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Preface

Agricultural-related selenium investigations shifted focus in the 1980s from do-
mestic animal-crop accumulation issues to resource protection issues following
the discovery of selenium poisoning at Kesterson Reservoir, California. The 1994
book Selenium in the Environment, edited by W. T. Frankenberger, Jr., and Sally
Benson, (Marcel Dekker, Inc.) focused primarily on defining and investigating
the processes involved in selenium contamination problems in California and
methodologies and techniques for remediating these problems. More recently,
research has taken two directions. Pure research in analytical methodologies,
feeding supplementation, selenium speciation, volatilization, deselenification, and
bioremediation has proceeded in a parallel fashion with applied research in
determining other areas of selenium contamination, pathology of fish and wildlife
in a field setting, bioaccumulation, synergistic and antagonistic impacts of other
constituents, and institutional selenium concerns.

Intended as a complement to Selenium in the Environment, this book compiles
recent basic research on selenium remediation and extensive information on
new developments in applied research, particularly related to field selenium
investigations. Its purpose is to provide a blending of knowledge from both these
important sources and enhance the fact that they are necessary components in
the study of a constituent with the JANUS-like complex behavior of selenium.
As we approach the millennium, selenium is arguably the naturally occurring
trace constituent of greatest concern worldwide. In overabundant amounts it can
lead to toxicosis and teratogenesis in domestic and wild animals and birds, while
the impact of selenium deficiency is equally dramatic.

The discovery of selenium problems at Kesterson Reservoir has led to
investigations in other areas of the western United States and to the increased
involvement of Federal, state, and local governments on the need for environmen-
tal remediation and/or regulation of selenium, particularly where anthropogenic
enhancement of selenium occurs. Chapter 1 provides a perspective of irrigation
drainage-related problems of excess selenium in the western United States. This
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area may serve as the bellweather for selenium-related problems worldwide when
coupled with the need for enhanced sustainable agriculture to meet world food
requirements in the 21st century. The chapter presents several examples of real-
world attempts to manage selenium issues of remediation and regulation that
point to the need for the continuing research described later in this volume.

Chapters 2—4 discuss the challenges in detecting minute levels of selenium
with state-of-the-art instrumentation in water, soil, and plants. This field is con-
tantly evolving in determining various inorganic and organic selenium species in
salt-enriched matrices. In order to meet regulatory standards extremely low detec-
tion limits are needed to prevent a threat to the environment. Fractionation of
selenium species is needed to monitor mobility and toxicity.

Chapters 5-9 focus on selenium supplementation in animal diets. Recent
discoveries have revealed that selenium can have many beneficial effects in metab-
olism and development of ruminants and livestock. Selenium deficiencies are
now considered a paramount worldwide problem in the nutrition of animals.
With supplementation, there is some concern with recycled selenium being
released in the food chain, possibly causing deformation and death to wildlife
as discovered at Kesterson Reservoir. The critical levels of selenium needed to
sustain the health of animals and the environmental implications of selenium
metabolites being released are thoroughly discussed. These chapters bring a
perspective on the need to maintain adequate nutrition with a trace element that
can also cause severe damage to our preserved resources.

Chapters 10-14 deal with field studies of selenium in a variety of environ-
ments in the western United States from large areas as the San Joaquin Valley in
California to smaller areas as Benton Lake in Montana. These chapters focus on
the partitioning of selenium into water, bottom sediment, and the biota of the
area and examine the cycling and coexistence of inorganic and orgarnic selenium
between these media. They also focus on geological sources of selenium and the
processes that allow selenium to become available to the hydrologic and biological
cycles of the areas.

Chapter 15 examines the mobility of selenium from coal-mine backfill to
groundwater. The chemical and physical properties of backfill material and the
chemistry of reclaimed coal-mine groundwater are used together to determine
the effects of organic solutes on selenium adsorption and desorption reactions
in backfill material.

Chapters 16-19 provide diagnostic information and field research results
concerning pathology and toxicology of selenium impacts on fish, waterfowl, and
marmmalian species. Laboratory studies may not reveal the complete impact of
selenium on a variety of species because bioassay testings may not include dietary
pathways. Other trace constituents and environmental factors may interact to
make species more or less tolerant to elevated selenium concentrations in water
or food sources. Numerous case histories support the contention that more
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meaningful environmental selenium standards and criteria may be established
through field-based studies on the impact of selenium.

