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GLOSSARY

Absorption: The process by which a substance is
taken into and included within another substance,
i. e., intake of water by soil, or intake of gascs,
water, nutrients, or other substances by plants.

Acre-foot: The volume of water equivalent to an area
1 acre and a depth of 1 foot.

Adsorption: The increased concentration of molecules
or ions at a surface, including exchangeable cat-
ions and anions on soil particles.

Base runoff (base flow): Sustained or fair-weather
runoff. In most streams, base runoff is composed
largely of ground-water efHuent.

Bulk density: The ratio of the mass of water-free soil
to its bulk volume. Bulk density is expressed in
pounds per cubic foot or grams per cubic centi-
meter and is sometimes referred to as “apparcnt
density.” When expressed in grams per cubic
centimeter, bulk density is numerically equal to
apparent spccific gravity or volume weight.

Bypass water: Water diverted for irrigation, but re-
turncd to the river or source of supply without
being applied to the agricultural land. See Waste.

Cation exchange: The interchange of a cation in solu-
tion with another cation on a surface-active ma-
terial.

Cation exchange capacity: The total quantity of cat-
ions that a soil can adsorb by cation exchange,
usually expressed as milliequivalents per 100 grams.
Measured values of cation exchange capacity de-
pend somewhat on the method used for the de-
termination.

Coefficient of correlation: A statistic used in linear
correlation that provides a measure of the propor-
tion of variation in one variable that is associated
with variation in another variable.

Cubic feet per second (cfs): A unit expressing rates
of discharge.

Cfs-day: The volume of water represented by a flow
of 1 cubic foot per second for 24 hours.

Chemical discharge (load): The weight of dissolved
chemical constituents passing a stream section in a
unit time.

Concentration: The quantity of dissolved material in
a unit volume or weight of water. In this report,
concentration is expressed in milligrams per liter,
parts per million, equivalents per million, specific
conductance in micromhos per centimeter at 25°C,
and tons per acre-foot.

Concentration ratio: Ratio of the specific conductance
or concentration of an ion in a sample of water to
the specific conductance or concentration of the
corresponding ion in the irrigation water.

Consumptive use: Use of water that is changed from
the liquid to the gaseous state by evaporation or
transpiration and is thereby lost from the soil-plant
ccosystem. Sec Evapotranspiration.

Conveyance losses (L): Water lost from the canal
and laterals by seepage and cvaporation.

Deep percolation losses: The part of the irrigation
water applied to the land that percolates below
the crop root zone, and is not subject to consump-
tive use by the agricultural crops.

Degradation of water quality: A deterioration in
water quality due to increased concentration of
any substance classified as a pollutant,

Dilution: The reduction of concentration in water by
the addition of water having a lesser concentration
of a constituent.

Direct runoff: The runoff entering stream channels
promptly after rainfall or snowmelt.

Drainage water: Surface and subsurface water com-
ing from irrigated areas, which may be commingled
with precipitation, surface runoff, and ground-
water flow from nonirrigated lands.

Effective rainfall: Rainfall during the growing season
for each crop.

Efficiency of irrigation: The fraction of the water di-
verted from a river or other source that is con-
sumed by the crop, expressed as percent. See
Consumptive use. Often applied to whole irriga-
tion systems and takes account of conveyance
losses.

Equivalent weight: The weight in grams of an ion or
compound that combines with or replaces 1 gram
of hydrogen. The atomic weight or formula weight
divided by its valence.

Evapotranspiration: The consumptive use of water
from the soil. Water lost as vapor from a given
area of soil through the combined processes of
evaporation from the soil surface and transpiration
from plants.

Exchangeable cation: A cation that is adsorbed on
the exchange complex, and that is capable of
exchange with other cations.

Exchangeable sodium percentage: The degree of
saturation of the soil exchange complex with so-
dium. It may be calculated by the formula:

Exchangeable sodium, in milli-
equivalents per 100 grams of soil

Cation exchange capacity, in milli-

equivalents per 100 grams of soil

Farm delivery (1): Quantity of water delivered to

farms for irrigation. Equal to irrigation water de-

livered to the district less conveyance losses and
bypass water.

ESP =

X 100




Hardness: The water property attributable to the
presence of alkaline earths, mainly calcium and
magnesium.

Infiltration: The downward entry of water into soil.

Irrigation reach: Reach of the Smoky Hill River adja-
cent to the main part of the irrigation district be-
tween stations at river miles 350.0 and 338.0.

Irrigation requirement: The quantity of water ex-
clusive of precipitation required for crop produc-
tion. This includes surface evaporation and other
economically unavoidable wastes. It is usually
expressed in depth (volume per unit area) for a
given time. (American Society of Agricultural
Engineers and American Society of Civil Engi-
neers. )

Irrigation return flow: Any water diverted for irri-
gation purposes that finds its way back into a
source of supply (stream or ground-water basin).
This includes bypass water, deep percolation
losses, tail-water runoff and seepage.

Leaching: The process of removal of soluble material
by the passage of water through soil.

Milliequivalents per liter (me/l): A unit for express-
ing the concentration of chemical constituents in
terms of the interacting values of the electrically
charged particles, or ions, in solution.

Milligrams per liter (mg/l): A unit for expressing
the concentration of dissolved chemical constitu-
ents by weight, as milligrams of constituents per
liter of solution.

Moisture percentage: 1. Dry-weight basis. The weight
of water per 100 units of material dried to constant
weight at a standard temperature. 2. Depth basis.
The equivalent depth of free water per 100 units
of depth of soil. Numerically this value approxi-
mates the volume of water per 100 units of volume
of soil,

Net drainage: Inflow, excluding canal and lateral
waste, to the reach of the Smoky Hill River be-
tween Cedar Bluff Fish Hatchery and the station
near Schoenchen during periods of stable stream-
flow.

Net gain (or loss): Increase (or decrease) in water or
chemical discharge in each reach of the river dur-
ing a seepage-salinity survey.

Net input (N): Quantity of irrigation water delivered
to the district less waste (W). The algebraic sum
of deliveries to farms (I) and losses (L) from the
canal and laterals.

Net seepage gain (or loss): Net gain minus tributary
inflow to each reach of the river during a seepage-
salinity survey. Net seepage gains represent un-
measured inflow, normally effluent ground water,
directly to the main stem. Net seepage losses rep-

vi

resent unmeasured losses or withdrawals from the
channel or stream.

Nutrients: Compounds of nitrogen, phosphorus, potas-
sium, and other elements essential for plant growth.

Percent sodium: The ratio, expressed in percentage,
of the sodium ion to the sum of the positively
charged ions (calcium, magnesium, sodium, and
potassium); all ions, in milliequivalents per liter.

Perennial stream: A stream that flows continuously.

Permeability: The specific property governing the rate
or capacity of a porous medium to transmit fluids
under standard conditions.

Pesticides: Chemical compounds used for the control
of undesirable plants, animals, or insects. The
term includes insecticides, weed killers, rodent
poisons, fungicides, and growth regulators.

pH: The negative logarithm of the concentration of
hydrogen ions, in moles per liter. It is lower than
7 in acid solutions and higher than 7 in basic
solutions.

Pollutants: Substances that may become dissolved,
suspended, absorbed, or otherwise contained in
water, that impair its usefulness.

Pollution: The presence of any substance (organic,
inorganic, biological, thermal, or radiological) in
water at intensity levels that tend to impair, de-
grade, or adversely affect its quality or usefulness
for a specific purpose.

Salinity: The dissolved-mineral content or total con-
centration of solids in solution.

Salt balance: The quantity of salt entering an area by
way of the irrigation water as compared with the
quantity of salts removed from the area by return
water.

Salts: Dissolved mineral matter or soluble inorganic
salts.

Saturated soil paste: A particular mixture of soil and
water. At saturation the soil paste glistens as it
reflects light, flows slightly when the container is
tipped, and the paste slides freely and cleanly
from a spatula for all soils except those with high
clay content.

Saturation extract: The solution extracted from a soil
at saturation percentage.

Saturation percentage: The moisture content of a
saturated soil paste, expressed on a dry-weight
basis.

Seepage gains: Unmeasured inflow to the river main-
ly from small tributaries and from nearby areas.
Seepage losses: That water which is lost from the
conveyance channels of rivers or other water-sup-

ply systems.

Sodium-adsorption ratio: A ratio for soil extracts and
irrigation waters used to express the relative ac-




tivity of sodium ions in exchange reactions with
soil.
.
SAR =)
\/ C A+t + Mg++
2
where the ionic concentrations are expressed in
milliequivalents per liter.
Soil extract: The solution separated from a soil sus-
pension or a soil at a particular moisture content.
Soluble sodium percentage: A term used in connec-
tion with irrigation waters and soil extracts to indi-
cate the proportion of sodium ions in solution in
relation to the total cation concentration. It may
be calculated by the formula:
Soluble sodium concentration,
in milliequivalents per liter

Total cation concentration,
in milliequivalents per liter

SSP = x 100

vii

Specific conductance: A measure of the ability of a
water to conduct an electrical current expressed in
micromhos per centimeter at 25°C.

Standard deviation: A statistic used to measure the
dispersion of a set of values around their mean.

Tail-water runoff: Irrigation water that runs off the
surface of irrigated fields. Sometimes referred to as
waste water or surface return flow.

Waste (W): Water discharged from the end of canals
and laterals to maintain flow through the system.
See Bypass water.

Water table: The upper boundary for ground water.
The upper surface of the locus of points at which
the pressure in the ground water is equal to at-
mospheric pressure.

Water year: The 12-month period, October 1 through
September 30, designated by the calendar year in
which it ends.




ROBERT B. LEONARD—U.S. Geological Survey, Lawrence, Kansas

Changes In Chemical Quality of Water,
Cedar Bluff Irrigation District Area,

West-Central Kansas

ABSTRACT

The Cedar Bluff Irrigation District diverts water from the
Smoky Hill River to irrigate about 6,000 acres (2,400 hectares).
Although drainage from irrigated land replenishes ground water
in transient storage and augments low flow in the river, the
drainage adversely affects the chemical quality of the related
water.

Specific conductance of the irrigation water increased pro-
gressively from 800 to 980 micromhos per centimeter at 25°C
between 1964 and 1971. The percent composition of this
calcium-sulfate type water remained relatively constant.

Infiltration of the irrigation water, which contained addi-
tional salts leached from the soil, increased the concentration
and changed the ionic composition of the ground water. Gen-
erally, calcium and sulfate became the predominant ions. Con-
centrations of calcium, magnesium, and sulfate present in the
irrigation water were augmented by the natural content in
the soil and the aquifer. Chemical analyses of soil samples
indicated that significant amounts of sodium and chloride were
leached from naturally accumulated salts in the soil. Increased
concentrations of nitrate probably resulted from applying
water in excess of that required by the fertilized crop.

Data from seepage-salinity surveys indicate that water
discharge of the Smoky Hill River in the irrigation reach in-
creased progressively from about 1.5 to 10 cubic feet (0.04 to
0.28 cubic meters) per second between 1964 and 1971. Spe-
cific conductance in the reach increased from 880 to 900
micromhos per centimeter at 25°C in 1964 and from 1,070 to
1,230 micromhos per centimeter at 25°C in 1971. The concen-
tration ratios for specific conductance increased from 1.01 in
1964 to 1.15 in 1971. Concentrations of sodium and chloride
increased downstream, but the concentration of sulfate de-
creased to values lower than that of the irrigation water.
Although net gains in chemical discharge increased from 1964
to 1971, the rate of annual increase diminished from year to
year.

The use of water for irrigation in the district and the in-
crease of drainage to low flow have not caused serious de-
gradation of chemical quality of the Smoky Hill River,

INTRODUCTION

Statement of the Problems

Irrigation is the largest use of water in Kansas. In
1970, about 1,500,000 acres (610,000 ha)* were under
irrigation and additional acreage is being added each
year. Most is in the semiarid western part of the state.
Application of irrigation water in a semiarid region
accelerates natural leaching processes. Soluble salts
carried by the irrigation water and those originally
present in the soil or ground water normally appear
in the increased drainage from the irrigated area.
Relatively pure water is removed from the ground-
water reservoir by plants through evaporation and
transpiration, thereby raising the concentration of re-
sidual salts. These salts, possibly augmented by excess
fertilizers, pesticides, and sediment, can render water
in the receiving streams or ground-water reservoirs
unsuitable for agricultural re-use and for municipal
and many industrial purposes.

During the recurrent periods of drought to which
Kansas is subject, the addition of saline drainage from
irrigated land to water containing naturally high con-
centrations of dissolved solids could cause severe deg-
radation of quality in water supplies. Conversely,
drainage from the irrigated land could benefit de-
pleted ground-water reservoirs and sustain perennial
streamflow where natural streamflow is ephemeral.
However, little definitive information about the effects
of irrigation on the chemical quality of related water
resources in Kansas is available. Most of the previous

' A conversion table of English/metric units and abbrevia-
tions is given in the introduction, page 4 of this report.
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work relating irrigation to water quality in the State
described the effects of the chemistry of the irrigation
water on soils and crop yields. Published results of
investigations of the effects of return flow on streams
in other states provides useful guidelines for anticipat-
ing changes, but the results are not necessarily applic-
able everywhere.

Irrigation will continue to be a substantial factor
affecting the water-resources development and the
economic health and growth of Kansas. Most of the
irrigation is with ground water for which the rate of
withdrawal exceeds natural recharge; therefore, sur-
tace-water sources may become more important in the
tuture. Development of surface water for irrigation
has been confined chiefly to six U.S. Bureau of Re-
clamation projects in the Kansas River basin in the
north and west-central part of the State. In 1966, about
70,000 acres (28,000 ha) were irrigated with water
from project reservoirs, all of which lie upstream from
major centers of population that depend mainly on the
river and its tributaries for a water supply. Develop-
ment of additional acreage is contemplated. Quanti-
tative information describing the effects of irrigation
on water quality is needed to facilitate planning for
equitable distribution of the limited supply of water
and to promote the most efficient use of water for
irrigation with a minimum degradation of quality in
related water supplies.

In 1964, the Kansas Water Resources Board and
other concerned State and Federal agencies considered
preliminary proposals for a detailed interagency in-
vestigation of the hydrologic system of a typical irri-
gation project in Kansas. The newly organized Cedar
Bluff Irrigation District in west-central Kansas (fig. 1)
was selected for the study, but funding was inade-
quate to support the extensive staffing and instrumen-
tation necessary for the proposed comprehensive
study. To satisfy the urgent need for information,
and to collect data that could constitute the frame-
work for more detailed studies, the less ambitious pilot
investigation described herein was begun in 1965 as a
cooperative effort by the Environmental Health Serv-
ices (now Division of Environment) of the Kansas
Department of Health and Environment, the Kansas
Geological Survey, and the U.S. Geological Survey.
Data collection for the project was concluded in
December 1971,

The Cedar Bluff Irrigation District was selected for
the study because the natural equilibrium of the semi-
arid hydrologic environment had only recently been
upset by irrigation that began in 1963. No critical pol-
lution problems were known to exist, but degradation
in the chemical quality of low streamflow of the adja-

Kansas Geol. Survey-—Chemical Quality Series No. 1
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cent Smoky Hill River by drainage from the irrigation
district could adversely affect the municipal water
supply for the city of Hays which is obtained from
wells in the valley alluvium about four miles down-
strecam from the study area. Pertinent background in-
formation describing the geology and water resources
is available from published reports by Hodson (1965)
and Leonard and Berry (1961) and unpublished data
in the files of State and Federal agencies. Useful data
also were collected on a routine basis from existing
observation wells and recording gages by personnel
of the U.S. Bureau of Reclamation and the irrigation
district as part of the operation of the Cedar Bluff
Dam and district.

The Cedar Bluff study is unique in Kansas because
it began soon after the first irrigation season and be-
fore return flow became a significant component of
streamflow adjacent to the district. Data representing
the preirrigation base line are scarce, but progressive
changes in water quality caused by irrigation could
be separated from natural variations as the district
converted from range land and dryland farming to
intensive cultivation under irrigation. Increased crop
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diversification, livestock production, and use of chemi-
cals are peripheral results of irrigation that may com-
plicate the water-quality picture. However, the effects
on water quality of cultural factors other than irri-
gated agriculture appeared to be relatively insignifi-
cant or amenable to measurement. The irrigation
water from Cedar Bluff Reservoir and runoff through
or from the sparsely populated drainage area of the
district seem to be relatively unaffected by municipal
or industrial efluent. Ground water withdrawals in
the district are generally small and widely scattered.

Objectives and Scope of the Study

The principal objective of the study was to eval-
uate the progressive effects of irrigation with water
from Cedar Bluff Reservoir on the chemical quality of
ground water and surface water in and adjacent to
the newly established irrigation district. A secondary
objective was to relate the changes in the chemical
quality of water to natural and manmade factors in
the environment to a sufficient degreec that the rela-
tions would be useful for water-resources evaluation
and planning. Development of a precise hydrologic
model for use as a planning tool is beyond the scope

Evaopotraonspirotion (E. T.)

of this investigation, but most of the data collected are
applicable to that type of endeavor.

A wide variety of data was collected and analyzed
by different methods to evaluate their application to
the potential problem of quality deterioration resulting
from irrigation. If the results serve as guidelines for
selection of the type and minimum quantity of data
needed for similar or related investigations of the
movement of inorganic pollutants or of artificial re-
charge under somewhat similar gechydrologic condi-
tions, an implied objective of the study has been
attained.

Approach

A large volume and wide variety of basic data
werc collected at the sites shown in plate 1 between
1964 and 1971 to describe semiquantitatively the
system shown schematically in figure 2. The data in-
clude measurements of precipitation, water levels and
water discharge; lithologic and gamma-ray logs of
observation wells and test holes; chemical analyses of
ground water, surface water, and soil; analyses for
pesticides in ground and surface water; and selected
particle-size analyses of soil. Except where noted in
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Ficure 2.—Diagram of the local hydrologic system.
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the text, water analyses were performed in the Divi-
sion of Environment laboratory, Kansas Department
of Health and Environment. The methods of analysis
generally were those recommended in “Standard
Methods for the Examination of Water, Sewage, and
Industrial Wastes” ( American Public Health Associa-
tion and others, 1971). Definitions of technical terms,
as used in this report, are summarized in the glossary.
Some were from publications of the U.S. Department
of Agriculture and the Federal Water Pollution Con-
trol Administration (now Environmental Protection
Agency). Extensive use of existing digital-computer
programs ( Lowell, et al.,, 1970) facilitated compilation
and analysis of the varied and voluminous data.

