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ABSTRACT
OPTIMIZING SALINITY CONTROL STRATEGIES
FOR THE
UPPER COLORADO RIVER BASIN

Salinity is the most serious water quality problem in
the Colorado River Basin. The impact, felt largely in the
Lower Basin, is acute because the basin is approaching
conditions of full development and utilization of all avail-
able water resources. Current estimates indicate that each
mg/l increase in concentration at Imperial Dam fesults in
$450,000 annual damages. Therefore, in order to offset
salinity caused by the development of the vast energy
supplies and to allow the seven Colorado River Basin states
to fully utilize their allocation of Colorado River water,
it is necessary to implement cost-effective salinity control
programs in the basin.

A simple multi-~level nonlinear optimization procedure
was utilized to formulate the most cost-effective array of
salinity control strategies for the Upper Colorado River
Basin. The incremental cost-effectiveness methodology
gualitatively indicates the location and general type of
alternatives to be implemented in a least cost basin-wide
salinity control program. The results also qualitatively
indicated the anticipated salt load reduction and expected
annual costs of each salinity reduction increase for any

preselected level of control. The analysis was limited to

iii



projects designated in PL 93-320. Costs and salinity con-
tributions associated with various alternatives were
generated using January, 1980, estimated conditions.
Cost-effectiveness functions were developed for each of
the major canals and laterals, the aggregate laterals under
each canal, and an array of on-farm improvements for each
agricultural project area. Similar functions were also
developed for point sources such as Paradox Valley, Glenwood-
Dotsero Springs and Crystal Geyser. Collection and desali-
nation of agricultural return flows were also cénsidered.
Marginal cost analysis based on current damage estimates
indicate that the optimal cost-effective salinity control
program in the Upper Basin would cost about $30 million
annually and remove about 1.2 million megagrams of salt per
year. In addition, it was concluded that maintenance of the
1972 salinity levels at Imperial Dam cannot be cost-effectively
achieved and should be allowed to rise by as much as 180 mg/l.
Optimal salinity control programs are presented for the
individual alternatives, for individual areas or projects,
for the states of Colorado and Utah and the Upper Colorado
River Basin. Sensitivity analysis showed that very large
errors in costs and component salt loading would have to be
evident to change the optimal salinity control strategy for
the Upper Colorado River Basin.
Robert G. Evans
Department of Agricultural
and Chemical Engineering
Colorado State University
Fort Collins, Colorado 80523

Fall, 1980
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CHAPTER 1

INTRODUCTION

The primary water quality problem in the Colorado River
Basin (Fig. 1) is salinity. This concern tends to be so
dominant that it overshadows most other water quality con-
siderations. Fortunately, the salt pollution of the Colorado
River by either man-made or natural depletions and/or dis-
charges is not a general health hazard. Salinity is basi-
cally an economic problem in which a progressive build-up in
concentration toward the lower reaches causes a reduction of
the water's utility to urban and agricultural users.

Salinity increases in the Colorado River are not a
recent phenomenon. Salinity has been increasing as a
result of all water resource development projects since the
1800's when some degree of salt concentration due to irri-
gation was tolerated as the price for development (Law and
Skogerboe, 1972). Salinity levels also fluctuate with
natural weathering and runoff processes. The Colorado River
and its tributaries travel more than 2,300 km from the
headwaters in the Rocky Mountains to the Gulf of California
and drain about 622,000 km2 in seven states. The drainage
area is approximately one-twelfth of the area of the con-
terminous United States. The annual total salt burden is
about 10 million Megagrams (Mgm).

Concentrations of salinity in the Colorado River range

from less than 50 mg/l in the high mountain headwaters to
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more than 850 mg/l at Imperial Dam. Further deterioration
of Colorado River quality is expected as a result of water
and energy resource development. This will occur even if
salinity reduction measures are instituted although it would
occur at a slower rate. If no salinity control measures are
developed, it is anticipated that salinity increases at
Imperial Dam will range from 1,150 mg/l1 (USDI, BR, 1979a) to
1,340 mg/l (Colorado River PRoard of California, 1970) by the
year 2000.

All of the salinity control planning which has been done
to date has been oriented toward only reducing the salt load
of the Colorado River. The economics of control have not
been of overriding concern. Furthermore, development of
cost-effective programs or the construction of projects with
enefit-cost ratios greater than one has not been high prior-
ity even though costs have been compared to estimated annual
damages at Imperial Dam. The argument presented in favor of
the non-economic approach is that Congress (PL 93-320) man-
dated certain projects and that these projects would include
specific construction items such as canal linings. However,
since that legislation was passed the results of numerous
investigations have become available which permit the
formulation of cost~effective salinity control programs.

The control of salinity on the scale needed in the
Colorado River Basin will undoubtedly involve a combination
of several individual control measures in each area of

salinity contribution. For any specific source of salinity,



local conditions will dictate that some measures will be
more feasible than others. Furthermore, the measures best
suited to an area's conditions change with the level of
control scheduled in the area. For example, in an irrigated
area contributing 500,000 Mgm to the river system annually,
of which 20 percent is to be controlled, lining several
miles of the major canals may be the least costly alter-
native. However, if the desired level of salinity control
was increased to 60 percent, the optimal salinity control
strategy may involve canal lining as well as several forms
of on-farm improvements. Any time more than a single
salinity control measure is employed, the relationship
between the marginal costs of control and the marginal
reductions in salinity will increase with the scale or

level of the program (Walker, 1978). Consequently, the most
important decision regarding salinity control in the Colorado
River Basin is the optimal level and manner of abatement to

be achieved at each salinity source.

OBJECTIVES OF INVESTIGATION

The principal objective of this research effort is to
apply an optimizational analysis to salinity control plan-
ning in the Upper Colorado River Basin (UCRB) in order to
identify the most cost-effective strategies for alleviating
salinity detriments downstream. Intermediate goals of the

project may be summarized as follows:
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(1) To delineate the regions in which salinity control
projects should be implemented to achieve the
maximum salinity reductions for various levels of
available funding;

(2) To evaluate the best salinity control policies as
functions of alternative water development sce-
narios in the basin, i.e., interbasin transfers,
energy industry developments, and expanded agri-
cultural diversions;

(3) To determine the impact of state and federal
policies on the costs of Upper Basin salinity
management plans; and

(4) To assess the sensitivity of the derived optimal
policies to assumptions regarding the physical
nature of the salinity system, and costs of
alternative control measures, and the effective-
ness of salinity control programs.

SCOPE OF INVESTIGATION

The salinity problem in the Colorado River Basin is
characteristic of arid and semi-arid river systems approach-
ing conditions of full water resource development. Several
years of intensive research and demonstration of alternative
salinity control technologies have yielded results which
should be applicable throughout the river basins in the
western United States as they reach full development. The
Colorado River salinity control program, therefore, might be
expected to serve as a model for future efforts elsewhere.

One major aspect of the Colorado River Basin salinity

problem has not heretofor been addressed. 2An analysis
integrating the existing information concerning alternative
salinity control measures into a basin-wide policy for water

quality improvement has not been made. It was necessary to

take the final step in developing salinity control technology



on a large scale. The preliminary basis for this type of
analysis has been developed by Walker (1978) and partially
tested by Walker et al. (1978).

This project was developed in order to evaluate the
alternative strategies for controlling salinity in the Upper
Basin, and therefore, identify components of individual
salinity programs throughout the Upper Basin in the context
of how best to use available funds. At the local scale,
only the results reported by Evans et al. (1978a,b), Flug
et al. (1977), Walker (1978) and Walker et al. (1978) have
been concerned with optimal salinity control strategies.
These studies have been completed in only one area, the
Grand Valley in western Colorado. Erlenkotter and Scherer
(1977) developed an economic optimization model for the
entire Colorado River Basin, but stopped short of an
ultimate framework for basin-wide salinity management.

This writing delineates a cost-effective salinity
control policy for future water resource development in the
Upper Colorado River Basin taking into account: (a) salin-
ity control; (b) energy development; and (c) new water
demands. The feasibility of maintaining 1972 levels of
salinity at Imperial Dam set forth by the U.S. Environmental
Protection Agency and the seven basin states has also been
evaluated. Under this criterion, it can be expected that
approximately 2 to 3 million Mgm of salt must be eliminated
from the flows passing into the Lower Basin in order to

offset the development of the remaining Upper Basin
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entitlements. This analysis delineates the regions and
expenditures in which salinity control projects should be
initiated to achieve these salt reductions at minimum cost.
The marginal costs and marginal benefits of control programs
are compared with respect to various levels of salinity
control.

The results also identify the optimal salinity control
policy for various levels of development, and can indicate
the best salinity management practices as a function of time
or development. Any new project which would be expected to
cause an increase in downstream salinity concentration
could be identified with the most cost-effective salinity
control project to offset its impact.

Conceivably, optimal salinity control strategies could
include indirect methods for individual water development
projects to offset their salinity detriments to the Colorado
River. A new project's salinity impact may be best cor-
rected by a water quality improvement program elsewhere in
the Basin. Consegquently, a number of important institutional
issues can be expected to arise when considering salinity
control as a large scale problem. The optimal plan for
offsetting the salinity associated with water development in
one state may be the treatment of an existing system in
another state. If such a policy were to be constrained, by
not allowing an interstate or regional view of salinity
control, the costs would be higher. Comparison of the

optimal strategy with the corresponding constrained
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strategies indicate the added costs of individual
restrictions. Other results evaluate the problems of
treating one type of existing use, such as irrigated agri-
culture, to offset the salinity attributable to new water
developments.

There is by no means an absolute certainty in any
planning effort. Data must be collected and evaluated
during the course of time in order to update and refine
earlier conclusions. While this work is no exception, and
the strategies developed may be easily modified as new
information becomes available or political attitudes alter
the importance of salinity, the results illustrate an
important and necessary first step. Sensitivity analyses
have been used to identify important areas needing special
studies and particular data requirements which would most
effectively assist accurate determination of future programs
and policies.

The scope of this work, in a mathematical sense, is
also limited by the choice of optimization criteria.
Minimum capital, operation, and maintenance costs expressed
as an equivalent annual cost are used to systematically
compare salinity control alternatives. While recognizing
the much broader economic concepts that operate in the real
systems this more restricted indicator is believed to be
defensible. Most funding for salinity control projects, as
currently authorized, is expected to come from federal

sources because the real economic system is unable to return
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economic detriments to the salinity sources as a means of
self-regulation. 1In addition, legislative action has already
set constraints, on allowable Lower Basin salinity levels,

so the planning problem is not to solve the problem in an
economically optimum fashion, but to meet the standard.

Thus, minimizing costs is consistent with the problem

structure,

PREVIOUS INVESTIGATIONS

Salinity of the Colorado River and its tributaries has
been the subject of many studies and investigations. Various
socio-economic, engineering, environmental and other aspects
of the salinity problem and potential control measures have
been pursued by the U.S. Department of the Interior; Water
and Power Resources (formerly the Bureau of Reclamation);
the U.S. Geological Survey; the U.S. Environmental Protec-
tion Agency and its predecessor agencies; the Water Resources
Council, Colorado River Board of California; U.S. Department
of Agriculture, Soil Conservation Service, and Science and
Education Administration (Agricultural Research); state and
local governmental entities; and several universities and
consulting engineering firms.

In 1975 Utah State University prepared a comprehensive
regional assessment report for the National Commission on
Water Quality on the Impacts of PL 92-500 (Federal Water
Pollution Control Act and amendments of 1972) on the salinity

problem of the Coloradec River (Utah State University, 1975).
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However, the majority of the conclusions were extrapolated
from results of studies on the Green River drainage in Utah.
Riley and Jurinak (1979) extended this work and suggest
approximate salt loading rates from the various areas in the
Upper Basin. A good summary of past and present research
and other salinity control programs of the Water and Power
Resources Service is contained in the most recent biannual
report, Progress Report No. 9, Quality of Water, Colorado
River Basin (USDI, BR, 1979a).

Differences among the various studies have been
inevitable and have been primarily centered around quantita-
tive historical salinity conditions, salt loadings, concen-
trating effects and respective magnitude of contribution
from the various sources and combinations of sources. These
numerical differences have been the result of nonuniformity
in data sets, procedures, assumptions, and, sometimes,
incorrect extrapolation of events and/or data. However, the
general qualitative conclusions and the stated needs for
control of most of these studies are basically similar. The
major sources of salinity are nonpoint natural sources,
irrigation nonpoint sources, natural and man-made point
sources, reservoir evaporation, out-of-basin transfers and
municipal and industrial uses. These studies will be men-
tioned in succeeding paragraphs where pertinent. There have
also been studies similar to this one and a brief review of
these may be helpful in setting forth the contributions of

this work.
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There are basically three sets of optimization studies
in the Upper Colorado River Basin which specifically identify
salinity as a goal. These are discussed in the following
paragraphs. Other indirect economic input-output studies
such as Howe et al. (1972) and Morris (1977) also evaluated
salinity effects but did no optimization. Bishop et al.
(1975) performed a linear programming analysis of the
effects 0of energy development in the Upper Basin on water
resources in Utah.

Erlenkotter and Scherer (1977) developed a fairly
comprehensive deterministic investment planning mixed-
integer optimization model for salinity control on the
Colorado River. They assumed given values of future diver-
sions and associated salt loads and examined the benefit-
cost balance between expenditures for salinity reduction,
associated with given projects, and the economic damages
which would be incurred if the expenditures were not made.
The deterministic simulation portion of the model also
permitted the projection of when and which projects should
be undertaken in a general sense. Scherer (1977) also
developed a static net benefit-maximizing model of irri-
gation related salinity control measures. However, these
models only indicated when total aggregate projects should
come on-line and did not provide for optimal combinations of
individual components from within the various projects for
the most cost-effective program. Erlenkotter and Scherer

(1977) and Scherer (1975) considered 15 basin-wide Water



-12-

and Power Resources Service (WPRS) projects including
minimal on-farm programs in the Grand Valiey and Uncompahgre
Valley. Consequently, the majority of the projects were
composed of only canal and lateral linings. Desalination
was not considered. Much of data used for the Grand Valley
and Uncompahgre Valley in Colorado was from a study by
Westesen (1975).