Chapters 20-21 discuss simulation or predictive techniques to assess the
impacts of selenium in areas where little or no data exist. A decision tree and a
classification model based on geology, hydrology, and climatic data are designed
to aid in the determination of areas susceptible to irrigation-induced selenium
contamination. Chapter 22 examines the impact of nitrate-nitrogen from commer-
cial fertilizers on the mobility and reaction kinetics of selenium in groundwater
systems. When oxidized forms of selenium occur in a moderately reducing envi-
ronment, microbial processes quickly transform them to elemental selenium and/
or organic selenium compounds. The presence of nitrate inhibits these transforma-
tions.

Chapters 23-26 highlight the remedial treatment technology of removing
selenium directly from water. This technology involves bioreduction of oxidized
soluble inorganic selenium species (SeOf ™ and SeO3") into an insoluble selenium
precipitate (Se°) with zero valence. Once precipitated, the colloidal selenium can
be removed by filtration or some other extraction technique. The success of this
treatment system is highly dependent on microbial uptake mechanisms, metabolic
biochemistry, and physiological factors affecting the performance of bioreduction.
A number of the microbial strains being considered have advantages over others
in this treaument technology. The authors have identified critical factors influenc-
ing this microbial transformation, including: selective measures to give a competi-
tive advantage of the inoculum, economic carbon sources, removal of interfer-
ences, and determination of optimal conditions to promote microbial growth and
sustain high selenium removal efficiency.

Chapter 27 emphasizes the use of blue-green algae to remove selenium from
agricultural drainage water. The primary mechanism of removal is volatilization of
the soluble selenium into a gaseous form. Chapter 28 describes a new approach
in which selenium-enriched drainage water is sprayed onto a land treatment bed
to promote volatilization of selenium. Selenium volatility is extensively reviewed
in Chapter 29, which describes various species of gaseous selenium generated
by microorganisms and plants, while Chapter 30 focuses on particulate selenium
in the atmosphere.

Phytoremediation of selenium by specific plants is being investigated as a
new remedial technology. Chapter 31 emphasizes factors that affect this technol-
ogy, including plant species, solute partitioning, microbial interactions, and mech-
anisms of removal. Chapter 32 describes selenium accumulation and uptake by
plants, with emphasis on the biochemical characterization of assimilated seleno-
amino acids.

A thorough and complete understanding of the chemistry of selenium is
essential to the remediation of selenium problems. Gross concentration data are
less important to the understanding of the environmental impact of selenium
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than is information on partitioning, speciation, volatilization, microbial reduction,
and the interaction of other constituents with selenium. Since 1983, there has
been an explosion of knowledge regarding selenium chemistry, but each new piece
of information seems to point to several other avenues of needed investigation. The
information presented herein is a compilation of the latest research into this
complex and elusive trace element.

We are indebted to the national and international authors of many disci-
plines representing academia, industry, and government for sharing their extraor-
dinary knowledge for this compilation. The understanding and hence the solution
of environmental selenium problems remain in the hands of these and the many
other capable and dedicated scientists engaged in selenium research worldwide.

William T. Frankenberger, Jr.
Richard A. Engberg

William T. Frankenberger, jr. Richard A. Engberg
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Federal and State Perspectives on
Regulation and Remediation of
Irrigation-induced Selenium Problems

RicCHARD A. ENGBERG
Department of the Interior, Washington, D.C.

Dennis W. WestcoT
Central Valley Regional Water Quality Control Board, Sacramento, California

