micromhos per centimeter most of the time (fig. 16). The
gradual increase of specific conductance was affected very little by
seasonal changes in the quantity and quality of the inflow. The
below-normal inflows of the 1954, 1955, and 1956 water years may
have lessened the time required for the quality of the water in the
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reservoir to reach probable maximum concentration after the abnor-
mally high flows in the spring of 1952. However, the clope of the
specific-conductance curve in figure 16 is fairly uniform for the
water years 1953-55.

CHEMICAL-QUALITY RECORDS

In addition to samples collected at scheduled station~ (fig. 17),
one or two samples have been collected on most of the remaining
principal streams in the basin. (See pl. 1.) Chemical analyses of
samples from scheduled stations are published in the annual series
of U.S. Geological Survey water-supply papers entitled “Quality of
Surface Waters of the United States,” and chemical analyses of
samples from unscheduled stations are given in table 5. Analyses
furnished by the Bureau of Reclamation for the period C stober 1941
to September 1945 are given in table 6.

Periods of streamflow records are given in table 1. The mean
annual runoff was greater for the periods represented by the
chemical-quality records than for the period July 1, 1937, to June 30,
1950, which is probably representative of the long-term period.

CALENDAR YEAR

1945 | 1946 | 1947 | 1948 | 1949 | 1950 | 1951 | 1952 | 1953 | 1954 | 1955 | 1956 | 1957 | 1958 | 1969| 1960

North Fork Grand
River at Haley,
N Dak

North Fork Grand
River near White
Butte, S Dak

South Fork Grand
River near Cash,
S Dak

STATION

Shadehill Reservoir
at Shadehill, S Dak

Grand River near
Shadehill, S Dak

Grand River at
Shadehill, S Dak
i

Grand River near
Wakpala, S Dak

EXPLANATION

Infrequent sampling Periodic sampling Daily sampling

FI16URB 17.—Duration of chemical-quality records and sampling frequen~y at scheduled
stations.
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TABLE 6.—Chemical analyses by the U.S. Bureau of Reclamation

[Results in parts per million except as indicated]

3 3|4 5188 ¢ E
~ 2 = S~ —
RS SRR T R
Lo~y - -

e 1B E|Ee| E| B |2c|S3 2| B3 |32 fagsit
g8|2|82) 2 | 2 |E3|ge| £ | 5| B | B3 |£5)358E
& |02 | s |&a A |d|&|0 |z |& |« & S

Grand River at Shadehill, S. Dak.
231 9.0 75 885 | 7.7
22| 22 85| 2,100 | 8.6
66 | 43 79 | 3,400 | 7.8
16 5.8 68 533170
28| 11 82 1,260 | 7.8
421 12 75 1,150 | 8.1
24 9.4 8 | 1,460 7.7
58 | 13 73 1,420 | 7.9
39| 23 66| 1,010 | 8.3
221 5.4 .0 49 2909 | 7.4
19 5.5 .1 52 2851 7.7
33|21 .1 8| 2,072 | 8.2
51 | 28 .1 78| 2,038 | 8.3
58 | 27 .2 76| 1,047 | 8.1
36 | 20 .4 81 1,700 | 8.1
44 | 30 .1 81| 2,277 | 8.4
68 | 30 .2 66| 1,537 | 8.0
31|28 .1 92| 2 83
18 | 17 .2 92| 2,540 | 8.6
121 16 .1 93| 2 8.1
23] 6.7 76 878 | 7.7
37123 76| 1,740 | 8.3
97 | 54 72| 3,330 7.6
31 8.6 63 711 | 7.5
271 58 80 864 | 8.7
20 4.4 72 460 | 8.1
281 7.1 69 686 | 7.6
34| 7.5 68 730 | 7.8
17 {15 92| 2,270 | 8.5
651 11 67 1,190 | 8.1

EXTENSION OF RECORDS

Mean water discharges at Shadehill for each month from July
1937 to February 1943 were estimated from a relation of measured
mean streamflow for each month from March 1943 to June 1950
for Grand River at Shadehill and near Wakpala. (See fig. 10.)
Chemical-quality records for the period July 1937 to June 1950 were
computed for Grand River at Shadehill from chemical-quality data
collected after October 1945 and from measured and estimated
monthly mean streamflows for the period.

Specific conductance was plotted against streamflow (fig. 18)
and against parts per million of sodium, bicarbonate plrs carbonate,
and sulfate (fig. 19). From the curves and mean streamflows,
monthly chemical-quality records were computed for the Grand
River at Shadehill, and weighted averages for each year and for
the period were computed (table 7). Yearly weighted averages
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for July 1945 to June 1950 that were computed compare favorably
with weighted averages that were measured. (See table 7.)

TABLE T.—Chemical quality of Grand River at Shadehill

Specific Calcium Bicarbonate|
Mean | conduct- plus Sodjium lus Sulfate Per- | Sodium-
Fiseal year [stream-| ance magnesium (Na) carbonate (80y) cent adsorp-
flow | (micro- | as CaCOs as HCOs sodium| tion-
(cfs) mhos ratio
per cm)

Ppm|Epm | Ppm | Epm| Ppm | Epm | Ppm | Epm

Computed, July 1937 to June 1950

[Chemical-quality records are based on data collected after October 1946 and streamflow records; streamflows
before March 1943 are based on streamflow measured at Wakpala]

65 1,430 | 122| 2.4 281|12.2| 420| 6.9 | 403 | 8.4 84 1
124 L060| 119 2.4| 190 | 83| 310} 51 200| 6.0 78 7.6
4 1,570 { 133 | 2.7| 313 | 13.6 | 457 | 7.5 | 442 9.2 83 12
93 1,110 123| 2.5| 201 | 87| 326 53| 307 6.4 8 7.8
98 1,300 | 122 | 2.4| 245 10.7) 377 | 6.2 361| 7.5 82 9.8
231 900 | 05| 21| 155| 6.7 267 | 4.4 242| 5.0 76 6.5
411 560 8| L7 8| 3.7| 176 | 2.9} 132| 2.7 69 4.0
177 930 | 10| 2.2| 168| 7.3 | 282 | 4.6 | 254 | 5.3 77 7.0
31 1,80 | 156 ] 3.1 | 387 | 16.8| 546 | 89| 529 | 1.0 84 13
283 820 107 21| 136| 59| 245| 4.0| 217 | 45 74 5.8
105 1,270 126 | 2.5| 240} 10.4| 371 6.1 350 | 7.3 81 9.3
178 80| 108 | 2.2 136 | 59| 246 | 4.0 216 | 4.5 73 5.6
542 440 78| 1.6 63| 27| 146 2.4 971 2.0 63 3.0
183 814 101 | 20| 140| 6.1 | 246 40| 212| 4.4 75 6.1

Measured, July 1945 to June 1950

[Chemical-quality data for July, August, and September 1945 estimated; October 1949 to June 1950
partially estimated]