Flug et al. (1977) developed a multi-level minimum cost
linear programming model to evaluate impacts on the salinity
and quantity of flow in the Upper Colorado River Basin by
potential energy development. The results of this model
indicated that water availability would be the largest
constraint to energy development in the Upper Basin.
Development policies which utilized high salinity waters
could actually result in a net decrease in salinity at Lee's
Ferry, Arizona.

Narayanan et al. (1979) developed a uni-level linear
program model of the economic effect of water allocation
changes and salinity resulting from energy development in
the Upper Colorado River Basin. Changes in salinity were
predicted by a mass balance approach; and least-cost struc-
tural and nonstructural strategies to maintain desired
salinity levels were formulated. The "economic" optimal
salinity control concentration levels at Lee's Ferry were
identified under the objective function of maximizing joint
net returns of agriculture and energy outputs. This approach

solely utilized data from projects of the WPRS portions of
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the Colorado Salinity Control Program. The only on-farm
structural alternative considered was aggregate sprinkler

systems.



CHAPTER 2

PHYSICAL CONDITIONS IN THE
UPPER COLORADO RIVER BASIN

The Upper Colorado River Basin, detailed in Figure 2,
is rich in mineral, energy, agricultural and recreational
resources. Consideration of salinity control options
requires that a number of physical conditions be reviewed.
In the following paragraphs a brief review of the basin's
geology, water supply, present and future developments of
water and energy, and present salinity conditions have been
abstracted from the large body of available information. A
summary of planned salinity control projects and their

anticipated impact will be presented in the next chapter.

GEOLOGY

The geology of the basin is extremely variable since
the area has been subjected to glaciation, numerous fold-
ings, severe erosion, uplifts and inland seas; and the high
mountain ranges are extremely rugged with many peaks over
4,200 meters. This complex variation is illustrated in
Figure 3. Areas which are not mountainous tend to be
characterized by spectacular eroded sedimentary rock and
desert landscapes of which the Grand Canyon is the most
noted example.

The mountains are formed primarily of igneous and very

old metamorphic rock. In general, the water leaving the
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mountains is of very high quality. The nonmountainous
regions of the basin have been subjected to intermittent
inundations by great inland seas. Many of the thick sedi-
mentary rock formations underlying the basin were deposited
at the bottom of the seas and are consequently high in
residual salts. Figure 4 illustrates the areal extent of
the main sedimentary deposits. These sedimentary deposits
are also the location of the 0il, o0il shale, coal, uranium,
and other large potential energy resources of the basin.

The most significant formations in terms of salinity
contribution from irrigated areas are the Mancos Shales of
the Cretaceous Age. These shale, sandstone and mudstone
deposits form a thick formation that lies between the under-
lying Dakota sandstones and the overlying Mesa Verde forma-
tions. The thickness of the Mancos Shale usually varies
from between 900 to 1,500 meters. Due to its great thickness
and its ability to be easily eroded, this shale forms many
of the large irrigated valleys of western Colorado and
eastern Utah.

The effect of these shales is illustrated by Bently
et al. (1978). They report that sampling runoff from Spring
Creek in the Price River drainages above and below a Mancos
Shale outcrop resulted in a threefold increase in dissolved
solids concentrations. Irrigation return flows on Mancos
Shales in the Huntington Creek in the San Rafael and Muddy
Creek in the Dirty Devil River drainages result in as much

as a tenfold increase in dissolved solids concentrations.



-18-

EZ7] wesn verds
m:’mm

Figure 4.

Areal extent of the primary sedimentary
marine shales and sandstone in the Upper
Colorado River Basin (American Association
of Petroleum Geologists, 1967, 1972).
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This increase is typical of many of the marine shales
although generally not as pronounced. Other marine forma-
tions which contribute significant amounts of salt are the
Wasatch and Green River formations and the Uintah-Duchesne
formation which underlies the irrigated areas in the Uintah
and Big Sandy drainages.

The saline Paradox formation of Pennsylvania Age under-
lies a large area of western Colorado and eastern Utah, but
has few surface exposures. The most notable salt contribu-
tion from this formation is the Paradox Valley on the
Dolores River in western Colorado.

Natural point salinity sources like the Glenwood-
Dotsero and the Steamboat Springs are also the result of
geologic conditions. Water moving downward into the earth
along fractures and bedding planes increases in temperature
and in the ability of the water to dissolve mineral constit-
uents. When the saline waters eventually return to the
surface, their salt content is usually very high. Hagan
(1971) reports that the salt discharge of major thermal
springs in the Colorado River Basin exceeds 500,000 Mgm per
year.

Geologic investigations have been made in many parts of
the basin in connection with coal, uranium, oil and gas and
other minerals. Although the vast majority of these investi-
gations are not hydrologically oriented, the results can
still be useful in the interpretation of data on the guality

of surface and shallow groundwaters. The geology of the
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basin is the dominant factor in the chemical gquality of the
basin's waters. Figure 5 depicts the surface water quality
concentrations associated with the various areas in the

Upper Colorado River Basin. Comparing Figures 4 and 5 will

indicate the geologic importance to water quality.

WATER SUPPLY OF THE UPPER COLORADO RIVER

The largest and most prominent constraints to the water
supply in the Upper Basin are the various treaty and compact
rights. The 1922 Colorado River Compact guarantees a total
of 9.25 x 106 ha-m over each consecutive ten-year period to
the Lower Basin for an annual average of about 9.25 x 105
ha-m. The 1944 Mexican Water Treaty effectively raised this
annual average amount to 1.02 x 106 ha-m, assuming that one-
half of the water promised to Mexico comes from the UCRB
allocation (Holburt, 1977). 1In addition, several other
legal, legislative and international obligations have tied
the salinity concentrations and control to the water supply.
Mann et al. (1974) produced an interesting legal-political
history of the Upper Basin which is helpful in understanding
the development of the Colorado River.

Precipitation

The majority of the water supply in the Colorado River
Basin comes from high mountain snowpacks. Flow duration
tables and curves describing the.seasonal and annual water
supply variability of the Upper Colorado River and its major

tributaries are presented by Iorns et al. (1965). Extreme
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Figure 5. Surface water salinity concentrations in
the Upper Colorado River Basin (Price
and Waddell, 1973).
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precipitation events are discussed and analyzed by Hansen
et al. (1977). The extreme cyclic nature of the stream
flows typical to the BRasin have necessitated large amounts
of surface storage facilities.

Forty-two percent of the area of the Basin receives
less than 300 mm of precipitation per year. These internal
deserts contribute very little water to the Colorado River
Basin. Figure 6 is an isoheytal map of the average annual
precipitation in the Upper Colorado River Basin indicating
that approximately 10 percent of the land area contributes
about 85 percent of the total water supply.

Streamflow

The average annual recorded flow of the Upper Colorado
River Basin at Lee's Ferry has ranged from a low of
690,500 ha-m in 1934 to a high of 2,960,700 ha-m in 1917.
Figure 7 presents a map showing the relative stream volumes
and their respective salt load as a percentage of the
average annual Lee's Ferry conditions.

The 1922 Colorado River Compact divided water rights
between the Upper and Lower Basin based on an optimistic
average annual virgin flow of 1.997 x lO6 ha-m/yr. However,
a part of the Lake Powell Research Project (Stockton and
Jacoby, 1976) estimated the "long-term annual virgin runoff"”
of the Colorado River at Lee's Ferry to be 1,664,550 ha-m/yr
based on the analysis of tree-ring data. From the analysis
of existing hydrologic data, Tipton and Kalmback, Inc.

(1965) estimated the annual virgin flow at Lee's Ferry at



Figure 6. Isoheytal map of average annual precipitation in
the Upper Colorado River Basin (Flug et al. 1977).
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1,071,540 ha-m/yr. 1In comparison, data published by the
U.S. Department of the Interior (USDI, BR, 1979%a) indicate
an actual observed average flow of 1.27 x 106 ha-m at Lee's
Ferry for the period of 1941-1978.

The difference between virgin and observed flows should
ideally represent the consumptive use in the Upper BRasin.
Estimates of consumptive use and water availability vary
widely. The USDI (1974) estimated the present depletion to
be about 4,562 x lO5 ha-m/yr, and using different assump-
tions, the Westwide Study (USDI, BR, 1975b) estimated the

1975 total consumptive use to be about 3,946 x 105

ha-m/yr.
The USDI estimated that an average of 7.15 x 105 ha-m of
water is the total available water supply in the Basin,
leaving about 260,000 ha-m for future development.

The most obvious conclusion which can be derived from
the above data is that there is little water for new develop-
ment without conflicting with present use. The USDI (1974)
calculated that 1.85 x 10° to 2.28 x 10° ha-m/yr of addi-
tional water would be consumed for nonenergy uses by the
year 2000. Plotkin et al. (1979) presented data which
indicates that just energy development consumption by the
year 2000 could be between 74,000 and 136,000 ha-m/yr.

The WPRS developed the "1976-Modified Base (1)" which
states that 1,158,030 ha-m/yr water with a concentration of
1,100 mg/l at Imperial Dam depicts conditions expected by
1900 (USDI, BR, 197%a). This "base" includes existing

observed conditions in 1976 plus effects of projects under
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construction, those authorized for construction or those
with an approved environmental impact statement (EIS) as of
1976. The expected depletions and expected salinity contri-
butions from various Water and Power Resources Service
projects are summarized in Table 1.

Weather modification programs will potentially augment
Upper Basin water supplies by an estimated 62,000 ha-m or
more per year (USDI, BR, 1979a). Groundwater supplies can
also be utilized as an interim or conjunctive supply source
although the constraints of water quality and streamflow
depletion effects must be considered. Most of the future
demands and further use of Upper Basin Compact allocations
will require substantial additional surface storage
facilities.

Through the proper selection of energy extraction
technologies, low water consuming cooling alternatives,
careful attention to all potential water reuse opportuni-
ties, and site selection, it would be possible to affect
substantial reductions in individual energy plant water
demands. Opportunities to reduce agricultural water use are
much more limited. Changing to more efficient irrigation
practices and lining canals may not change the agricultural
consumptive use. Proposals to "conserve" agricultural water
must include reducing consumptive use by crops or reducing
evaporation. Where the water is not tied to the land, water
transfers in the UCRB are limited by state laws to only the

amount of existing crop water use and effectively removes
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Table 1. Eetimated 1980 depletions and salt loads of CRSP snd salinity control projects vhich are comstructed and/or authorized for
construction (USDI, BR, 197%9a, 1879%d).

Actual or Anticipated Anticipated Irrigated Irrigated
estimated Annual Depletion Annual Salinity Land Supply
completion ha-m Increase at ha-m
date Ioperial Dam
Fstimated Full Supplemental
Mg/l Mgm/y Service hectares
hectares
CRSP developments or under construction
Storage Unite--Act of April 11, 1956
Curecants, Colorado’ 1,233.00 1.2°
Blue Mesa Dam, Reservoir, and Powerplant 1966
Morrow Point Dam, Reservoir, and Powerplant 1970
Crystal Dam, Reaewcir. and Powerplant 1977 5
Flaming Gorge, Wyomirng 1 13963 6,165.00 5.9s
Glen Canyon, Utah :nd Arizona 1965 56,718 57.05
Nevajo, New Mexico 1963 3,205.8 3.0
Participating projects
Act of april 11, 1956
‘Florida, Colorad & 1963 1,728.2 2.85 9,979.2 2,318.36 5,551.11 3,205.8
Paonia, Colorado 1962 1,233 1.2 - 902.26 5,288.12 2,466.0
Silt, Colorado 1 1966 739.8 1.1 3,628.8 857.75 1,812.61 1,602.9
Smith Fork, Coloradg 1963 739.8 1.0 2,721.6 574.53 3,261.08 1,233.0
Hawmond, New Mexico 1975 616.5 1.4 7,257.6 1,577.9 - 2,342.7
Central Utah, Utah 1,3 3
Bonneville Ynit, Collection System ' 1988 20,467.8 17.0 ~24,494 .4 - - -—
Jensen Unit 1966 1,849.5 1.8 907.2 178.02 1,472.74 616.5
Vernal Unit 1961 1,479.6 1.4 - o 5,980.39 2,219.4
Emery County, Pean 1965 2,096.1 2.25 1,814.4 311.56 6,963.17 2,712.6
Lyman, Wyoming 1980 1,233 1.2 -— — 18,882.68 6,041.7
Seedskadee, onning (Fcntenelle Dem and 5
Powerplant) 1964 2,712.5 2.6 - - - -
Act of June 13, 1962
Navajo Indian, New Hextcol 1 1987 31,318.2 54.3 19,581a.03 44 ,506.0 - 40,689.0
San Juan-Chama, Colorado end New Mexico 1983 13,563 11.4 ~14,515.2 - 34,140.15 7,558.29
Act of September 2, 1964
Bostwick Park, Colondol 1971 493.2 0.8 2,721.6 534.07 1,735.73 1,356.3
Act of September 30, 1968
Dallas Creek, Colarndnl 1981 2,096.1 2.9 8,164.8 - 8,435.91 1,380.96
Developmente scheduled for construction since 1976
Act of April 11, 1936
Upalco Unit, Central Utah Project, Utah
(CRSP) 1985 1,294.65 1.3 14,160 - 17,240.01 2,207.07
Bonneville Unit, Central Utah Project,
Utah (CRSP) M&I System 1991 0 - - - 9,200.6 1,738.53
Act of September 30, 1968
Dolores, Coloradc (CRSP) 1988 9,974.97 1.1 9,072.0 14,306.66 10,640.98 11,207.97
Uintah Unit, Central Utah Project, Utah
(CRSP) 1986 3,477.06 5.1 14,152.32 3,163.16 23,997.64 5,770.44
Animas-la Plats Project, Colorado and
New Mexice (CRSP) 19590 19,086.84 17.8 -5,869.58 2,870.76 3,491.70 14,561.73

Act of Junme 24, 1974
Grand Valley Unit, Celorade (Colorado
River Basin Salinity Control Project) 1987 493.2 ~43 ~371,952.0 - - -
Paradox Valley Unit, Colorado {Colorado
River Basin Salinity Contrcl Project)
Radium Evaporation Pond 1984 480.87 -18.2 -163,296.0

11.nc1u¢le¢:l in 1976 modified base uses a salinity level of 1,100 mg/l and includes the effects of CRSP projects constructed or under construction
for a total depletion of AF and 147 mg/l increase at Imperial Dam

negative value due to trensmountain diversion of salt

total stream depletions and salinity associated with the Bomneville Unit

e W N

Rio Grande River Basin

Jconcentration effects due to evaporation losses
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these lands from crop production. Private sector land
retirement through water transfers reduces the agricultural
consumptive use although the net consumptive use of the
river system is only slightly affected. An added benefit
for salinity control is that these "retired" lands are
usually marginal and the most inefficiently irrigated.