MicHAEL DELAMORE
United States Bureau of Reclamation, Fresno, California

Dewmar D. Howz
United States Bureau of Reclamation, Denver, Colorado

I. INTRODUCTION

Domestic animal impacts, crop accumulation, and human health concerns were
the principal focus of agriculture-related selenium research in the United States
before 1983. The malady “alkali disease,” both lethal and nonlethal in large
animals and first described by a mid-nineteenth century army surgeon in Ne-
braska Territory, was identified as caused by selenium in 19311934 (Moxon,
1937). Engberg (1973) described a pony in Boyd County, Nebraska, that devel-
oped symptoms of alkali disease from eating locally grown hay. Schroeder et al.
(1970) described selenium as an essential micronutrient in animal and human
nutrition. Miller and Byers (1937) classified plants according to their ability to
absorb selenium from soils and to convert selenium to soluble forms. Documenta-
tion of human selenium toxicity is rare, but cases include contamination from
consumption of home-grown produce (Rosenfeld and Beath, 1964) and from
well water (Beath, 1962; Brogden et al., 1979).
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The discovery in 1983 that waterfowl deformities at Kesterson Reservoir
in California were caused by selenium delivered in irrigation drainage (Ohlendorf
etal., 1986) changed agricultural-related selenium investigations from a domestic
animal/crop accumulation focus to a resource protection issue. Irrigation project
management has been complicated greatly in the western United States in areas
where irrigation projects are developed on seleniferous soils. Drainwater or seep-
age from several irrigation projects has created lakes and wetlands that accumulate
selenium and other potentially toxic trace constituents. Migratory waterfowl and
endangered species that use these lakes and wetlands are protected by federal
legislation. Federal and state officials face the dilemma of determining how to
provide resource protection while also protecting the water resources and agricul-
tural infrastructures responsible for the economic development of the rural west-
ern United States. Following a history of irrigation development in California
and the West and its relationship to water quality and selenium problems, this
chapter addresses selenium management issues of regulation and remediation
from both state and federal government perspectives. Several case histories on
approaches to selenium management are presented.

il. HISTORICAL BACKGROUND OF IRRIGATION
DRAINAGE AND SELENIUM PROBLEMS IN
WESTERN UNITED STATES

Inadequate drainage and accumulating salts have been persistent problems in
the western United States and in parts of the western San Joaquin Valley of
California since the first land was irrigated in the nineteenth century. Large-scale
use of surface water for irrigation exacerbated the problem by importing more
salt into the system, increasing the area of land irrigated, and increasing the
amount of water applied. State and federal water resource engineers recognized
that water supply development plans need to include provisions for drainage.

Prior to the identification of selenium problems at Kesterson Reservoir the
“drainage problem” centered on the impact of poor drainage conditions on crop
productivity. The traditional solution to poor drainage conditions was the installa-
tion of artificial drains. These drains were designed to collect and carry away
water and salts from the root zone, and to intercept shallow groundwater rising
toward the root zone. Drainage from these systems was usually discharged to
natural or man-made channels, often leading to terminal sinks throughout the
West.

The San Luis Act (PL 86-488) passed by Congress in 1960 authorized a
plan for the San Luis Unit of the federal Central Valley Project in California. The
plan was for joint use facilities providing supplemental water to both the federal
and state service areas in the San Joaquin Valley. Because plans for a valley master
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drain were not fully developed, the act included provision for a drainage outlet
for the area.

In 1967 construction was initiated by the Bureau of Reclamation (BOR)
on the federal San Luis Drain (SLD). While no final point of discharge in the
delta was selected, construction proceeded consistent with alignments and plans
developed to that point. The overall plan for SLD called for a 188-mile, concrete-
lined channel to carry drainage from approximately 300,000 acres. The plan also
included regulating reservoirs to temporarily hold drainage water in order to
equalize and control flows in the drain. Initial construction extended from the
southern portion of the San Luis Unit service area northward to a regulating
reservoir to be located at the Kesterson site near Los Banos, California (see Figs.
1 and 2, Chapter 10).

In 1968 a 5900-acre parcel was acquired at the Kesterson site and construc-
tion was initiated on the SLD. By 1970, the first stage of Kesterson Reservoir was
completed. It consisted of 12 cells of approximately 100 acres each, separated
by earthen berms and averaging about 3 feet deep. In 1970 an agreement was
executed between BOR and the U.S. Fish and Wildlife Service (FWS) (then the
Bureau of Sport Fisheries and Wildlife) providing for FWS to manage the reservoir
for wildlife benefit. Between 1970 and 1978 an average of approximately 2500
acre-feet per year of freshwater was provided to the reservoir and approximately
295 acres of permanent wetland habitat had been developed at the site (U.S.
Fish and Wildlife Service, 1988).

By 1975, the initial stage of construction had been completed and the SLD
extended approximately 85 miles to Kesterson Reservoir. Construction was halted
because continuing questions and concerns about the effects of the discharge in
the bay—delta area had prevented the selection of a point of discharge in the
delta. Furthermore, questions regarding the authorized funding limits in the San
Luis Act had arisen.

In 1975 BOR and the Westland Water District initiated the design and
installation of a drainage collector system. By 1978, the collector system encom-
passing an area of approximately 42,000 acres had been installed in the northwest
part of the district. Operation of the collector system began in 1978, and by
1981, 100% of the flow to Kesterson Reservoir was drainage water.