31 1,760 | 108 | 22| 375)|16.3 | 520 ( 85| 491 | 10.2 88 16
283 750 | 108 | 22| 123 | 54 239 | 3.9| 191 | 40 71 5.1
105 1,290 | 136 | 2.7 | 255 |11.1| 383 | 6.3 361 | 7.5 80 9.6
178 567 88| 18 93| 40| 176 | 29| 142| 3.0 69 4.2
542 448 8| L6 64| 28| 145 | 2.4 99| 2.1 64 3.1
228 656 93| L9 109 | 47| 205 3.4| 163 | 3.4 71 4.8

The weighted-average analysis indicates the chemical character
of the water if all the water passing through a cross section in the
stream during the year or period were impounded and mixed in a
reservoir and if no water were lost by evaporation or were added
by direct precipitation. Although table 7 indicates that the long-
term average specific conductance of water in Shadehill Peservoir
might be about 800 micromhos per centimeter, the concentration of
dissolved solids in a reservoir would be likely to increase through
evaporation and by the passage of dilute floodwater through the
spillway before mixing with residual water. The concentration
in the reservoir could be expected to increase through the years
until a relatively stable concentration was reached, and this con-
centration would be higher than that indicated by a weighted-
average concentration of the inflow. Data on the quality of water
in Shadehill Reservoir for the water years 1951-60 indicate that
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the average specific conductance of the water in Shadehill Reservoir
will probably be substantially greater than 800 micromhos per
centimeter.

Data on the quality of water in Shadehill Reservoir indicate that
the specific conductance ranges from about 1,400 to 1,507 micromhos
per centimeter most of the time. (See fig. 16.) Betwen December
1955 and September 1960 the specific conductance at the spillway
was usually not less than 1,200 micromhos per centimeter and did
not exceed 1,630 micromhos per centimeter. Runoff during most of
this period had been below normal; consequently, ths dissolved-
solids concentration of the water in the reservoir probably was
above normal.

Data in table 7 were used to compute the quality of water in
Shadehill Reservoir if the date of closure had been on July 1, 1987
(table 8). The period July 1, 1937, to June 30, 1950, is probably
representative of a long-term period. The yearly inflows, residual
water, and specific conductance were adjusted for evaporation,
outflow through the service spillway, and releases through the irri-
gation spillway. An average factor of 1.83 feet net evavoration was
applied to the surface area of the reservoir. This average factor
was based on the long-term (1898-1945) net evaporation as calcu-
lated by the Corps of Engineers (written communication) for the
Oahe Reservoir. Shadehill Reservoir releases for irrigation, when
available, were estimated to be 29,100 acre-feet per ye~r. For the
period July 1937 to June 1950 the specific conductance of the reser-
voir water would have ranged from about 900 to 1,500 micromhos
per centimeter after the reservoir was filled to a level that would
be sufficient to meet demands for irrigation water. The weighted-
average specific conductance of the reservoir water for the period
would have been about 1,200 micromhos per centimeoter, or the
dissolved solids would have been about 840 ppm (fig. 20). The
minimum and maximum for the period would have been 74 and 83
for percent sodium and 6.4 and 12 for sodium-adsorption-ratio, and
the average would have been 77 percent and 7.7, respectively.
The measured specific conductance, dissolved solids, percent sodium,
and sodium-adsorption-ratio of water leaving the reservoir in July
1960, after several years of abnormally low flow, were 1,400 micro-
mhos per centimeter, 955 ppm, 82 percent, and 11, respectively.
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TABLE 8.—Computed quality of water in Shadehill Reservoir, July 1937 to
June 1950
[July 1937 to Jine 1950 is considered to be representative of a long-term period. Chemical gmality of mflow

is based on data collected after October 1946 and streamflows; streamflows before March 1943 are based
on streamflows measured at Wakpala]

Specific | Reservoir| Estimated |Reservoir| Specific
conduct- releases | net evapo- | contents | conduct-
Inflow ance of ration ance of | Percent| Sodium-
Fiscal year (acre- |inflow (mi- reservoir |sod‘um/| adsorp-
feet) cromhos water (mi- tion-ratio
per cm) Acre-feet cromhos
per cm)

1,430 3,100 20, 600 1,640 83 12
1, 060 2, 950 4, 950 58, 200 1,330 80 9.2

1,570 10, 430 5, 670 58, 200 1,530 81 10
1,110 27, 600 6, 300 58, 200 1,450 79 9.5

1, 300 29,100 6, 480 58, 420 1,520 80 10
29, 590 8, 800 104, 330 1, 150 78 7.9
560 | 112,100 8, 800 133, 430 930 75 6.4
930 55, 800 8,800 { 133,430 1, 000 75 6.7
1,880 31, 600 8, 800 104, 330 1,170 76 7.7
820 65, 300 8, 800 133, 430 1,080 75 7.0
1,270 29, 600 8, 800 133, 430 1,210 77 7.9
820 56, 200 8,800 | 133,430 1,180 76 7.5
440 | 189, 000 8, 800 133,430 1,050 74 6.6
814 | 639,270 96,900 |.-ooooo 1,170 77 7.7

DISSOLVED-SOLIDS DISCHARGE

The total dissolved-solids content of a stream is usually expressed
in terms of concentration. Because most dissolved solids impart
no color to the water, the large quantities carried by streams are
not readily apparent. However, the transportation of material in
solution is an important part of the overall degradation of the land
surface. Actually, the dissolved-solids discharge of many streams
exceeds the sediment discharge manyfold. The quantity of dis-
solved solids transported by a stream is proportional to the product
of the concentration of the dissolved solids and the streamfow. Al-
though a large river may have low concentrations of dissolved solids,
the total dissolved-solids discharge is a very large quantity.

The dissolved-solids discharges at five locations in the basin (table
9 and fig. 21) were estimated from chemical-quality and stream-
flow records. The computation procedure is indicated by table 10.
The quantity passing the station near Wakpala for the long-term
representative period July 1937 to June 1950 was 140,000 tons per
year. The yield from the basin as measured at the station near
Wakpala was about 25 tons per square mile per year. For the
stations at Haley, near White Butte, and near Cash for 1947-60 the
computed annual yields were about 22, 28, and 25 tons per square
mile, respectively. At Shadehill for 1944—49, the computed annual
yield was about 28 tons per square mile.
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100,000

EXPLANATION
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F1euRE 21.—Duration curves of dissolved-solids discharge of Grand River and
North .and. South Forks.
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TABLE 9.—Summary of estimated dissolved-solids discharge for stations in the
Grand River drainage basin

[Estimated from duration curves of streamflow for periods shown and on the relation b>tween streamflow
and dissolved-solids concentration]