In the case of energy development and in many other
industries, the transferred waﬁer is generally totally
consumed on-site, therefore, the salinity detriments are
limited to concentrating effects due to the reduced amount
of water available for dilution. The high salt loading
component from the irrigated lands is eliminated.

Storage

There is more than 5.2 x 105

ha-m of storage available
in the Upper Colorado River Basin. Table 1-3 in Appendix 1
lists the major irrigation and power reservoirs. However,
there are a great many livestock water retention, recrea-
tional and municipal reservoirs, which are not listed. Most
of the unlisted reservoirs and lakes are very small, although
some, such as Dillon Reservoir (Denver, Colorado, municipal
water supply) are quite large. As of 1965, Shafer (1971)
indicated a total of 208 reservoirs with an active capacity
of 403,540 ha-m had been constructed. Since then the amount
of storage capacity has been increased by more than 100,000

ha-m through the completion of Navajo, Curecanti and other

projects.
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Groundwater

The small role of groundwater in the.Upper Colorado
River Basin has primarily been one of furnishing domestic
and livestock needs. Groundwater occurs under almost all of
the area. However, many of the wells are small and/or water
quality is poor. The alluvial valley-fill aquifers gener-
ally have the highest potential capacity for wells, although
most are hydraulically connected to the streams. Most of
the valleys are narrow, consequently the water withdrawn
from the wells affect the streams in relatively short time
periods. Because of the low volumes involved, this is not
expected to be a significant problem in the basin for many
years.

Shallow groundwater is generally of very poor water
quality and not suitable for agricultural or municipal uses
in the Upper Basin. In much of the basin, wells capable of
producing 60 1lps (1,000 gpm) or more can be developed pro-
vided that the wells are drilled to sufficient depths. The
most productive aquifers are in sandstone formations in the
southern portion of the basin and in the Green River forma-
tion in the Piceance Creek Basin. In most other areas, the
wells must be drilled thousands of meters deep to tap all of
the available aquifers.

Groundwater is considered as a potential short-term
supplemental water supply to energy development. The USDI
(1974) estimated that the "average annual replenishment" of

the groundwater supply in the Upper Colorado River Basin is
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about 500,000 ha-m. This is an estimate of the sum of
stream base flows, phreatophyte evapotranspiration, well
pumpage, and subsurface water movement out of the basin.
This quantity does not represent a sustained yield since
eventual adverse effects on streamflow and phreatophyte
vegetation will result from long-term continued depletions.
Thus, the long-term reduction of groundwater inflows to the
streams would probably have a beneficial impact on total
salt loading although recreational uses and fisheries may
be damaged.

Transbasin Diversions

The more than 10 transmountain diversions to the
eastern slope of Colorado amounting to about 70,000 ha-m/yr
represents the largest aggregate transbasin diversion from
the UCRB. The Bonneville Unit of the Central Utah Project
follows with an expected volume of 20,500 ha-m/yr. There is
only one small diversion (320 ha-m/yr) into the basin from
the Paria River near Tropié, Utah (Hedland, 1971). The
total out-of-basin water exports are approximately 110,000
ha-m/yr.

At the present time, there is a diversion of 900 ha-
m/yr wich is expected to increase to 3,000 ha-m into Douglas
Creek from Wyoming tributaries of the Green River. These
diversions are part of the Laramie-Cheyenne water supply
system (USDI, BR, 1979%a).

The Sevier River in Utah receives water from several

small transmountain diversions from the Colorado River
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System. There is one diversion from Gooseberry Creek in the
Price drainage (USDI, BR, 1964), and there are 13 diversions
from the San Rafael headwater to the San Pitch Basin (USDA,
SCS, 1979d) of the Sevier River. These diversions are high
in the mountains, of very high quality water and individually

rarely exceed 300 ha-m/yr.

DEVELOPMENT OF THE COLORADO RIVER BASIN

Irrigation Development

The earliest known irrigation development in the
Colorado River Basin was apparently practices by the Hohokam
Indians in the Salt River Valley near Phoenix, Arizona,
where canal remnants can still be found today (Keys and
Strand, 1979). The more modern irrigation systems started
in the 1850's. This development was primarily in the allu-
vial valleys directly bordering the streams and was limited
by great quantitative and temporal fluctuations in the water
supply. With the development of storage facilities and more
intricate distribution systems, the irrigated areas greatly
expanded. For the interested reader, Goslin (1978) presents
an excellent review of the history of water resources
development in the Colorado River Basin.

The amount of irrigated land in the UCRB is presently
estimated at about 656,000 ha or 2 percent of the total land
area. Much more land could be irrigated if water were
available. The Soil Conservation Service has classified a

total of 2,855,900 ha of land as "suitable" for irrigation
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in the UCRB (Gardner and Stewart, 1978)._ About 99 percent
of the irrigated land is served entirely by surface water
supplies. Figure 8 indicates the extent of irrigation
development in the basin.

Energy Development

USDI (1974) states that, although salinity is presently
the most serious water quality problem in the Upper Colorado
River Basin, energy development also presents some poten-
tially serious problems. Additional municipal and industrial
wastes, sediment, heavy metals, toxic materials, and unde-
sirable bacteria, temperature and dissolved oxygen content
levels in the streams and rivers pose future concerns for
the basin. Without strict monitoring and enforcement of
existing water quality laws, localized problems, in addition
to salinity, such as sediment production, can be expected to
occur on the minor tributaries.

Because of the present energy shortage, the slow
development of solar power, and the long delays in nuclear
power plant construction, the use of the large coal (Fig. 9)
and oil shale (Fig. 10) deposits in the Upper Colorado River
Basin appear critical to the nation's energy needs. Other
significant energy resources are uranium (Fig. 11) and tar
sands deposits (Fig. 12).

Corsentino (1976) presented a listing of known planned
and proposed energy developments in the western United
States (Table 2), including 125 areas located in the Colorado

River Basin. There have been other projects proposed and
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Figure 8. Areas of irrigation development in the
Upper Colorado River Basin.
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Figure 9. Coal deposits in the Upper Colorado River Basin
(Flug et al. 1977).
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Figure 12. Significant tar sands deposits in the
Upper Colorado River Basin (Keefer and
McQuivey, 1979).



Table 2. Upper Colorado River future energy-fuels related development proposals
{Corsentino, 1976 and USDI, 1974).

Type of Development State 7
Arizona Colorado New Mexico Utah Wyoming Total
Coal mines and 2 33 3 273 9 74
expansions
Coal gasification 2 1 1 4
plants
Coal slurry pipelines 1 1 15 3
Coal electric power 1 2 1 53 2 11
plants and expansions 54 24 64 44 17
Hydropower Electric 2 1 3
Power plants and
expansions
. 1 4
0il shale 7 3 1 . 10
Tar sands 3 3
Natural gas processing 1 1
plants
Uranium mines and 5 3 8
expansions
Geothermal 42 4
Railroads 2 23 4
TOTAL’ 3 51 12 76 13 123

1 Mobil 0il, Texaco, Chevron, and Cities Service Company all hold oil shale lands although no definite
development plans have been announced. Also, the Dept. of the Interior just announced plans to
lease up to four more additional tracts.

Application for leases only.

Includes Kaiparowits project which is apparently abandoned.

USDI, 1974 estimate, other numbers reflect Corsentino (1976) unless noted.

UsDI, GS, 1979

Most probable values.

Not including USDI, 1974 estimates.

SNV W N

_88..
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dropped since this report was issued, but the relative
numbers can be expected to remain approximately the same.

Energy interest groups have been actively involved in
the purchase of agricultural water rights. The actual
extent and quantity of this activity is difficult to assess,
but the economic viability of many minor tributaries will be
severely affected by these water transfers. The USDI (1974)
conservatively estimates that about 5 percent (11,100 ha-m)
of current agricultural water supplies in Colorado and Utah
will be transferred to energy users by the year 2000.
Plotkin et al. (1979) believe that the UCRB will be the site
of a substantial amount of conflict between energy and
agriculture for water supply, and that water will be the
largest constraint to energy development.

Water consumption by energy related users is associated
with, in order of expected usage, o0il shale, thermal-electric
fossil fuel power generation, coal gasification and lique-
faction, and conventional coal mining. The remainder
generally has little water requirements except for those
associated with the increased population. Excluding coal
slurry lines and based on some rather tentative high water
requirements data, it is estimated that about 107,300 ha-
m/yr of water will be needed to meet energy development
needs in the UCRB by the year 2000 (USDI, 1974).

It is estimated that even moderate synfuels development

in the state of Colorado will require water storage projects

costing as much as $2.5 billion. By the year 2000 it is
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projected that there will be a 64,000 m3/d shale o0il indus-
try and a quadrupling of uranium milling capacity, coal
production and electric generation in Colorado. The water
availability question in the Upper Basin states is discussed
in more detail by Eansen (1976) and USDI, BR (1974). The
potential conflicts of energy development and the existing
legal water rights structures in the UCRB are examined by

Weatherford and Jacoby (1975) and Gardner et al. (1976).



CHAPTER 3

EXISTING UPPER BASIN SALINITY CONTROL PLANS

THE GENERAL SALINITY PROBLEM

Early impressions of water quality in the Upper Basin
are recorded in the names given to the streams in the area.
Names such as Alkali Creek, Pleasant Creek, Bitter Creek,
Mudhole Creek, Killpecker Creek, Sweetwater Creek, Poison
Springs, Stinking Springs, and the Dirty Devil River, can be
found in every region of the basin. As the names would
indicate the water was often found to be undesirable for
many uses due to natural processes.

Controlling salinity in a major river basin is a
difficult task because it generally consists of a complex
mixture of natural and man-made, point and diffuse sources.
Some sources are amenable to preventative measures. Saline
springs can be diverted and disposed of off-stream, irri-
gation return flows can be reduced or eliminated by reha-
bilitating the irrigation system and improving irrigation
practices, reservoirs can be managed to minimize evaporation,
and new water developments can be sited and operated to
minimize water quality impacts. Other sources of salinity
such as natural runoff may extend over such large areas that
the only feasible measure for control is to desalt some of
the aggregate flow at a downstream point. Skogerboe et al.

(1979b) discuss some of the methodologies to determine and
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implement the most cost-effective salinity control program
in an area.

At the planning level, the sources of salinity must be
identified in conjunction with the detriments associated
with salinity contributions. If the damages are more costly
than the measures required to alleviate the problem, a
salinity control project is needed.

The total salinity contributions for the various areas
and subbasins in the UCRB have been tabulated in four main
reports. The report by Iorns et al. (1965) is the most
complete and is generally the most useful. The second set
of reports of consequence are the biennial progress reports
on the Quality of the Colorado River Basin by the Water and
Power Resource Service (USDI, BR, 197%a). These reports
describe each of the salinity control projects and tabu-
late the existing stream gaging station data. These reports
extend the data of Iorns et al. (1965) to the present. The
third report was compiled by the U.S. Environmental Protec-
tion Agency and others (EPA, 1971) and presents the results
of a limited study (June, 1965 - May, 1966). The specific
data and conclusions presented in this report often widely
disagree with other published results. Finally, the study
by Hyatt et al. (1970), which was developed from an elec-
trical analog computer model of the Upper Colorado River
Basin, schematically presents the water and salt flows of
the basin. Again, these results agree very well with

aggregated results of other studies, but the individual
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agricultural loading values tend to be much smaller. This
is due to the fact that the agricultural salinity contri-
bution was based solely on concentrating effects.

Matural runoff contributes 52 percent of the salt load
from the Upper Basin (EPA, 1971). 1In an effort to control
any salinity effects due to soil disturbance by livestock
grazing and energy development in the basin, the Bureau of
Land Management is pursuing a program of more restrictive
grazing controls, interseeding of contour furrows, and chain-
ing and seeding to control salinity from surface hydrologic
events (Bently et al. 1978). Much of this program is based
on work by Gifford et al. (1975) in the Price River area.

Ponce (1975) and Ponce et al. (1975) reported on non-
point salt loading from grazing and its effects on Mancos
Shales in the Price River Basin. Whitmore (1976) and White
(1977) reported on the salinity aspects of Mancos soils and
the effect of microchannels, respectively. 2All of these
studies basically concluded that a practice which compacts
or otherwise disturbs the soil structure, reduces infiltra-
tion and increases runoff and/or erosion on saline soils
will increase salt yields. Similar results were obtained by
Laronne and Schumm (1977) for the Grand Valley area. Thomas
(1975) investigated the use of gully plugs and contour fur-
rows to control erosion and had good success. McWhorter and
Skogerboe (1979) investigated interflow as a transport
mechanism for salt on Mancos soils, and determined that it

had little effect.



—h4-

The general consensus of investigations on nonpoint
diffuse sources of salinity in the UCRB is that measures
such as grazing controls, contour furrow and strict regu-
lation of road and site development, construction of energy
exploration activities will reduce man-caused salinity from
these lands. FHEowever, the extreme natural variation in
hydrologic events, stream and reservoir evaporation and
other "buffering" effects will tend to mask the relative
magnitude of these programs.

Economic Damages Caused by Salinity

The salinity levels expressed as total dissolved solids
concentration or electrical conductivity may not adequately
reflect the impacts on specific users. Domestic users are
primarily concerned with hardness caused by calcium and
magnesium. The important salinity constituents for indus-
trial users, such as electrical power plants are primarily
calcium carbonates and sulfates. Calcium carbonate is often
the first salt to precipitate in recirculating cooling tower
water and high levels can increase the amount consumed
and/or treated.