Biologists began to notice the decline and even disappearance of certain
species from the San Luis Drain and Kesterson Reservoir in 1981 and initiated
studies to determine the cause. In 1982 elevated levels of selenium were detected
in fish (Saiki, 1986), and in 1983 there were reports of deformed embryos, adult
mortality, and poor reproductive success of water birds. Tests indicated that
selenium poisoning was the most probable cause (Ohlendorf et al., 1986). The
selenium concentrations in flowing drainage water were found to average about
300 micrograms per liter (ug/L) and the source of the selenium was traced to
the shallow groundwater in the drainage collector system area.



4 ENGBERG ET AL.

An adjacent landowner in 1984 petitioned the California State Water Re-
source Control Board (CSWRCB) to take action on the problems at Kesterson
Reservoir. In February 1985, the CSWRCB issued an order declaring that the
Kesterson Reservoir was hazardous and action must be taken to clean up and
abate the nuisance conditions created by its operation. On March 15, 1985, the
Secretary of the Interior ordered closure of Kesterson Reservoir, citing concern
that the selenium poisoning could be causing violations of the Migratory Bird
Treaty Act. On April 3, 1985, the Department of the Interior and the Westland
Water District entered into an agreement that discharges to the San Luis Drain
would cease. By June 1986, the collector system had been completely plugged;
the last of the drainage water remaining in the San Luis Drain was discharged
to the Reservoir in August 1986.

During planning and initial construction of the SLD, environmental con-
cerns of operation of the regulating reservoirs focused on seepage problems and
waterlogging of nearby lands, and wildlife management concerns focused on
controlling and managing salinity levels. Concerns over discharges to the bay—
delta system focused variously on salinity, boron, and nutrients. Before discovery
of problems at Kesterson Reservoir, state and federal wildlife officials recom-
mended that prior to final disposal, the drainage water be used to enhance wetland
habitat. Discovery of the selenium problems at Kesterson Reservoir halted the
ongoing studies that were aimed at completion of the drain. This interruption
persists to the present.

A series of newspaper articles on selenium in the West, published September
8-10, 1985, in the Sacramento Bee, focused public attention on selenium problems
in locations other than the San Joaquin Valley of California (Engberg, 1992).
Assertions of detrimental effects of elevated selenium concentrations at 13 loca-
tions in the western states led several members of Congress to ask the Department
of the Interior (DOI) to address these concerns. By December 1985, an organiza-
tional plan for the DOI Irrigation Drainage Program had been prepared and a
management strategy developed. Selenium was the focus of the program, but
several other naturally occurring trace constituents were to be studied. The
program was to investigate irrigation projects or drainage facilities constructed
or managed by DOI that potentially impact national wildlife refuges or other
migratory bird/endangered species areas receiving drainwater from the projects.
The scope of the program includes not only site investigations but also, when
appropriate, remediation.

The program, which subsequently was renamed the National Irrigation
Water Quality Program (NIWQP), conducted reconnaissance investigations at 26
irrigation project areas (Fig. 1) during 1986~1994 in 14 of the 17 western states
exclusive of the San Joaquin Valley in California where federal irrigation projects
are located. Reconnaissance investigations were to determine whether potentially
toxic concentrations of trace constituents, particularly selenium, occur in the



REGULATION OF IRRIGATION-INDUCED PROBLEMS

EXPLANATION

@ Reconnaissance investigation

B Reconnaissance investigation and
detailed study

* Reconnaissance investigation, detailed
study, and planning for remediation

STUDY AREA

1. Klamath Basin Refuge Complex, CA-OR
2. Lower Colorado River Valley, CA-AZ
3. Sacramento Refuge Complex, CA
4. Salton Sea Area, CA
5. Tulare Lake Bed Area, CA
6. Gunnison River Basin/Grand Valley Project, CO
7. Middle Arkansas River Basin, CO-KS
8. Pine River Area, CO
9. American Falls Reservoir, ID
10. Milk River Basin, MT
11. Sun River Area, MT
12. Stillwater Wildlife Management Area, NV
13. Middle Rio Grande and Bosque del Apache
National Wildlife Refuge, NM
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Lower Rio Grande and Laguna Atascosa
National Wildlife Refuge, TX

Middle Green River Basin, UT

Kendrick Reclamation Project Area, WY
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Dolores-Ute Mountain Area, CO

San Juan River Area, NM

Humboldt River Area, NV

Owyhee-Vale Reclamation Project Areas, OR-ID

Columbia River Basin, WA

Vermejo Project, NM

Location of study areas, DOI National Irrigation Water Quality Program, 1986—

water, sediment, and biota. Sampling at all areas and interpretation of results
were guided by a common protocol to allow comparability between study areas.