Dissolved-solids discharge
Stati st Meaﬁl
ation reamflow
(cfs) Tons Tcns pe?ggsmi
per day | per year per year
North Fork Grand River at Haley, N. Dak., 1947-60
water years.. .ol _oo__. 37 30 11,000 22
North Fork Grand River near White Butte, 8, Dak.,
1947-60 water years___ ... 71 91 33,000 28
South Fork Grand River near Cash, 8. Dak., 1947-60
Waler Years. oo cciccicamas 64 93 3 000 26
Grand River at Shadehill, 8. Dak., 1944-49 water
DL ¢ U P 176 238 87,000 28
Gtand River near Wakpala, 8. Dak., July 1937-June
.................... IO 400 384 141. 000 25

TABLE 10.—Estimated dissolved-solids discharge of Grand River at Shadehill,
8. Dak., 1944-49 water years

[Estimated from duration curve of streamflow for dperiod and on the relation between streamflow and dis-

solved-solids concentration]
Time {| Mean of Increment Dissolved solids
Time limits interval | interval [Streamflow]| of mean
streamflow
Increment
Discl arge | of mean
Concentra- discharge
Percent Cubic feet per second | tion (ppm)
Tons per day

0.02 0.01 24,000 4.8 168 10, 886 2.18
08 .06 17,000 13.6 170 7,803 6.24

4 .3 8, 600 34.4 182 4,226 16.9

1.0 1.0 3,300 33 262 2,334 23.3

3.5 3.25 1,200 42 490 1,588 56.6

10 10 230 23 830 515 51.5

10 20 26 9.6 1,000 259 25.9

10 30 56 5.6 1,160 176 17.5

10 40 36 3.6 1,310 127 12.7
10 50 25 2.5 1,480 99.9 9.99
10 60 17 1.7 1,650 75.7 7.87
10 70 11 1.1 1, 860 56.2 5.52
10 80 5.7 .6 2,200 33.9 3.39
Mean streamflow. . e em e ofs- 176
Dissolved-solids concentration (Computed from dissolved-solids discharge and streamflovr)_.ppm__ 504
Dissolved-solids discharge. - - . meann tons per day.. 238

tons per year__ 87,000
tons for period._ 522, 000
tons per sq mi per year.. 28

The dissolved-solids discharges in tons per square mile per year
given in table 9 are fairly uniform because they are for cumulative
drainage areas; however, the discharges for small areas are not so
uniform. For example, the annual yield was 22 tons per square
mile from the area upstream from Haley but was 32 tons per
square mile between Haley and the White Butte station. Differ-
ences in yields are caused by a combination of factors—principally,
differences in slope, geology, and proportion of the ground-water
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inflow to total surface-water outflow. The North Fork upstream
- from Haley has a slope of 11 feet per mile, and most of the inter-
vening reach between Haley and the White Butte station has a
slope of about 5.5 feet per mile. (See pl. 2.) The Hell Creek For-
mation and the Ludlow, Cannonball, and Tongue River Members
of the Fort Union Formation underlie about 17, 54, less tkan 1, and
29 percent, respectively, of the drainage area upstream from Haley.
These same formations underlie less than 1, 8, 17, and 75 percent,
respectively, of the intervening area between Haley and the White
Butte station. (See pl. 3.)

WATER QUALITY AND USE

Water is unquestionably one of the most widely used resources of
our land. The adjectives good and bad are often used to describe
waters; however, whether a water is good or bad depends on how
the water is to be used. For example, a high-sodium water may be
bad for irrigation use but good for domestic use.

DOMESTIC USE

Concentrations of iron, chloride, and fluoride in the surfece waters
of the Grand River basin are well below the maximum concentra-
tions recommended by the U.S. Department of Health, Education,
and Welfare (1962). The limits in the following table have been
recommended for all public water supplies as well as for water
supplies used by interstate carriers subject to U.S. Public Health
Service regulations:

Mazimum
concentration
Constituent (ppm)

Iron o e 0.3
Manganese_______ R 05
Sulfate__ 50

Chloride_ . __________________ — 280
Fluoride___ e e 115
Dissolved solids_ . ______ _— . - . 5C0

1 Based on temperature records for Lemmon, §. Dak.

Sulfate and dissolved solids in most of the streams exceed the
maximum except during high flows. Impoundments, which would
be required for a dependable supply of water, would improve the
sulfate composition of the water for most of the year by diluting
the water of high concentration. For example, in the 1852 water
year the water of the North Fork Grand River at Haley contained
as much as 1,490 ppm of sulfate for a streamflow of 3 cfs but only
18 ppm for a streamflow of 11,080 cfs. The weighted-average con-
centration of sulfate for the water year was 49 ppm.

Shadehill Reservoir has been proposed as a source of public
water supply for Lemmon, S. Dak. Concentrations of sulfate and
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dissolved solids exceed the limits recommended; usu~lly sulfate
is present in concentrations of 350 to 450 ppm, and disrolved-solids
concentration is about 900 to 1,000 ppm.

A comparison of the classification of hardness in the following
table and chemical analyses of the surface water shows that most
of the water in the Grand River basin is hard or very harc'.

Hardness
(ppm) Rating Usability
0-60 Soft.__._____________ Suitable for many uses without further

softening.
61-120 Moderately hard___ -~ Usable except in some indu<trial applica-
tions. Softening profitable for laundries.

121-180 Hard._________._____ Softening required by laundries and some
other industries.
181+ Veryhard._________ Softening desirable for most pirposes.
INDUSTRY

The mineral constituents in water and the properties and charac-
teristics of water determine if the water is suitable for industrial
use. Water-quality tolerances for some industrial applications are
given in table 11. In the Grand River basin any large quantity of
water for processing would require impoundment, such as in the
Shadehill Reservoir. Comparison of the chemical analyses of the
Grand River near Shadehill (table 4) with the data in table 11 will
indicate the possible industrial application of the water.

The turbidity of water is due to suspended inorganic and organic
material. Because the turbidity of the water in Shadehill Reservoir
is usually low, it would not adversely affect the use of the water
for industry.

The dissolved solids and hardness of most of the surface waters
of the Grand River basin prevent the use of tlose waters
for most industrial purposes unless the quality is first improved by
treatment.