The costs associated with using water impaired by high
salinity levels are imposed on industrial, domestic and
agricultural users. Industrial and domestic costs are
associated with extra costs of treatment and softening, and
with premature replacement of plumbing, boilers, water

heaters, etc. Domestic damages can also be experienced by

loss of landscapes with low salt tolerance. Estimated costs



due to salinity increase in the Los Angeles area have been
reported by Eubanks and d'Arge (1976), Lawrence (1975), and
Tihansky (1974).

Agricultural costs can be measured by crop yield
reduction, high leaching requirements which often neces-
sitate costly subsurface drainage systems, special tillage
practices and higher labor costs (Anderson and Kleinman,
1978, Robinson et al., 1976; and Moore et al., 1974). The
soils and soil structure also can be severely damaged by
excess salinity requiring many years to be reclaimed. Moore
(1972) presents an interesting discourse on the necessary
and sufficient conditions for long-term agriculture, pri-
marily related to salinity. Moore et al. (1974b) have
developed crop production functions relating quality and
supply of water in the Colorado River Basin. Kleinman et al.
(1974) and Kleinman and Brown (1977) discuss the damages to
agricultural production by salinity in the UCRB.

The Soil Conservation estimates the total municipal
damages in the Lower Colorado River Basin change at an
annual rate of $291,200 per mg/l change in salt concentra-
tion. Agricultural damages increase $124,800 annually per
mg/1l (USCA, SCS, 1979b).

The USDI, WPRS (1980a) is presently using a total
annual damage figure of $447,700 per mg/l increase at
Imperial Dam (January 1, 1980 prices) for the range of
concentrations expected in the next 20 years (825-1225

mg/l). These damage values do not consider costs passed
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into the Mexican use sector or the value of good
international relationships. Oyarzabal-Tamargo and Young
(1976) presented preliminary damage estimates at $5 million
per year in 1975,

Public Law 93-320

Water resource development as well as all of the
associated water demands of energy development can poten-
tially increase the salinity in the Colorado River. The
purpose of Public Law 93-320 (Colorado River Basin Salinity
Control Act, June 24, 1974) is to mitigate salinity increases
caused by the individual Colorado River Basin states in
developing their respective allowances of water from the
Colorado River. Title II of PL 93-320 (Section 207) specifi-
cally states that "nothing in this title shall be construed
to alter, amend, repeal, modify, interpret, or be in con-
flict with the provisions of the Colorado River Compact (45
Stat., 1957), the Upper Colorado River Basin Compact (63
Stat., 31) . . .," or any other compact or agreement and/or
any project which allocates the Colorado River as to gquantity.

PL 93-320, Title II directs the Secretary of the
Interior to investigate, plan and implement a salinity
control program in the Upper Colorado River Basin. Cooper-
ation and coordination by the Secretary of Agriculture and
the U.S. Environmental Protection Agency were also regquired.
The legislation authorized four projects for construction:

(1) Grand Valley, Colorado; (2) Paradox Valley, Colorado;

(3) Crystal Geyser, Utah; and (4) Las Vegas Wash, Nevada.
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Twelve other projects above Imperial Dam were identified
for further study.

The Lower Gunnison, Uintah Basin, Colorado Indian
Reservation, and the Palo Verde Irrigation District were
specifically identified as "irrigation source control pro-
grams." Point sources were identified as La Verkin Springs,
Littlefield Springs, and Glenwood-Dotsero Springs. Other
diffuse sources mentioned in the legislation which should
also be investigated were Price River, San Rafael River,
McElmo Creek, and the Big Sandy River. Measures by which
the individual program goals should be obtained were speci-
fied only for the authorized construction projects. All of
the authorized and potential projects are located in
Figure 13.

According to a U.S. Government Accounting Office (GRAO)
Report in 1979, it is doubtful that the Salinity Control
Program as defined in PL 93-320 will reduce the salt in the
Colorado River as much as predicted. Furthermore, at least
six of the seventeen projects are questionable economically.
For example, Crystal Geyser and Las Vegas Wash, as formu-
lated, have very high costs and will have a "minor impact in
reducing the river's salinity . . ." However, the GAO
analysis only examined the projects in aggregate as formu-
lated by the U.S. Department of the Interior, and did not
address the fact that individual components of a salinity
control project may indeed be very cost-effective while a

total program may not be economically viable. Therefore,






the logical conclusion is that perhaps only selected
portions of various salinity control projects should be
constructed.

The primary question left unanswered by PL 93-320 is to
what extent shall salinity control programs be constructed
or how much effort should be expended in pursuit of the
goals of this legislation. For example, without regard to
benefits and costs, the WPRS (USDI, BR, 1979a) presents data
illustrated in Figure 14 that indicate the difficulty of
maintaining the 1972 salinity levels at Imperial Dam.
Preliminary analyses has clearly shown that several of the
projects noted in PL 93-320 have benefit cost ratios much
less than one based on annual damages of $450,000 per mg/l
increase at Imperial Dam.

Appendix 2 describes each of the significant projects
in the Upper Basin which were specified in PL 93-320. This
discussion has been divided into nonpoint and point source
control projects. A summary of the salt loading from the
respective area and the currently estimated potentially

controllable salinity is given in Table 3.



SALINITY AT IMPERIAL DAM
PROJECTED BY WATER AND POWER RESOURCES SERVICE

~ 1300
Oad
~
o
E
= 43 Development Projects
= 1200 without Salinity Control
g
(=] Curve A+ 4 Authorized
o | Salinity Control Projects
< ( Reduction of 575,300 Mgm)
x 1100
w
o
=
: Curve B +13 Salinity Control
1000 + Projects under Study
)F: ( Reduction of 1,710,000 Mgm)
=z
=
P
", 900 - 879 mq /@ ( Need Reduction of 2,570,000 Mgm)
- 1972 Salinity Standard at Imperil Dam
z
=
<
w 800
©
<
o
w
>
a
700 1 1 1 1 1 1 'RE 1 P
1980 1990 2000 2000+
YEAR

Figure 14. Salinity increase at Imperial Dam projected by the Water and
Power Resources Service (USDI, BR, 19794d).

-Og_



~5]~

Table 3. Summary of salt loading attributed to the various sources
and the estimated attainable salinity control levels for
total programs of projects designated by PL 93-320 in the
Upper Colorado River Basin.

Source Total Salt Salt Load Estimated
Load Contribution Reduction mg/1
Mgm Mgm Reduction

at Imperial Dam

AGRICULTURAL CONTROL PROJECTS

Grand Valley 630,0C0 372,000 43
Lower Gunnison 800,000 570,000, 65
Uncompahgre Valley 350,000 220,000* 25.3
Uintah Basin 395,000 182,000 21.
Price-San Rafael Drainage 210,000 50,000 7.3
Dirty Devil River 52,000 24,000 2.8
McElmo Creek 85,000 50,000 6.0
Big Sandy River 125,000 81,000 9.3

POINT SOURCE CONTROIL PROJECTS

Paradox Valley 180,000 163,000 18.7
Glenwood-Dotsero Springs 400,000 214,300 25.0
Meeker Dome 29,500 29,500 3.4
Crystal Geyser 2,720 2,720 0.3

202.90
1

Canal and Lateral Lining Only (USDI, WPRS, 1980c¢)



CHAPTER 4

METHOD OF ANALYSIS

The research approach developed for this work consisted

of four

1.

phases:
Development of a cost-effectiveness analysis appli-
cable to the salinity control problem in the Upper
Colorado River Basin;
Evaluation of salinity sources in the basin;
Selecting an array of salinity control alterna-
tives; and
Application of the analytical procedure to the

Upper Basin conditions.

The fourth phase is encompassed in the following chapter.

The second phase was described in general terms in Chapter 3

and will be expanded somewhat in this chapter.

COST-EFFECTIVENESS ANALYSIS

The method of salinity control program analysis was

originally developed in a study of water quality improvement

alternatives in the Utah Lake drainage area in central Utah

(Walker et al., 1973). The approach involved decomposing a

basin-wide problem into first hydrologic subbasin problems

and from there into technological subunits. The principal

assumption in the decomposition was that by evaluating net

mass emission of salts from each subbasin, the problem

consists of mutually exclusive components that could be

added together in arriving at the basin-wide optimal program.
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This assumption implies physically that: (1) water utili-
zation at one location is not significantly affected by a
change in water use practices elsewhere; and (2) salinity
is a completely conservative pollutant. Walker and
Skogerboe (1980) discuss the physical assumptions and show
mathematically the relationship between the physical system
and these assumptions.

A schematic view of the conceptual model is given in
Figure 15 (Walker, 1978). The basic structure of the model
is a function relating the cost of salinity control and the
effectiveness of the investment in terms of reducing mass
emission (Mgm/yr). Associated with each cost-effectiveness
function are indications of how much of the cost and effec-
tiveness is allocated to each alternative encompassed in the
optimization. Examination of Figure 15 in some detail will
serve to illustrate the additive construction of the overall
optimal strategy.

Consider the analysis to begin at "Level 2" with four
basic alternatives whose cost-effectiveness function is
given and the allocation among "Level 1" alternatives is
known. Two "Level 3" cost-effectiveness functions are
developed by adding "Level 2" functions in an optimization
analysis. The addition of individual cost-effectiveness
functions becomes the objective function for the next level
of aggregation. Constraints consist of limitations on the
total effectiveness of each individual alternative and

aggregate effectiveness at the level being developed.
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Detailed mathematical descriptions of these procedures are
given by Walker et al. (1979).

Optimization Procedure

The relationships between costs and salinity reductions
are generally nonlinear. Aggregating the level to level
cost-effectiveness function, therefore, requires an under-
standing of the various techniques for nonlinear optimiza-
tion. Most water quality planners do not have sufficient
background in these subjects for a technique like originally
used by Walker (1973) and Walker et al. (1973) to be widely
useful. As a result, a very simple optimization procedure
was developed for application and demonstration in this
writing. In fact, the entire basin-wide optimization was
accomplished on an HP9825A desktop computer with only a
total of 24K bytes of capacity.

For purposes of illustration, consider an irrigated
valley which is supplied water through canals. FEach canal

has a total length of L, meters, an inlet wetted perimeter

t
of Wm meters and an inlet capacity of Qm cubic meters per
second. Walker (1978) reviewed canal lining cost-

effectiveness for salinity control and derived the following

relationship:

1+K
bf(8;)y" "2 KLf(S)) (1)
Lt

C_=&K'|l1- (1 -

in which,
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Ec = capital construction cost necessary to impact the
mass emission of salts due to seepage by Sy Mgm/yr;

Kl' K2, K3 = empirical constraints relating canal size

and lining costs;

b = empirical function describing the spatial distri-
bution of canal deliveries to individual farm
turnouts;

K
| I— -
K' = KlQmZ Lt/(l + Kz)b, (2)
& Lt Lt 2 2Lt 0.5
£(8,) = == llg=)" = S ; (3)
1 b b i 1
K b
2
and
. Qg'Q -6
K2 = AScNdASR _—6—_—2 WPm X 10 (4)
g
where,

ASc = change in salt concentration between irrigation

water and groundwater, mg/l;

Nd = numpber of days seepage occurs;

ASR = change in seepage rate due to linings, m/day,

which may vary throughout the year;

0 = total agricultural inputs to the groundwater

g system, ha-m; and
Qp = phreatophyte use of groundwater, ha-m.

In order to develop an optimal cost-effectiveness
relation for lining as a salinity control measure, the
following problem must be solved repeatedly for various
values of the constraint value S:

n
min E
i=1

C =

2 E.ctsl)i (5)

subject to,
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(Sl)l < (ST)i (6)
and,
n —
L o(sy); =5 (7)
i=1
where,
c, = the minimum cost of lining sufficient canal
lengths to produce a total salinity reduction of
S, megagrams;
EC = the cost of lining the specified length of the ith

canal (Eg. 1), millions of dollars;

(Sl)i = the salinity reduction to be achieved by lining
the ith canal, Mgm/yr;

). = the maximum achievable salinity reduction

T achieved by lining the entire length of the ith
canal, Mgm/yr; and
n = the number of canals or ditches that can be lined

to reduce salinity.

This curve of cost versus salt reduction always has the
property of convexity, a necessary condition for optimality
Wilde and Beightler (1967), and can be considered what
Erlenkotter and Scherer (1977) refer to as a "continuous
project." 1In other words, a cost can continually be assigned
for any variable value of salt reduction. The functional
relationship of this curve remains the same throughout the
entire optimization process. The curve has the same basic
shape and properties for canal lining in an individual area
as well as for a basin-wide salinity control program. This
property greatly simplifies the optimization process and the
determination of the individual components of salinity

control at any level of control.
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Simplifying the Optimization--

As noted earlier, the optimization process requires
that Equations 5-7 be solved repeatedly for values of S
ranging from zero to '§ (ST)i' generating data from which
the optimal function ;;i canal lining is derived. The
resulting canal lining cost-effectiveness function is charac-
terized by increasing marginal costs with scale but the
nonlinearity is not great. These functional features pro-
vide the opportunity to condense Equation 1 into a simple
regression function. For example, the following expression

has been found to produce good results:

S,
L

C® s+ B (8)

L

For specific canal, ditch, or lateral, the only unknowns in
Equation 8 are E& (dependent variable) and Sl (independent
variable). A range of 51 values within the interval from
zero to the maximum value of ST can be generated from
Equation 1 when different lengths L are arbitrarily substi-
tuted into the equation. Corresponding values of Eé are
then calculated providing the x-y data for a regression

fitting. A linear regression can be used for curve fitting

if Equation 8 is transformed to:
y = AX + Bx (9)

where y = 1/65 and x = 1/S,.
This function can also be compared in an optimizational

context with other similar strategies to formulate plans on
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a large scale. While this development still requires some
prior understanding of operations research methodologies for
those not so prepared, Equation 8 leads to a simple optimi-
zation solution based on the unique algebraic structure of
the modified cost-effectiveness functions. The complex
optimization procedure is reduced to a facile series of
arithmetical calculations. If necessary, most of this
procedure could be done with hand-held calculators.