Analysis of data from all 26 reconnaissance areas indicated potentially
serious irrigation and drainage-related water quality problems in 8 areas (Engberg
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and Sylvester, 1993; Engberg, 1997). Selenium was the principal constituent of
concern in 6 of 8 areas. In these areas the median concentration of selenium in
water equaled or exceeded the federal Environmental Protection Agency (U.S.
EPA) chronic criterion of 5 mg/L for protection of aquatic life (USEPA, 1987).
The maximum observed selenium concentration was 27,000 wg/L in a groundwa-
ter sample from the Kendrick Reclamation Project, Wyoming. The highest median
selenium value was 44 ug/L at the Salton Sea area, California.

li. DEVELOPING MANAGEMENT APPROACHES FOR
IRRIGATION-RELATED SELENIUM PROBLEMS

Selenium problems at Kesterson Reservoir and elsewhere in the West led to
the identification of selenium as a significant environmental contaminant and
highlighted the need for development of approaches to management of irrigation-
related selenium problems at the federal, state, and local levels. Research provides
the scientific background for the management of selenium problems. Managers
and planners must translate the complexities of selenium chemistry and biochem-
istry and the relationship of selenium to other environmental contaminants into
cogent plans. Understanding both the uniqueness of selenium and its sources
from irrigated agriculture are necessary to develop management and regulatory
approaches. Formulation of clear environmental goals and an understanding of
management constraints are required to obtain reasonable and workable manage-
ment plans.

A. Selenium as an Environmental Contaminant
I, Uniqueness of Selenium

Unlike most other naturally occurring trace constituents, selenium has characteris-
tics whose unique combination underscores the difficulty of determining manage-
ment approaches to solving environmental selenium problems. Whereas other
trace constituents may exhibit one or more of these characteristics, selenium is
the only trace constituent to exhibit them all.

a.  Selenium Occurs at Low Concentrations in Water

Less than 1% of all surface water samples collected from 26 NIWQP reconnais-
sance investigation study areas had selenium concentrations exceeding 1.0 milli-
gram per liter (mg/L). Forty percent of all surface water samples had selenium
concentrations that were at or below the laboratory reporting level of 1.0 ug/L.
The median values of selenium in water samples from three NIWQP study areas
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where selenium-related waterfowl embryonic deformities were found were 35,
20, and 7 ug/L (Engberg, 1997).

b.  Selenium Bioaccumulates

Bioaccumulation of selenium occurred in all NIWQP study areas but was greater
in areas where there were significant sources of selenium. In some areas, selenium
concentrations as low as 3 ug/L may lead to potentially harmful bioaccumulation
in higher tropic levels such as migratory waterfowl or shorebirds ( Joseph Skorupa,
personal communication, 1994).

¢ Information on Long-Term Impacts of Selenium Is Inadequate

The discovery of deformed waterbird embryos at Kesterson Reservoir occurred
within a few years of the diversion of irrigation drainwater containing large
amounts of selenium into the previously pristine environment of the reservoir.
For most waterbird and fish species, however, available information on the chronic
effects of long-term exposure to elevated but sublethal concentrations of selenium
or on the collective impact of selenium and combinations of other trace environ-
mental contaminants is inadequate.

d.  Selenium is Non—Point Source Derived

The principal source of selenium in surface water in the western United States
is soils and subsoils beneath irrigated land. Infiltrating irrigation water mobilizes
selenium from these deposits and delivers it to receiving streams and wetlands.
Nonpoint sources are more difficult to remediate than are point sources.

2. Sources of Selenium from Irrigated Agriculture

In the western United States, irrigated agriculture is the major source of selenium
when it is a contaminant in the environment (Engberg, 1997). The sources of
selenium from irrigation must be considered in developing management plans
and include selenium imported in or introduced into drainwater, mobilized by
the practice of irrigation, and concentrated as a result of irrigation practices.

a.  Selenium Imported in or Introduced into lrrigation Water

Selenium in the Imperial Valley and Salton Sea area of California is imported in
irrigation water diverted from the Colorado River. Selenium concentrations in
the imported supply are less than the EPA chronic criterion of 5 ug/L for protection
of aquatic life. Because of bioaccumulation, this criterion may not be protective
of all beneficial uses including wetlands and the waterfowl that use the wetlands.
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Selenium discharged by individual farmers in the Imperial Valley is in itself not
a water quality threat. When thousands of neighboring farmers import the same
water supply for irrigation and discharge return flows, however, a significant
load of selenium is discharged to the Salton Sea and surrounding wetlands.