Only the most significant part of the basic data is
reproduced herein, and that part mostly in graphical
form. Data have been released in the U.S. Geological
Survey annual series “Water Resources Data for Kan-
sas, Part 2. Water Quality Records,” in interpretative
progress reports (Leonard 1969a, b, 1970), and in a
compilation (Leonard and Stoltenberg, 1972) intended
for limited distribution to researchers engaged in simi-
lar or related studies. Information relating to the oper-
ation of the irrigation district and Cedar Bluff Reser-
voir was drawn freely from published and unpublished
reports of preliminary investigations, work plans, and
operations provided by the U.S. Bureau of Reclama-
tion, McCook, Nebr. and by Mr. Robert Schamel,
Manager, Cedar Bluff Irrigation District. Observation-
well information not included in published reports are
on file at the U.S. Geological Survey, Lawrence, Kans.

The data are used to describe the geohydrologic
setting in sufficient detail to relate the physical and
chemical properties of the system to the quantity and
quality of water passing through it. Input of water
and salts is estimated from the measured quantity and
quality of irrigation water, the quantity and distribu-
tion of rainfall, and estimates of the quantity of water
returned to the atmosphere by crops.

Recorded changes in the altitude and configuration
of the water table and in the concentrations of the
major ions in ground water in and adjacent to the irri-
gated area reflect the arrival, distribution, lateral mi-
gration, and discharge of water in and from the
ground-water reservoir. Detailed data are used to
relate corresponding changes to the geology, distribu-
tion of water, and changes in the chemistry of the soil
profile in three experimental plots.

Data from sixteen seepage-salinity surveys describe
the quantity and quality of ground-water discharge
from the district and its effect on low streamflow of
the Smoky Hill River. Additional data collected at
more frequent intervals at four stations adjacent to
the district describe streamflow over a wider range of
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conditions. Estimates of the quantity and quality of
drainage from the district based on the results of the
salinity surveys were compared with estimates based
on continuous records and with cstimates based on
irrigation requirements and distribution of the irriga-
tion water.

English units of measurements used in this report

are given in equivalent metric units (in parentheses)
using the following conversion factors:

English units Multiply by Metric units

inch (in) 2.54 centimeter (cm)
foot (ft) .3048 meter (m)

mile (mi) 1.609 kilometer (km)
acre 4047 hectare (ha)

4.047x10™  square kilometer (km®)

square mile (mi?) 2.590 square kilometer (km?®)
gallon (gal) 3.785 liter (1)
cubic foot (ft*) .02832 cubic meter (m?®)

cfs-day (ft*/s-day) 2447 cubic meter (m®)

acre-foot (acre-ft) 1233 cubic meter (m®)
1.233%x10"® cubic hectometer (hin®)

cubic feet per .02832 cubic meters per
second (ft*/s) second (m%/s)

gallons per minute .06309 liters per second (1/s)
(gpm)

NUMBERING SYSTEM FOR WELLS
AND SOIL-SAMPLING SITES

Wells and soil-sampling sites are numbered ac-
cording to the Bureau of Land Management’s system
of land subdivision. The first set of digits of the loca-
tion number indicates the township south of the north
border of Kansas, which is the 40th parallel; the second
set, the range west of the sixth principal meridian; and
the third set, the section in which the well is situated.
The first letter denotes the quarter section, or 160-acre
tract; the second, the quarter-quarter section, or 40-
acre tract; and the third (when shown), the quarter-
quarter-quarter section, or 10-acre tract. The quarter
sections, quarter-quarter sections, etc., are designated
A, B, C, and D in a counterclockwise direction be-
ginning in the northeast quarter section. For example,
well 14-21W-27DAD is in the SEXNEX4SEX sec. 27, T.
14S,R. 21 W. (fig. 3).

If more than one well is in the same tract, consecu-
tive numbers beginning with 2 are added to the letters
in the order in which the wells were installed. To
simplify the description and graphical illustration of
experimental plots, the closely spaced wells therein are
designated by the last letter and number in consecu-
tive order beginning with 1.
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F1cure 3.—Numbering system for wells and soil-sampling sites.

LOCATION AND
GEOHYDROLOGIC SETTING!

Cedar Bluff Irrigation District No. 6 is north of the
Smoky Hill River and east of Cedar Bluff Dam, which
is about 22 miles (35 km) southwest of Hays in west-
central Kansas. About 80 percent of the irrigable area
in the district is on a high terrace at an average eleva-
tion of about 80 feet (24 m) above the river. In the
study area, the terrace ranges from 1 to 2 miles (1.6 to
3.2 km) in width, and slopes gently to the east and
south. Most of the remainder of the district is within
the flood plain of the Smoky Hill River or on low
discontinuous terraces adjacent to it.

The principal natural drains are stream valleys that
transect the terrace at intervals of 1 to 1.5 miles (1.6 to
2.4 km). Most of the streams are intermittent, but
some streams have become perennial since irrigation
began. Small undrained depressions are common. The
permeability of the unconsolidated sediments over
most of the area is adequate to permit infiltration and
deep percolation of rainfall and irrigation water.

Relatively impermeable limestone and shale form
the irregular sides and bottom of the container in
which unconsolidated sediments (collectively termed
valley-fill deposits) were laid down by the Smoky
Hill River and its tributaries. The older valley-fill de-
posits, mapped as undifferentiated Pleistocene, under-
lie the prominent terraces on which most of the irri-
gated acreage is located. Younger valley-fill deposits,
mapped as Wisconsinan deposits and Recent alluvium,
underlie the low terraces and the flood plain of the
river. Variation in texture, composition, and distribu-

* The classification and nomenclature of rock units used in
this report are those of the Kansas Geological Survey and differ
somewhat from those used by the U.S. Geological Survey.

tion of the sediments and the configuration of the
bedrock surface affect the rate and direction of flow
as well as the quality of water passing through the
unconsolidated sediments.

The generalized surficial geology of the area, the
general configuration of the bedrock surface, and
the lithologic sections, shown on plate 2, are based on
information from published reports, on unpublished
logs of wells, maps, and reports by the U.S. Bureau of
Reclamation, and on data from wells and test holes
augered during the present investigation. Land-sur-
face elevations were obtained from detailed topo-
graphic maps of the area at a scale 1 inch (2.5 cm)
equals 400 feet (120m) made by the Bureau of Recla-
mation before the district was developed and from
traverses made to locate wells installed during this
investigation.

Differences in the quality of lithologic samples
from jetted, augered, and drilled holes, differing de-
scriptions of the material penetrated by original and
replacement wells at the same site, and differences in
textural classification between drillers’ logs and me-
chanical analyses of samples were commonly found
during analysis of the data. Information from closely
spaced wells augered in experimental plots indicates
that the lithologic characteristics of the unconsolidated
sediments are quite variable and that relief on the
bedrock surface is greater than shown; therefore the
geologic picture presented herein probably is over-
simplified. Resolution of the minor discrepancies in
the presentation of geologic and hydrologic data taken
from other sources was beyond the scope of this proj-
ect, and of little significance in the ultimate con-
clusions.

Undifferentiated Upper Cretaceous Rocks

The consolidated rocks that underlie the valley and
crop out on the uplands are of Cretaceous age includ-
ing, in ascending order, the Greenhorn Limestone, the
Carlile Shale, and the Niobrara Chalk. Individual
units have not been differentiated on the geologic map.
The rocks are generally impervious and do not yield
significant amounts of water to wells except where
highly weathered. The Greenhorn and Carlile func-
tion chiefly as a lower boundary for ground-water cir-
culation; however, the formations contain soluble min-
erals that are a source of ions in the ground water.

Only the upper part of the Greenhorn Limestone,
which consists of alternating beds of chalky limestone
and shale, crops out and underlies part of the irrigated
area. The Greenhorn is a source of calcium and
carbonate for ground water in the overlying uncon-
solidated sediments.




The Carlile Shale, which underlies most of the irri-
gated area, is about 300 feet (91 m) thick. The lower
part (Fairport Chalk Member) consists of alternating
beds of chalky limestone and shale similar to the
underlying Greenhorn Limestone. The upper part
(Blue Hill Shale Member) is about 175 feet (53 m)
thick. It consists of blue-gray shale containing crystals
of selenite (CaSO, - 2H0); plates, layers, and flakes
of iron oxides; and large calcareous concretions. The
sulfate in the selenite may have been derived from
oxidation of pyrite. Leachate (distilled water) from
a sample of the shale was an acid water that contained
more than 1,100 mg/]1 (milligrams per liter) of sulfate,
nearly 300 mg/] of calcium, and 4 mg/l of chloride.
The pH of the solution was 1.0. Relatively high con-
centrations in the sample of the nutrients; potassium
(44 mg/l1), nitrate (104 mg/l), and phosphate (22
mg/l) were found.

Deep weathering of the Blue Hill Shale Member
of the Carlile Shale to residual clay precluded precise
definition of the bedrock surface in some wells. How-
ever, the effect of the relatively impermeable buff to
yellow clay on the movement of ground water is prob-
ably similar to the effect of the unaltered shale.

The Fort Hays Limestone Member of the Niobrara
Chalk consists of massive chalk beds separated by thin
chalky shale partings that locally yield small amounts
of water to wells in the uplands north and south of the
study area. Other than contributing calcium carbon-
ate to upland runoff carried by the natural drains that
traverse the area, the Fort Hays Limestone has little
effect on water quality in the study area. Dissolution
of fragments of the Cretaceous limestones in some
stream deposits maintains high concentrations of cal-
cium and bicarbonate in the included waters.

Undifferentiated Pleistocene Deposits

Deposits of Pleistocene age in high terrace positions
fill and overlap channels eroded in a pediment on the
Cretaceous bedrock. Previous investigators subdivided
the Pleistocene deposits into five formations. In as-
cending order, these are the Grand Island, Sappa,
Crete, Loveland, and Peoria Formations. The Grand
Island and Crete Formations consist chiefly of arkosic
sand and gravel. They are separated by the Sappa
Formation, which consists chiefly of silt and sandy
clay. The Grand Island and Sappa are reportedly
(Leonard and Berry, 1961; Hodson, 1965) restricted
to a narrow meandering ancestral channel of the
Smoky Hill River north of the present channel (See
section A-A’, plate 2). The available subsurface in-
formation is inadequate to define the limits of the
channel, if indeed a single channel exists.
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The high terraces are mapped herein as undiffer-
entiated Pleistocene deposits on the geologic map.
These deposits generally coincide with the Crete and
Loveland Formations mapped by Leonard and Berry
(1961). In Trego County, the boundaries are nearly
similar to those mapped by Hodson (1965) as terrace
deposits of the Grand Island, Sappa, and Crete For-
mations and loess classified as the Loveland and
Peoria Formations. Most of the sediment described as
terrace deposits by Hodson would be included in the
Crete Formation, which apparently grade upward into
yellow and buff silt and sandy silt classified as Love-
land by Leonard and Berry (1961). Part of the loess
was deposited in or reworked by moving water. Where
the terraces have not been dissected, loess and col-
luvial deposits obscure the upper contact with the
bedrock, which is located mainly on a topographic
discontinuity.

Soils developed on the silt (either Crete or Love-
land) are mainly silty clay with high water-holding
capacity and adequate internal drainage for good
yields under irrigation. The loess deposits normally
are calcareous and contain lenses and nodules of
caliche (calcium carbonate), which is readily dis-
solved by water containing carbon dioxide to yield
calcium and bicarbonate ions.

Wide lateral and vertical variability in texture and
composition characterize the fluvial deposits; however,
the sediments underlying the high terraces consist
basically of a section of sand or sand and gravel over-
lain by silt and clay. Lecnses of silt and clay in the
coarse-grained section and of sand and gravel in the
overlying section are common. In the eastern part of
the area, the lower coarse-grained section contains less
gravel. Most of the section probably represents the
Crete and Loveland Formations as described above,
but data generally are inadequate to justify placement
of the formational contacts.

Relief on the bedrock surface that affected the
nature and distribution of the sediments at the time
of deposition, now affects to a large extent the thick-
ness of the saturated section, the direction of move-
ment of ground water, and the points of maximum
discharge into the Smoky Hill River. Ground-water
movement in the reservoir beneath the terrace, as
shown in plate 1, is southward where surface or sub-
surface channels drain water toward the river. Where
bedrock ridges retard flow toward the river, ground
water moves eastward in channels beneath the terrace.
Additional drilling to define the configuration of the
aquifers and pumping tests to evaluate their hydraulic
properties is nccessary for precisc mathematical model-
ing of the system; but collection of the data was be-
yond the scope of the investigation.
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Recent Alluvium and Wisconsinan Deposits

As illustrated in plate 2, the present channel of the
Smoky Hill River occupics only a small part of the
valley eroded in the bedrock during late Pleistocenc
time. There is little or no surface expression of the
ancestral channcl beneath the modern flood plain and
low terraces. However, the ancestral and modern
channels generally are parallel. Limited test drilling
adjacent to the river penctrated about 60 feet (18 m)
of coarse sand and gravel that generally is overlain by
10 to 20 feet (3 to 6 m) of gray silt or sandy silt. Lesser
thicknesses of generally fine-grained alluvium fills the
channels of tributary streams that traverse the terrace.

Most of the alluvium is lithologically similar to the
fluvial deposits from which it was largely derived.
Some of the coarse-grained sediment classified as early
Pleistocene in test holes north of the flood plain may
be younger alluvium that fills deeply incised buried
tributaries. Abundant fragments of limcstone and
shale in the streambed of the Smoky Hill River attest
to relatively rccent and continuing erosion of the
nearby Cretaceous bedrock. As illustrated by the map
showing the gencral configuration of the water table
(pl. 1), virtually all excess water from the irrigation
district will pass through or over these generally per-
meable deposits. Several irrigation wells installed in
the alluvium between the river and the irrigated land
since 1965 are capable of sustained yields of from
800 to 1,000 gpm (50 to 63 1/s).

DISTRIBUTION AND USE OF WATER

In western Kansas, more than 95 percent of the
precipitation on the land surface is evaporated from
the soil or is transpired by plants. Seepage of part of
the sporadic upland runoff carried by natural drains
that traverse the study area and infiltration and per-
colation of rainfall on the cultivated area during
abnormally wet years probably contributes a small
amount of recharge to the ground-water reservoir.
However, consumptive use of water by natural and
cultivated vegetation exceeds normal rainfall during
the growing season. Where the moisture deficiency
was overcome by irrigation, more water became avail-
able to percolate below the root zone into the ground-
water reservoir.

Precipitation

Official records of precipitation at Cedar Bluff
Dan, Ellis, and Hays (National Weather Service)
werce supplemented by daily observations at five proj-
ect stations equipped with wedge-shaped plastic rain
gages (fig. 2). Records were kept by volunteer

observers including: Mrs. S. Irwin (rain gage 1);
Mr. R. Schamel (rain gage 2); Mrs. F. Dinkel (rain
gage 3); Mr. J. T. Wanamaker (rain gage 4); and
Mr. B. Younger (rain gage 5). Average annual pre-
cipitation is less than 23 inches (58 cm), about 75
percent of which normally occurs during the growing
scason April through September. Deficiencies in an-
nual rainfall at Hays, about 8 miles (13 km) northeast
of the district, in 1964, 1966, 1968, and 1970 far ex-
ceeded the recorded excess during the alternate years
(tablc 1). Without the additions of water from irriga-
tion, the period of study might have been character-
ized by a declining water table and diminished base
flow in the Smoky Hill River adjacent to the district.

TaBLE l.—Annual precipitation at stations near Cedar Bluff
Irrigation District, 1963-71.
[U.S. Department of Commerce, National Oceanic and Atmos-
pheric Administration, Environmental Data Service, Climato-
logical data, Kansas, Annual Summaries 1963-71.]

Precipitation at indicated stations, in inches!

Cedar Bluff Departure from
Year Dam Ellis Hays normal at Hays
1963 . 18.79 19.32 22.17 —0.70
1964 . 18.54 16.72 19.76 —3.11
1965 ... 23.85 35.95 24.49 1.62
1966 ... 12.75 16.78 17.14 —5.73
1967 18.74 22.12 23.64 77
1968 . . . 13.83 20.18* 18.83 —4.04
1969 . 24.10 27.49 25.12 2.25
1970 15.78 1851 18.23 —4.64
1971 23.04 26.45 23.75 .88

1 Inches X 2.54 equals centimeters.
2 Estimated.

During 1963-71 the annual precipitation at Hays
generally exceeded the annual precipitation at Cedar
Bluff Dam by several inches. A large part of the rain-
fall occurred during intense localized convective
storms of short duration; therefore, recorded daily
values at one station do not necessarily apply to the
entire district. However, the apparent increase in
precipitation from west to east was also observed at
the project stations. The values for annual precipi-
tation used in calculations for this report represent
areally weighted averages of values recorded at the
dam and at project stations. During 1964-71, annual
rainfall ranged from about 17 to 29 inches (43 to 74
¢m); the mean was about 22 inches (56 cm).

The quantity of dissolved solids in rainfall is negli-
gible; therefore, increased rainfall normally causes
dilution of ground and surface water. During periods
of high runoff, calcium and bicarbonate are trans-
ported into and through the district from limestone
areas to the north, and salts that have accumulated
near the land surface throughout the drainage area
during drier periods are flushed to the river. The
quantity of accumulated salts carried from the district
by storm runoff is virtually impossible to measure;
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therefore, no attempt has been made to describe a
total salt balance for the irrigation district.

Data from previous investigations and from adja-
cent nonirrigated areas during this investigation indi-
cate that the quantity and chemical quality of ground
water beneath the district before irrigation varied
within a relatively narrow range in response to varia-
tions in precipitation. Although the rate of application
of irrigation water generally varied inversely with
precipitation, the introduction into the system of large
volumes of water containing significant quantities of
dissolved solids caused progressive changes in the
quantity and quality of the ground water that were
distinct from those caused by variations in rainfall.

Irrigation Water

The quantity and rate of application of irrigation
water affects the quality of related water supplies as
well as the crop response in the irrigated area. For
example, a rising water table, local waterlogging of
soils, or acceleration of ground-water discharge may
indicate excessive applications of water. Reduction of
diversions would save water and reduce the volume
of potentially pollutant return flow. Conversely, re-
duction of the quantity of applied water could cause
undesirable diminution of sustained low flow in the
river, degradation of ground-water quality, increased
salinity in stock ponds and other impoundments re-
ceiving drainage from the district, and an unfavorable
salt balance in the soil.