The derivative or the slope of the particular function

illustrated by Equation 8 has the simple form of:

dac
c BB
= {10)
= (ASl + 3;2

The derivative has the significance of being the marginal
cost of lining the ith canal for the specified salt load
(Sl)i. Thus, the smaller the value of the derivative, the
more cost-effective the linings. The marginal cost values
of represented Egquation 8 must be equal for all individual
lining projects at the specified value of total salt to be

reduced, S. They must also be constrained by the physical

limits of each individual canal's values of (ST)i. Thus for
their respective ranges of salt contribution:
0 < (89); = (8q)4 (11)

The value of § is determined from the combination of optimal
least—-cost values corresponding to each (Sl)i. The simpli-
fied step-wise procedure is illustrated in Figure 16. The

procedure is as follows:
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Two arrays are calculated using Equation 10 for
every canal in the area being considered for

lining. The first array will be for values at

(Sl)i = 0, and the second will be for (Sl)i =
(ST).. Then, from the total array of minimum
* ac

. . 5 .

values the overall minimum wvalue, E§I .. is

selected. Similarly, the maximum value of the
ac

derivatives, 3§E , is determined. All of the
h &

remaining values in both arrays are then discarded.
After the maximum and minimum values have been

selected, the marginal cost interval represented
by these two values is divided into k increments,

A, where k is any arbitrary value.

dCc y dCc
ds ds !
A = 2/ max - 2/ min (12)
ac _
A is now used to increment the wvalue of 3§:
1

for subsequent calculations. Rearranging terms of

Equation 10 for Sl’ the following equation is

obtained:
B. 1/2
ek 3,
(1)1 = =& = l - By (13)
i dc "
c
dsl

Equation 13 is solved for each (Sl)i at every suc-

cessive value of dEE/dSl, given by
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. cy -
as ~ \ds +  jA (14)
1 1 min
where j =0, 1, 2, 3, . . ., k. Since all of the

marginal costs are equal at each point, only the
canals which have a value of (Sl)i greater than
zero are cost-effective.

4, The calculated values of (Sl)i must be checked
against their respective physical constraints and

adjusted if necessary. These constraints are:

a) if 0 < (Sl)i < (ST)i; then (Sl)i = (Sl)i (15)
b) if (Sl)i < 0; then (Sl)i =0 (16)
c) if (Sl)i > (ST)i; then (Sl)i = (ST)i (17)

5. The constrained values of (Sl)i are then substi-
tuted back into their respective cost-effectiveness
equation which has the form of:

(51) 4

(C); = (18)
c’'i Ai (Sl)i + Bi

and the costs for all canals are summed to obtain

the total cost of reducing salinity by §,
-y n
s = 1 (805 (19)

The costs are then annualized, if desired. This series
of calculations of § and total costs describe the lining

cost-effectiveness relationship which may be plotted for
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additional clarity. The above procedure is also utilized to
optimize other practices and develop optimal functions for
areas and subbasins. A general flow chart of the procedure

is given in Figure 17.

SEGREGATION OF SALINITY SOURCES

This work did not involve any new data collection
activity, but relied almost entirely on data which have
been collected by the various governmental agencies. Data
were obtained from the Soil Conservation Service, the Water
and Power Resources Service, various state agencies and
regional councils of governments for 208 studies. Topo-
graphic maps and aerial photographs were utilized to esti-
mate canal and lateral lengths as well as to provide an
indication of cropping patterns and field sizes. Automobile
trips were made to the various areas to collect data from
local organizations and to discuss the agricultural problems
and practices with farmers and local administrators. Never-
theless, much of the data is incomplete and estimates of
existing conditions were made based on data collected else-
where, and the author's experience and judgment.

State and federal water records and existing reports
were utilized to establish a basic water and salt budgets
for each area including stream flow quality and quantity,
gualitative and temporal distribution of individual diver-
sions and groundwater quality. Then, within the structure

of the areawide budgets, canal by canal water and salt
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budgets were developed for each canal and the collective
laterals under each canal. FExisting seepage losses were made
using existing seepage test data, if available, or extrapo-
lated from other canals or areas. Equilibrium groundwater con-
centrations were estimated from well data and base flow water
quality records from drains and streams in the areas for each
canal. It was assumed throughout this study that groundwater
concentrations would not change as a result of the projects,
and this assumption has been reasonably validated by investi-
gations in several areas in the basin (Skogerboe et al.,
1979a; King and Hanks, 1975; and Bliesner et al, 1977).

Wetted perimeters and canal capacities were established
from state engineers' records and other data sources relative
to the inlet capacity. Utilizing aerial photographs and
other data sources, the flow capacity at the end of each
canal was estimated or measured. The wetted perimeter and
flow were then assumed to vary linearly throughout the
length of the canal. Average seepage volumes were computed
and multiplied by the average number of estimated or known
days of annual operation at the various selected water
levels. The equilibrium concentrations of the groundwater
were multiplied by the total annual seepage volume to
obtain an estimated mass emission of salt from each canal
and the aggregate laterals under that canal.

Annual existing aggregated on-farm mass emissions of
salt which included estimated head ditch and tailwater ditch

seepage losses were calculated from Soil Conservation Service
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data, Water and Power Resources Service data, or other
published results. The amount of time water was generally
available was estimated by published water records or by
conversation with farmers and local ditch company officials.

The individual budgets were aggregated and compared to
the areawide water and salt flows. If the results appeared
to be unreasonable, the individual budgets were re-examined
and re-computed if necessary. The results were compared
with other studies and some were discussed with local water
officials, and it is believed that they reasonably represent
conditions in each of the irrigated areas.

The individual parameters were tested for sensitivity
on the individual budgets. All of the budgets reacted to
changes in the groundwater concentrations, and this is
probably the single most difficult parameter to accurately
determine. It is believed that the values which were used
are within 10 percent.

Costs and salt contributions and attainable levels of
reduction for Paradox Valley, Glenwood-Dotsero Springs and
Crystal Geyser were taken almost entirely from reports by
the Water and Power Resources Service. The projects were
adjusted to January, 1980 prices and conditions and re-

evaluated to determine the most cost-effective treatment.

EVALUATION OF SALINITY CONTROL ALTERNATIVES
The alternatives of managing salinity on a basin-wide

scale fall into two categories: (1) those that reduce
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salinity concentrations by dilution or minimizing the loss
of pure water from the system by transpiration and evapora-
tion; and (2) those that improve water quality by reducing
the mass emission of salt. Examples of the first category
include weather modification to enhance stream flow, evapor-
ation suppression, and phreatophyte control. 1In the second
category, such measures as saline flow collection and treat-
ment, reduction in agricultural return flows, and land use
regulation can be applied to reduce the volume of salinity
entering receiving waters. Although it is not necessarily
the case, the two categories are often considered antitheti-
cal when considering individual projects because of the
complicated interrelationships. At the present time,
federally authorized salinity control projects involve only
saline flow collection and treatment and reductions in
irrigation return flows. This study in assuming the ana-
lytical structure presented above is also limited to these
salinity control alternatives.

There is also a breakdown of mass emission control
measures between what might be called "structural" and
"nonstructural"” measures. Authorized salinity control
programs primarily emphasize the structural components for a
number of reasons. First, salinity problems in areas like
the Lower Colorado River Basin demand attention in the near
future. Many nonstructural measures such as influent stand-
ards, water markets, taxation, land retirement, etc., re-

quire basic changes in the existing legal system. A second
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reason for structural emphasis is that nonstructural
strategies must be preceded in several cases by structural
measures. Furthermore, nonstructural strategies which are
actually improved water management practices require long-
term commitments from federal technical assistance and
enforcement agencies. Manpower, funding, and internal
agency restrictions often limit the duration of federal
involvement.

Agricultural Salinity Control Options

For areas which primarily contribute salinity due to
salt pickup, the emphasis of an agricultural salinity con-
trol program is to reduce the quantity of conveyance seepage
and deep percolation losses. Individual practices will
consist of canal and lateral lining to reduce seepage losses
and minimize deep percolation by improved on-farm water
management practices such as installation of accurate flow
measurement devices, irrigation scheduling, and more uniform
water applications. Since salinity problems result from a
combination of both salt concentration and salt pickup
effects, an integrated site-specific combination of the
above types of strategies is usually required.

Achieving high irrigation efficiencies and other
improved irrigation management practices are goals not only
of water quality planners, but often of individual irrigators
and irrigation organizations as well. King and Hanks (1975)
and Willardson and Hanks (1976) discuss many of the effects

of irrigation management on irrigation return flows. The
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technological solutions to salinity problems are often the
solutions applicable to reducing agricultural energy consump-
tion, achieving higher farm production and higher profits.
Improving the physical aspects of the irrigation system,
including structural rehabilitation and redesign and insti-
tuting better management practices for the operation of the
water delivery system by irrigation scheduling, call periods,
and limiting wastes, must be jointly considered in any
program for improving the efficiencies of irrigation.

Institutional constraints may also contribute to the
salinity of the basin. For example, much of the irrigated
agriculture in the Upper Colorado River Basin is marginal
and the income is often minimal or even negative. However,
many ranchers and farmers freely admit that the only reason
they maintain these lands in production is to meet forage
production requirements for government grazing leases.

These regulations should perhaps be re-examined in relation
to salinity control programs.

Another nonirrigation practice which contributes to the
salinity via the irrigation system is the diversion of water
during the winter months for livestock water purposes which
is commonly practiced in many irrigated areas in the Colorado
River Basin, such as the Lower Gunnison and Price-San Rafael
drainages. This is an often necessary, simple solution to
provide water for cattle and sheep herds which winter in the
lowlands, but this constant source of canal seepage has a

very marked effect on the waterlogging and salination of
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lands below the canals. In the Lower Gunnison alone this
practice contributes as much as 75,000 Mgm per year. There
is little doubt that alternative supplies of livestock water
would reduce salt loadings from these areas. The piping of
livestock water should be included in salinity programs for
regions which require the use of water supplies for these
purposes, because the groundwaters are usually much too
saline for even livestock use.

Within each basin grouping of salinity control
alternatives, various combinations of specific projects can
be selected to accomplish the control program goals. For
the purpose of this case study, four groupings of agricul-
tural salinity control alternatives will be considered: (1)
canal and ditch lining; (2) lateral linings; (3) on-farm
improvements; and (4) desalination of return flows. These
agricultural salinity control programs listed above are not
the only methodologies applicable in the UCRB, but they are
the currently most accepted "Best Management Practices"
(BMPs) and will indicate the proper approach to a basin-wide
control program. However, a planner should not limit the
array of potential solutions too quickly since optimal
solutions are rarely intuitive in nature. A general dis-
cussion of selecting salinity control options for irrigated
agriculture is given by Skogerboe et al. (1979b).

Canal and Lateral Linings--
Many unlined canals, ditches, laterals, and watercourses

traverse long distances between the point of diversion and
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the farm. VWhere soils are well structured and permeable,
seepage losses may be considerable. Traditionally, reaches
with high seepage losses have been lined with a variety of
alternative materials such as concrete, asphalt, bentonite
clays, compacted earth, and plastic sheeting to prevent
seepage with the economic justification based on the value
of the water saved. Converting a closed conduit of con-
crete, asbestos-cement (A-C) or plastic is an effective
alternative that offers advantages of better trafficability,
reduced evaporation, maintenance of pressure due to gravity,
and aesthetics.

Cost of conveyance channel lining vary with approxi-
mately the square root of the channel capacity, so unit
costs diminish with increased scale of construction.
Seepage rates per unit of channel area, on the other hand,
tend to be higher with smaller-sized channels because of
less maintenance, greater depths to a water table, and
larger ratios of wetted perimeter to discharge capacity.

A review of concrete linings costs in the western
United States by Walker (1978) indicated a reasonably high
correlation between capacity and cost. Data presented by
the USDI, Bureau of Reclamation (1952, 1963), and personal
communication (USDI, BR, 1976) and Evans et al. (1976)

indicate the following general form:

_ K
C, = K, 072 + Ky (20)

in which,
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CC = unit lining cost, in dollars per meter;
Q = conveyance capacity, in cubic meters per second;
Kl and K2 = empirical site-specific coefficients;

Ky = fixed costs, in dollars per meter.

The slope of the canal would affect values of K1 and K2
since a given discharge can be conveyed in a smaller channel
if the slope is increased. Many large canals have fairly
flat slopes and can be estimated with Equation 20. If the
channel slope is greater than 0.001, the coefficients should
be re-evaluated.

For conditions in western Colorado and indexed to
January, 1980 time base, the value of Kl was found to be
99.34, K, was 0.56, and K3 ranged from $25~$95/m with an
average value of $61.60/m. The costs included in the first
term on the right-hand side of Equation 20 are earthwork,
relocation, lining costs, service facilities, engineering
and investigative and administrative expenses. Fencing,
special diversion and cross drainage and safety structures
are included in the coefficient, K3. In a main irrigation
delivery system, the discharge of the network declines along
its length due to continuous withdrawal for irrigation and
less acreage serviced per unit length.

Small ditches including field head ditches and laterals
have basically the same cost-effectiveness characteristics
as larger scale linings. However, two differences should be

noted. First, the small capacities generally do not warrant

expensive fencing, diversion, and safety structures and
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therefore K3 in Equation 20 will be much smaller, and for
head ditches it can be considered negligible. For laterals,
K3 is primarily related to inexpensive flow measurement
structures which should be provided at each farmer's turn-
outs. The second difference is that the operation of smaller
conveyance channels is distinctly different from larger
systems. Ownership is often private and sharing of flow is
often rotated. Consequently, the discharge capacity gener-
ally does not diminish significantly along the channel

length. For these conditions, Equation 1 reduces to:

K,
c, = K19 Sy (21)
K2 (l+K2)

The coefficients include costs for earthwork, relocation and
lining costs as well as investigations, flow measurement,
diversions and road crossing structures, etc. They do not
include fencing or other special safety structures since
these are not necessary on small canals.