b. Selenium Mobilized by the Practice of Irigation

Water supplies used for irrigation in much of the western United States, for
the most part, contain selenium at concentrations less than 1.0 ug/L. At this
concentration, selenium is not a threat to wildlife or aquatic life. In major parts
of the San Joaquin Valley and other western areas, the soils being irrigated
contain selenium that is mobilized by infiltrating irrigation water. The selenium
is discharged either to surface water by subsurface drainage or to groundwater
by deep percolation. Selenium concentrations in the subsurface drainage flows
in the San Joaquin River Basin range from less than 1.0 ug/L to 1800 ug/L,
depending on the initial concentration in the soil (Chilcott et al., 1988). This
represents a continual source of selenium that is discharged to the environment.

¢ Selenium Concentrated as a Result of Irrigation Practices

The selenium concentrations in water imported to the Imperial Valley average
about 2 ug/L (Setmire et al., 1990). Because of consumptive use during irrigation,
selenium concentrations in both subsurface and surface return flows often exceed
the EPA criterion and constitute a water quality threat (CRWQCB, Colorado
River Region, 1993). Recent efforts to increase the efficiency of water use in the
Imperial Valley have reduced the quantity of return flows lost to the drains,
which has generally increased selenium concentrations in the collector drains.
These efforts have been temporarily halted because of the threat that selenium
concentrations will continue to increase in the drains.

A different scenario exists in the San Joaquin Valley, where selenium from
subsurface drainage water is being concentrated in evaporation ponds (Westcot
etal., 1989, 1993). These ponds pose a threat to wildlife and waterfowl that use
them. Techniques to minimize the size of the ponds include increasing the
efficiency of water use and reuse of the water. Both techniques increase the
selenium conceéntrations in the ponds and the threat to wildlife and waterfowl
that use the ponds.

B. Approaches to Regulating Selenium
[.  Environmental Goals

Goals for environmental protection often are defined and implemented through
regulatory laws. Water quality regulatory laws at both the state and federal levels
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initially were written to deal with the massive municipal and industrial discharges
to the nation’s waterways. In these cases, there was a defined point of discharge,
a defined pollutant that entered the water, and, most important, a responsible
entity to deal with control of that discharge. These laws are now being used to
deal with more difficult discharges, including those from irrigated agriculture.
The selenium-laden discharges from irrigated agriculture in the western United
States are an example. These discharges are the result of an activity that is a legal
practice, and the selenium originates from a natural source and was not added
to the water supply. The contaminant, selenium, either is brought in with the
water supply or is mobilized or concentrated by the practice of irrigation. The
environmental impact is the result not of one discharge but of the discharge from
hundreds or thousands of similar nonpoint sources.

Additionally, because the environmental impact is the result of an legal
activity, it is unlikely that a responsible entity for control of the contaminant
exists. Because of the nature of the selenium sources and the mechanisms that
allow it to move into the environment from irrigated areas, defining a control
mechanism and a responsible party for implementation is difficult. It requires a
new approach to the implementation of existing regulatory laws.

The key element to the success of a regulatory plan is to ensure that
environmental goals are clearly defined. The beneficial use to be protected is the
foundation of a water quality plan. For selenium, the most critical beneficial uses
to be protected are human health, wildlife, and aquatic life. Human health impacts
relate primarily to drinking water and to consumption of aquatic life. Direct
human health impacts are unlikely to occur when selenium concentrations in
drinking water are less than the present federal drinking water standard of
50 pg/L (U.S. EPA, 1995). Animal health impacts are unlikely to occur when
animal drinking water concentrations are below 20 wg/L (Ayers and Westcot,
1985).

The level of aquatic life beneficial use is less easy to define. As demonstrated
in numerous studies in California, the most sensitive beneficial use to elevated
selenium concentrations are wildlife, principally waterfowl, and aquatic life
(CVRWQCB, 1995). In 1987 the EPA adopted a 96-hour, 5 ug/L chronic water
quality criterion for selenium that is protective of all beneficial uses including
wildlife and aquatic life. This criterion was developed using standard protocol
for acute and chronic toxicity to aquatic organisms. Selenium, however, is a
bioaccumulative substance, as demonstrated at many locations in the western
United States.