DELIVERIES AND CONSUMPTIVE USE

The acreage under irrigation expanded from 2,226
acres (900 ha) in 1963 to 5,897 acres (2,400 ha) in
1971. Diversions to the irrigation canal ranged from
7,146 acre-feet (8.8 hm®) in 1963 to 17,725 acre-feet
(21.9 hm?) in 1968 (fig. 4 and table 2). The net input
(N) of water delivered to the district is equal to the
total diversion from the reservoir (D) minus waste
(W) (fig. 2). Waste is water discharged from the end
of the canals and laterals to maintain flow throughout
the system. Presumably, the waste returns to the river
virtually undiminished in quantity and unchanged in
quality, but a small part is consumed by plants in the
natural wasteways.

Net input (N) consists of deliveries to farms (I)
and losses (L) from the canal and laterals by seepage
and evaporation. Evaporative losses from the canal
appear to be negligible. Evaporation and transpira-
tion of part of the irrigation water leaves the re-
mainder more highly concentrated. Only slight
changes were observed in the specific conductance
and concentrations of the ions along the canal during
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hot weather of the irrigation season; therefore, losses
arc attributed mainly to seepage.

To estimate the quantity of excess water available
for recharge, the average consumptive use (C) of
water in the irrigated arca was calculated by a slight
modification of thc method of Blaney and Criddle
(1950). The method is based on the tested premise
that the consumptive use of water by any crop is
determined by temperature, available water, length
of the growing season, and of daylight. Monthly
consumptive use of water by each crop can be ex-
pressed as

U=Kf

where U is the monthly consumptive use; K is an ex-
perimentally determined coefficient for each crop
based on tank and plot studies, and f is the product of
the monthly mean temperature and the percent day-
light hours that occur in that month. Acreage devoted
to each crop was obtained from the annual crop sum-
maries issued by the U.S. Bureau of Reclamation;
monthly mean temperatures and date of the first and
last frost were obtained from records of the National
Weather Service for Hays; the percent daylight hours,
definition of the growing season, and crop coefficients
applicable to Kansas were taken from Hanson and
Meyer (1953). The average consumptive use for the
irrigated acreage is shown in table 2 and in figure 4.
The irrigation requirement (R) is defined as con-
sumptive use (C) minus the effective rainfall. The
effective rainfall for each year is the cumulative
monthly effective rainfall for all crops during the
growing season. As used in table 2, the monthly ef-
fective rainfall for any crop was the rainfall equal to or
less than the consumptive use. If all rainfall during
the growing season had been included as eflective
precipitation, the irrigation requirement would have
been negative for several months when heavy rainfall
during one or two days exceeded the monthly con-
sumptive use. Calculations are based on the assump-
tion that adequate irrigation water was applied to
ensure optimum growth during the growing season;
therefore, most of the heavy rainfall would run off the
moist soil. Observations during and after heavy con-
vective storms support this assumption, although some
of the runoff from the irrigated land undoubtedly in-
filtrated the soil in adjacent nonirrigated land.

Farm deliveries (I) exceeded the irrigation re-
quirements (R) during 1963-71; therefore, adequate
water evidently was available for leaching and re-
charge in the irrigated area during the growing season.
Available recharge from the irrigated land probably
is more nearly equal to the excess rainfall for the
entire year plus the excess farm deliveries. The excess
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Ficure 4.—Acres irrigated, canal diversions, and average distribution of water per irrigated acre, 1963-71.
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Leonard—Changes in Chemical Quality of Water, Cedar Bluff Irrigation District Area, West- Central Kansas 11

water from irrigated land (Ax) that is available for
recharge is calculated in table 2 from annual rainfall
on irrigated land (Pa) plus farm deliveries (I) minus
consumptive use (C).

If losses from the canal and laterals (L) represent
seepage to the ground-water reservoir, the quantity of
water available for recharge as a result of all deliveries
of water to the irrigation district would be equal to
the net input (N) minus the irrigation requirement
(R). The difference is defined as excess input (Xn) in
table 2. Thus, concentration of the ions in the infil-
trated water depends largely upon the chemical qual-
ity of the irrigation water.

CHEMICAL QUALITY

The concentrations of dissolved solids in the irri-
gation water from Cedar Bluff Canal generally in-
creased progressively from year to year (table 3). The
specific conductance, in micromhos per centimeter at
25°C, increased from about 800 in 1964 to 980 in 1971.
For the purposes of this report, waters are described in
terms of the most abundant anion and cation, in me/l
(milliequivalents per liter). The percent composition
of the calcium-sulfate type water remained relatively
constant except for a progressive increase in sulfate and
a concomitant decrease in bicarbonate. Bicarbonate
and sulfate comprised about 93 percent of the anions.
Sulfate and dissolved solids were higher than maxi-
mum concentrations recommended for drinking water
by the Kansas State Board of Health (1973). Low
concentrations of nitrogen and phosphorus indicate
that eutrophication of the reservoir is not an immedi-
ate problem although the water has a distinct greenish
cast during the late summer. The paucity of these
nutrients may be responsible for a less than desirable
rate of propagation and development of some game
fish in the reservoir.

According to the classification of the U.S. Depart-
ment of Agriculture (1954, p. 81), which is based on
the specific conductance and sodium-adsorption ratio
of the irrigation water (table 3), the water has a low
sodium (alkali) hazard and a medium to high salinity
hazard for irrigation. According to another classifica-
tion (Jacobs and Whitney, 1968, p. 17) based on
specific conductance and percent soluble sodium, the
sodium and salinity hazard for field crops in medium
textured soil is low. A moderate amount of leaching
is required to prevent accumulation of salt in the soil.

GROUND WATER

More than 100 observation wells with 1%- or 2-inch
(3.2- to 5.1-cm) diameter casings were installed in
and adjacent to the irrigation district by the U.S.

Bureau of Reclamation, the Kansas Department of
Health and Environment, the Kansas Geological Sur-
vey, and the U.S. Geological Survey from 1947 to
1971. Water levels were measured and water samples
for chemical analysis were collected periodically at
selected wells.

Pertinent data for each well, depths to water be-
low land surface datum, and results of chemical analy-
ses of water samples collected from 1964 to 1971 are
included in a separate basic data report by Leonard
and Stoltenberg (1972). Only the most significant
information is portrayed herein.

Areal Changes in Water Levels

As shown in plate 1, the water table generally
sloped gently toward the south and east and was
interrupted by erosional remnants of relatively im-
permeable bedrock. Maximum and minimum recorded
depths to water between 1964 to 1971 show that the
water level in most of the wells in and adjacent to
the irrigated land fluctuated within a range of from
4 to 10 feet (1.2 to 3.0 m), but generally remained
more than 20 feet (6.1 m) below the land surface
under the high terrace. The lowest levels generally
were recorded near the beginning of irrigation in
1964-65; the highest in 1969 or 1970. Some areas of
seepage developed in topographically low areas along
natural drains, and where the bedrock was near the
surface between the irrigated acreage and the river.
However, the water table remained well below the
root zone under most of the irrigated land.

Hydrographs of selected observation wells in and
adjacent to the district (fig. 5) illustrate the progres-
sive rise of the water table in or down the ground-
water gradient from the irrigated area in response to
irrigation. Water levels generally were highest in the
late summer and early fall as excess rainfall and irri-
gation water accumulated in the aquifers. As a result
of drainage from the aquifer and the paucity of re-
charge during the winter, water levels normally de-
clined to a minimum in early spring.

Areal Changes in Chemical Quality

Although most of the wells were screened in litho-
logically similar sediments, the chemical quality of
water differed widely from well to well and changed
with time. The concentrations of the ions in successive
samples from many of the wells remained constant
only after about 1 gallon (3.8 1) for each 10 feet (3.0
m) of standing water was withdrawn and discarded.
After 1967, a sampler designed specifically for use in
the 1%- or 2-inch (3.2- or 5.1-cm) diameter casings was
used instead of conventional bailers. “Mean” or “typ-
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Ficure 5.—Fluctuations of water levels in selected observation wells, 1961-71.

ical” analyses were inadequate to describe the chemi-
cal quality or ground water in the area.

The rising water table in and adjacent to the irri-
gated land reflected infiltration of excess water. If all
of the thousands of tons of dissolved solids delivered
to the district in net input (N) were dissolved in the
excess water remaining after evapotranspiration (Xn)
(table 2), the concentration of a given ion in that
water theoretically would be equal to N/Xn times the
concentration of the ion in the irrigation water. For
example, the concentration ratios (CR) shown in table
2 range from about 1.1 to 1.9. If E; represents the
specific conductance of the irrigation water, the cor-
responding values of the specific conductance of the
excess water (Xn) would range from 905 micromhos
per centimeter at 25°C in 1965 to 1848 micromhos per
centimeter at 25°C in 1971. The estimated specific
conductance (E1/X;) of soil water (X;) in the irri-
gated fields would be higher.

If the specific conductance of the excess water were

determined by mixing the excess water for each year
with the excess from preceding years, the specific
conductance of the cumulative mixture (E,) would
range from about 966 micromhos per centimeter at
25°C in 1965 to 1,220 micromhos per centimeter at
25°C in 1971. The latter alternative more closely
approximates the natural situation and the results of
analyses of ground water in the area.

Mixing with natural ground water, selective pre-
cipitation of the least soluble salts on the surface and
in the soil profile, ion-exchange reactions, and leaching
of residual salts from the soil profile can alter the ionic
composition of the ground water from the predicted
values. To relate variations in the composition of
sampled waters to the irrigation water in parts of this
report, the specific conductance and concentrations of
the ions are expressed as “concentration ratios” to the
specific conductance and concentrations of the cor-
responding ions in the irrigation water. Abnormally
high or low ratios for individual ions reveal that proc-
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esses other than dilution and evapotranspiration af-
fected the composition of the water.

The locally variable chemical composition of na-
tural waters in the area was caused chiefly by soluble
minerals in the soil and rock. Calcium, derived chiefly
from limestone, caliche, and gypsum is normally the
predominant cation. Bicarbonate from limestone and
sulfate from gypsum or the oxidation of pyrite in shale
are predominant anions. Most of the sodium and
chloride seems to have been derived from the soil,
however, locally high concentrations of both ions are
associated with oil-field or livestock operations. Water
in the Dakota Formation, which underlies the area at
depth, contains high concentrations of sodium and
chloride ions. Although the water generally is con-
fined by overlying shale, there are unconfirmed reports
that a few abandoned wells in the Dakota flowed at
the surface near the river. The plant nutrients, potas-
sium, nitrogen, and phosphorus, are constituents of the
rocks, particularly organic shale, as well as of fertilizers
that are used extensively in the irrigated area.

Between 1965 and 1971, the specific conductance
in most of the well waters increased and the water
type changed as shown in plate 3. In 1985, calcium-
bicarbonate type water underlaid most of the eastern
part of the area. Sodium-sulfate and sodium-bicar-
bonate types generally were associated with buried
channels in the bedrock (pl. 2). By 1971, nearly all of
the well waters were of the calcium-sulfate type, evi-
dently as a result of infiltration of calcium-sulfate type
irrigation water. Most of the changes in concentrations
were progressive, but the rates of change were most
pronounced during 1967-69.

The increases in specific conductance (propor-
tional to the concentration of dissolved solids) in many
of the well waters were larger than would be pre-
dicted from the estimated consumptive use of irriga-
tion water, and the concentration ratios for the ions
varied widely. Evidently, residual salts that had accu-
mulated in the soils and aquifers under semiarid con-
ditions before irrigation began had been leached to
the ground-water reservoir. However, the changes in
the distribution of the ions from well to well and in
the configuration of the water table as irrigation con-
tinued indicate that lateral movement of ground water
had significantly affected the chemistry of the well
waters. Lack of uniformity in the chemistry of the
ground water is related to lack of homogeneity of the
subsurface hydrogeologic and chemical environment.

The specific conductance of water is a measure of
the total concentration of all of the ionic constituents,
however, each of the constituents can behave differ-
ently in the hydrologic environment. In the Cedar
Bluff area, changes in the distribution and concen-

Kansas Geol. Survey—Chemical Quality Series No. 1

tration of the chloride ion are more readily related to
changes in the hydrologic system than are the changes
in the concentrations of the other ions or in the specific
conductance.

Under the conditions prevailing in the study area
the chloride ion is virtually unaffected by precipitation
or ion exchange; therefore, it is a relatively effective
tracer. Chloride comprised only about 7 percent of
the anions in the irrigation water at a maximum con-
centration of about 26 mg/1 (table 3). The concentra-
tions of chloride in many well waters and in ground-
water discharge from the district to tributaries, as
shown in figure 6, far exceeded the concentration of
chloride in the irrigation water and the concentrations
that were predicted from consumptive use.

In general, the concentration of chloride increased
under the irrigated land except where high concen-
trations prevailed in 1965. In the western part of the
area, locally high concentrations are believed to have
been associated with pollution of the shallow aquifers
by oil-field brine. For example, a decrease of more
than 200 mg/l in the domestic well serving the Cedar
Bluff Irrigation District office (15-20W-5AD) in the
central part of the area is attributed to dilution and
displacement to the south of waters containing brine
from improper oil-field operations in the past. Similar
changes were noted elsewhere.

The wide distribution of chloride in transient stor-
age suggests a more extensive source than the limited
disposal of oil-field brine in the area. The greatest
increase in concentration over an appreciable area was
on, and north of, an elongated erosional remnant of
bedrock that separates the water table under the high
terrace from the water table in the alluvium along the
river (pl. 2). In part of the area, high concentrations
of chloride appear to have been caused by evapotran-
spiration of water from a shallow water table over the
bedrock. The barrier is breached by tributaries that
are sustained mainly by chloride-rich drainage from
the irrigated land. The nature and configuration of
the changes shown in plate 3 and in figure 6 seem to
indicate that infiltrated water in excess of crop require-
ments leached chloride and other accumulated salts
from the soil, then mixed with and partially displaced
natural water down gradient. More detailed data from
three experimental plots support this hypothesis.

Experimental Plots

In 1964, nine or more observation wells with 2-inch
(5.1-cm) galvanized steel casing were installed in each
of three experimental plots (pl. 1) that are underlain
by differing types and thicknesses of unconsolidated
sediment. Brass well-point screens in most of the wells
are set near the undulating base of the saturated sec-
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tion at depths ranging from 20 to 70 feet (6 to 21 m).
Additional wells were installed in 1967 and 1971 to
test for vertical stratification of the ions in the ground-
water reservoir. To minimize interference with farm-
ing operations the wells were located along the edges
of the fields and on berms separating graded benches.
Despite the inconvenience, the owners, Mr. Vernon
Moore (plot 1) and Mr. Philip Nicholson (plots 2 and
3) and their renters graciously made their fields avail-
able and contributed valuable assistance and in-
formation.

Plot 1 includes about 10 acres (4.0 ha) of a larger
field in the northeastern part of the district, south of
and adjacent to the irrigation canal near the uppcr
boundary of the high terrace. Plot 3, about 40 acres
(16.2 ha) in area, is about 1% miles (2.4 km) to the
south, down the regional ground-water gradient. Both
are located near and east of geologic section C-C’ in
plate 2. Both were primarily cornfields during the
study, although a minor amount of grain sorghum was
planted in each during some years. Irrigation water
was transferred by siphon to the individual furrows
from lateral ditches along the western boundaries.
Plot 2 is located near the western edge of the district
on a low alluvial terrace near the river. Alfalfa was
grown in plot 2 until 1970; grain sorghum was planted
in 1971.

Inflow to the fields consists mainly of applied irri-
gation water and direct precipitation on the land sur-
face, but some ground-water inflow probably migrated
laterally from adjacent land. Rainfall was recorded

daily for varying periods at stations near the fields.
The distribution of water during 1966-71 is sum-
marized in table 4. Annual applications of irrigation
water exceeded the irrigation requirement for all three

fields.

Samples were collected for chemical analysis more
frequently in the experimental plots than in the re-
mainder of the study area. Soil samples from the fields
and from adjacent nonirrigated areas were analyzed
to determine if the natural salt content of the soil in
the irrigated areas has been sufficiently depleted by
leaching to account for the observed changes in the
irrigation water. Plots 1 and 3 on the high terrace
typify most of the irrigated land in the district; there-
fore far more data were collected from them than from
plot 2.

PLOT 1

Unconsolidated fluvial deposits and colluvium
overlain by loess increase in thickness from about 10
feet (3 m) at the northwestern corner of the plot to
about 80 feet (24 m) near the southeastern corner
(fig. 7). Drillers’ and gamma-ray logs, as well as parti-
cle size analyses of cores and auger cuttings reveal
wide vertical and lateral variation in lithology. Silt
and clay predominate, but the proportion of sand and
gravel in most of the wells increases with depth.

The sampled water entered the observation wells
through brass screens set near the bedrock surface in
discontinuous lenses of permeable sand and gravel

TasLE 4.—Distribution of rainfall and applied water on experimental plots, 1966-71.

Water Plot 1965 1966 1967 1968 1969 1970 1971
Annual rainfall (P.), in inches' ... 1,3 23.8 194 24.3 18.6 29.3 20.6 24.6
2 23.8% 14.4 20.8 14.8 20.0 15.9° 23.0%
Effective rainfall (P.), in inches® __.______ 1,3 16.1 15.6 21.3 14.5 20.8 11.1 14.0
2 18.0 114 17.6 12,1 16.4 12.8 115

Consumptive use (C), in inches:
comn 1,3 22,1 25.3 23.4 26.3 244 25.2 26.7
alfalfa (1965-70), sorghum (1971) _. 2 28.0 29.1 28.5 33.1 31.9 32.3 22.8
Irrigation requirement, 1,3 6.0 9.7 2.1 11.8 3.6 14.1 12.7
in inches (R=C — Po) .. 2 10.0 17.7 10.9 21.0 155 19.5 11.3
Farm deliveries (I), in inches* .. 1 18.8 13.8 4.3 21.6 8.6 16.1 14.0
3 24.1 16.0 12.5 178 13.8 19.5 15.8
2 174 28.7 245 38.5 20.6 28.0 28.0
Excess farm deliveries 1 12.8 41 2.2 9.8 5.0 2.9 1.3
Xy =I—R),ininches _______ 3 18.1 6.3 10.4 6.0 102 5.4 3.1
2 74 19.0 13.6 17.5 5.1 8.5 16.7
Seasonal concentration ratio 1 1.5 34 19 2.2 1.7 8.1 10.8
(CR: = I/Xy) 3 13 2.6 12 3.0 14 3.6 5.1
2 2.4 1.5 1.8 2.2 4.1 3.3 55
Annual concentration ratio 1 0.9 1.8 0.8 16 0.6 14 12
[CRe = I/(Pa +1—-C)] . 3 9 1.6 9 1.8 a 1.3 1.2
2 1.3 2.0 15 1.9 2.4 2.4 1.0

1 Inches X 2.54 equal centimeters,
2 Based on rainfall at Cedar Bluff Dam.

3Based on rainfall during growing season for each crop in experimental plots.