IRRIGATION

The successful use of water for irrigation depends on many factors,
such as: texture, structure, and internal drainage of the soil and
subsoil; management of the soil or farming practices; crops; cli-
mate; and the chemical quality of the water. High concentrations
of total dissolved solids in the water may drastically reduce crop
yields by decreasing the ability of plants to take water and essential
plant nutrients from the soil solution and by adversely sffecting the
soil structure. The importance of individual ions deperds on their
effect on the structure of the soil, their physiological effect on the
plants, and their combination with other ions after the water is ap-
plied to the land.
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CHEMICAL QUALITY OF THE WATER

.ciaﬂo_eouhno 9q Aswx 19))8W
ojuedio a[qnIos pus ‘19))Bw pspusdsns ‘sssuvduBmu ‘WO ‘TANISEUSBUI ‘WNIdBYD 1t
*madd ¢ 0 sulmn(s [8NPISal {U0YISodaod JUBISUO)) or

ﬂwwocw J91])8a] pus sOPIY Jo
Sujuus) Ul WO[IBIOTOISIP pus 5)0dS §8)8aI0 AJIPIQIN) JO SSAUBIUBW ‘UOI[ SAISSIIXYH ¢

*J0[02 YSIPPAI SuIsnsd ‘oupIo[yo Aq sejsusdusuriad 0 pozIpIXo S| pue

sourradid s30[ ‘a[qBUO1303[(0 AISA ISOUBSUBIA *SUOIINIOS )N[IP TIOI] WOII SQIOSYB 950]
-N[[30 S8 9[qBUO)I3[(0 WOJ] *I[QBIISAP amjLIadmd) pUs UOIIISOda09 JO ANWIOJIU) ¢

“(synq arya) wrdd 0gg usy) SSe|

oq Y983 Pnoys BN ‘S]N ‘8D JO SOPLIOTYD pus S98jing "JuryosId juessid 03 sjsisss
f00 "I0[00 Ysyuoais 0} Spud) (BOOH)3W -omosa[qnory Auzemoned SEOOH)BD ¢

*SOUI{[S TIJIOJ 09 PUD} YIIYM ‘Bl10J08(Q WOII pUB
mjins §8 gons ‘Sws[ue3io JO [0IJU0O OS[8 S[ 58 AIBSSINOU S| SSOUIAISOLIOD JO [0IIUOY) ¢
“gonpoxd Ajo1)s Sursnvo
350JINS JO UOISIOAT] SIOAB] 9N[BA MO] S8 ‘13180138 10 02 Jo Hd seInbai Apued paeH ¢
*898819A9( 10] £1090BJS1IBS 10U 19)BM [BAOTUNT PaId)[P ABnb Y31 IS0y  *I9)9BIBYD
Ul JUSJSISUOD INBAM "UOIIBZIUOQIEd PUB dNIAS JOJ I9JBA J[MA)S ‘SSALIOPO .Emﬁo ] b
*(Ajmren!
I99q-}48p JO 1998M Supysewr AoNSIyM ‘Ajenb 1000-9YS31] Jo 19j8m Fulysem Etm%:vna
urd) Surmerq Ioj Se s)ustHaIInbox [BI0UGS OUIBS OY) 199UX ISnUX SUIIISIP J0J IOJBAM ¢
*9[(BIISAP SSOUPIBY SUIOF m«
‘auy
~UOJ)[PUOD I8 JOJ S[(B}[MSUN JSOUX 3JE SIOPO APPINS UGS0IPAY PUB 983[B YI|M SINBM |



56 SURFACE WATERS, SEDIMENTATION, GRAND RIVER BASIN

The sodium ion and its relation to other ions is generally of most
concern. The U.S. Salinity Laboratory Staff (1954) has made ex-
tensive studies of the sodium problem and has set up criteria for
predicting the suitability of the water for irrigation on various soils
and various types of crops. The Salinity Laboratory Staff also
introduced the sodium-adsorption-ratio (SAR) as a measure of the
sodium or alkali hazard of water used for irrigation and prepared a
diagram for classifying water with respect to salinity hezard and
sodium hazard on the basis of specific conductance and SAR. The
criteria and classification system of the Salinity Laboratory are used
in the following discussion.

The surface waters throughout the Grand River basin are similar
in quality ; therefore, the water of Shadehill probably is typical and
representative of water that might be impounded anywhere in the
basin. The annual weighted averages of conductance and SAR
for several years for the water of Shadehill Reservoir are shown on
figure 22. The location of the points on the diagram indicates that
the water has a high-salinity hazard and a medium- to high-sodium
hazard. According to the U.S. Salinity Laboratory criteria, water
having a high-salinity hazard should be used only on well-drained
soils and on crops having a good salt tolerance. Even under these
conditions, special management for salinity control may be required.
Water having a medium-sodium hazard is generally satisfectory for
use on coarse-textured soils, but it may be troublesome or fine-tex-
tured soils unless gypsum is present in the soils or is added to the
water or the soil.

Original plans by the Bureau of Reclamation (written communi-
cation) for development of irrigation in the Grand River basin were
for irrigation of about 23,700 acres of land in the main stream valley
in Perkins and Corson Counties, S. Dak., which included lend in the
Standing Rock Indian Reservation. Although 66,000 acres of land
in the basin can be classified as irrigable, the water from tle surface
supply would be sufficient for the development of only about 24,000
acres. Shadehill Reservoir, which was completed in 1950, and Blue
Horse Reservoir, which was to be constructed downstresm from
Shadehill, were to supply the water to the irrigable land. About
9,900 acres, mostly on the north side of the river betweer. the two
reservoirs, were to be irrigated.

Early in the planning for the Shadehill unit of the Grand Division,
the Bureau of Reclamation recognized that the water to be stored
in Shadehill Reservoir could cause problems when used for irriga-
tion; J. T. Maletic and W. H. Yarger (Bureau of Reclamation,
written communication) summarized the basic problem as follows:



SODIUM (ALKALI) HAZARD

CHEMICAL QUALITY OF THE WATER

57

100 2 3 4 5 67 81000 2 3 4 5000
> T T T TTIprTT T 1
12 5 30 -
Q ¥
- -
N = c1-s4
26 c2-s4 ]
Blm
I 24+~ C3-s4 ]
22~ Cc4-54 |
\N 20l S -
3
£ 18 —
e
% C2-S3
5| |5 16 ]
IR
= |3
3 14 1
§ C1-82
8 12~ .
\\
10 \ C2-82 ca-s3 4
8 x ]
.%
\ .” c3__s3
2l 6~ C4-S2
K]
s c1-s1 |
Cc2-S1 o -
x
| o | T
C4-S1
(¢] | o1 rafitd 1 | I
100 250 750 220
C'é& Conductance,in Micromhos per centimeter at 25° Centigrade
i
1 2 3 4
Low Medium High Very high

SALINITY HAZARD

EXPLANATION
X

Observed annual weighted averages for
Grand River near Shadehill, 1952-60
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Fecure 22.—Classification of water from Shadehill Reservoir for irri~ation use (dia-

gram from U.S. Salinity Laboratory Staff, 1954).
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Irrigation with the poor quality of water available from the Shedehill Res-
ervoir may result in excessive deterioration of soil structure caused by an
increase in the ESP level of the soils. This increase will be related to: (1)
SAR [sodium-adsorption-ratio], RSC [residual sodium carbonate], and con-
centration of the irrigation water, (2) reactions in the soil that tend to solu-
bilize calcium, (38) cropping practices including use of fertilizers, organic
matter and chemical amendments, (4) irrigation practices including amount
of leaching, and (5) climatic influences such as rainfall and frost action.

In 1952 the Shadehill Development Farm was establisted to at:
tain the threefold objective (Bureau of Reclamation, written
communication) :

To determine the effect of the application of low-quality irrigation water
from Shadehill Reservoir upon the accumulation of salts and alkali in the
soils of the Shadehill Unit and upon crop production.