The EPA water quality criterion does not take bioaccumulation into account
and may not be protective ol certain aquatic life, including waterfowl. Data
developed during a Basin Plan amendment hearing by the CVRWQCB in Califor-
nia led to adoption of a 2 ug/L monthly mean water quality criterion for all uses
that involve wetlands and waterfowl in California (CVRWQCB, 1995). Recent
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bioaccumulation data from three Calilornia sites (evaporation ponds in the Tulare
Lake Basin, wetlands in the Grassland area of Merced County, and wetlands near
the Salton Sea in Imperial County) support this lower water quality criterion.
However, recent data from the San Francisco Bay and Estuary and other locations
in western states show that even where selenium concentrations are too low to
be detected by sensitive analytical techniques, aquatic life bioaccumulation of
selenium is occurring. Evidence indicates that rapid bicaccumulation may be
related to the chemical form of selenium being discharged. Whether the California
water quality criteria are protective of all aquatic life is still open to question. Thus
the tasks of developing a control program to provide protection and measuring the
success of environmental protection efforts present a huge dilemma.

A new approach to measuring environmental protection is now being used
in the Grasslands Watershed as part of the efforts to control selenium in California
(U.S. Bureau of Reclamation, 1995). Beginning in the fall of 1996, for selenium
leaving the Grassland watershed in Merced County, measurements are focused
on more than just selenium concentrations in the water column (Henderson et
al., 1995). Three levels of concern have been identified for five environmental
indicators (Table 1). Decisions regarding needed changes in selenium management
will be based on measurements of all five indicators. Indicators will be updated
as data are developed by the program. Certain levels of selenium will trigger
testing of additional indicators.

TaBLE | Selenium Levels of Concern for Five Environmental Indicators®

Toxicological and

Normal Threshold Level of reproductive
Indicator background ranges concern ranges  effects a certainty
Water* <0.5-1.5 Avian protection, 2-5 >5
2-3, fish
protection, 2-5
Sediment <2 uglg 2-4 2-4 >4
Food chain  Usually <2, 2-4 in the diet 3-7 >7
rarely >5
Fish Usually <2, 4-12 >12
rarely >5
Avian eggs  Usually <3, 4.2-9.7 3-8 (pop. >8
max <3 hatchability)

‘Units for water are micrograms per liter (ug/L); all other measurements are micrograms per gram

(ug/g), dry weight.
Source: Modified from Henderson et al. (1995).
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In the Tulare Lake Basin, evaporation pond selenium concentrations range
from less than 1 ug/L to 800 wg/L (Westcot et al., 1993). Aquatic life impacts
are occurring to waterfowl that use these sites. A mix of alternative and mitigation
wetland habitats that are free of selenium is being created with the environmental
goal of reducing the overall selenium levels in waterfowl to the no-effect level.
Initial results from this site show promise for this approach.

In the San Francisco Bay and Estuary, programs are under way to reduce
the total loading of selenium to the Bay/Estuary system with the environmental
goal of measuring success of this effort by measuring selenium levels in indicator
species of aquatic life. These environmental measurements are being done in
addition to measurements of water concentrations for selenium.

2. Management Approaches

The regulatory mechanisms available under the federal Clean Water Act and a
variety of state laws stress regulation of individual dischargers. Discharge permits
to control point source municipal and industrial discharges have been the princi-
pal regulatory tools used. The focus of the permits has been on pollutant reduction
by source control and treatment. These actions have succeeded because responsi-
ble parties generally are easy to identify and because dischargers generally are
successful in identifying sources and controlling the input of pollutants into
receiving streams.

The ability to manipulate poliutant input from a nonpoint source, such as
selenium from irrigated land, is not as easy. The source often is not well under-
stood, the mechanisms for control are modified agricultural practices that take
time to implement, the responses from control actions are not well understood,
and measuring success may take several years. In addition, there must be an
entity responsible for implementation often does not exist. In the absence of a
responsible entity, efforts must be undertaken to form a local entity as present
federal law does not give state or federal governments the authority to form
such entities.

Control of selenium-containing nonpoint sources requires planners to de-
velop long-term solutions based on local and regional variability (Young and
Congdon, 1994). The San Joaquin Valley Drainage Program outlined a selenium
control program that focused on three steps (SJVDP, 1990). The first step was
to minimize the environmental selenium input from irrigated agriculture. The
second step was to capture and reuse the selenium-laden water. The final step
was to treat or dispose of the remaining selenium-laden water. This process is
one of concentrating the selenium into the smallest volume of wastewater possible.
The advantage is that it minimizes the handling, treatment, and disposal costs
of the final effluent. A disadvantage is the potential environmental exposure to
high concentrations of selenium and the difficulty of finding a way to manage
these in the environment without adverse impacts.
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The State of California adopted a non—point source management plan (NPS
plan) in 1988 that identifies a progressive tiered approach to regulation rather
than the traditional permit approach (CSWRCB, 1988). The progressive tiers are
(1) voluntary, (2) regulatory encouragement of Best Management Practices (BMP)
implementation, and (3) effluent limits established through permits. The least
stringent option that obtains compliance is the preferred approach.