4+ Written communications, R.

Schamel, Manager, Cedar Bluff Irrigation District.
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that seem to be the main conduits for lateral migration
of ground water. Many of the water samples were
obtained by personnel of the Entomology Department
of Kansas State University in conjunction with a study
of pesticides in the soil (Knutsen and others, 1971).
Results of that study show that the movement of
chlorinated hydrocarbons was confined to the upper
foot of soil.

Inflow to the field consisted mainly of applied irri-
gation water and direct precipitation on the land sur-
face. Overland runoff from highland areas to the
north is intercepted by the main irrigation canal that

forms the northern boundary of the field. Seepage
from the canal and from a lateral west of the field
seemed to have a negligible effect on the configuration
of the water table, which rose rapidly in response to
infiltration of excess water applied during the irriga-
tion season (fig. 8).

Mainly as a result of the inhomogeneity of the
aquifer and the wide variation in depth of well
screens, changes in water levels in the wells were
neither simultaneous nor of equal magnitude. The
southeasterly slope of the water table was maintained
during the irrigation season, but water levels fluctu-

20

25
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50+

55

60 1 1 1
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FiGure 8.—Fluctuations of water levels in observation wells in plot 1, May 1965 to
November 1971.
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ated over a wider range in the central wells than else-
where. Excess water from irrigation evidently infil-
trated the sand and gravel penetrated by wells C3, C4,
and C5 more rapidly than the less permeable fine-
grained parts of the aquifer penetrated by the other
wells. The fluctuations in wells C6, and C8 to Cl1
show a more subdued seasonal response and a general
rise as water moved down gradient under the exten-
sive irrigated area to the south.

Although the wells in plot 1 were only about 200
feet (61 m) apart, the chemical quality of waters dif-
fered from well to well. The variations and fluctua-
tions with time, as shown in figure 9, indicate that
calcium-sulfate type irrigation water mixed with and
displaced other types of ground water to the south and
east down gradient. In August 1968, 70 cubic centi-
meters of 40 percent Rhodamine BA dye were injected
to a depth of 18 inches (46 cm) in the soil 10 feet (3.0
m) north of well C1. The first appearance of dye in
wells C3, C4, and C5 one year later, and in wells C10
and C11 four months after that confirmed the direction
of movement of the infiltrated water.

In May 1965, sodium was the predominant cation
in waters from the relatively shallow wells C1 and C2
in the northwestern part of the field. Sodium evidently
had accumulated in the fine-grained sediments pene-
trated by the two wells where the water table lay near
the surface before irrigation began. Salts of sodium
are relatively soluble but sodium ions are readily ad-
sorbed by some clay minerals. By 1968, significant
quantities of sodium had been leached and displaced
by infiltrated water into the permeable sand and
gravel penetrated by wells C3 and C4. The per-
sistence of sodium in wells C1 to C4 in 1971 suggests
that abundant calcium in the percolating water con-
tinued to displace sodium from the fine-grained sedi-
ments by ion exchange.

Progressive changes in the specific conductance
and concentrations of the major ions in the well waters
are shown in terms of concentration ratios in figures
10, 11, and 12. The graphs representing each well are
located in the illustrations in the same relative posi-
tions as are the wells in the experimental plots. Theo-
retically the concentration ratios should approach the
ratios used for predicting the specific conductance of
soil water and recharge (tables 3 and 4) after accumu-
lated residual salts are flushed from the soil by excess
water from irrigation. Figure 12 shows that the ratios
for the specific conductance of most of the well waters
remained relatively constant or decreased to values
between one and two after an initial rise during the
first 2 years of irrigation. The ratios for most of
the ions seem to be approaching that range.

For most wells, the configurations of the curves for
calcium, sulfate, and specific conductance were some-
what similar. Convergence of the curves indicates
infiltration of excess water from irrigation, but the
concentration ratios for calcium and sulfate were gen-
erally equal to or less than the ratios for the other con-
stituents, which were evidently derived from another
source. In 1971, for example, the ratio for sulfate in
most of the wells was equal to or less than the ratio
for specific conductance, but the ratio for bicarbonate
increased to two or more. In part, the changes reflect
the inverse effect on the ratios of the progressive in-
crease in sulfate at the expense of bicarbonate in the
irrigation water. However, the changes are mainly
dependent on the availability to percolating water of
bicarbonate from caliche and fragments of limestone
in the soil and aquifers.

Sodium and chloride were present in water from
most wells at higher concentrations than in the irriga-
tion water before irrigation began, but the ratios in-
creased rapidly during the first two or three years of
irrigation when the salts leached from the soil reached
the aquifer. In 1966, the concentration ratios exceeded
10 for sodium and 30 for chloride. As the supply of
salt that accumulated before irrigation began was de-
pleted, progressive dilution in some waters accom-
panied displacement of the mixture down the ground-
water gradient. Greater fluctuations in the concentra-
tions of chloride than of sodium in water from the
deeper wells probably represent greater mobility of
the anion in the aquifer.

The curves for nitrate and potassium, both plant
nutrients and components of fertilizer, differ markedly
from the other curves.
centrations of nitrate in the well waters caused wide
variations in the ratios because the concentration of
nitrate in the irrigation water was less than 2 mg/1.
The general increase in the concentration of nitrate in
1969 probably reflects leaching of fertilizer nitrogen
carried below the root zone by irrigation water during
the preceding dry year. The concentration of potas-
sium in the well waters remained uniformly lower
than the concentration of about 18 mg/!1 in the irriga-
tion water.

Small variations in the con-

According to calculations based on changes in the
saturated thickness and in concentrations of chloride
in the wells, the average concentration of chloride in
the ground water underlying the field decreased and
the outflow of chloride exceeded the inflow. The
chloride was evidently displaced laterally toward plot
3 and the river.
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PLOT 3

The subsurface geology of plot 3 is less complex
than that of plot 1 (fig. 13) and the effects of irriga-
tion alone are more readily discernible. The screened
wells range in depth from about 14 to 60 feet (4 to 18
m) and the saturated zone lies entirely within rela-
tively homogeneous sand and gravel. Although rain-
fall and crop use for the two plots were about the
same, far more water was applied per acre to plot
3 than to plot 1 except during the dry 1968 season
(table 4).

Since 1965, the water table beneath plot 3 has
risen about 5 feet (2 m) (fig. 14); the minimum depth
to water was 29 feet (9 m) in well Al, which was
measured in September 1971. Most of the water-table
rise occurred during the first 3 years of irrigation. The
configuration of the water table, which normally
slopes gently toward the southeast, changed in de-
layed response to the application of irrigation water.
According to continuous records for 1971 from well
B3 in the center of the field, the water level declined
to about 32 feet (10 m) below land surface by June 5,
1971. Irrigation began on June 9, but the water level
remained constant until June 28 when it began to rise.
Irrigation of the field was discontinued on August 25,
but the water level continued to rise until September
14 to 30.4 feet (9.3 m) after which it again began to
decline. Perhaps, coincidentally, the start and finish
of irrigation for that year preceded the response at the
water table by 19 days.

The progressive changes in water type, increases
in specific conductance, and reduction of the sodium-
adsorption ratios in the well water (fig. 15) reflect
more uniform vertical and lateral movement of larger
volumes of water through more homogeneous and
permeable aquifers than in plot 1. Analyses of samples
from closely spaced wells with screens set at different
levels imply no significant vertical stratification of the
major ions in the saturated zone. The apparent south-
eastward migration of the water and the trend toward
conformity in the composition of the ground water
with the calcium-sulfate type irrigation water indicate
percolation of excess water to the aquifer and dis-
placement of the altered ground water down gradient.

In virtually all the wells, calcium, expressed as
percent of total cations, increased at the expense of
sodium, while magnesium remained relatively constant
at percentages lower than the irrigation water. Sulfate
and chloride, expressed as percent of total anions,

varied inversely, with the percent sulfate always less
than in the irrigation water and the percent chloride
greater. By 1969, all of the waters were of the calcium-
sulfate type.

Following the moisture deficiency in 1968, when
the predicted annual concentration ratio for specific
conductance was 1.8 (table 4), the ratio for specific
conductance of most of the well waters remained rela-
tively constant between 1.5 and 2.0. Unlike the ratios
in plot 1 (fig. 7), however, the ratios for the ions in
plot 3 do not appear to converge toward a common
value (figs. 16, 17, and 18). Instead, each of the ratios
for the cations remained relatively constant, while the
ratios for some of the anions varied more widely. Evi-
dently, the salts in the well waters were not derived
solely from salts accumulated in the soil or carried
into the plot by the applied irrigation water. The
plot is located over the south bank of an extensive
buried channel in the Cretaceous bedrock and is down
gradient from other irrigated areas (pls. 1 and 2);
therefore, changes caused by irrigation in the plot
probably are superimposed on changes caused by
lateral migration of ground water.

The arrival of large quantities of irrigation water
in the aquifers evidently caused the concentrations of
calcium and sulfate in most of the well waters to in-
crease rapidly during 1968 and 1969, but concentra-
tion ratios less than one for sulfate indicate loss of
sulfate to the soil, lateral inflow of ground water con-
taining less sulfate than the irrigation water, or both.
During the entire 1965-71 period, the ratio for sodium
remained near two. After 1966 the ratio for chloride
exceeded two in all samples and reached peaks of
more than 10 (more than 260 mg/1) in some of the
wells in 1969. The high ratios indicate a source other
than the irrigation waters. The decline in the ratios
after 1969 may represent depletion by leaching of
accumulated salts in the soil. The highest concentra-
tions of chloride were recorded in waters from wells
in the southwest part of the plot where the water table
is discontinuous on an erosional remnant of bedrock.

Variations in the concentrations of the nutrients,
potassium and nitrate, were somewhat similar to those
in plot 1. The ratio for potassium generally was less
than one, but the ratios for nitrate in nearly all the
wells increased rapidly in 1968 to values exceeding
eight. Anhydrous ammonia used as fertilizer probably
is the main source of the nitrate,




Kansas Geol. Survey—Chemical Quality Series No. 1

26

Uo1403s JO 39DJ|
v \v)

Jaquwnu |oi4Jpd
puD ||9M UO1}DAIBSQ0

g0
|3A3} DAS UDAW S| WNDJ
100} GO |DAJRJUI 4N0JUOD "B96|
‘p2 112dy ‘31qD} 134DM JO BPNYIY|D SMOYS
INOJU0D 3|qQD}-J3}DM

'g j0[d UI 9[qe) I9Jesm PUE 30BJINS JOOIPI] JO UOLRINTYUOD)—'E] TUADI]

'M6I' SGIL'L 0es
30 dow xapuj

_

pa

Uo01}03s JO 30D}
NV

J3qunu |plyiod
puUD [|3M UOI}DAIASqO
mmmu
12A3| Das updw
S WNYDQ "}33) G |DAIB4UI INOJUOD
"80D4JNS ¥D01paq O APN}IID SMOYS
1N0Ju0d ¥oo0ipag

-—-6'b002 ——- s66/
NOILYNVIdX3 v NOILYNVY1d X3 Y
Osa “Yva 120 o 23
20
| S S S I | T T T nD X
1334 009 00¢ 0 1334 009 00¢ 0
sa|s
:ﬂ.Q.Q,\/.
0Q.Q,\/
N N N |
126122 1390400 ‘81q0} Jajop —T e
ua2.12s |19 .
1M 8961 ‘b2 114dy ‘a|qD} Jo4OM =~ v r
H G961°G2 ADIW ‘21qDy J3iDM ~—si— —_—
’ 1334002  00I 0
G X uo1jniebBoxe |DO1}I0A NOILVYNVYId X3
L\\\\.\\.T\\\|l ¥20.ipag -
]
|2ADJb6 pup pupg —
l-lll jmnfsputel s g e e T . T e s T T T == 3q---o.T—— T o gl ey R — I e e R g B Bl e
nleyblusy g el sttty st Sy gty et A pindpglibelalilplinnppduiiy el JogimiialatilinSiyiek syl
N puos
1S
IV 11oMm eV lIam cgalem 2o 1M -
v pajoafosg v

0961

1086!

10002

0202

[le] JoX




Leonard—Changes in Chemical Quality of Water, Cedar Bluff Irrigation District Area, West-Central Kansas

DEPTH TO WATER BELOW LAND SURFACE,IN FEET
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Ficure 14.—Fluctuations of water levels in observation wells in plot 3, 1965-71.
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PLOT 2

Plot 2 is on the flood plain of the Smoky Hill River
and overlies a buried channel in the bedrock (pl. 2
and fig. 19). The lithologic characteristics of the allu-
vium differ vertically and laterally; therefore, the con-
tact between clay, sandy clay, and sandy silt shown
between wells D6 and D7 may be gradational rather
than erosional.

Far more water was applied to the alfalfa (1965-
70) and grain sorghum (1971) in plot 2 than was ap-
plied to crops in plots 1 and 3 (table 4). Water

A
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readily infiltrated the sandy surface soil and was tran-
spired by the deep-rooted alfalfa, but a large excess
percolated to the underlying sand and gravel aquifer
and moved laterally to the river, which is about 600
feet (180 m) from the southern boundary. Water
levels fluctuated within a range of about 2 feet (0.6
m) at a depth of about 16 fect (4.9 m) below the
irrigated field.

The main sources of ions in the well waters appear
to be salts delivered in the irrigation water and the
calcium and bicarbonate ions derived from fragments
of limestone in the alluvium. Lesser amounts of salts

3+ A

w ou D9 D8 DIO D7 D6

z 2050 Sand —

w Sandy silt - Clay

3" — - —— - ] Tl

2 I:: ! Sand and gravel Sandy °|°"F T
>

w3 §

>~ Shale (bedrock)

Fq

H w2000

z? Vertical exaggeration X 2 0 50 100 FEET

Horizonta!l scale

EXPLANATION

Contact
Daoshed where approximately located

—x_ l
Water table,

November 9, 197! Well and screen

Experimental Plot 2

1 Farm road

Al ]

County road

LA

—32

—

Index map of

(o] 300 FEET
[ S SR

sec. 32, T.14S,R2IW. gxpL ANATION

—_—2022—
Bedrock contour

Shows altitude of bedrock
surface. Contour interval
2 feet. Datum is mean sea
level

ODG

Observatian weli and
partial well number

Ficure 19.—Location of water table and configuration of the bedrock surface in plot 2.
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have accumulated in the sandy soil at plot 2 than at
the other sites owing to periodic flushing by river
water during floods. Calcium and sulfate were the
predominant ions in virtually all samples, although
bicarbonate was the predominant anion in several
samples containing calcium carbonate that had pre-
cipitated in the well or sample bottle. The concentra-
tion ratios for specific conductance generally ranged
between 1.2 and 1.6 (figs. 20, 21, and 22), which is
lower than was predicted from the consumptive use
(table 4). The limited quantity of calcium carbonate
available may have affected the ratios in the well
waters.

Unlike well waters from the other plots, the con-
centration ratios for calcium and bicarbonate generally
exceeded the ratios for the other major ions. The
concentration of bicarbonate increased more rapidly in
the well waters than in the irrigation water. The
curves describing the ratios for sulfate are similar to
the curves for specific conductance, and the ratios for
sodium and chloride indicate that the irrigation water
was an adequate source of those ions. After 1968, the
ratio for chloride from well water was unity or less,
indicating dilution of the irrigation water with respect
to that ion or underestimation of rainfall.

As shown for the other plots, the concentration
ratio for potassium in plot 2 generally was less than
one. Potassium from the irrigation water may have
been used by the crops. The ratio for nitrate fluctu-
ated widely. Fixation in the soil of atmospheric nitro-
gen by alfalfa is a well-known phenomenon. The
observed wide fluctuations in the concentration of
nitrate in the ground water beneath the root zone are
not readily evaluated.

To some extent, the difference in the effects of
irrigation on the chemical quality of ground water
beneath plots 1 and 3 on the high terrace and plot 2
on the flood plain are predictable. In the semiarid
environment, soluble salts could accumulate in the
sediments on the high terrace until irrigation provided
excess water to transport them to the ground-water
reservoir. Most of the accumulated salts would have
been washed away during erosion and redeposition as
the younger alluvium on which plot 2 is located.
Periodic inundation and leaching by river water be-
fore construction of the dam forestalled significant
reaccumulation of soluble salts other than those carried
by the river water, which is generally similar in qual-
ity to the irrigation water. By analogy, the chemistry
of the ground water beneath plot 2 may closely re-
semble the chemistry of ground water under the irri-

gated land on the high terrace after prolonged appli-
cation of irrigation water has leached away previously
accumulated salts.

Comparison of the chemistry of the irrigation water
and well waters from plots 1 and 3 using graphical
methods and a “mix-match” computer program (Low-
ell, et al., 1971) showed that the well waters were not
simple mixtures of the original ground water and in-
filtrated irrigation water. Excessive concentrations of
some of the ions evidently were derived from the
soil. In particular, evidence that disproportionately
high concentrations of sodium and chloride in well
waters could be attributed to leaching of natural salts
from the soil by excess irrigation water should allay
suspicion that deleterious effects of oil-field and live-
stock operations were widespread or that sources of
the sodium and chloride were perennial.

Relations of the Chemical Quality of
Ground Water to Soil Chemistry

Soil samples from the experimental plots and from
adjacent nonirrigated fields were analyzed to deter-
mine if the natural salt content of the soil profile in
the irrigated areas had been depleted sufficiently by
leaching to account for the observed changes in the
chemistry of the well waters. The soils in the experi-
mental plots are typical of a large part of the irrigated
acreage; therefore, extrapolation of the results to de-
scribe a wider area probably is justified. Drs. O.
Bidwell, R. Ellis, H. Jacobs, L. Murphy, and D. Whit-
ney, Kansas State University (oral commun., 1972),
contributed valuable information to this phase of the
project.