It is worth noting that using the large canal values
of Kl' K2, and K3 coefficients for small ditches may intro-
duce significant cost overestimation errors. Small ditches
often have larger slopes and thereby carry a higher flow
rate in a smaller cross-section. FHowever, the largest
source of error is that the construction specifications do
not have to be as stringent, thereby reducing the costs.
Low cost plastic pipelines can also be used to replace the

small open ditches where feasible. For January 1980, values
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of Kl = 48.5, K, = 0.56, K3 = $2.35/m appear to give repre-
sentative values for lateral and small ditch concrete linings
in the UCRB.

Defining the coefficients in Equation 21 can be accom=-
plished by using typical values of 1980 contractor prices
for Agricultural Stabilization and Conservation Service
(ASCS) cost-sharing programs of slip~form concrete small
ditch and lateral lining costs in the western United States,
approximately 5-8 cm thickness, using the sulfate resistant
specifications of the U.S. Department of Agriculture, Soil
Conservation Service. These costs are currently about
$7.50/m2 including all base preparation. Total lining costs
for ditches carrying up to 0.4 m3/sec range from 12/m to
$25/m. Thus, for a specified slope, the perimeter can be
calculated, multiplied times the length and unit cost for an
estimate of SCS lining costs. Administrative, investigative,
engineering costs by the supervising agency, and other
indirect costs can be estimated (usually 25 to 33 percent of
construction costs), and the salinity related cost-
effectiveness function is then determined directly. For
purposes of this report, SCS values will be used since it is
anticipated that they will be doing most of the lateral and
head ditch linings.

The costs of converting a small ditch or lateral to a
pipeline conveyance involves two cost estimates. The deri-
vations of the cost-effectiveness functions are the same as

given above. Irrigation pipeline materials range from
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plastic to concrete to metal. 1In addition to the costs of
the pipe itself are the costs of installation. These
installation costs for just the pipe are generally estimated
at $3.50/m to $4.00/m depending upon the pipe size and local
excavating conditions. The Soil Conservation Service in the
Grand Valley is presently estimating pipeline costs, materi-
als plus installation at $0.55 per inch of diameter per foot
($0.72/cm diameter/meter) including flow measurement, trash
screens and inlet structures.

As a general rule, slip-form concrete and low head
(50 feet-head) PVC pipelines have about the same salinity
control cost-effectiveness. However, the use of low-head
PVC pipe is generally not recommended. The use of other
materials in these small capacity systems result in much
higher costs and are, therefore, not generally cost-effective
in comparison. The costs of commonly available pipeline
materials are summarized in Appendix 3.

On-Farm Improvements--

The most significant improvements to reduce water
diversions and control waterlogging and salinity problems
potentially come from improved on-farm water management.
This is particularly true for areas containing large quan-
tities of naturally occurring salts in the soil profile.
Poor irrigation practices on the farm are the primary cause
of excessive water diversions, as well as the primary source

of irrigation return flow quality problems.
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A common misconception concerning salinity control is
that improving irrigation efficiencies and reducing canal
and lateral seepage would decrease the volume of percolating
water, but may not decrease the total amount of salt leached.
This would be true only if salt concentrating effects were
the only phenomenon present and if the leaching water had an
infinite capacity to dissolve salts. However, in most arid
areas such as the Colorado River Basin, salt pickup rather
than concentrating effects is the dominant source of salin-
ity.

The exact chemical phenomenon involved with water
moving through the soil profile is very complex and diffi-
cult to accurately predict or model. However, the basic
processes is that as the dilute irrigated water moves through
the soil profile it tends to dissolve salts which are inher-
ent in the soil, while the salts which were concentrated by
crop use tend to precipitate out of solution into the soil.
Thus, as irrigation efficiencies are increased, the dis-
solved solids concentration in the soil also increase and
there is a gradual shift from dissolution of salts to condi-
tions favoring their precipitation. Therefore, an increase
in irrigation efficiency will always reduce the amount of
salt in the subsurface return flows (van Schilfgaarde and
Oster, 1977).

The amount of salts which will be reduced by improve-
ments in water management is very often nonlinear and diffi-

cult to access. Fortunately, in the UCRB the chemical
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properties of the saline soils and parent materials tend to
force a linear relationship between the amount deep perco-
lation and the corresponding salt reduction by imposing an
upper limit on the groundwater concentrations. In other
words, the reduction in salts is directly proportional to
the reduction in subsurface flow volumes.

Increasing seasonal farm application efficiencies of an
area to at least 65 percent will be a very difficult task
almost anywhere in the Upper Colorado River Basin. Most of
the fields are small with irregular shapes and variable
slopes. Improvements in irrigation practices will be locally
motivated and justified by increasing production and/or
lower labor and other operational costs, and not by concerns
for improved water quality.

The variety of structural improvements that might be
effective in increasing irrigation efficiency includes
lining or piping head and tailwater ditches to eliminate
seepage conversion to alternative irrigation systems which
applies water more uniformly with better control of the
application depth. Modification of existing systems such as
adding flow measurement devices, land leveling and automation
should also be included. It is assumed in the analyses that
all structural improvements also include sufficient techni-
cal assistance from federal agency and extension personnel
so that the systems will operate as designed.

The improvement of irrigation efficiencies through on-

farm seepage control can be evaluated with the methods
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outlined by Walker et al. (1977, 1979) for conveyance
linings. On these small systems, the parameter, K3, would
normally be zero and Kl would be reduced to a value which is
about one-third of Kl for large canal linings since construc-
tion specifications are less rigid and the ditches contain
fewer control structures. The use of pipe rather than
concrete linings, particularly gated pipe, can also be
included in this manner.

The effectiveness of amending existing systems or
converting to other methods of irrigation depends on the
difference in application efficiency that can be achieved.
Specifically, the change in deep percolation can be written
as:

ADp = (1 - AEa) Da (22)

in which,

AD

P reduced depth of deep percolation in centimeters;

Pa

average depth of applied water in centimeters.

By assuming that the soil chemical reactions can be consid-
ered in equilibrium, the prediction in salt pickup associ-
ated with a change in deep percolation is developed from:

[o -0

= g
ASE = ASCADP‘ Qg

Plx 1074 (23)

where,

ASE = reduction in salt loading due to improved appli-
cation efficiencies, in megagrams per year per
hectare.
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Evaluation of the term, AEa, is a difficult task. It
requires that existing efficiencies be characterized and
that expected efficiencies for potential improvements be
predictable. Both tasks are compounded by the highly vari-
able and diffuse nature of irrigation systems. However, for
the purposes of this report, attainable application effi-
ciencies in Table 4 were used.

Cost of Irrigation Systems—-

A general model describing irrigation system costs for
various farming conditions is not readily available. It is
not a difficult task to estimate these costs if the specific
conditions at the farm are known, but in the absence of this
information, irrigation improvement costs are usually given
as representative values. The cost estimates presented here
are annual costs per hectare and include capital and con-
struction costs, operation and maintenance costs, and pump-
ing energy costs. These cost estimates are current as of
January, 1980.

Not all irrigating costs are included in this analysis
because many are incident to the farming enterprise and do
not affect the choice of system improvements for salinity
control. This assumption is based on the fact that a
farmer is committed by choice to the contribution of a
certain level of labor, energy, capital, and water resources
for continued irrigated agriculture. For example, seed,
fertilizer, pesticides, taxes, and insurance are costs only

minimally affected by system improvements and are not
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Table 4. Suggested maximum attainable irrigation application
efficiencies in the Upper Colorado River Basin.

Irrigation Method Maximum Probable Attainable
Efficiency
Gated Pipe 60
Siphon Tube-Furrow 60
Automatic Cutback Furrow 80
Automated Gated Pipe Furrow 80
Sprinklers 85
Drip 90
Borders 60
Level Basins 75
Automated Basins 90

Tailwater Reuse Systems 80




considered. Actually, many of these costs are often com-
pensated for by higher yields and greater land values. It
is obvious that the costs on which a specific on-farm salin-
ity control measure should be compared with others are the
differences between the total annual cost of the improved
system minus the pre-implementation total annual costs and
minus increases in net farm profit incurred as the result of
better irrigation practices.

The pre-implementation of "base" conditions in the
salinity affected regions of the UCRB is most likely to be
the furrow irrigated field having moderate slopes less than
1.5 percent and relatively low intake soils. The water
supply is delivered to the field in unlined ditches from
river diversions or at the farm from wells. Water supply
costs are already being paid and therefore would not affect
the choice of the on-farm improvement. The exception is the
case of the water supply being groundwater requiring a pump
and a well. If the system improvement was to be a sprinkle
or trickle system, the new pumping plant and higher energy
costs must be included in the evaluation regardless of water
source because these facilities would require substantial
modification.

The base topological condition one might also expect
would be relatively well graded fields, thereby eliminating
large land shaping costs for most improved systems except
for possibly wide border and basin irrigation. Water dis-

tribution on the farm itself would typically be with unlined
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ditches and application to the fields would be accomplished
with cuts in the earthen ditch bank, siphon tubes, spiles,
or small check structures. New systems and improvements
would replace all of these facilities except siphon tubes.
Rebuilt or new structures for flow measurement and
regulation would be added.

Costs were developed for pressurized and gravity
irrigation systems obtaining water from surface and ground-
water sources. The results of averaging the scale distri-
huted capital and construction costs are shown in Table 5.
Depending on the type of improvement selected, annualized
capital costs range from below $30/ha to more than $600/ha.
Systems currently utilizing a groundwater resource and
converting to a pressurized system involve substantial
upgrading of the pumping systems thus such changes would not
be necessary for the gravity or surface irrigation methods.

Appendix 3 presents suggested annual maintenance costs
for various pressurized and surface irrigation systems, data
on labor requirements per irrigation for selected types
of systems, and listing of expected equipment life of various
irrigation system components with a good maintenance pro-
gram. Replacement costs of short-lived components are
included in O & M cost estimates.

Annual expenditures to operate and maintain irrigation
improvements are also given in Table 5. These costs which
include labor are higher in all cases than the base condi-

tions because of the previously stated assumption that



Table 5 . Annualized average costs for selected irrigation systems.

Annual Capital and Annual Annual
Description of System or Improvement Construction Cost O & M Costs Energy Costs
$/ha $/ha $/ha
Concrete Ditch Linings 33 7 0
Gated-pipe Replacement of Head Ditches and 29 6 0
Piped Connecting Systems
Automated Cutback System 83 17 0
Gated-pipe Tailwater Recovery and 95 19 33
Reuse System
Big Gun Traveler Sprinkler System 272 - 349l 83 - 107l 125 - 188l
Solid-Set Sprinkler System with Above 362 - 405l 185 - 2061 120 - 189l
Ground Aluminum Piping
Solid-Set Sprinkler System with Below 642 - 683% 196 - 209 109 - 1731
Ground PVC Piping
Hand Move Sprinkler System with Aluminum Piping 137 - 1751 70 - 891 120 - 189l
Sideroll Sprinkler System 119 - 1471 49 - 6ot 50 - g8l
Center Pivot Sprinkler System 70 - 911’2 21 - 281’2 55 - 801’2
Trickle Irrigation System for Orchards and 312 127 19

Widely Spaced Row Crops

Automated Basins

1 Range of costs for surface water supplies (small values)
2 For center pivot systems covering more than 32 ha.

and groundwater supplies (large values).

_?8_
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improved management would be a part of the program. Speci-
fically, a farmer whose improvements ranged from simple head
ditch linings to complex pressurized systems would be
expected to include irrigation scheduling components at peak
operating efficiency. If these assumptions are not valid or
not included in the quality control program, many improve-
ments would actually show negative O & M costs because of
labor savings. The pressurized system should still have
added O & M costs because of greater equipment complexity.

The costs of pumping and adding pressure to the irri-
gation water, above those for the base conditions, are pre-
sented in Table 5. These costs have been delineated from
the O & M costs to illustrate the consequences of changing
irrigation systems. Energy costs are increasing much faster
than other irrigating costs and, therefore, should be evalu-
ated carefully in selecting on-farm salinity control measures.

The energy cost results shown in the last column of
Table 5 should be understood since the impression may be
given that converting to sprinkle and trickle irrigation
systems always means more energy bills. This may not be
true if an existing groundwater supplied surface irrigation
system is highly inefficient. For example, conversion to a
sprinkler system may actually reduce energy costs since the
increased efficiency means less water pumped even though the
pressure is higher.

The total annual costs associated with each alternative

irrigation system improvement can be determined by summing
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the average values. One can see that annual costs cover a
wide range in the irrigation industry. Simple head ditch
linings are more than an order of magnitude cheaper than
most of the pressurized conversions. However, the improve-
ment in application efficiency is also a factor in the
cost-effectiveness of the measure as a salinity control
alternative. Head ditch linings would improve the irriga-
tion efficiency by the amount of seepage prevented, whereas
the remaining improvements also create increases due to
better water control and uniformity.

The values presented in Table 5 agree quite closely
with the data presented by Reed et al. (1977) for the same
field sizes. Reed et al. (1977) did not include annualized
initial investment costs, but did include taxes, insurance,
and depreciation.

Development of the On-Farm Cost-Effective Analysis--

The cost-effectiveness function for the on-farm

improvements meets the same general criteria as the other

salinity control measures. Specifically,

Cj = A(mj) (24)
subject to:
0 < mj < ﬁj (25)
where,
Cj = the annual cost of reducing the mass emissions of

salt by mg;
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A. = unit control cost associated with the jEE on-farm
J improvement which may be either linear or scale
dependent; and
m. = total controllable pollutant reduction achieves

J by full treatment.
The values of Xj are defined from irrigation system design

and can include management costs and has the form of:

Aj = ;? (26)

where,
cj = total annual cost of the improvement, $/ha/yr; and
Rj = changes in pollutant emission achieved by the jEE

improvement, Mgm/ha/yr, and includes the effects
of efficiency.

On-farm optimizations are subjected to the same linear
constraints presented in Equations 6 and 7, but also require
an additional constraint to prevent more than one on-farm
improvement being applied at the same source. For example,
lining a head ditch and conversions to sprinkler systems are
mutually exclusive in most cases. This constraint can be

written as follows:

n m, Bhgrsh
Il 2 < I ® (27)
j=1 “f j=1
where,
Ap = the total of irrigated lands, hectares; and

n the total number of the selected on-farm improve-

ments to be considered for the area.
However, this constraint could not be easily included in the

algebraic optimization procedure outlined earlier.
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Due to the linearities of annual costs for the various
irrigation systems over the range of field sizes and condi-
tions applicable to the Upper Colorado River Basin, the
aggregate on-farm strategy was optimized by linear program-
ming. Figure 18 presents the dimensionless optimal combi-
nation of on-farm salinity control measures to be implemented
in any area in the UCRB. Figure 18 also illustrates the
potential range of salt reduction obtainable for each measure
when implemented in the optimal sequence as shown.