To determine the effect of leaching and chemical amendments upon the
movement of water into and through the root zone, and upon the removal of
exchangeable sodium and soluble salts.

To compare irrigated and dryland crop production.

Data from the Development Farm for 1952-59 show that the
sodium-adsorption-ratio and residual sodium carbonate of the
irrigation water ranged from 8.5 to 12 and 1.0 to 6, respectively.
Although water was best for irrigation during the first 2 years of
operation, the exchangeable-sodium percentage in the soils in-
creased as the result of the use of the water. At the erd of the
1958 irrigation season, the upper 12 inches of the soils in the plots
that were not treated with gypsum had an exchangeable-sodium
percentage of about 10. The increase of exchangeable sadium in
the soils of the Development Farm is shown in table 12. The values
for exchangeable sodium in table 12 can be changed to approxi-
mate exchangeable-sodium percentage by dividing by 20 (the soils
in the Shadehill Project have exchange capacities between 20 and
24) and multiplying by 100. The highest exchangeable-socium per-
centage (12.8 percent) was in 1959 in the 6- to 12-inch soil zone of
the plot for frequent irrigation at field capacity. The sodium in
the upper 18 inches was still increasing in the later years but at a
slower rate than in the earlier years."

In December 1959, representatives of the Bureau of Reclamation
(written communication), the State Agricultural Experiment Sta-
tion, and the Agricultural Research Service reviewed the water-
quality data and the data from the Development Farm and con-
cluded that water from Shadehill Reservoir could be used safely
for sustained irrigation on the coarser textured and well-drained
soils of the irrigation unit if irrigation practices were carefully con-
trolled and if provision was made for periodic addition of gypsum.
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TABLE 12.—Annual summary of exchangeable sodium content (milliequivalents
per 100 grams) by increments of depth
[ Froth Bur. Reclamation, written communication. 1958 was the last year of scheduled irrization treatments]

Depth (inches) 1952 1953 1954 19565 1956 1957 1958 1959

No irrigation

0.19 0.32 0.21 0.21
21 .31 21
21 .19 16
22 .19 13
24 .16 13
24 .18 12

0.16 0.63 1.59 1.77 170 1.60 1.79 2.11
19 45 1.27 1.95 1.97 2.06 2.23 2.49
20 2.6 .87 1.49 1.69 1. 66 1.92 2.14
24 17 .53 1.09 1.23 1.52 L7 1.80
23 18 .31 .75 .93 1.18 1.35 1.56
23 16 .27 50 .57 86 .95 1.20

Optimum irrigation with gypsum
0.15 0.75 1.37 1.30 1.40 1.12 1.29 1.70
.15 .48 1.19 1.59 1.72 1.55 1.67 1.94
.17 .32 .76 1.20 1.49 1.36 1. 62 1.83
.20 .22 .41 .99 1.09 1.32 1.43 1.69
.22 .18 .26 .63 .69 1.09 1.14 1.30
.23 .16 .22 .44 .48 .87 .82 1.01
Frequent irrigation at field capacity
0.19 0.63 1.51 1.85 1.90 1.71 1.86 2.20
.20 .40 1.20 1.85 2.16 1.93 2.22 2.57
.27 .26 .88 1.37 1.72 1.71 1.83 2.21
.23 .17 .58 .99 1.25 1.46 1.47 | 1.77
.24 .15 .39 .68 .84 1.25 1.09 1.32
.24 .20 .29 .61 .54 .83 .84 1.31

FLUVIAL SEDIMENT
COLLECTION OF DATA

Sediment data for streams in the Grand River basin include daily
determinations of suspended-sediment discharge, periodic determi-
nations of sediment discharge, and particle-size analyses of sus-
pended sediment and bed material. The data were obtained for
one daily station (Grand River at Shadehill, from Mesrch 1946 to
June 1950) and from three periodic stations (North IFork Grand
River near White Butte, S. Dak., and South Fork Grand River near
Cash, S. Dak., from May 1946 to September 1951 and North Fork
Grand River at Haley, N. Dak., from December 1950 to July 1952).
Fairly accurate estimates were made of the yearly sediment dis-
charges at Haley and near White Butte for 1947-60 and near Cash
for 1947-50.

Particle-size analyses were made of many of the susvended-sedi-
ment samples and were used in computing the initial sp>cific weight
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of a deposit of the sediment. A few samples of bed material were
collected and analyzed. Depth-integrated suspended-sediment sam-
ples were obtained with U.S. D-43 and U.S. DH-48 samplers except
on very cold days when a Colorado River bucket sampler was used;
low temperatures do not permit use of a sampler having a nozzle.

A local resident collected samples each day at a single vertical on
the Grand River at Shadehill and obtained additional samples on
some days of rapidly changing concentration and discharge. Per-
sonnel of the U.S. Geological Survey made periodic determinations
of sediment discharge on the Grand River and on the two forks by
collecting samples at several representative verticals in the stream
cross section. These samples were collected biweekly during nor-
mal flow and more frequently during high flow.

COMPUTATION OF SEDIMENT DISCHARGE

The discharge of suspended sediment was computed by multiply-
ing the suspended-sediment concentration by the streamflow and
by a constant to convert to tons per day. The concentration in parts
per million by weight was determined in the laboratory by filtration
or evaporation of the samples. The streamflow was measired with
a current meter or was determined from the relationship of gage
height to streamflow. Because concentrations at a single vertical
at Shadehill may not have been representative of the concentration
of the entire stream cross section, they were adjusted on the basis
of periodic samples collected at several verticals.

For the North Fork Grand River at Haley and near White Butte,
periodic’ sediment discharges plotted against streamflow showed a
fairly good relationship (fig. 28). This relationship was used to
estimate the sediment discharge for the periods of no sediment
record during 1947-60. Both this relationship and the sediment dis-
charges determined from periodic sampling were used tc estimate
the sediment discharge for days of no samples during the periods of
sediment record. Frequent sampling during high flow ccntributed
to the accuracy of the estimates of yearly sediment discharge dur-
ing the periods of sediment record.