Corresponding soil profiles in each of the experi-
mental plots and adjacent nonirrigated areas were
sampled in March 1971. Samples were taken to a
depth of 128 inches (325 cm) with a power probe
loaned by the Agricultural Experiment Station at
Hays. Mr. Carlyle Thompson, Soils Specialist, selected
the sampling sites and supervised the sampling opera-
tion. At the selected sites, the chemistry of the profile
should be unaffected by oil-field or livestock waste or
by upward movement of salts from the deep-lying
water table. Results of particle-size analyses for each
of the profiles are shown on figure 23. The profiles in
plots 1 and 3 contain material that is mainly silt and
clay sized, and the profiles in irrigated and in adjacent
nonirrigated sites are similar. Profiles in the coarse-
grained alluvium for the irrigated and nonirrigated
sites in plot 2 are dissimilar,
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Ficure 23.—Particle-size distribution in soil profiles in and adjacent to experimental plots.

The soils in and adjacent to the experimental plots
are classified as listed below according to an unpub-
lished soil map of Ellis County provided by Mr. Bert
Soderbloom, Soil Conservation Service, Hays.

Soil type in Soil type in

irrigated nonirrigated
Plot County Owner d field
1 Ellis V. Moore Harney silt Harney silt
loam (M3B) loam (M3A)
2  Trego P. Nicholson Alluvium Alluvium
(unclassified)  (unclassified)
3 Ellis V. Moore Harney silt Armo loam
loam (M3A) (M31D)

The Harney and Armo are classified as medium-tex-
tured soils; the sandy soil in plot 2, which was highly
disturbed by leveling, has not been classified.
Soil-saturation extracts of samples were analyzed
by the Agronomy Department, Kansas State Univer-
sity. Saturation percentage, soluble (distilled water)
and extractable {ammonium acetate) cations, and
nitrogen were determined for samples representing 8-
inch (20-cm) intervals to a depth of 32 inches (81
cm) and 16-inch (40-cm) intervals to a depth of 128
inches (325 cm). The methods used were those de-
scribed by M. L. Jackson (1958). The pH, and the
concentrations of phosphate, zinc, and copper also

were determined for samples representing comparable
depth intervals.

Duplicate soil-saturation extracts (distilled water)
were analyzed for pH, specific conductance, the major
anions, and for boron by the Kansas State Department
of Health. The laboratory results are included in the
basic data report (Leonard and Stoltenberg, 1972).

Analyses of samples of the 0 to 8-inch (20-cm) “A”
soil horizon in plot 3 and an adjacent uncultivated
field, as given in table 5, by E. A. Jenne, U.S. Geo-
logical Survey, indicate minor enrichment of the trace-
element content of the soil by cultivation under irri-
gation. The methods of analyses were those of the
U.S. Geological Survey, 1970. This single pair of
samples, which may not be conclusive, were collected
mainly to test results from field and laboratory
methods.

If the accumulated soluble salts were leached from
the soil by the irrigation water, the salt content of the
profile and the concentrations of those salts in the
saturation extract should be less in the irrigated area
than in the nonirrigated area. However, as a result of
evapotranspiration, the concentration of the ions in
the soil solution in an irrigated area normally exceeds
the concentration of the same ions in the irrigation
water. To relate variations in the composition of the
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TaBLE 5.—Non-silicate trace element content of samples of the “A” horizon in plot 3 and an adjacent uncultivated feld.
[Analyses by E. A. Jenne, U.S. Geological Survey, July 1972. Concentrations in micrograms per gram, oven dried at 110° C.]

Beryl- Cad- Co- Manga- Mer- Molyb-
lium mium balt Copper Iron Lead nese cury denum Nickel Silver Zinc
Location (Be) (Cd) (Co) (Cu) (Fe) (Pb) {Mn) (Hg) (Mo) (Ni) (Ag) (Zn)
15-19W-7BBA 0.26 0.32 4.0 2.6 9,900 9.3 360 0.07 1.2 7.2 0.04 17
(irrigated soil)
15-19W-7BDA .16 22 3.3 29 9,300 8.0 270 11 1.1 6.4 13 17
(nonirrigated soil)
EXPERIMENTAL PLOT |
° ¢ | ! ' :, -7 K* ’
16,/ | Specific - L 4 LV
I \conductance
32| N 1 . 1t
48| 4 L 4 L
64 . o A I
(8]
80L . L - |=
)
S6+ - L 4 R
» 12+ B - 4 o
T 128 Il o 5 I4 é . 6.1_
Q
z °c 'z 34 o EXPERIMENTAL
T T T 1 T T T .
z 0 /| T - T l ng., 2 l NO’ l Ko P rd
= el Wi Seecific i ! 4 16k . -
" L |
w conductance
2 32 W\ . ] L 4 321 - DIl I
uw N J 48 g
x 48i ; i L i Ly, -
‘:,), 8 ] \ ! §
S~ \ | 164l _ |2
o 641 S~ \ 4 y 6 |’
2 A / ! 80 |1 1
< 8ot - | 1 0 1% /) |
4 1 | I \
% 96| /’ 4 \ 4 - 4 S6} |, e o
3 (\ ‘/ ‘\ ! !
o 2t N \ 1 R 4 w2k |, 4
@ N \ N | \
r 128 | L b Ly lesbd | ||
- o | 2 3 4 0 2 4 O 2 4 0 2 4 6 8 012 0 2 4 6 8_ 0
o EXPERIMENTAL
w 0 T T T 0 T T T . M ] B
o K
16 16} | 4 L
I
32 32} : e F
48 48| “ - o
I
64 64} _ L
|
- | 4
80 80 | .éo
96 96} | 1 B
|
a2 N2} I| E o
128 la l 1 1 1 1 1 128 | 1 L L_l_
0 0O 2 4 0 2 4 6 8 1012 0 2 4 6 8 O

CONCENTRATION RATIOS

EXPLANATION

—— Irrigated soil

----Dry or non-irrigated soil




Leonard—Changes in Chemical Quality of Water, Cedar Bluff Irrigation District Area, West-Central Kansas 39

soil water to the irrigation water, the concentrations
of the soluble ions in the saturation extracts (distilled
water) are expressed as ratios to concentrations of
the corresponding ions in the irrigation water in 1970.
The concentration ratios are comparable to those
shown in tables 2 and 4 and in figures 10 to 12, 16 to
18, and 20 to 22 describing variations in the concen-
tration ratios of ions in the well waters and irrigation
water.

Variations in the ratios for the soluble ions with
depth in each profile are shown in figure 24. Dilution
by rainfall, variations in the solubility of the salts, and
ion-exchange reactions within the soil complex alter
the ionic composition of the soil water, but the major
differences between irrigated and nonirrigated pro-
files probably are attributable to leaching. The con-
centration ratios for the specific conductance of the
saturation extracts from the upper 2 feet (0.6 m) of

1 1 1 1 A

1
12 14 16 18 0

i i 1 i 1
iI0 20 30 40 50

1 I 1
60 70 80 90 100 110 120 130 140

T T T T T T 1 T

NO3

1 1 1 1 I 1
O [0 20 30 40 50 60

L 1 1 1 L1 1
70 80 90 100 110 120 130 140

| 12 1

>
“2"\/’\ ]
/

T T T T T T T T T T

NO3

1 1 ] 1 ] 1 ] ! 1 1 1

i
14 16 I8 O

I0 20 30 40 50 60 70 80 90 100 1i0 120 130 140

Ficure 24.—Concentration ratios for specific conductance and soluble ions in saturation extracts of samples from irrigated and
nonirrigated soil profiles in and adjacent to experimental plots, March 1971.
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the irrigated profiles are generally similar to the pre-
dicted annual concentration ratios (CR,) shown in
table 4.

Variations in the concentrations of calcium and
bicarbonate ions are probably governed by the solu-
bility of calcium carbonate in each profile. The tops
of calcareous zones of varying thickness were found
in the soil profiles at depths from 18 to 35 inches (46
to 89 cm) in and adjacent to plots 1 and 3 and at the
land surface in plot 2. Magnesium carbonate is more
soluble than calcium carbonate; ratios less than one
for magnesium throughout most of the profiles may
represent ion exchange for sodium, which forms more
soluble salts. Relatively low concentration ratios for
spccific conductance, sulfate, and other ions near the
surface probably represent leaching by rainfall after
the irrigation season. The concentration of sulfate in
soil profiles in plots 1 and 3 was increased by appli-
cation of irrigation water.

In plots 1 and 3 the concentration ratios for soluble
sodium, chloride, and nitrate ranged more widely than
for the other ions. In plot 1, the concentration of
soluble sodium was only slightly lower in the irrigated
than in the nonirrigated profile, but the concentration
of chloride was much lower. In plot 3, high concen-
trations of sodium and chloride appear to have been
displaced downward by the excess water. In plots 1
and 2, excess potassium seems to havc been leached
from the irrigated profile, but the concentration of
potassium in plot 3 is higher in thc irrigated than the
nonirrigated profile, which could be a result of
fertilization.

High ratios for nitrate near the surface of irrigated
plots 1 and 3 reflect application of anhydrous ammonia
fertilizer before soil sampling. The high ratios at the
base of the sections probably represent excess fertilizer
that was leached below the root zone.

In this report, the exchangeable cation content is
defined as the difference between the extractable and
the soluble cation content of each sample of soil. Ex-
tractable cations are the total cationic content of that
part of a soil sample which was removed by am-
monium acetate; soluble cations are those removed
from the soil sample by distilled water (table 6). The
soluble anions also were removed by distilled water.
The exchangeable sodium percentages generally in-
creased with depth and the percentages for the irri-
gated profiles exceeded the percentages for the dry
profiles in the upper part of the section. The results
substantiate the prediction by Jacobs and Whitney
(1968, p. 5) that the exchangeable sodium percentage
of the upper layers would not exceed 10 percent sub-
sequent to irrigation with water of the type applied.

The extractable cation content was reported in
terms of milliequivalents per 100 grams of soil
(me/100 g). For purposes of comparison, the soluble
ion content of the soil (M) in each depth increment
was converted to the same units from the saturation
percentage (SP), the concentration (C), and a units
conversion factor (K) characteristic of each ion.

M (me/100 g) == C(mg/1) X SP (%) X K(me/mg)
1000

The soluble cation content generally represented less
than 10 percent of the extractable cation content for
each profile.

Differences in content of the exchangeable cations,
the soluble cations, and the soluble anions for cor-
responding depth intervals in the irrigated and non-
irrigated profiles are shown in figure 25. Values repre-
scnting ionic content of nonirrigated profiles were
subtracted from corresponding values representing
ionic content of irrigated profiles. Positive values
probably indicate accumulation of salt and negative
values probably indicate leaching of salts by irrigation
water if the profiles are equivalent. At depths greater
than 48 inches (120 cm), most of the differences are
negative or near zero. Calcium, magnesium, and sul-
fate from thc irrigation water evidently augmented
the natural accumulation of the ions in the upper part
of the section,

By cumulating the differences for each interval of
corresponding profiles, wecighted according to the size
of the interval, the average net differences (in me/100
g) were calculated for each plot. Negative differences
are recorded in table 7 for major ions except calcium
in plot 1, magnesium and potassium in plot 3, sulfate
in plots 1 and 3, and nitrate for all plots.

Under the tenuous assumption that the negative
differences represent the quantity of salts leached from
the upper 128 inches (325 cm) of soil in each plot, the
amounts by which the concentrations of the ions in
the leachate increased can be estimated. Undisturbed
soil samples were not available, but a bulk density of
1.45 grams per cubic centimeter is a reasonable esti-
mate for the silt loam sampled in plots 1 and 3. Ap-
proximately 13,150 cubic meters of dry soil, about
1.91 < 10 grams, underlies each acre to a depth of
128 inches (325 cm). The amount of an ion leached
from the soil (in grams per acre) is the product of the
weight of the soil in grams, the concentration of the
ion (in equivalents per gram of soil) and the gram
equivalent weight for the ion.

According to table 7, the concentration of soluble
chloride in the irrigated profile in plot 1 was 0.13
me/100 g less than in the nonirrigated profile. This
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TaBLE 7.—Net differences in the content of major ions in adjacent irrigated and nonirrigated soil profiles to a depth of 128
inches.

Content, in milliequivalents per 100 grams dry soil

Plot Ion type Ca* Mg+ Na* K+ HCOs SO¢& Cl- NOs~
1 Extractable 1.12 —0.14 —0.18 -026
Soluble .04 .01 — .03 — .01 —0.01 0.07 —0.13 0.02
Exchangeable 1.08 — .15 — .15 -2

2 Extractable —4.89 — .90 — .02 -3
Soluble — .17 — .04 .00 — .03 — .01 — 35 — .02 .00
Exchangeable  —4.72 — .86 — .02 - 27T

3 Extractable — .86 24 —3.25 27
Soluble .05 .04 — .14 .01 — .01 1.24 — .10 .00
Exchangeable @ — .91 20 —3.11 2

is equivalent to a difference of about 900 kilograms
per acre, computed as follows:

1.91 X 101° (grams of soil/acre) X 1.33 X
108 (equivalents/gram) X 35.46 (grams/equivalent)
= 9,01 X 10% grams/acre = 900 kilograms/acre

According to table 4, excess water during irrigation
seasons 1965-70 was about 3 acre-feet per acre or 3.7
108 liters per acre. If the 900 kilograms of chloride
were dissolved in the excess water, the concentration
of chloride would increase by about 240 mg/l. By
similar calculations, based on the difference for soluble
sodium, the increase for sodium would be about 40
mg/l. Comparable increases for plot 3 would be about
110 mg/1 for both soluble chloride and sodium. If
the calculations were based on differences for ex-
tractable sodium, the increase in concentration would
be about 200 mg/l for plot 1, and more than 2,000
mg/1 for plot 3 as a result of anomalously high con-
centrations of exchangeable sodium reported in the
deepest cores from the nonirrigated profile for plot 3.

Figures 12 and 24 and table 7 show that the con-
tent of nitrate in the soil and the concentration of
nitrate in well waters in plot 1 increased with the ap-
plication of irrigation water. The apparent additions
in the soil, mainly below the root zone, are equivalent
to about 178 kilograms per acre of nitrate or 40 kilo-
grams per acre of nitrogen. The increase may indicate
excessive application of nitrogen fertilizer or, more
likely, applications of water in excess of that required
for plant growth.

Peaks in the concentrations of sodium and chloride
in the well waters (figs. 12 and 16) after 1 to 3 years
of irrigation indicate that the concentrations of those
ions in the leachate probably increased rapidly during
the first years of irrigation, then decreased as the sup-
ply of ions in the soil was depleted. More rigorous
quantitative analysis of the relations of changes in the
concentrations of the ions in the well waters to changes
in the salt content of the soil could probably be made
with a relatively small amount of additional data.

However, the estimates presented above indicate that
leaching of accumulated natural salts and applied
fertilizer from the upper part of the soil profile by
excess irrigation water, and lateral movement of the
displaced ions are the major cause of observed changes
in the concentrations of sodium and chloride in the
ground water. The effects of the arrival of the chem-
ically altered ground water on low flow of the Smoky
Hill River was recorded during a series of seepage-
salinity surveys.

SURFACE WATER

Variations and fluctuations in the quantity and
quality of streamflow of the Smoky Hill River and
tributaries in the reach between Cedar Bluff Dam and
station 334.4, which is about 2 miles (3.2 km) down-
stream from the district, were monitored at the gaging
stations shown in plate 1. Because the approximately
6,000 acres (2,400 ha) of irrigated land normally con-
tributed an insignificant part of storm runoff from the
220 square miles (570 km?) of drainage area to the
reach, effort was directed mainly to isolating the
progressive changes in quantity and quality of low
flow caused by irrigation from the wider variations
and fluctuations caused by other factors in the hydro-
logic environment.

Seepage-Salinity Surveys of Low Flow

Sixteen surveys of a 22-mile (35-km) reach of the
Smoky Hill River from the dam to station 334.4 (pl. 1)
were made between April 1964 and November 1971 to
reveal progressive changes in the quantity and quality
of low flow in the main stem, of tributary inflow, and
of seepage directly into the main stem as a result of
irrigation. The Division of Water Resources of the
Kansas State Board of Agriculture made most of the
field measurements during the surveys in 1964 to
obtain necessary background data before the compre-
hensive study began. Regulation of releases from the
fish hatchery (355.8, pl. 1) by personnel of the U.S.
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Bureau of Sports Fisheries and Wildlife during most
of the surveys facilitated the field work and analysis
of the data.

Basic data consisted of current-meter measure-
ments of streamflow at the gaging stations shown in
plate 1 and chemical analysis of water samples taken
at the time of measurement. Each survey was com-
pleted during a single day when streamflow had
stabilized after several weeks without significant rain-
fall, direct surface runoff, or releases to the river from
the dam. All but two of the surveys were made before
or after the growing season, when inflow to the stream
consisted mainly of effluent ground water from the
irrigated area and measured releases from the fish
hatchery. Results of the survey in March 1966 were
complicated by releases from the fish hatchery and
snow melt. Results of the two surveys conducted dur-
ing the growing season (September 1, 1965; August
31, 1971) were affected by waste, tail-water runoff, un-
measured withdrawals and rynoff associated with irri-
gation outside of the district, and consumptive use by
phreatophytes which proliferated along the channel
since irrigation began. Significant turbidity, observed
only during the survey in August 1971, originated up-
stream from the district.

Flow in each of the main stem reaches consisted
principally of flow entering the upstream end of thc
reach, tributary inflow, and seepage into the channel.
Variations in the quantity and chemical quality of
each component, or combination of components were
evaluated by use of computer programs (Leonard and
Morgan, 1970) developed specifically to facilitate
compilation, analysis, and interpretation of the volum-
inous data. The programs are applicable wherever
salinity surveys of low flow can be used for qualitative
and quantitative definition of localized sources of
chemical pollution.

A progressive increase in the concentration of
chloride in a downstream direction in the river adja-
cent to the irrigation district during successive surveys
(fig. 26) reflects accelerated drainage of ground water
from the irrigated acreage. Although the concentra-
tion of chloride was greater than in the irrigation
water it remained well below the maximum of 250
mg/] recommended for drinking water by the Kansas
State Board of Health (1973). The rate of increase
per river mile was greatest in the reach 350.0 to 338.0
adjacent to the main part of the irrigation district,
herein defined as the irrigation reach.