The program for the optimal on-farm salinity control
program depends on the desired level of control which was
selected prior to implementation. Depending on the chosen
level of salinity control for an area, head ditch lining
would be the first measure to be implemented until approxi-
mately 42 percent of salt is to be removed, at which time
cutback furrow irrigation (semi-automated) would start to
replace the head ditch linings to remove up to 67 percent.
If control above the 67 percent level is desired, then con-
struction of gated pipe tailwater reuse systems or other
similar automated systems are initiated to remove up to 80
percent of the attainable salt before sideroll sprinklers
become cost-~effective. Drip irrigation, if applicable, is
the last alternative to be implemented. This additive
approach is illustrated by Figure 19 which shows the non-
linearity of the cumulative on-farm cost-effectiveness
function. The annual costs can be computed using Equation 8

and establishing the on-farm A and B values for each
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irrigated area. Throughout this analysis it was assumed
that irrigation scheduling and a higher level of management
would be imposed on the on-farm irrigation programs.

This array of on-farm alternatives is not intended to
be all inclusive, but rather to indicate the types of systems
which should be implemented to achieve a desired level of
control. The Soil Conservation Service or other implement-
ing agency should approach this strategy in terms of estab-
lishing policies or priorities for distributing cost-sharing
monies for on-farm improvements. For example, a graduated
scale of cost-sharing percentages could be formulated with
the highest level of government contribution being available
for the most efficient on-farm improvements.

Collection, Treatment and Disposal of Return Flows--

In many cases where salt pickup is a particularly
severe problem, subsurface return flows from irrigated lands
may be so brackish that no further use of the water is
possible. Such flows significantly degrade the quality of a
river, stream, or groundwater resource. An alternative to
expenditures aimed at reducing the volume of these flows by
improving irrigation efficiency is to collect the subsurface
return flows before they enter receiving waters. The col-
lected flows can then be directed to a desalination plant
that removes most of the salts and returns the water to the
stream or directly to a disposal area. Major disposal

alternatives include deep well injection and evaporation
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ponds. Various desalination methods are discussed in detail
by Walker (1978).

The costs of collection, desalination, injection wells,
and evaporation ponds are described for planning purposes by
the United States Department of the Interior (1972). A
mathematical description of the same information is given by
Walker (1978). In general, the costs of the collection,
desalination, and brine disposal for salinity control exceeds
the costs required to achieve the same level of salt reduc-
tion by improving irrigation efficiencies. However, by
comparison, lining large conveyance systems or implementing
highly automated irrigation systems is costlier. The desali-
nation alternative is relatively free of the institutional
complications involved in improving an entire irrigated
area, but is an intensive user of energy.

Desalination--

For regional salinity control evaluations, desalting
costs are expressed in dollars per unit volume of salt
extracted in the brine discharge rather than the conven-
tional index of costs per unit volume of reclaimed product
water. In this manner the respective feasibility of desali-
nation and other alternatives for salinity management can be
systematically compared during the processes of developing
strategies for actual implementation of salinity controls.

A desalting system as used herein consists of facilities for
supplying raw water (water to be desalted) to the plant, the

desalting plant itself and facilities to convey and dispose
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of the brine. Transportation of product water beyond the
confines of this system is not considered.

While recognizing the site-specific nature of desalting
technology as applied to regional water quality management,
some generalization of the cost-effectiveness relationship
can be made. A detailed evaluation of input parameters to a
desalting cost analysis was presented by Walker (1978).

All systems are most sensitive to the capacity of the de-
salting plant. When the costs are expressed in terms of
salt removal, the unit costs stabilize to nearly constant
values when the capacities are greater than about 10-15,000
m3/day. Since desalting would be most competitive with the
salinity control alternatives when the unit costs are mini-
mal, only systems with capacities greater than 0.17 m3/s
(15,000 m3/day) should be considered. The result of this
consideration is that the desalting cost-effectiveness
functions are approximately linear.

For the purpose of formulating a desalting cost-
effectiveness function which can be evaluated along with
other salinity control measures, the model by Walker (1978)
was updated to January, 1980 conditions. Then, the model
was used to generate cost-effectiveness curves for feedwater
saline types ranging from 1,000 to 9,000 mg/l. These func-
tions shown in Figure 20 were then considered into the

following mathematical form:

(28)
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in which,

Cd = annual cost in $ million of removing Sl’ thousands
of megagrams per year; and

M' = 1,404 DS, - 1.18
where,

TDSi = feedwater salinity, mg/l.

The disposal of brine from desalination plants and/or
brine pumping programs such as the Paradox Valley Project,
is a severe problem in many of the salinity control programs.
The alternatives which are most commonly discussed are
evaporation ponds and deep well injection. Ponds are limited
by area and volume availability whereas injection techniques
depend on the physical and chemical characteristics of the
geologic formation where brine is to be stored.

There is some consideration of supplying brines to
industries such as o0il shale if they would want it or could
use it. Milliken et al. (1979) discuss the legal and insti-
tutional factors associated with transfers of saline water
to energy related users. In addition, there is some atten-
tion being given to alternatives such as piping the brines
to natural salt sinks such as Sevier Lake in Utah.
Evaporation Ponds--

The area required for evaporation ponds depends on the
total brine flow and natural precipitation and the rate of
evaporation. For example, if the average annual evaporation
rate for Paradox Valley or Glenwood Springs was about one

meter, then the evaporation rate would average 3.2 x 10-4
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m3/s/ha of pond surface and an inflow rate of 0.06 m3/s
would require a 190 hectare pond. Additional evaporation
area capacity is required because the evaporation rates are
depressed with increasing concentration (Crow, 1980; USDI-
USDA, 1977). These ponds should also include storages for
seasonal variations in evaporation since the inflow from a
desalination plan or brine well field would be constant.

The useful life of the pond depends on the salt and sediment
deposition on the bottom. The density of rock salt is about
2.18 gm/cm3 and a salt loading of 163,000 Mgm/yr into a pond

would consume a minimum of 75,000 m3 of capacity each year,

and 236,000 Mgm/yr would annually deposit 104,000 m3 of
salt. The life of the ponds could be extended indefinitely
if the salt had any marketable value and would be periodi-
cally removed.

Watersaver, Inc. (1980) indicated material costs for a
36 mil exposed reinforced Hypalon-type liner, not including
earthwork, to be about $4.74/m2 or $47,360/ha. Laying and
sealing costs could be estimated on labor requirements of
150-200 man-hours/ha at $15.00/man-hour which results in
labor costs of $2230 to $2975/ha.

If the Hypalon-type liner were to be covered by earth,
at least another $7200/ha might be expected. A 30-mil PVC
liner could not be exposed and would have to have an earthen
covering, and total installed costs would be about

$38,500/ha, however, PVC would probably not be as durable as

Hypalon-type liners. For purposes of this report, a
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conservative value of $54,600/ha for installation and a
total installed cost of $102,000/ha was used. The USDI,
WPRS (1980a) indicated that total costs including earthwork
could approach $2,480,000/ha. The USDI, WPRS (1979) esti-
mated that 247 ha of evaporation ponds, 6.1 m deep with a
20 mil PVC buried liner costs about $178,650/ha for the la
Verkin Spring Project (October, 1978 prices). Inflating
this cost to January, 1980, using the Engineering News
Record Building Cost Index (ENR, 1980) factor of 1.10, the
unit costs would be about $197,000/ha.

Deep Well Injection--

Deep well injection as a method of brine disposal
offers several environmental benefits. The primary advan-
tage is that very little terrestrial surface area is re-
guired since the brines are injected into subsurface geologic
formations. The technology of deep well injection is fairly
well developed and has seen wide use in the petroleum indus-
try where o0il field brines have been brought to the surface
during the production of gas and oil. The o0il field brines
are usually reinjected into the same formation in which they
originated, and there is presently a considerable effort in
using the reinjected brine in the secondary recovery of oil.

Injection wells have also been used for the permanent
underground storage of industrial wastes, radioactive wastes,
wastes from small scale desalination plants and some from
advanced waste treatment plants. However, the injection of

these wastes has usually been on a fairly low volume at less
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than 3.16 lps in wells and on a short-term basis, unless
some types of underground chambers had been prepared. For
example, chambers have been made in salt domes for waste
disposal and o0il storage in places where the brine produced
by the making of these chambers could be disposed by other
means. Another method of making chambers is the use of
nuclear explosives which has been demonstrated in Colorado
and Wyoming to help in natural gas production as part of the
Plowshare Program.

Deep well injection is generally not a long-term solu-
tion to a continuous disposal program because of reservoir
limitation and the need to drill new wells at further and
further distances from the source. The new wells are very
expensive to construct and new piping systems are required.
Bouwer (1974) indicated that well costs, up to about 1,000
meters deep in 1974, were about $160/m. In 1980, these
costs would be about $265/m. Deeper wells would be much
more expensive on a unit cost basis because 0of the different
types of equipment required. In addition, the pressures
involved in the injection process often exceed 100 atmos-
pheres, and the pumping power requirement can be large.
Other Brine Disposal Possibilities--

The USDI, WPRS (1980a) is presently assessing several
alternatives to the brine disposal problems for their salin-
ity control projects in the Colorado River Basin. One
possible alternative which they are examining is supplying

the brine water to industries, such as o0il shale, for their
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use. Another possibility is to construct a collection
system and convey all of the brine to a suitable salt sink
such as Sevier Lake in Utah or even to the Pacific Ocean.

Collection, Treatment, and/or Disposal of Other Saline
Flows--

The Upper Colorado River Basin contains a number of
natural saline seeps and springs which add substantial
amounts of salt to the river. Alternatives for eliminating
these salts include desalination as discussed earlier as
well as direct collection and disposal through evaporation
pond to deep well injection. The desalination cost-
effectiveness for the nature saline springs and seeps are
the same as described for the treatment of agricultural
return flows.

Hagan (1971) and EPA (1971) estimated that the salinity
contribution from point sources in the Upper Colorado River
Basin is about 9 percent of the total salt load at Lee's
Ferry, Arizona. The majority of these point sources are
thermal springs, and Iorns et al. (1965) calculated that the
annual discharge and dissolved solids concentration by all
the thermal springs in the upper basin to be 7,287 ha-m and
491,500 Mgm, respectively. Dividing the flow and concentra-
tions due to thermal springs among the three diversions is
presented in Table 6. The major point sources of the UCRB
are listed in Table 1-B in Appendix 1.

The EPA (1971) calculated that the total contribution

of point sources in the Lower Basin is an additional 645,900
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Table 6. Point source contributions in the Upper Colorado
River Basin.

Drainage ha-m Salt
Contribution
Mgm/yr

Grand Division 5,060 437,400%
516,000

Green Division 1,960 44,100
131,950

[ S o

San Juan Division 270 9,980
10,400

[N

TOTAL 7,290 491,500
658,500

1
2
804,900°

lIorns et al. (1965)

2Hagan (1971)

3EPA (1971)



-101-

Mam/yr which is about 15 percent of the total salt load from
the Iower Basin. The USDI, BR (1979a) estimates the point
source contribution in the Lower Basin at 687,000 Mgm/yr of
dissolved solids. Thus, point sources account for about 21
percent of the total salt leaving the Colorado River Basin
and is not a minor problem.

There are about four point sources in the Upper Colorado
River Basin that might be cost-effective to treat. Paradox
Valley, although not technically a point source, is probably
the most cost-effective at this time if the by-pass alterna-
tive is adopted. The second most favorable is probably the
thermal-mineral springs on the Colorado River near Glenwood
Springs and Dotsero, Colorado. Crystal Geyser, near Green
River, Utah, is an abandoned oil well and does not appear to
be cost-effective at this time.

The salinity contribution of Meeker Dome, which is
believed to result primarily from old abandoned oil wells
which were improperly capped, is presently being investi-
gated to determine a suitable treatment for reducing the
salinity. One well was capped in 1968 and reduced the
salinity contribution by about fifty percent (USDI, WPRS,
198Ca).

Most of the salinity control plant source treatments
involve desalination and/or evapcration of the brines or

deep well injection of the brines.



CHAPTER 5

ANALYSIS AND RESULTS

This is a lack of good data outside of the Grand Valley
for the irrigated areas in the Upper Colorado River Basin.
In addition, there is substantial uncertainty associated
with projections of future developments and their antici-
pated water demands. Nevertheless, decisions must be made
and salinity control programs developed using these data.
The results generated by these calculations suggest a
foundation on which to formulate a basin-wide salinity
control program. The analysis presented in this text
demonstrates the procedures and data necessary to determine

the most cost-effective basin-wide program.

PROCEDURAL CONSIDERATIONS

Once the hydro-salinity evaluation of a river basin is
completed, it is only necessary to define the first level
cost-effectiveness parameters for each area before the
entire basin-wide analysis of the second, third and fourth
level cost-effectiveness functions are only mathematical
extensions of the Level 1 optimization. Figure 21 depicts
the simplicity of this methodology. This easily applied
procedure is further illustrated by the fact that the entire
analysis was performed using a small desk-top computer with
less than 24,000 bytes of capacity.

Throughout this analysis average values were used to

represent the general conditions of each canal and/or area.
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Figure 21. General schematic flow chart of project area,
state and basin-wide optimization and develop-
ment of the cost-effectiveness function.
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It was further assumed that the groundwater salinity concen-
trations would remain unchanged as a result of any salinity
control program. January, 1980, costs and estimates of
conditions were used throughout the development of these
results.

Salinityv is basically a conservative pollutant, and it
was assumed that the problem could be linearly decomposed
into various levels in order to arrive at a basin-wide
salinity control strategy. The lack of physical interaction
and water utilization practices between the various areas
delineated by PL 93-320 facilitated this analysis.