For the South Fork Grand River near Cash, sediment (ischarges
plotted against streamflow resulted in a graph having corsiderable
scatter. This graph obviously would not give reliable estimates of
the sediment discharges even with adjustments based on periodic
sampling; therefore, the records of streamflow and sediment dis-
charge for the North Fork, South Fork, and main stem were studied
together. Many times a rise occurred on the South Fork and main
stem but not on the North Fork; during these times the relation of
sediment discharge to streamflow for the South Fork would be simi-
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FicURe 23.—Relation of suspended-sediment discharge to streamflow, No~th Fork Grand
River at Haley and near White Butte.

lar to that for the main stem because the South Fork was contribut-
ing most of the sediment load to the main stem. Figure 24 shows the
relation between sediment discharge and streamflow for selected
rises on the Grand River at Shadehill and for a rise on the South
Fork when several samples were collected. The graph shows a hys-
teretic effect; the sediment discharges in relation to the streamflow
are greater after the peak of the rise than before the peak. This
hysteretic effect was used in estimating the sediment discharges for
many of the rises on the South Fork. The estimates seem to be
reasonable because the sum of the sediment discharges of the North
Fork and the South Fork for each month is in about the sxme propor-
tion to the sediment discharge at Shadehill as the sum of the drainage
areas is to the drainage area for Shadehill.
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SUSPENDED-SEDIMENT DISCHARGE

Because yearly sediment discharges are even more variable
than yearly streamflow, a very long period of record would nor-
mally be required for an accurate determination of the sverage sedi-
ment discharge. The extreme variability of yearly sediment dis-
charges is shown in figure 25, which also shows that sediment
discharge can be very low for several years in succession. Suc-
cessive years of low sediment discharge increase the length of record
necessary for an accurate determination of the long-term average.

For the periods for which the sediment discharge near Cash was
estimated and for which the sediment discharge at Sl~dehill was
measured, the mean sediment discharge was undouktedly much
greater than normal because the water discharge was much
greater than normal. For the period 1947-60, the mean water dis-
charges at Haley and near White Butte were probably reasonably
close to normal; therefore, the mean sediment discharge probably is
fairly close to normal.

Estimated suspended-sediment discharges at Haley, near White
Butte, and near Cash, and measured suspended-sediment discharges
at Shadehill are summarized in the following table:

2000

EXPLANATION

North Fork Grand River af
Haley, N Dak (1947-60)

1800

North Fork Grand River near —-_ﬂ
White Butte, S Dak (1947-60)

South Fork Grand River nrar
Cash, S Dak (1947-50)

Grand River at Shadehill, 9
S Dak (1947-50)

SUSPENDED-$EDIMENT, DISCHARGE, tN THOUSANDS OF TONS

AAAAAVANL AN ANNARN AN AN N NN AN NN\ S|
(PPT7 707 J 2727 P 77777777 2 Pl 7P 7777 7. &mz Emw

A SLS LIS LIS

1952 | 1953 ] 1954] 1955 | 1956] 1957 | 18 [_'1-!‘)59[ 1960

WATER YEAR

1950 | 1951

F16URE 25.—Variability of yearly suspended-sediment discharges.
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Mean and extreme suspended-sediment discharges

Suspended-sediment discharge
‘Water years or
Location period Mean Minimum Maximum
(tons per
year)
Tons Year Tons Year
North Fork at Haley._________._.___ 1947-60 31, 000 130 19556 279,000 | 1952
North Fork near White Butte.__.__ 1947-60 140, 600 180 1955 1,2%,000 | 1950
South Fork near Cash__.___.__ - 1947-50 270, 000 78,000 | 1949 50,000 | 1950
Grand River at Shadehill MJar 9, 194% 700, 000 160,000 { 1948 | 11,970,000 | 1950
une 30, 1950.

1Qct. 1, 1949, to June 30, 1950. Equivalent to sediment discharge for entire water year.

For some uses, relatively small amounts of water ars pumped
or diverted from a stream at a fairly uniform rate. For such uses
of the water, a knowledge of the frequency distribution of sispended-
‘sediment concentration is desirable. Information for di-ectly de-
termining frequency distributions of concentration is not available
except at Shadehill before closure of the dam, where such informa-
tion would no longer be useful. However, frequency distributions of
concentration have been determined indirectly for Novth Fork
Grand River at Haley and near White Butte and for Scuth Fork
Grand River near Cash (fig. 26).

For the stations at Haley and near White Butte, the curves in
figure 26 were derived from the relation of concentration to stream-
flow and from the streamflow-duration curves. Because the average
relation of concentration to streamflow was used, the curves do not
show the extremely low concentrations that occurred a small frac-
tion of the time.

For the station near Cash, a concentration for each dey during
1947-50 was computed from the streamflow and the estimated sedi-
ment discharge. Because 1947-50 was a period of unusu-~lly high
flow, the concentrations for this station shown in figure 26 are much
higher than normal.

The lower parts of the curves for all three stations may be some-
what inaccurate because of the unreliability of concentration data
during periods of very low flow. Suspended-sediment concentra-
tion is not necessarily zero when flow stops. Each curve was ex-
tended, however, to a point representing the probable concentration
when flow stopped or started and the percentage of time of flow in
each stream.

PARTICLE SIZE

Samples of suspended sediment were analyzed with sieve, pipet,
or bottom-withdrawal tube. They were analyzed in distilled water,
with or without dispersing agents, or in the native water. Particle-
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size distributions of samples that were analyzed in native water
were coarser than those of duplicate samples analyzed in distilled
water because some small particles flocculated in the native water.
A small amount also flocculated when distilled water without a
chemical dispersing agent was used as the settling redium. Be-
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cause of the flocculation, only samples analyzed in distilled water
with chemical dispersing agent were used for computing the aver-
age particle-size distributions in figure 27.

The curves of finest and coarsest particle-size distrituitions in
figure 27 show that the particle size at any location on the Grand
River is extremely variable. The average curves of figurs 27 rep-
resent only the arithmetic averages of the analyses; they do not
necessarily represent the particle-size distributions that occur most
of the time nor the distributions that an accumulation of several
years of sediment discharge would have if deposited in one place, as
in a reservoir. The main reason for qualifying the average curves
is that they represent generally higher-than-average discharges.
Also, the curve for Grand River at Shadehill is based on data only
from the high-flow period of March to May 1950.

In the average particle-size distributions, clay predominates;
some silt and a little sand are present. The average of 26-percent
sand for the Grand River at Shadehill probably is much higher than
the normal.
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SPECIFIC WEIGHT OF SEDIMENT DEPOSITY

One of the principal uses of sediment data is to es‘imate rates
of depletion of reservoir capacity by sediment depos‘tion. Such
estimates require a knowledge of the probable locaticn and spe-
cific weight of the sediment deposits. The location of sediment
deposits depends on the elevation of water surface in the reservoir,
sedimentation diameters of particles in transport, mineral con-
stituents in solution, and effects of density currents. The specific
weight of sediment deposits depends on the type of material de-
posited, particle-size distribution, and amount of consolidation.

The particle-size distribution is the factor that has the most influ-
ence on the specific weight of a sediment deposit; it has been deter-
mined from the sediment records (fig. 27). The relation between the
median particle diameter and the specific weight of sediment depos-
its in a large number of reservoirs in several drainage basins (Hem-
bree and others, 1952) is shown in figure 28. Because the data given
in figure 28 are for samples that were collected near the surface of
submerged sediment deposits, the specific weights are representative
of natural deposits that have been formed probably within a few
years of the sampling time and that have not been compacted ma-
terially by overlying deposits.