The concentrations of the other ions did not in-
crease proportionately. For example, the concentra-
tion of sulfate, the most abundant ion in the applied
water, generally decreased in a downstream direction
from values higher than to values lower than the irri-

Kansas Geol. Surcey—Chemical Quality Series No. 1

gation water. As was shown in the previous discus-
sions of ground water and soil, some of the sulfate in
the applied water evidently was precipitated in the soil
or on the land surface, or was removed by plants;
thereby depleting the concentration of that constituent
in the return flow.

To evaluate the quantity and quality of inflow be-
tween successive stations along the main stem, the
water and chemical discharge at each of the stations
was subtracted from corresponding quantities at the
adjacent downstream station. The algebraic difference
is the net gain (or loss) of water or chemical dis-
charge in the reach. During the surveys net gains
consisted mainly of efluent ground water from the
irrigated area north of the river. After the 1965 irriga-
tion season, inflow from right-bank tributaries (south)
was a negligible part of total inflow.

The water discharge at stations along the main
stem and near the mouths of all known flowing
tributaries was reported in cubic feet per second. The
chemical discharge, or ionic load (L), of an ionic con-
stituent is defined by the equation

L = KQC

where K is a unit constant, Q is the measured dis-
charge in cubic feet per second (assumed equal to the
daily mean discharge), and C is the concentration of
the constituent. Load is defined in tons per day when
C is in milligrams per liter and X = 0.0027. Load also
can be defined in terms of kiloequivalents, or thou-
sands of equivalent weights per day, when C is in milli-
equivalents per liter and X — 2.446. The latter method
of defining L was used for data analysis in this report.
Because the sums of the cationic and anionic con-
stituents should be nearly equal, anomalous relations
between the ionic loads are readily apparent.

If the water discharge and ionic load at the down-
stream and upstream stations respectively are Q2, Q1,
L2, and L1, then the net gain in the reach is Q2-Q1 for
water discharge and L2-L1 for chemical discharge.
Negative values represent losses from the channel,
changing stage, or erroneous measurements of water
discharge or concentration. Differences greater than
about 8 percent between the anionic load and cationic
load in net gains or losses, in ke/day (kiloequivalents
per day), normally indicated erroneous calculations
or measurements.

Despite wide and relatively random variation in
antecedent rainfall, the magnitude of net gains be-
tween successive stations adjacent to the district gen-
erally increased as low flow was augmented by effluent
ground water and salts from the irrigated land. How-
ever, as shown in figure 27, the inflow per mile varied
from reach to reach in response to variations in the
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Ficure 26.—Concentrations of sulfate and chloride in the Smoky Hill River and in irrigation water during seepage-salinity

surveys, 1964-71.
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distribution of irrigation water and localized differ-
ences in the geohydrology. For example, high inflow
in the reach 340.3 to 338.0 probably represents dis-
charge of effluent ground water from a buried channel
that drains a large part of the irrigated area (pl. 2).
During the irrigation season, canal waste also aug-
ments flow in that reach.

Progressive changes in the magnitude and ionic
composition of net gains to the irrigation reach 350.0 to
338.0 are caused mainly by changes in the quantity
and chemical quality of drainage from most of the
irrigated land. Net gains upstream from the irrigation
reach consisted mainly of variable inflow from the fish
hatchery and from a seepage area east of the dam.
Part of that inflow is now diverted for irrigation of
land outside of the district. Net gains downstream
from the irrigation reach appear to be relatively un-
affected by irrigation of land in the district, although
withdrawals from wells adjacent to the channel be-
tween stations 338.0 and 335.5 caused minor net losses
during several of the surveys. The wells may intercept
return flow from the district.

To illustrate the effect of irrigation on flow down-
stream from the district, exclusive of variable releases
from the fish hatchery, net gains are expressed in figure
28 as percentages of total inflow to the river between
the fish hatchery 355.8 and station 334.4. Net gains to
the irrigation reach ranged from 30 percent in 1964 to

100 T T T T T T T T T T T T T

S0+ 4

PERCENT OF TOTAL INFLOW DOWN-
STREAM FROM FiSH HATCHERY

EXPLANATION

5.96
Number above bar is net gain in cubic feet per secand per doy

,:] Tributary inflow to irrigatian reach

- Seepage ta irrigatian reach

Ficure 28.—Net gains in the irrigation reach, expressed as
percentages of the total inflow to the Smoky Hill River between
Cedar Bluff Fish Hatchery (355.8) and station 334.4.

about 80 percent in 1967 when rainfall during part of
the growing season far exceeded consumptive use
(table 2). From 1968 to 1971, when irrigation water
was used more efficiently, the percentage remained
relatively constant between 62 and 69 percent.

Progressive increases in net gains in the spring of
each year, when excess water from the preceding sea-
son had ample time to drain from the aquifer, attest
to the increase in storage shown by higher water levels
adjacent to the irrigated area during successive years.
The lowest net gain in the irrigation reach was 1.4 cfs
(0.04 m3/s) in October 1964. After 1967, net gains
fluctuated between 8 and 10 cfs (0.23 and 0.28 m?/s)
in the spring and fall, respectively, as the water table
fell and rose in response to drainage from and infiltra-
tion of excess water to ground-water storage.

Net gains consist of measured tributary inflow plus
net seepage. Tributary inflow, measured near the
mouths of the streams, consisted mainly of effluent
ground water from the aquifer underlying the high
terrace. Net seepage gains represent unmeasured in-
flow mainly from small tributaries and from marshy
areas along the river. Net seepage losses represent
unmeasured withdrawals, including evapotranspira-
tion, from the main stem or from tributaries down-
stream from data-collection sites. Measured with-
drawals during the surveys in the spring and fall were
negligible,

In April 1964, seepage was the major component of
net gains of less than 2 cfs (0.06 m3/s). As more water
was applied to more acres, the ground-water reservoir
under the high terrace filled and tributary inflow com-
prised a generally increasing percentage of net gains
in the irrigation reach (fig. 28). Flow of natural tribu-
taries increased and was augmented by drains con-
structed in marshy areas that formerly contributed
to seepage.

Net seepage gain or loss between adjacent stations
probably is significant only when the magnitude ex-
ceeds about 6 percent of the measured discharge at
the terminus of the reach. The effect of small errors
in measurement and analysis at each station is mini-
mized when seepage gains and losses are accumulated
in a downstream direction. Cumulative net seepage
losses of nitrate in the irrigation reach were recorded
during all surveys, but gains were recorded for water
and all the other major ions. Net seepage losses of
nitrate that ranged from about 45 to 53 kilograms of
nitrate (10 to 12 kg. of nitrogen) per day during the
last four surveys would represent improbably high
unmeasured withdrawals of about 21 acre-feet (10.6
cfs-days) per day of river water at the observed con-
centration of about 2 mg/1l. The losses probably repre-
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sent interception and consumption of much smaller
quantities of highly concentrated tributary inflow by
abundant phreatophytes on the flood plain as well as
withdrawal of nitrate by aquatic plants.

Although the maximum net gains in water dis-
charge to the irrigation reach after each growing sea-
son was measured during the survey in October 1969,
the net gain in chemical discharge increased progres-
sively from 1964 to 1971 (fig. 29). However, the rate
of annual increase in chemical discharge diminished
from year to year.

As shown in figure 29, the percent composition of
the ionic load in net gains remained relatively constant
after 1965. Calcium and sulfate were the predominant
ions, but the percent sulfate was much lower than in
the irrigation water. After 1965, the percent sulfate in
net gains and in the irrigation water generally in-
creased with a corresponding decrease in percent.
However, the percentages of sodium and chloride in
net gains remained higher than the percentages in the
irrigation water. Significant relations between the ions
are readily described in terms of concentrations and
concentration ratios.

The specific conductance of water discharge in the
irrigation reach increased from 880 to 900 micromhos
per centimetcr at 25°C in the fall of 1964. In thc fall
of 1971, the specific conductance in the same reach
increased from 1,070 to 1,230 micromhos per centi-
meter at 25°C. The concentration ratio for specific
conductance increased from 1.01 in 1964 to 1.15 in
1971.

The concentration in milliequivalents per liter of
the ions in net gains was calculated by dividing the
net gains in chemical discharge shown in figure 29 by
the product of the net gains in water discharge and the
unit constant 2.446. The concentrations of the ions in
net gains, net seepage, and tributary inflow during
each of the surveys is shown in table 8; progressive
changes are illustrated graphically in figure 30. Be-
cause concentrations of nitrate were very low and the
range of concentration ratios was very wide, it was
not practical to include nitrate in figure 30.

The specific conductance and the concentrations of
most of the major ions in net gains generally increased
progressively after 1964, but were not directly related
to the rate of water discharge. Anomalously high con-
centrations were recorded for the survey in April 1964
when small net gains consisted chiefly of seepage. In
October 1964, sharply lower concentrations in net
gains that consisted mainly of tributary inflow (fig. 28)
probably reflect the first arrival of excess water from
irrigation of land on the high terrace. The concentra-
tions of most of the ions in seepage (excluding sodi-
um) exceeded the concentrations in tributary inflow,

possibly as a result of transpiration of water by phrea-
tophytes and evaporation of water from marshy areas
near the river. Despite the paucity of sodium, the
possibility can not be discounted entirely that seepage
is augmented by saline water from abandoned wells
that tap artesian aquifers at depth.

The relatively constant concentration ratios for
calcium and sulfate suggest that the concentrations of
those ions in net gains and in the irrigation water are
related. The ratios for calcium were similar to those
for the specific conductance which increased from 1.07
in November 1965 to 1.39 in November 1970, but the
ratios for sulfate were less than one. Low ratios for
sulfate, magnesium, and potassium indicate dilution,
organic removal, or precipitation of the salts of those
ions. Some of the magnesium and potassium may have
replaced sodium in the soil by ion exchange.

Disproportionately high concentration ratios for
sodium and chloride indicate a source for those ions
that is supplementary to the irrigation water. Although
the concentrations continued to increase through 1971,
the trends in the ionic loads shown in figure 29 and
in the ratios shown in figure 30 suggest depletion of
that source. The ratios of the concentration of sodium
to the concentration of chloride (in me/l) generally
exceeded one; the sodium to chloride ratio in oil-field
brine normally is less than one (Leonard, 1972). Re-
cently produced brine does not seem to be the prin-
cipal source of the sodium and chloride unless it has
become enriched with sodium displaced from the soil
by calcium and magnesium from the irrigation water.
The ratios seem to substantiate the evidence given in
preceding sections that naturally accumulated salts in
the soil are the common source.

Concentrations of the other ions appear to have
achieved some sort of temporary equilibrium with the
environment at concentrations about equal to or less
than those predicted from consumptive use (table 2).
If meteorologic conditions, quality of the irrigation
water, and management of the district do not change
drastically, the specific conductance and concentra-
tions of sodium and chloride in low flow should not
significantly exceed the concentrations of ions in tran-
sient storage in the ground water or the maximums
shown in figure 30 for extended periods of time as a
result of irrigation.

Pesticides and Non-Silicate
Trace Elements in Low Flow

Seven sets of samples were collected during periods
of low flow at stations 355.8, 352.8, 347.4, 340.3, and
3344 (pl. 1) between August 1964 and November
1967 for determination of pesticides and carbon ex-
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Leonard—Changes in Chemical Quality of Water, Cedar Bluff Irrigation District Area, West- Central Kansas
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DATE OF SURVEY

Ficure 30.—Concentrations and concentration ratios of ions in net gains in the irrigation reach during seepage-salinity surveys,
1964-71.

tractables. Qualitative and quantitative analyses for
halogenated and sulfur containing phosphatic organic
and phenoxy-type pesticides plus carbon chloroform
(CCE) and carbon alcohol extractables (CAE) were
performed on 1-gallon (3.8-1) samples of river water
and on packed granular carbon columns representing
100-gallon (380-1) volumes of river water. Analysis
was by electron gas capture chromatography and
microcoulometric titration gas chromatography at the
Southeast Water Laboratory of the Environmental
Protection Agency at Athens, Georgia. No identifiable
pesticides were detected at low flow (Leonard and
Stoltenberg, 1972, table 10); however, some pesticides
may be carried from the irrigated area to the river by
surface runoff resulting from heavy rainfall.

Only trace levels (less than 0.1 part per billion) of

chlorinated hydrocarbons were reported by Knutson
and others (1971, p. 25) in samples of water from the
irrigation canal, Cedar Bluff Reservoir, the Smoky Hill
River, and in runoff from Plot 1 collected between
1966 and 1969. Higher concentrations (up to 13 parts
per billion) of Dieldren were found in the suspended
sediment in surface runoff from plot 1. During 1969,
no residues were detected in silt or water from either
the reservoir or the river, perhaps as a result of the
decreased use of chlorinated hydrocarbons.

On March 26, 1971, when the water discharge of
the Smoky Hill River adjacent to the district was rep-
resentative of the low flow that is exceeded about 60
percent of the time, samples of water, suspended sedi-
ment, and bed material were collected at three sites
(338.0, 338.5, and 339.1). The non-silicate trace ele-
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ment content of composited samples (table 9) were
analyzed by E. A. Jenne, U.S. Geological Survey
(1971). The analyses indicate that appreciable quan-
tities of trace elements are associated with sediment
that would be incorporated in streamflow during
periods of storm runoff. Anomalously high concentra-
tions of copper in the suspended sediment probably
were derived from copper-bearing algicides used in the
canal. The chemistry of direct runoff from the district
warrants additional study.

Changes in Chemical Quality of Streamflow
Adjacent to the District

Data collected for the seepage-salinity surveys
under idealized conditions during only 6 days are pre-
sumed to represent changes in the quantity and chem-
ical quality of low flow during a period of more than
7 years. Efforts were made to standardize the data at
the time of collection and analysis, but the effects of
short-term fluctuations during the surveys and un-
measured variations could obscure significant relations.
To describe the quality of flow in the river over a
wider range of conditions, samples were collected for
chemical analysis at monthly or more frequent inter-
vals at five of the stations during water years 1966-71.
Discharge measurements accompanied most of the
samples.

In addition to the river mile designation used for
stations in this report, some stations have been as-
signed a number (shown in parentheses) in down-
stream order according to the identification system
used by the U.S. Geological Survey. Records for the
Smoky Hill River near Schoenchen 344.4 (0686270)
and for the Smoky Hill River at Cedar Bluff Dam
355.9 (0686200) are published in the series of annual
reports “Water Resources Data for Kansas.” Both sta-
tions are equipped with continuous stage recorders. A
graphic conductivity recorder was maintained at the
downstream station during water years 1966-70. Rec-
ords for the two intermediate project stations 352.8
(0686210) and 345.5 (0686220) and for the Fish
Hatchery outfall 355.8 are included in the basic data
report (Leonard and Stoltenberg, 1972).

During infrequent periods of high runoff from the
220 square miles (570 km?) of drainage area to the
reach of the river between the dam and station 334.4,
contributions from the approximately 6,000 acres
(2,400 ha) of irrigated land normally comprised an
insignificant part of streamflow in the reach. The
effects of storm runoff, accumulated salts flushed from
the land surface outside of the irrigated area, and re-
leases from the dam to the river far outweighed the
effects of irrigation on the chemical quality of high
flow.

Kansas Geol. Survey—Chemical Quality Series No. 1

Statistical analysis of the data for discrete samples
from stations along the main stem showed that omis-
sion of a small number of samples collected at high
rates of discharge drastically reduced the standard de-
viations from the means and the standard errors of
estimate for linear and polynomial regressions relating
discharge, specific conductance, and concentrations of
the ions. The statistics shown in table 10 and related
illustrations represent samples collected at rates of
discharge less than 13, 20, and 30 cfs (0.42, 0.57, and
0.85 m®/s) at stations 352.8, 345.5, and 344.4, respec-
tively. Statistics for station 355.9, at Cedar Bluff Dam,
are included in table 10, but are generally omitted
from the illustrations because the quality of water is
similar to the irrigation water. The mean values shown
for specific conductance and discharge probably are
higher and lower, respectively, than the actual values,
but they represent conditions that prevailed during
more than 80 percent of the time.

In general, the mean specific conductance in-
creased from year to year at each of the stations and
in a downstream direction. The specific conductance
of natural streamflow normally varies inversely with
the rate of water discharge as a result of dilutant rain-
fall. However, the relations of specific conductance to
water discharge shown in figure 31 indicate that the
specific conductance (and concentration of dissolved
solids) corresponding to a given rate of discharge in-
creased from year to year. To minimize the effect of
the progressive increase in the specific conductance of
the irrigation water, the values shown in the figure are
expressed as concentration ratios to the specific con-
ductance of the irrigation water during the preceding
irrigation season. At the downstream station 344.4, the
ratios increased from 1.08 in 1966 to 1.25 in 1971,
slightly less than the ratios for net gains in the irriga-
tion reach during the seepage-salinity surveys.

The concentration ratios for calcium remained
relatively constant and similar to the ratios for specific
conductance at all three stations (fig. 32). The ratios
for sulfate remained relatively constant from year to
year at each station and decreased in a downstream
direction to values less than one. The concentration
ratios for sodium and chloride increased in a down-
stream direction to disproportionately high values
with respect to specific conductance. The concentra-
tion ratios representing the mean concentration of
chloride increased progressively through 1971, but the
concentration ratios for sodium were exceeded during
several preceding years. Changes in the other ions
are shown in table 10.

Despite minor discrepancies attributable to sam-
pling over a wider range of discharge, the recorded
changes substantiate the results of the seepage-salinity
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Ficure 31.—Relations of the average specific conductance (expressed as concentration ratios) to the corresponding water
discharge for discrete samples at three stations on the Smoky Hill River for water years 1966-71.

surveys. Inflow between the three stations varied
widely in quantity and quality during each year. Dur-
ing periods of low to modcrate flow, drainage from the
irrigation district apparently was the major factor that
determined the rate and quality of flow at station 344.4
near Schoenchen.

Changes in Quantity and Quality of Streamflow
Downstream from the District

Results of analyses of samples collected at semi-
monthly or more frequent intervals were combined
with continuous records of stage and specific conduct-
ance to relate varitions in chemical quality to water
discharge and to time at station 334.4. Continuous
specific conductivity records were available for water
years 1966-70. A specific conductivity record for 1971
was synthesized by combining the specific conduct-
ancc of samples collected at weekly or more frequent
intervals with the continuous discharge records. Simu-
lated records calculated from similar data collected
during preceding years compared favorably with the
actual records except during periods of extremely
high discharge.