The Grand Valley of western Colorado was used to verify
these procedures and assumptions because it is the only area
in the Upper Basin where sufficient data are available to
permit this type of analysis. Also, the Grand Valley is
geologically and topographically similar to the other large
agricultural salt producing areas in the basin. For example,
field sizes are generally small with moderate slopes and have
soils with low water intake rates.

The degradation of water quality associated with the
irrigation of agricultural lands is usually most economically
controlled on the croplands where the water is applied. The
preventative structural measures, which were included in
this analysis were limited to concrete canal and lateral
linings and five broad categories of on-farm irrigation
system improvements. Desalination of agricultural return

flows by reverse osmosis procedure was included as the final
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measure to be implemented in the most cost-effective salinity
control strategy. However, it was assumed that the on-farm
program would include long-term and capable technical assist-
ance in order to maximize the benefits of the respective
systems.

The criterion of minimum cost was utilized in this
analysis for two main reasons. One, the salinity problem
and the associated damages are a classic example of a true
economic externality, and purely economic forces are unable
to cause remedial measures. Second, the goal of maintaining
the 1972 salinity levels in the Colorado River Basin is a
mandated requirement, and also not an economic consideration.
Thus, the control must be accomplished via governmental
action and minimum costs are an acceptable criterion for

determining salinity control strategies.

PRESENTATION OF RESULTS

Figure 22 illustrates the graphical presentation of
areawide salinity control programs. The heavy dark line
represents the aggregate cost-effectiveness function for the
area in terms of annual costs and salt load reduction. The
area above the cost-effectiveness curve represents the salt
load reduction which can be obtained from each alternative
for any level of salinity control. Correspondingly, the
area below the cost-effectiveness function defines the costs
associated with each alternative. For example, the dashed

lines in Figure 22 represent the optimal strategy for a
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given area to remove a total of 750,000 Mgm per year at a
cost of $30 million annually. The values of salt and dollars
which are listed on the "policy spaces" of Figure 20 cor-
respond to this level of salinity control. The total salin-
ity impact is achieved by investments of $10 million/yr in
on-farm improvements, $7.5 million/yr in lateral linings,
$6.5 million/yr in canal linings, and $6.0 million/yr in a
desalination program. Each of these systems would be im-
proved sufficiently if totally constructed to reduce salinity
by 350,000 Mgm/yr, 180,000 Mgm/yr, 120,000 Mgm, and 100,000
Mgm/yr, respectively. A similar salinity control strategy
can be identified in such diagrams as the delineation of the
coordinates of the cost-effectiveness function.

The linearities introduced by desalination in the
ranges where desalting would be implemented were better
represented by a cubic relation than Equation 8. This

equation has the form:
2 3
AS + BS® + CS™ = Annual Cost (29)

where A, B, C are regression coefficients and S is the salt
load reduction. Otherwise, the exact procedures and method-
ology are followed as were outlined in the previous chapter.
Although it is not shown on the graphs, it should be men-
tioned that the very top of the desalting region is nonlinear
and turns very sharply upward. This rapid change is due to
the typically high costs of obtaining the last increment of

control. However, it was found that desalting would very
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seldom be implemented to that extent, and further correction
of the equation was not warranted in this analysis.

Tables presenting the data for the optimal areawide
salinity control program are included in this chapter. The
first column is the percentage of the total salt load which
has been treated, and the second column is the estimated
total combined annual cost. The third column is the esti-
mated average cost per mg/l at Imperial Dam for these im-
provements; however, this is not marginal cost and should
not be compared against the $450,000/mg/l damages which are
a true marginal value. The columns under the various alter-
natives represent the amount of the attainable salt load
reduction attributed to that alternative. Due to the linear
relationship between the degree of salt loading and the
level of control, the columns for canal and lateral linings
can be almost directly translated into percent of lining
length to be implemented at each level of control. The
actual percentage of salt reduction in the canal lining
column in the areawide program corresponds directly to the
percentage of total salt reduction column in the specific
area canal lining strategy tables presented in Appendix 4.
Tables have not been presented for lateral lining because
they correspond very closely to canal lining. The same
seepage rates and groundwater quality for the aggregate
laterals under a canal were assumed to be the same as the

canal. Thus, the percentage of lateral lining in the
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areawide analysis will correspond directly to their respec-
tive canal in order of priority.

Tables listing the optimization parameters and the
characteristics of each of the major canals and large later-
als in each of the main agricultural areas can be found in
Appendix 2. These tables represent the best estimate of
representative conditions for each of the areas, and indi-
cate the results of the hydro-salinity analysis which was

performed for each area.

AREAWIDE ANALYSIS OF SALINITY CONTROL PROGRAMS

The areawide analyses of the individual salinity control
projects indicate a fairly high degree of uniformity in the
optimal order of implementation. In every agricultural
area, except the Grand Valley, the on-farm improvements were
the first programs to be implemented followed by lateral
lining, canal lining and desalination. Table 7 presents the
aggregate cost-effectiveness functions for canal lining,
lateral lining and on-farm improvements and their estimated
maximum salinity reduction potential.

The on-farm improvements are probably the most diffi-
cult components to quantify and to characterize in an opti-
mization context. In this analysis it was necessary to
assume a higher level of on-farm water management and long-
term technical assistance by the implementing agency and/or
extension personnel to the growers. The amount of salinity

control is much easier to establish for fixed structural



Optimal Salinity Control Cost Effectiveness Parameters for Agricultural Salinity Control Programs
in the Upper Colorado River Basin.

Table 7

Estimated Total Existing
Aggregate Function é%gE} G%?% Attainable Estimated
A B \ L/ max v Y nin Salt Load Salt Load
Reduction Contribution
Mgm Mgm
GRAND VALLEY CANALS -1.598240E-07 3.535953E-02 218.89 26.99 110,000 142,100
GRAND VALLEY LATERALS -2.841952E-07 1.193953E-01 22.70 5.87 140,900 203,200
GRAND VALLEY ON-FARM -3.829764E-07 1.144168E-01 143.40 3.74 225,000 284,700
LOWER GUNNISON LARGE 1 -9.352244E-08 2,010311E~02 887.71 21.58 176,200 220,000
CANALS 2 -1.147490E-07 3.212852E-02 887.71 16.90 152,600 220,000
LOWER GUNNISON SMALL -2.395381E-05 2.743582E-01 111.41 5.35 8,860 14,250
CANALS 3
LOWER GUMNISON LATERALS -2.196342E-07 6.534075E-02 128.47 7.22 174,600 232,700
LOWER GUNNISON ON-FARM -3.506144E-07 1.157612E-01 146.53 8.64 250,000 333,000
UINTAH CANALS4 -1.114302E-07 2.081652E~02 686.58 A6.60 119,700 181,300
UINTAH LATERALS -4,.588612E-07 4.888924E-02 196.10 25.30 62,250 101,400
UINTAH ON-FARM -1.049461E-06 1.173295E~-01 148.32 8.52 85,000 112,300
PRICE~-SAN RAFAEL- 1 -1.027021E-07 1.896152E~02 205.99 52.58 62,000 89,900
MUDDY CREEK CANALS
PRICE-SAN RAFAEL- -1.773487E-07 3.752731E-02 48.79 22,22 43,900 63,550
MUDDY CREEK LATERALS
PRICE~SAN RAFAEL ON-FARM -2.521342E~06 1.264985E-01 24.17 8.44 39,000 56,550
McELMO CREEK CANALS4 -4.794219E-07 1.739172E-02 635.33 20.26 21,100 31,560
McELMO CREEK LATERALS -2.345824E~-07 8.033428E-02 13.05 12.45 8,000 12,000
McELMO CREEK ON-FARM -3.101057E-06 1.183872E-01 149.45 8.45 29,100 41,500
BIG SANDY ON-FARM -1.676666E-06 1.171796E-01 216.10 8.53 56,000 77,200

= W N

No winter water in canals,

With winter water in canals

Includes most of major laterals

Less than 0.4 m3/s inlet capacity diverting directly from the rivers and streams

including an estimated annual salt load reduction of about 70,000 Mgm

-0TT-
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measures such as canal and lateral linings. However, there
will also be an inherent amount of salinity reduction on the
farmers' fields as a result of the improved water application
and the easier water deliveries due to a conveyance lining
program, even if the farmers revert as much as possible to
past practices. Analysis of the areawide programs under
lower irrigation efficiencies still indicated that on-farm
improvements would be the first priority, but very little
would be done beyond head ditch linings. Desalination in
the agricultural areas would be increased to make up the
difference, and canal and lateral linings would not be
affected.

The array of on-farm practices used in this report is
intended to provide an indication of the types and extent of
improvements which would have to be implemented. There must
be an accompanying commitment from the government to assist
the farmers and to encourage their continued use of improved
water management practices including irrigation scheduling.

Grand Valley

Figure 23 illustrates the optimal cost-effective salin-
ity control program for the Grand Valley in western Colorado.
Table 8 presents the numerical data which is summarized in
Figure 23. As can be seen only 64 percent of the canal
linings, 100 percent of the lateral linings, and 83 percent
of the on-farm salinity reduction should be implemented
before desalination should take over the control practice.

Table 4-1 in Appendix 4 presents the optimal canal lining
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Table 8. Optimal Grand Valley Salinity Control Program.

Percent Attainabie Reduction

% Total Total Average

R Canal Lateral On-Farm Desalination
Salt aanual $/mq/1 Lining Lining Improvements
Cost
S.44 305474 77479 8.00 17.04 4,58 0.00
11.00 651024 Bib40 §.00 4.4 i1.12 6.00
15,78 980067 85700 0.00 43,84 16.75 0.00
19.96 1294544 89546 0.08 54,64 24,66 8,00
23,64 1596232 93208 8.00 64.20 26,00 0.00
26.93 1696574 98734 0.00 72.72 29.87 £.o0
29.88 2166768 100428 0.00 80.37 33.34 0.0
32.56 2437794 103410 0.89 87.30 J6.49 g.00
34.99 27060506 106594 0.60 93,61 39.36 0.00
37.22 2755627 109678 0.00 99.39 41,98 0.00
38.22 3875946 111464 8,09 100.00 44,19 6.00
39.02 3177533 112492 0.00 106.80 45,62 0.Go
39.76 3276617 113844 G.00 100.00 48,69 6.00
40 .44 3373376 115214 ¢.00 100.00 50.62 8.08
41,09 3467965 114589 0.00 109,00 52.42 0.00
41,469 3560525 117974 0.00 108.00 S4.44 0.00
42.26 3651180 119354 8.00 160.00 55.70 0.00
§2.79 3740043 120736 0.00 100.00 S7.19 0.00
43,29 3827218 122114 6.08 100.68 58,60 0.00
44,23 1995948 124799 2.b4 160.00 £9.93 B.40
45.28 4191999 127879 6.08 100.80 651,20 0.60
46.28 4334704 130869 9.36 100.06 62.48 §.00
47.24 4574238 133777 12.47 100,00 61,54 0.00
48,14 4760730 136611 15.44 100.00 64,63 0.00
49.01 4944342 139377 18.27 16¢.00 £5.67 0.00
49.83 5125198 142080 20.97 100,60 66,66 .00
SB. 62 S%OFMB 144724 23.56 100.80 bz.éi n.gn
. ’ . o e ]
aqt  dhy MM &l HEH §:36 R
S2.84 SB23343 152346 30.70 106.60 76.23 0,08
53.48 5992065 454793 32.9C 105,00 71.04 §.00
54.12 6158641 157199 B0 180,00 71.8¢ 8.00
S4.75 6323450 159565 37.05 100.00 72.56 0.08
55.35 6485668 161893 39.04 108.00 73.28 8.00
55.93 5645265 164485 40,90 100.60 73.98 g.00
%6.48 6805008 166444 §2.73 100.00 74,65 .08
57.03 6964959 168670 44,50 100,00 75.30 0.09
87.55 7447479 170865 46.24 109.00 75.92 0.00
58.05 7270722 173034 47.87 i06.00 76.S3 0.00
58.54 7422642 175449 49,47 160.00 77.42 §.00
59.02 7572990 177279 5i.02 108.00 77.69 8,02
59.46 7724813 179364 52.53 100.00 78.74 0.00
59.93 7869158  1Bi424 S3.99 100.00 78.78 6.00
69.36 8045066 183459 S5, 44 100.00 79.30 §.00
60.78 B159579 185472 S6.79 163,00 79.81 0.00
61.19 8302737 187462 58.14 100,80 89,39 0.08
61,59 8444577 189430 59.44 100.00 86.78 ¢.00
61,98 8585134 194378 60.74 100.00 81.24 0.00
62.36 8724444 193306 61,95 100.00 81.70 0.00
62.72 8862537 195214 63.15 180,60 82,14 6.00
106,00 23098197 3191890 64.32 168.00 82,57 100,69
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program for the area. At the 64 percent level, the Govern-
ment Highline Canal, the Orchard Mesa Power Canal, and the
Redlands Power Canal are totally lined. Approximately 60
percent of the Grand Valley Mainline, the Grand Valley
Highline, the Mesa County Ditch, and 67 percent of the
combined Redlands ditches would be lined at this level.
Whereas, 34 percent of Price ditch, 40 percent of the Orchard
Mesa Canal and only 12 percent of the Keifer Extension are
lined. The remaining canals are not improved. The on-farm
program does not include sprinkle or trickle irrigation, but
does include improvements up to that point.

Lower Gunnison

The elimination of winter water from the canals in the
Lower Gunnison region in western Colorado greatly reduces
the importance of the canal lining program as can be seen by
comparing parts a and b in Figure 24. The two canal lining
programs shown in Figure 24 are intended to indicate the
probable maximum and minimum extent of lining construction.
The practice of winter livestock water via the canal system
contributes at least 40,000 Mgm/yr up to an estimated maxi-
mum of 75,000 Mgm/yr. The actual case undoubtedly lies
between the programs illustrated in Figure 22; however, this
only affects the relative amount of canal linings.

The Lower Gunnison is the only area where the very
small direct diversions from the rivers and streams were
included. These ditches are quite small with less than a

0.4 m3/sec capacity. These were treated as a separate item
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