Table 13 shows the computation of the specific weight of a loosely
compacted deposit that might be formed from the suspended sedi-
ment transported by the Grand River at Shadehill during the period
of record. The median size of each sample that was analyzed in
a dispersed state was plotted against the instantaneous suspended-
sediment discharge, and an average curve was drawn. For pre-
determined class intervals of suspended-sediment discharge, the
corresponding median particle sizes were taken from the curve.
The specific weights for the median particle sizes were determined

from figure 28. The specific weight was found to be 56 pounds per
cubic foot.

TABLE 18.—8pecific weight based on median particle size for the Grand River
at Shadehill, March 9, 1946, to June 30, 1950

3, 022, 600

[Specific weight in 1b per cu ft= T 382 56]
Suspended-sediment discharge
Median Specific | Total tons
particle weight | divided by
Class interval Middle Total size (b per specific
(tons per day) of class tons (mm) cu ft) weight
interval
9, 787
13, 236
11,605
19, 754
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This specific weight was used to convert the weight of sediment
in tons for Grand River at Shadehill to the volumes of deposit given
in the following table.

Sus ed- Volume edo!
sedimen’ 88t
discharge sediment

Period (tons) (acre-feet)

Mar. 9to Sept. 30, 1946 ___ ... .. e 150, 007 120
Water year 1946-47_ _ e 560, 00" 460
Water year 1947-48_ _ _ e 160, 002 130
Water year 1948-49_____ - 210, 007 170
Oct. 1, 1949, to June 30, 1950______ . . __ . ... _____ 1, 900, 007 1, 600
Total (rounded) .. . . . _..o....__.._. 3,000,001 2, 500

The computed volume, 2,500 acre-feet, indicates the probable
maximum space that would be occupied by the suspended sediment
discharged by the Grand River at Shadehill from March 9, 1946, to
June 30, 1950, after deposition in a reservoir.

For the North Fork Grand River at Haley and near V'hite Butte
and for the South Fork Grand River near Cash, the med‘an particle
diameters in the average particle-size distributions were all less
than 0.002 mm. The median diameters for individual analyses were
all less than 0.005 mm for the two stations on the North Fork and
less than 0.01 mm for the South Fork near Cash. From tl'is particle-
size information, a specific weight of 42 pounds per cubic foot was
estimated for loosely compacted deposits of the suspended sediment
transported by the North Fork Grand River at Haley and near White
Butte and by the South Fork Grand River near Cash.

BED MATERIAL

The small amount of data available on the particle-size distribution
of bed material (table 14) indicates that the bed of the South Fork
generally has coarser material than the bed of the main stem.
(The data are for times of low streamflow or no streamflow.) The
median size for the South Fork was about 2 mm, whereas the median
size for all three locations on the main stem was about 0.20 to 0.25
mm.

For the Grand River near Wakpala, bed-material samples were
obtained several years before and after closure of Shacehill Dam.
Analyses of these samples (see fig. 29) show that if the dam has had
any effect on the bed material near Wakpala, the effect has been
very small. The small difference between the particle-size distribu-
tions could be due entirely to the fact that the samples in 1931 were
obtained about 13 miles downstream from the 1960 locatior.
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TABLE 14.—Particle-size analyses of streambed material
[Method of analysis, sieve and visual accumulation tube]

Percent of streambed material finer than indicated size
(millimeters)
Date Remarks

0.062]0.125] 0. 250 | 0. 500 | 1. 000 | 2. 000 | 4. 000 | 8. 000 } 16. 000

South Fork Grand River near Bison

Oct. 17, 1955 4 5 8 12 33 50 68 84 97 Olrlle—l!&ugthko( width from
4
3 4 6 12 32] 48| 66 84 96 Oltl’e-fourth of width from left

Grand River south of Morristown

Oct. 13, 1955___. 0 6 871 100 | oo faae e Ollx)e-third of width from right
0 8 83 98 99| 100 || feeeoaa Middle of stream.
1 6 76 93 96 97 99| 100 |._.... Olll)e-ltllé‘rd of width from left

Grand River south of McIntosh

Oct. 12, 1955. ... 1 13 86 93 95 98 99| 100 |...... Olse-nt]h}ird of width from right
8]

1 3| 24| 35| 45 58 91| 96| Middle of stream.
5| 37| 62| 73] 84| 93| 98| 100 o%mird of width from left

&

Grand River near Wnkpala

Oct. 13, 1960..__ 5 14 74 94 97 981 100§ .. _|.ooo-. Average for 14 sampling
points. No flow.

TOTAL SEDIMENT DISCHARGE

The concentration of suspended sediment in a stream varies in
a vertical direction; the minimum concentration is at the surface,
and the maximum concentration is at the bed. Concentrations of
particles finer than sand are nearly uniform throughout the depth,
but the concentrations of sand and coarser particler are much
greater near the bed than near the surface. The lower 3 to 5
inches of the stream (called the unsampled zone) cannot. be sampled
by suspended-sediment samplers currently in use; therefore, the
concentration of a depth-integrated sample is less than the mean
concentration in the entire depth.

Suspended-sediment discharge is computed by multiplying the
concentration determined from depth-integrated samples by the
streamflow for the entire depth and by an appropriate units-
conversion factor; this discharge is called the measured suspended-
sediment discharge. However, because the streamflow is for the
entire depth, the measured suspended-sediment discharge includes
part of the suspended-sediment discharge in the unsampled zone.
All sediment discharge not computed as measured suspended-
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sediment discharge is called unmeasured sediment discharge and
consists of sediment rolling or sliding on the bed, sedimert moving
in short skips or leaps near the bed, and part of the suspended sedi-
ment in the unsampled zone. Nearly all the material finer than
sand, because of its uniform vertical distribution, is incluced in the
measured suspended-sediment discharge; therefore, the urmeasured
sediment discharge is composed mostly of sand or coarser par-
ticles. In sand-bed streams, unmeasured sediment discharge is
usually a large part of the total sediment discharge unless the
stream is deep, velocities are low, or discharges of sediment finer
than sand are so high that the unmeasured sediment discharge is
very small in relation to the total.

Colby (1957) has developed a method for computing the unmeas-
ured sediment discharge principally from its relationship to mean
velocity. The method does not require a bed-material analysis nor
the slope of the energy gradient but requires only the width, mean
depth, mean velocity, and measured concentration of suspended
sand. The method is sufficiently accurate for determining the
relative magnitude of the unmeasured sediment discharge with re-
spect to the total sediment discharge.

Computations for North Fork Grand River near White Butte,
South Fork Grand River near Cash, and Grand River near Shade-
hill indicate that at low streamflow the measured suspended-sediment
discharges are more than 99 percent of the total sediment discharges.
At streamflow well above the average, the measured suspended-
sediment discharges are lowest—about 70 to 80 percent of the total
sediment discharges for the Grand River at Shadehill and about 80
to 85 percent for the North and South Forks. The percentages
for the Grand River at Shadehill are lower than those for the South
Fork near Cash, probably because the available material in the bed
at Shadehill is finer and more easily transported; the percentages
are also lower than those for the North Fork near White Butte, prob-
ably because at high flows the depths at Shadehill are shallower and
therefore a smaller fraction of the total depth is sampled. At peak
streamflows, the measured suspended-sediment discharges at all
three stations are from 85 to 95 percent of the total.