Relations of daily mean specific conductance to

daily mean discharge and time (fig. 33) show that suc-
cessively higher values of specific conductance gen-
erally prevailed for similar periods of time during
water years 1966-71. Except during thc dry 1968
water year, the specific conductance of streamflow
exceeded the specific conductance of the irrigation
water for progressively longer periods ranging from
82 percent of the 1966 water year to 97 percent of the
1971 water year. During the same periods, the water
discharge was less than about 30 cfs (0.85 m?/s), the
rate at which streamflow was evidently diluted by
overland runoff or releases from the reservoir. Only
during the 1966 and 1967 water years, when substan-
tial releases were made to the river from the reser-
voir, did the daily mean discharge exceed 30 cfs (0.85
m*/s) more than 10 percent of the time. Largely be-
cause drainage from the irrigated land sustained base
flow, the daily mean discharge equalled or exceeded
90 and 50 percent of the time remained relatively
constant.

Relations between specific conductance, concen-
trations of the ions, and discharge were poorly de-

fined for the relatively few samples collected when
the discharge exceeded 30 cfs (0.85 m?/s), because the
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F1cure 32.—Average concentration ratios for selected ions in discrete samples at three stations
on the Smoky Hill River during water years 1966-71.
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high rates of discharge were normally associated with
storm runoff. During each rise, the specific conduct-
ance corresponding to a given rate of discharge gen-
erally was higher than during the subsequent reces-
sion. Linear relations of the specific conductance of
discrete samples to the corresponding rates of dis-
charge equal to or less than 30 cfs (0.85 m?/s) (fig. 34)
illustrate that the specific conductance (and concentra-
tion of dissolved solids) corresponding to a given rate
of discharge increased progressively for water years
1966-71 despite random variations in precipitation.
Although the coefficients of correlation are low, the
maximum standard error of estimate is only about 6
percent of the corresponding mean specific conduct-
ance for each water year.

During periods of stable flow, the specific con-
ductance of discrete samples was similar to the daily
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mean specific conductance. The concentrations of the
ions in discrete samples taken during those periods of
each water year were related to the specific conduct-
ance of the samples by the least squares method using
polynomial regressions of the third degree. The con-
centrations of the ions corresponding to the daily mean
specific conductance Eiy, E;o, and Egy, shown in figure
33, were then determined from the regression equa-
tions.

Near equivalence of the sums of the cations to the
sums of the anions (in me/l) for each of the synthetic
analyses (table 11) determined from independent
equations for each of the ions attests to the validity
of the method and results. The values for the concen-
trations of the ions at Ej are nearly equal to the mean
concentrations of the corresponding ions calculated
directly from the analyses of the samples. The specific

TaBLE 11.~—Concentrations of the ions and percent composition of the ionic load corresponding to the daily mean specific con-
ductance equalled or exceeded 10, 50, and 90 percent of the time in the Smoky Hill River at station 334.4 near Schoenchen
during water years 1966-71.

[Load computed using third-degree polynomial equations that define the relation of specific conductance (independent variable)
to the concentration of the ions for discharges less than 30 cfs (0.85 m®/s).]

Specific conductance Calcium (Ca)

Magnesium (Mg)

Sodium (Na) Potassium (K)

Water
year 10 50 90 10 50 90 10 50 90 10 50 90 10 50 90
Micromhos per centimeter
at 25°C Concentrations, in milligrams per liter

1966 920 880 765 128 118 102 21 21 17 39 38 32 11 12 13
1967 . 940 920 730 128 125 109 20 20 17 46 45 36 10 10 10
1968 ... 1,030 990 920 129 134 111 27 20 26 52 52 44 11 10 13
1969 . 1,040 980 880 139 124 104 23 23 21 56 52 46 11 12 9
1970 . 1,120 1,090 1,030 150 143 130 24 24 24 64 61 55 10 11 12
1971 ____ 1,195 1,135 1,070 161 149 139 23 23 24 68 66 61 10 12 11

Sodium-adsorption ratio Percent composition
1966 ________ 0.9 0.9 0.8 635 617 624 169 17.8 106 170 175 194 2.7 3.0 7.7
1967 . 1.0 1.0 8 622 618 63.6 16.0 16.3 9.7 194 193 215 2.5 2.6 52
1968 ___ 1.1 1.1 1.0 575 616 575 198 152 133 202 20.8 228 2.5 2.4 6.4
1969 . 12 1.1 1.0 60.1 579 581 163 18.0 114 213 213 256 2.3 2.8 49
1970 1.3 12 12 60.1 594 582 157 163 17.5 22,2 220 215 2.0 2.3 2.8
1971 . 1.3 1.3 1.3 612 596 58.6 144 151 166 224 229 224 2.0 2.4 24

Dissolved solids (DS) Bicarbonate (HCO:) Sulfate (SOs) Chloride (Cl) Nitrate (NQOs)
Water
year 10 50 90 10 50 90 10 50 90 10 50 90 10 50 90

Concentrations, in milligrams per liter
1966 .. 635 613 538 215 186 164 256 253 219 39 39 32 2.0 18 1.1
1967 . 640 632 501 210 211 197 245 243 215 54 51 28 1.3 1.8 3.9
1968 . 696 687 648 211 223 147 292 264 292 55 59 44 2.3 2.4 14
1969 . 721 674 614 215 183 127 292 285 247 63 56 49 2.5 2.3 3.3
1970 . 782 759 1714 237 220 189 306 304 292 72 69 61 3.9 3.0 18
1971 . 825 791 249 203 190 327 331 318 76 72 70 4.3 3.5 2.4
Percent composition

1966 _______. 353 323 395 535 558 524 10.1 116 75 0.3 0.3 0.6
1967 . 34.1 347 444 505 50.7 485 152 143 6.2 2 3 9
1968 . 31.1 336 304 547 507 60.4 138 153 9.1 4 4 1
1969 ... .. 308 284 235 53.3 56.2 59.8 155 150 159 4 4 8
1970 314 301 283 51.7 531 557 165 164 157 5 4 3
1971 . 311 270 265 52.0 560 564 164 165 16.8 5 5 3
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conductance, the sodium-adsorption ratio, and the
concentration ratios for the ions corresponding to Ejo
are shown graphically in figure 35.

Part of the general increase in the specific conduct-
ance and concentrations of the ions downstream from
the district reflects similar changes in the quality of
water in Cedar Bluff Reservoir. Although the concen-
trations of sodium and chloride ions increased appre-
ciably as a result of irrigation, they remained well be-
low recommended maximums for drinking water (Kan-
sas State Board of Health, 1973). Concentrations of
dissolved solids and sulfate generally exceed the rec-
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ommended maximum limits in the irrigation water
and in the river water downstream from the district.

Estimates of Quantity and Quality of
Drainage from the District

Annual discharge at the gage near Schoenchen is a
variable mixture of drainage from the irrigation district
(including irrigation return flow) and a larger quan-
tity of water of differing composition from other
sources. The similarity of the curves shown in figure
35 to those shown in figure 30 for net gains indicate
that drainage from the district measured during the
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FiGURE 35.—Specific conductance, sodium-adsorption ratios, and concentration ratios of the ions that were equalled or
exceeded 50 percent of the time in the Smoky Hill River at station 334.4 near Schoenchen during water years 1966-71.
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seepage-salinity surveys continued during the rest of
the year and was a major factor governing the chem-
ical quality of water downstream. By use of simplify-
ing assumptions, independent estimates of the quan-
tity and quality of drainage attributable to irrigation
during each year were calculated from records of
streamflow in and releases to the river (net drainage),
and from irrigation requirements and distribution of
the irrigation water (consumptive use). Much of the
data were collected as part of the normal operation
and management of the reservoir and irrigation dis-
trict. The results are compiled in table 12 for compari-
son with results from the seepage-salinity surveys.

ESTIMATES BASED ON RECORDS OF
STREAMFLOW AND RELEASES TO THE RIVER

Streamflow at the gage near Schoenchen (334.4)
consists of a variable high-flow component, and a rela-
tively stable low-flow component that prevailed most
of the time. The variable component consists mainly
of storm runoff and direct releases to the river from
Cedar Bluff Reservoir. Flow is mostly regulated by
the dam, but the maximum discharge recorded near
Schoenchen since the recording stage gage was in-
stalled in July 1964 was 20,400 cfs (580 m®/s) on June
14, 1970 when discharge recorded at the dam (355.9)
was less than 5 cfs (0.14 m?/s). As the scope of the
project did not include adequate data collection for
measuring the quantity and quality of storm runoff
from the irrigated area, which represents less than 5
percent of the drainage area, efforts were confined to
evaluation of the stable component of streamflow.

The stable component consists mainly of subsurface
drainage of excess water from the irrigated cropland
that is augmented by seepage from the dam, fish
hatchery ponds, canal and laterals, bank storage, and
a small amount of natural ground-water runoff not
directly associated with irrigation. During the grow-
ing season, natural streamflow was depleted by evapo-
ration, transpiration by phreatophytes and other vege-
tation that proliferated along draws, tributaries, and
the river channel in response to the increased availabil-
ity of water, and by withdrawals for irrigation. De-
pending on magnitude and timing, measured releases
from the fish hatchery and waste from the canal and
laterals augmented both stable and variable com-
ponents.

Releases from the dam and fish hatchery were sub-
tracted from the discharge measured at the gage near
Schoenchen (334.4) for corresponding 5-day intervals
during the period of record, 1965-71. The cumulation
of differences against time (3Q) shown on figure 36 is
a series of straight-line segments representing periods

of relatively stable low flow separated by intervals
during which the discharge fluctuated rapidly as a re-
sult of storm runoff. The slope of each of the linear
segments presumably represents the rate of inflow to
the reach between the fish hatchery and the gage. If
the information collected during the seepage-salinity
surveys applies to conditions that prevail during the
remainder of each year, the inflow consisted chiefly of
efluent ground water and waste from the irrigated
area (the combination that conforms to the generally
accepted definition of irrigation return flow). The
hypothesis would be substantiated if the chemical
quality of the inflow minus waste (hereafter termed
net drainage, X;) determined indirectly from the rec-
ords at the gage near Schoenchen were similar to the
net gains in the same reach during the seepage-salinity
surveys.

By assuming that the average rate of ground-water
inflow during each period of major fluctuation in
discharge was equal to the mean of the rates prevailing
before and after the period, cumulative net drainage
(3X4) was calculated for the period of record. To
illustrate the calculation graphically, successive linear
segments were extended and translated vertically to
form the relatively smooth curve that represents cumu-
lative net drainage to the river with storm runoff, re-
leases from the dam and fish hatchery, and canal and
lateral waste (overflow) removed (fig. 36). The
average daily net drainage ranged from 10.2 cfs (0.29
m?/s) per day in 1966 to 15.1 cfs (0.43 m?/s) per day
in 1969. High values in 1965 and 1969 may reflect
above average rainfall during those years. For all
years, the values were lower than Qo (fig. 34), but
some were nearly equal to net gains measured for
the reach between the fish hatchery outfall (355.8)
and the gage near Schoenchen (334.4) during the
seepage-salinity surveys (table 12).

The chemical discharge (or load) of the major
ions that passed the gage during the periods of rela-
tively stable flow, shown in figure 36, was calculated
for each calendar year from the daily mean water dis-
charge, the daily mean specific conductance, and re-
gression equations relating the specific conductance to
the concentrations of the ions in discrete samples.
Digital-computer programs developed specifically for
this phase of the project (written commun., D.
Maddy, 1971) facilitated the lengthy calculations. The
chemical discharge in measured releases from the dam,
fish hatchery, and wasteways during the same periods
was evaluated readily because the chemical quality
was nearly similar to the irrigation water for each year
(table 3). The differences between the chemical and
water discharge at the station and in the releases and
waste during the same periods are assumed to repre-
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Ficure 36.—Components of cumulative discharge of the Smoky Hill River at station 334.4 near Schoenchen, 1965-71.

sent the chemical and water discharge of net drainage
for those periods. The specific conductance and con-
centrations of the major ions in net drainage (table
12) were calculated from the differences.

Although the calculated values for specific con-
ductance and concentrations of the ions in net drain-
age were derived by indirect methods using relatively
imprecise data collected during the entire year, they
are remarkably similar to the values for net gains be-
tween the fish hatchery (355.8) and the gage near
Schoenchen (334.4) that were based on direct meas-
urements during seepage-salinity surveys representing
periods of one or two days under idealized conditions.

Evidently the results of the seepage-salinity sur-
veys approximately represent conditions of low flow
throughout the year. On the other hand, unless the

more detailed information provided by the surveys is
required, changes in the quantity and chemical quality
of drainage from the irrigated areas can be estimated
from continuous records at the downstream site sup-
plemented with data collected as part of the normal
operation of the reservoir and irrigation district.

ESTIMATES BASED ON IRRIGATION
REQUIREMENTS AND DISTRIBUTION
OF THE IRRIGATION WATER

Theoretically, the quantity and quality of net
drainage could be estimated from the consumptive use
and distribution of precipitation and irrigation water
(table 2) and the quality of the irrigation water (table
3) if there were no other sources of the ions or chem-
ical reactions between the ions in the soils and aqui-
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fers. Results of the early seepage-salinity surveys
justify the assumption that without irrigation there
would be virtually no net drainage.

As shown by the cumulative curves in figure 36,
net drainage for most years was nearly cqual to the
sum of the excess rainfall and irrigation water (Ax,
table 2) on the irrigated acreage. Annual values for
Ax are used for “inflow” in table 13. The empirical
relation may be useful for prediction, but the implica-
tion that net drainage, including dissolved salts, orig-
inated only in the irrigated acreage is an oversimplifi-
cation. Cumulative deliveries of irrigation water to
the farms (3I) (table 2) were nearly equal to cumula-
tive net drainage (3Xq) (fig. 36) for the period 1965-
71, but the similarity is probably coincidental because
the annual values differed widely.

Excess input (Xn, tablc 2) to the system probably
represents a more realistic estimate than Ax of actual
recharge to the aquifers from which eflucnt ground
water sustains net drainage. As the ground-watcr
reservoir filled from 1965 to 1968, excess input (Xn)
far exceeded net drainage. By the end of 1971, the
cumulative excess input (SE,) exceeded cumulative
net drainage (3Xq) by less than 3 percent (fig. 36).
If drainage from about 660 acres (270 ha) of land
outside of the district that were irrigated by estimated
diversions of about 870 acre-feet (1.1 hm?®) per ycar
(records of Kansas State Department of Agriculture)
were added to cumulative net drainage, the difference
would be even smaller. Therefore, 3X, appears to be
a reasonable estimate of 3Xg.

The specific conductance (Ey) and the concentra-
tions of the ions in the cxcess input (X,) were calcu-
lated using the expression E, = EEE;éN
table 2, and analagous expressions usning the concen-
trations of the ions in the irrigation water. The specific
conductance and the concentrations of dissolved solids
and calcium were remarkably similar to corresponding
values determined by the other two methods (table
12). However the relatively low predicted concentra-
tions of sodium, chloride, bicarbonate, and nitrate sub-
stantiate the hypothesis that the higher concentrations
of those ions in measured inflow to the river were de-
rived from supplementary sources.

, as shown in

COMPARISON OF NET INPUT
AND NET DRAINAGE

Lack of adequate data describing overland runoff
precluded evaluation of a comprehensive salt balance
for the district; however, the similarities described
above indicate that the estimates of the quantity of
water and salts in net drainage (X;) (fig. 36) can be
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related with some degree of confidence to correspond-
ing quantities in net input of irrigation water (N).
Because most of the infiltrated water probably re-
mained in the aquifers longer than one year, relations
of cumulative input to cumulative drainage (fig. 37)
probably are more significant than relations between
annual values.

Cumulative net drainage of water was equal to
about 60 percent of cumulative net input of irrigation
water, but the percentages reprcsenting the various
ions differed widely. As shown by thc parallel con-
figuration of the curves, the fluctuation in chemical
discharge generally depended mainly on the water
discharge. If all of the ions in net drainage were de-
rived from the irrigation water, and there were no
significant losses of ions to (or contributions from) the
soil, aquifers, or storm runoff, thc curves for all of
the ions would coincide and approach 100 percent.

During the entire 1966-71 period, the chloride in
net drainage excceded the chloride in deliveries of the
irrigation water, whereas the net input of magnesium,
potassium, and sulfate in the irrigation water exceeded
net drainage. More sodium, bicarbonate, and nitrate
was carried out of the system in net drainage than was
delivered in the irrigation water. The configuration
of the curves shown in figure 37 substantiates the evi-
dence from changes in the chemistry of the soil, ground
water, and net gains during seepage-salinity surveys
that net drainage consists mainly of effluent ground
water containing accumulated sodium, chloride, and
nitrate leached from the soil and underlying aquifers
by excess irrigation water. Part of the calcium, mag-
nesium, and sulfate carried by the irrigation water was
transported to the river in overland runoff and part
remains in the soil or ground-water reservoir. A rela-
tively small part of the ionic load, including potassium,
probably was consumed by vegetation.

With continued irrigation under existing condi-
tions, exchangeable cations in the soil and irrigation
water will reach unstable equilibrium, the soluble salts
that accumulated in the soil and aquifers before irriga-
tion will become depleted, and most of the altered
ground water containing the leachate will have been
displaced to the river. The quality of drainage from
the irrigated land would then depend almost entirely
on the quality and rate of application and consumptive
use of the applied irrigation water. Unless conditions
change drastically, the composition of ground water
under the irrigated area and drainage from the irri-
gated land eventually should become nearly uniform
and similar in composition to the applied water; how-
ever, the concentrations of the major ions should be
from 1.5 to 2.0 times higher. The analyses of the soils
and well waters show that significant quantities of
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responding ions in cumulative net input (SN of irrigation water, 1966-71.

soluble salts remain in transient storage, but that, with
the exception of nitrate from fertilizer, they pose no
significant threat to the downstream user.

SUMMARY AND CONCLUSIONS

Conversion from range land dryland farming to
intensive cultivation under irrigation with water from
Cedar Bluff Reservoir upset the natural equilibrium
of the semiarid hydrologic environment of the area in
and adjacent to the Cedar Bluff Irrigation District No.
6, west-central Kansas. Progressive changes in the
chemical quality of ground water beneath the irrigated
land and in water in the Smoky Hill River adjacent to
the district depend on the composition and configura-
tion of the geohydrologic system as well as on the
composition, distribution, and consumption of the irri-
gation water.