SUMMARY AND CONCLUSIONS

The effects of environmental factors—such as type of rocks and
soils, climate, topography, and vegetation—are fairly uniform
throughout the Grand River basin. Therefore, differences in the
chemical composition of surface waters from one part of the basin
to another are not great, and physical and chemical erosion is
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almost uniform. The quantity of dissolved solids transported by the
streams is closely related to the amount of streamflow. On the
other hand, the chemical type of the water depends on the material
over and through which the water moves.

Mean annual runoff in the basin is about 53 acre-feet per square
mile of drainage area and is about 7 percent of the mean annual
precipitation of about 15 inches. The highest streamflow rates on
the larger streams have been due to snowmelt. In loc-lized areas
the peak streamflow rates are caused by intense summer rains.

The chemical quality of the water that is contributed to the Mis-
souri River by the Grand River depends mainly on the action of
weathering on the Fort Union and Hell Creek Formstions. The
areas of outcrop of the different formations are indicative of their
relative importance to the quality of water. However, the effects
of the different formations are not necessarily proporticnal to their
areas of outcrop. The Fort Union and the Hell Creek Formations
crop out in areas covering about 2,500 and 2,200 square miles, re-
spectively, of the 5,680 square miles of area in the Grand River
basin.

High percent sodium is typical of almost all the waters in the
Grand River basin. Most of the surface waters are of the sodium
sulfate or sodium bicarbonate type. The general streamflow-qual-
ity patterns of the Grand River and its two forks are similar. The
dissolved-solids content varies greatly, especially at high stream-
flow rates. Nevertheless, the quality of the water improves as the
streamflow increases. The dissolved-solids concentration is maxi-
mum during low flows but usually does not exceed 3,000 ppm.
During high flows the normal and base flows, which are mostly from
ground-water inflow, are diluted by overland runoff. The effect
of overland runoff on the chemical composition of the water is pro-
nounced. At peak flows the water of the Grand River at Shadehill
is of the sodium bicarbonate type, and at extremely low flows the
water is generally of the sodium sulfate type.

A fter storage began in July 1950, Shadehill Reservoir filled slowly
until the spring of 1952 when runoff caused the resevvoir to fill
rapidly and to spill in April 1952. A fter the reservoir had filled and
the quality of the water became almost uniform throughout the
reservoir by the latter part of July 1952, the specific conductance
gradually increased and became relatively stable in 1956. There-
after, the specific conductance fluctuated from about 1,300 to 1,600
micromhos per centimeter and was between 1400 and 1,500 micro-
mhos per centimeter most of the time. The gradual increase of
specific conductance was affected very little by seasonal changes

732-432 0—84——6
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in the quantity and quality of inflow. Only during a chort time,
usually in March and April, is the concentration of dissolved solids
in the inflow as low as that of the water in the reservoir. Except at
the points of inflow and during floodflows, the water in the reservoir
is well mixed and is uniform in composition.

Chemical-quality records that were computed for the Grand River
at Shadehill for the representative period July 1937 to June 1950
compare favorably to measured data for the period October 1945
to June 1950. If the runoff at Shadehill during the period July 1937
to June 1950 had been stored in Shadehill Reservoir, the specific
conductance of the water probably would have averaged about
1,200 micromhos per centimeter, or the dissolved solids would have
been about 840 ppm. The minimum and maximum for this period
would have been 74 and 83 for percent sodium and 6.4 and 12 for
sodium-adsorption-ratio, and the average would have been 77 per-
cent and 7.7, respectively. The measured specific conductance,
concentration of dissolved solids, percent sodium, anc sodium-
adsorption-ratio of water leaving the reservoir in July 1960, after
several years of abnormally low flow, were about 1,400 micro-
mhos per centimeter, 955 ppm, 82 percent, and 11, respectively.

The dissolved-solids discharge at the station near Wakpala for
the long-term representative period July 1937 to June 1950 is esti-
mated to have been 140,000 tons per year, and the yield from the
basin was about 25 tons per square mile per year. For the stations
at Haley, near White Butte, near Cash, and at Shadehill, the com-
puted yields were about 22, 28, 25, and 28 tons per square mile,
respectively.

Except for sulfate, concentrations of chemical constituents usually
do not exceed the maximum concentrations recommended for do-
mestic supplies. The high dissolved-solids and hardness of most of
the surface waters of the Grand River basin prevent the use of these
waters for most industrial purposes unless the quality is improved
by treatment.

The water from Shadehill Reservoir, when classified for irriga-
tion use according to specific conductance and sodium-adsorption-
ratio, has a high salinity hazard and a medium sodium hazard.
The effects of using the water for irrigation on experimental plots
have been studied by the Bureau of Reclamation and other agencies.
According to the Bureau, the water can be used safely for sustained
irrigation on loamy sand, sandy loam, and the lighter-textured loams
if provision is made for gypsum application in the range of 4.5 tons
per acre during the high sodium cycle and if adequate leaching is
practiced.
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Suspended-sediment discharges of the Grand River at Shadehill
during the period of record were much greater than normal. They
ranged from 160,000 tons in 1948 to 1,900,000 tons in 1959 and aver-
aged 700,000 tons per year.

Suspended-sediment discharges of the North Fork at Haley and
near White Butte and the South Fork near Cash were estimated
from periodic sampling. Estimated discharges of the MNorth Fork
at Haley for 1947-60 averaged 31,000 tons per year and ranged
from 130 tons in 1955 to 260,000 tons in 1952. Estimated discharges
of the North Fork near White Butte for 194760 averaged 140,000
tons per year and ranged from 180 tons in 1955 to 1,200,000 tons in
1950. Estimated discharges of the South Fork near Casl for 1947-
50 averaged 270,000 tons per year and ranged from 78,000 tons in
1949 to 510,000 tons in 1950. Sediment discharges during the period
of record for the South Fork near Cash were much greater than
normal.

The suspended sediment is predominantly clay; some silt and a
little sand are transported. The amount of sand in the suspended
sediment in the North and South Forks averaged about 5 percent.
The average of 26 percent of sand in suspended sediment in the
Grand River at Shadehill probably is much higher than normal
because samples were for a high-flow period.

The probable specific weights of sediment deposits ar> about 42
pounds per cubic foot for the North and South Forks and 56 pounds
per cubic foot for the Grand River at Shadehill. These specific
weights are for deposits that have not been appreciably compacted
by overlying deposits or by exposure to the air. At 56 pounds per
cubic foot, the sediment that was carried by the Grand River at
Shadehill from March 9, 1946, to June 30, 1950, would oc-upy about
2,500 acre-feet when deposited in a reservoir.
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