The irrigated area is underlain by unconsolidated
fluvial deposits of Pleistocene age that overlap and fill
channels eroded in relatively impermeable limestone
and shale of Cretaceous age. The Cretaceous rocks
function chiefly as a lower boundary for ground-water
circulation; however, included soluble minerals are a
source of ions in the ground water.

The texture and related physical properties of the
fluvial deposits and overlying soils vary widely, both
vertically and laterally, but permeability is generally
adequate to permit infiltration, deep percolation, and

circulation of excess rainfall and irrigation water.
Deposits of sand and gravel near the bedrock surface
are the chief aquifers.

The water table in the valley-fill deposits under
most of the irrigated land slopes gently to the south
and cast toward the Smoky Hill River. Erosional rem-
nants of Cretaceous rock in some places retard the flow
of water from the aquifer under the high terraces to
the aquifer under the flood plain. Relief on the ero-
sional surface affected the thickness and textural char-
acteristics of the overlying sediments at the time of
deposition, and is a significant factor in the thickness
of the saturated section, the direction and rate of
movement of ground water, and the distribution of
waters of differing chemical composition.

During the period 1964-71, annual rainfall ranged
from about 17 to 29 inches (43 to 74 cm). The mean
was about 22 inches (56 cm), about 75 percent of
which occurred during the growing season when
consumptive use by crops exceeded rainfall. As the
moisture deficiency was overcome by irrigation, an
average of from 5 to 14 inches (13 to 36 cm) of excess
water was available for leaching and recharge in the
irrigated area. Part of the precipitation during the re-
mainder of the year, as well as seepage from the irriga-
tion canal and laterals, augmented the excess water
available to percolate below the root zone and into
the ground-water reservoir.
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The specific conductance of the irrigation water
generally increased progressively from about 800 to
980 micromhos per centimeter at 25°C between 1964
and 1971, Excepting a progressive increase in sulfate
at the expense of bicarbonate, the relative proportions
of the ions in the calcium-sulfate type water remained
nearly constant. Sodium comprised less than 17 per-
cent of the cations and the sodium-adsorption ratio
(SAR) was less than 0.8. With moderate leaching, the
water is well suited for irrigation of field crops in
medium-textured soil.

Seasonal fluctuations in a generally rising water
table reflected infiltration of excess water into and
drainage from the aquifers beneath and adjacent to
the irrigated land. Springs and marshes developed in
some topographic depressions, but the water table
under most of the irrigated land remained well below
the root zone.

Based on rainfall, consumptive use, and the quality
and quantity of the applied irrigation water, the aver-
age specific conductance of infiltrated water on the
irrigated land should range from 1.2 to 3.2 times the
specific conductance of the irrigation water. 1f seep-
age losses from the canal and laterals were included,
the ratios would range from 1.1 to 1.9. To facilitate
evaluation of the effect of the irrigation water on the
quality of sampled water, the specific conductance
and concentrations of the ions in well waters, soil
extracts, and surface water are expressed as concentra-
tion ratios to corresponding quantities in the irrigation
water.

The locally variable chemical composition of na-
tural waters in the area was determined chiefly by
soluble minerals in the soil and bedrock. With the
addition of excess water from irrigation, the specific
conductance of most of the well waters increased and
calcium and sulfate became the predominant ions.
Increases in the concentrations of sodium and chloride
in many of the wells were disproportionately higher
with respect to the other ions than would be predicted
from simple mixing with irrigation water or from esti-
mates based on consumptive use. Widespread distri-
bution of significant amounts of chloride in transient
storage in the aquifer suggested a more extensive and
abundant source than the irrigation water or the
known localized oil-field and livestock operations in
the area.

Detailed information from three experimental plots
that typify the varied geologic conditions beneath the
irrigated land shows that the rate and magnitude of
continuing changes in the quality of ground water
under the irrigated area, and eventually in drainage to
the river, are dependent on locally variable conditions
that are not readily generalized. Annual applications
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of irrigation water exceeded the irrigation requirement
for all three plots.

Plot 1, located near the northern boundary of the
high terracc, is underlain by predominantly fine-
grained colluvial and fluvial deposits with lenses of
sand and gravel. The thickness of unconsolidated
sediments increased from about 10 to 70 feet (3 to 21
m) in a southeastward direction. As a result of wide
variation in the depth of the well screens and in-
homogeneity of the aquifer, changes in water levels
in the 14 observation wells were neither simultaneous
nor of equal magnitude. Infiltrated calcium-sulfate
type irrigation water evidently mixed with and dis-
placed other types of water to the south and east.
Tracer dye injected at the surface appeared in well
waters down gradient, but residues of chlorinated
hydrocarbon pesticides applied generously to crops rc-
mained in the upper foot of the soil profile.

Sodium and chloride in some well waters increased
to concentrations far higher than in the irrigation
water during the first two years of irrigation. Sub-
sequent decreases, and convergence with time of the
concentration ratios for the specific conductance and
concentrations of most of the ions toward a common
value less than two, indicated depletion of soluble
salts in the soils and aquifers. The quantity and aver-
age concentration of chloride in the ground water de-
creased from 1965 to 1971, but the persistence of high
concentrations of sodium in some well waters may
represent continuing displacement of sodium from the
fine-grained sediment by ion exchange for abundant
calcium in the percolating waters. Significant in-
creases in the concentrations of nitrate in 1969 prob-
ably reflect transport of fertilizer nitrogen below the
root zone by excessive applications of irrigation water
during the preceding growing season, but concentra-
tion ratios for potassium, another plant nutrient, were
consistently less than one.

Plot 3 is located on the high terrace about 1.5 miles
(2.4 km) south of and down the ground-water grad-
ient from plot 1. The saturated zone lines entirely
within relatively homogeneous sand and gravel that
underlies 10 to 15 feet (3.0 to 4.6 m) of silt. From
1965 to 1971, the local water table rose about 5 feet
(1.5 m) to a minimum recorded depth to water of 29
feet (8.8 m). In 1971, response of the water level to
deep percolation in the center of the field lagged the
start and finish of the irrigation by about 19 days.

The predominant ions in 11 closely spaced wells
varied widely in 1965, but calcium and sulfate werc
the predominant ions in all the well waters by 1969.
Progressive southeastward migration of water types,
increases in specific conductance, and reduction of
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sodium-adsorption ratios in the well waters indicated
infiltration to the aquifer of excess water carrying salts
from the irrigation water and soil and the movement
of ground water toward the river.

After 1968, the concentration ratios for specific
conductance remained relatively constant between 1.5
and 2, but the ratios for chloride reached maximums
of morc than 10 (more than 260 mg/1) in 1969. Lack of
a conspicuous tendency for the concentration ratios
of the ions to converge toward a common value sug-
gests that changes caused by irrigation in the plot are
superimposcd on and masked by changes caused by
lateral migration of ground water from adjacent irri-
gated areas. Concentration ratios for sulfate and po-
tassium consistently less than one indicate loss of those
ions to plants and soil or dilution by waters containing
lower concentrations of those ions than in the irriga-
tion water. As in plot 1, leaching of fertilizer probably
caused a significant increase in the concentration of
nitrate in most of the well waters after 3 years of
irrigation.

Plot 2 is located on a low terrace overlying a
buried alluvial channel about 600 feet (180 m) north
of the Smoky Hill River. Measured water levels fluc-
tuated within a range of about 2 feet (0.6 m) at a
depth of about 16 feet (4.9 m). Salts from the irriga-
tion water and calcium and bicarbonate from the
sandy alluvium seem to be the main sources of ions in
the well waters. Other soluble salts probably were
washed away before irrigation began. The concentra-
tion ratios for specific conductance ranged between 1.2
and 1.6, slightly lower than was predicted from esti-
mates of rainfall and consumptive use. Concentration
ratios for nitrate were variable, possibly as a result of
the nitrogen-fixing activity of alfalfa. As was observed
in the other plots, concentration ratios for potassium
were less than one.

There was no evidence of significant leaching of
sodium and chloride in the soil as was observed for
the other plots. After 1968, the concentration ratios
for chloride were less than one. The chemistry of the
ground water beneath the plot may closely resemble
the chemistry of ground water beneath the irrigated
area (and drainage to the river) after prolonged appli-
cation of irrigation water.

Particle-size analyses show that the soil profiles to
a depth of 128 inches (325 c¢m) in plots 1 and 3 con-
sist mainly of silt and clay and are similar to the soil
profiles in adjacent nonirrigated areas. Chemical
analyses of soil saturation extracts revealed leaching
and translocation of soluble salts by percolating water.
Calcareous zones in the profiles are continuing sources
of calcium and bicarbonate in percolating water; there-
fore, the concentrations of those ions depend chiefly

on the solubility of calcium carbonate. Concentration
ratios less than one for specific conductance above
the calcareous zone probably represent leaching by
rainfall,

In plot 1, the concentration of soluble sodium in
the extracts was only slightly lower, but the concen-
tration of chloride was much lower in the irrigated
than in the nonirrigated soil profile. In plot 3, high
concentrations of sodium and chloride appear to have
been displaced downward by excess water. High
concentration ratios for nitrate near the surface of irri-
gated plots 1 and 3 reflect application of anhydrous
ammonia; high ratios near the base of the sections
probably represent fertilizer that was transported be-
low the root zone by excess water.

Calcium, magnesium, and sulfate from the irriga-
tion water apparently augmented the natural accumu-
lation of salts in the upper part of the irrigated profile.
At depths greater than 4 feet (1.2 m), the salt content
of the irrigated profiles generally was less than for
the corresponding nonirrigated profiles. If differences
in the soluble salt content of the profiles actually repre-
sent leaching of salts by excess irrigation water, the
concentrations of the drainage from plot 1 would have
increased by about 240 mg/1 for chloride and 40 mg/1
for sodium during the period 1965-71. Comparable
increases for plot 3 would be about 110 mg/1 for both
sodium and chloride.

The soluble cation content generally represented
less than 10 percent of the extractable cation content
of the profiles; the calculated increases for sodium
based on differences in the extractable ion contents
would be greater. Naturally accumulated salts leached
from the soil profile apparently supplied enough sodi-
um and chloride to account for the observed changes
in the ground water beneath the plots.

The content of nitrate in the irrigated soil profiles
was greater than for the nonirrigated profiles in all
plots. In plot 1, the difference was equivalent to
about 178 kilograms of nitrate (40 kg of nitrogen) per
acre, mainly below the root zone. The increase, which
probably is related to increased concentrations of
nitrate in the well waters, may indicate excessive or
poorly timed application of fertilizer, water, or both.

Because the approximately 6000 acres (2,400 ha)
of irrigated land normally contributed an insignificant
part of storm runoff from the 220 square miles (570
km?) of drainage area to the reach of the Smoky Hill
River adjacent to the irrigation district, the effects of
irrigation on the river were most conspicuous during
periods of low flow. However, additional study of the
quality of direct runoff from the district over a wide
range of discharge is warranted.

Sixteen seepage-salinity surveys of the reach re-
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vealed progressive changes in the quantity and quality
of low flow in the main stem, of tributary inflow, and
of seepage directly into the main stem between 1964
and 1971. Accelerated drainage of ground water from
the irrigated acreage progressively raiscd the concen-
tration of chloride in a downstream direction to valucs
far higher than chloride in the irrigation water. How-
ever, the concentration of sulfate generally decreased
in a downstream direction from values higher to valucs
lower than the irrigation water.

After 1965, net gains between successive stations
during the surveys consisted mainly of ground-water
discharge from the irrigated area north of the river.
However, the rate of inflow per mile varied from reach
to reach in response to local variations in the distribu-
tion of irrigation water and in the geohydrology.

Net gains in the irrigation reach that comprised
from 30 percent of the inflow to the river between the
fish hatchery and the downstream station (334.4) in
1964 to about 80 percent in 1967. From 1968 to 1971,
the percentages ranged between 62 and 69 percent de-
spite wide and relatively random variation in antecc-
dent rainfall. The lowest net gain of 1.40 cfs (0.04
m?/s) was measured in October 1964. After 1967, net
gains fluctuated between 8 and 10 cfs (0.23 and 0.28
m3/s) in the spring and fall, respectively, in response
to fluctuations in the drainage of excess water from
the irrigated acreage.

Net gains consist of measured tributary inflow plus
net seepage. In April 1964, seepage was the major
component of net gains. As water levels under the
irrigated acreage on the high terrace rose in response
to irrigation, tributary inflow comprised a larger per-
centage of net gains in the irrigation reach. In general,
the concentrations of the ions in net seepage gains
(excluding sodium) exceeded corresponding concen-
trations in tributary inflow. Net seepage losses repre-
sent unmeasured withdrawals of water or ions from
the river or from tributaries downstream from data-
collection stations. Cumulative net seepage losses for
nitrate in the irrigation reach accompanied gains for
water and the other major ions during all surveys.
During the last four surveys, net seepage losses of
from 45 to 53 kilograms of nitrate per day were re-
corded. Interception and consumption of more highly
concentrated tributary inflow by phreatophytes on the
flood plain and selective consumption of nitrate by
terrestrial and aquatic plants probably caused the
losses.

The chemical discharge in net gains to the irriga-
tion reach (consisting mainly of irrigation return flow)
increased from year to year between 1964 and 1971,
but the rate of increase diminished as the system
seemed to approach equilibrium. Calcium and sulfate
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were the predominant ions in the net gains, but the
percent sulfate was lower and the percent sodium and
chloride were highcer than in the irrigation water. The
specific conductance and concentrations of the ions
generally increased progressively after 1964, but were
not directly related to the rate of water discharge.

The specific conductance of water discharge in the
irrigation reach increased from 880 to 900 micromhos
per centimeter at 25°C in the fall of 1964. In the fall
of 1971, the specific conductance in the same reach
increased from 1,070 to 1,230 micromhos per centi-
meter at 25°C. The concentration ratio for specific
conductance increased from 1.01 in 1964 to 1.15 in
1971.

Concentration ratios for calcium in net gains were
similar to those for specific conductance, but the ratios
were less than one for sulfate and potassium during
1965-71 and for magnesium during the last three years.
Relatively small changes or declines in the dispropor-
tionately high concentration ratios for sodium and
chloride after 1967 may indicate depletion of a source
of those ions supplementary to the irrigation water.
Readily apparent similarities of the changes in the
chemistry of net gains to changes in the ground water
show that the quality of low flow in the river depends
to a large extent on the ions in transient storage in the
aquifers receiving excess water from irrigation. Maxi-
mum concentrations of the ions in the ground water
probably exceed maximums that will occur in the
Smoky Hill River as a result of irrigation.

Chemical analyses of discrete samples representing
a wide range of discharge at four stations on the river
adjacent to the district generally substantiated infor-
mation from the seepage-salinity surveys. The mean
specific conductance at the three downstream stations
and the specific conductance corresponding to a given
rate of water discharge increased from year to year.
Disproportionately high ratios for sodium and chloride
and low ratios for sulfate characterized the waters
containing drainage from the irrigated land.

At the station downstream from the district near
Schoenchen (334.4), concentration ratios for the mean
specific conductance increased from 1.08 in 1966 to
1.25 in 1971, slightly less than corresponding ratios
for net gains in the irrigation reach during the seepage-
salinity surveys. Successively higher values of specific
conductance generally prevailed for progressively
longer periods during water years 1966-71, but the
discharge equalled or exceeded 50 and 90 percent of
the time ( Q;0, Qyo) remained relatively constant from
year to year because drainage from the irrigated land
sustained base flow during dry periods.

The concentrations of the ions corresponding to
measured values of daily mean specific conductance
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that were equalled or exceeded 10, 30, and 90 percent
of the time (Ei9, Eso, Ego) during cach water year
were calculated using polynomial regression equations
relating the concentrations of the ions to the specific
conductance of discrete samples. Although the con-
centrations of some ions, notably sodium and chloride,
increased appreciably as a result of irrigation, they
remained well below recommended maximums for
drinking water. The concentrations of dissolved solids
and sulfate exceeded recommended maximums even
before irrigation began.

Estimates of the quantity and quality of annual
net drainage (drainage excluding waste and storm
runoff) from the irrigated land based on releases to
the river and on the data collected at the gage near
Schoenchen (334.4) are remarkably similar to net
gains between the fish hatchery and the gage during
the seepage-salinity surveys. Reasonable estimates evi-
dently can be made using either of the two methods.
During periods of stable streamflow, the estimated
average net drainage from the district ranged from
10.2 cfs (0.29 m?/s) per day in 1966 to 15.1 cfs (0.43
m3/s) per day in 1970.

The quantity and quality of net drainage from the
district also was estimated from the distribution and
consumptive use of precipitation and irrigation water.
Annual values for excess water on the irrigated acreage
were generally similar to the magnitude of net drain-
age estimated from the continuous records at the gage
near Schoenchen. However, the chemistry of net
drainage, and comparison of cumulative values indi-
cates that excess input of irrigation water to the sys-
tem (including seepage from the canal and laterals) is
a more realistic estimate of net drainage than is the
excess water on the irrigated acreage. The predicted
values for specific conductance and the concentrations
of dissolved solids and calcium were similar to cor-
responding values determined by the other two meth-
ods, but the concentrations of sodium, chloride, bicar-
bonate, and nitrate were much lower.

During the period 1966-71, net input of chloride to
the system was less than net drainage, whereas net
input of magnesium, potassium, and sulfate delivered
in the irrigation water exceeded net drainage. From
1969 to 1971, more sodium, bicarbonate, and nitrate
were carried out of the system in net drainage than
was delivered in the irrigation water.

In 1971, significant quantities of soluble salts re-
mained in transient storage in the aquifers beneath
and adjacent to the irrigated land. With continued
irrigation the supply of natural salts in the soil and
aquifers will be depleted and the quality of drainage
from the irrigated land will depend chiefly on the
quality, distribution, and consumption of the irrigation

water. If conditions do not change drastically, the
composition of ground water under the irrigated land
and drainage to the river will eventually become more
uniform and similar to the irrigation water. Howevecr,
the concentrations of the major ions probably will be
from 1.5 to 2 times higher than in the irrigation water.
Phreatophytes, which have proliferated in response to
the increased availability of water may significantly
reduce recharge to the ground-water reservoir from
excess water. Use of water for irrigation and aug-
mentation of base flow by drainage from the irrigation
district have not caused serious degradation of the
chemical quality of streamflow in the Smoky Hill
River.
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