Options to manage selenium may be classified as pre-farm, on-farm or
post-farm. For each option, the following management steps may be applicable:

Control selenium at the source.

Reduce the mobilization of selenium.

Capture selenium that is mobilized.

Utilize, dilute, detoxify, or dispose of the selenium.
Mitigate the adverse effects of the selenium.

DA o

The initial program of the California NPS plan took place in the Grassland
watershed. It emphasized the first two options by stressing improved on-farm
water use efficiency to reduce selenium or its mobilization. This was needed as
a first step to reduce the existing problem of high concentrations of selenium in
the San Joaquin River. Improved water management and land use practices
adopted in the Grassland Basin resulted in a 50% reduction in selenium loads
to the San Joaquin River and water quality improvement in the river (Karkoski,
1994; CVRWQCB, 1996). :

In contrast, selenium load reduction did not improve water quality in the
effluent-dominated tributaries within the Grassland Basin. Increased efficiency
of water use resulted in higher selenium concentrations in surface and subsurface
irrigation return flows and in an almost continuous violation of the adopted
water quality objectives for selenium in the effluent-dominated tributary sloughs
(Karkoski, 1994; CVRWQCB, 1996). It must be recognized that improved effi-
ciency helps reduce selenium loads but will not make the selenium go away. The
connection to on-farm practices and the amount of selenium discharged however
is not well understood.

Controlling selenium through improved water management is directed at
only one pollutant and using one management technique. Other pollutants includ-
ing salt and boron also may be concentrated. The increased concentrations may
limit options 3 and 4 in the future. For example, improved efficiency in the
Imperial Valley of California now limits the options for selenium management
and disposal. Regulatory rules are focused on the selenium concentrations in the
drains rather than on how to better manage selenium in the environment. A
focus on the total load discharged may be a more effective management technique.

The evaporation ponds in the Tulare Lake Basin of California offer a similar
example. Improved efficiency would reduce the size of the ponds but would
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increase the selenium concentrations flowing to-the ponds and in the ponds,
thus increasing the threat to waterfowl using them.

In the Grassland Basin, consideration of control actions is now being ex-
panded to include distribution and delivery efficiency, on-farm and off-farm reuse
of return flows, and regulation of discharge runoff. Because each of these varies
on a local and regional basis, selenium reduction mechanisms must be developed
on a regional or subwatershed basis. At present, regulatory law is focused on a
waterbody-by-waterbody approach. The need to fully meet all water quality
criteria has resulted irra dilemma for irrigated agriculture especially in constructed
drains and effluerit-dominated waterbodies.

Of the five management options presented, mitigation (option 5) may be
the only long-term solution to managing selenium. Mitigating the environmental
impacts of selenium and managing small concentrations of selenium in the envi-
ronment may be the most logical steps for dealing with selenium-enriched areas
in California arid other western states. Initial steps have begun to mitigate the
impacts from evaporation ponds in the Tulare Lake Basin of California, and steps
are being taken to mitigate the impacts in the Grassland Basin in Merced County,
California. These steps do not eliminate selenium, but instead manage it at a
reasonable level.

3. Management Constraints

The objective of managing selenium as an environmental contaminant is to
improve the general health of the ecosystem in the irrigation project area under
investigation. Management can become a tug-of-war between competing interests.
One side often comprises irrigators, local residents, and business interests, while
the other side includes those charged with enforcing environmental laws and
those favoring strict enforcement. These lines are not clearly drawn and may shift
radically as scientific information is developed and presented. Very frequently
the reaction of owners and irrigators is to question the veracity of the data
responsible for delineation of the problem and to question the potential costs of
remediation. Members of environmental groups often react by asking that the
irrigation project be closed or severely curtailed.

4, Economic and Social Considerations

Economies of areas where irrigation projects are located are closely tied to the
projects. When selenium problems are identified in an irrigation project area and
a management approach is developed, the approach must include economic
and social components. Impacts of proposed changes in project operation or
management on individual, local, and institutional economies must be considered
in determining management options. Rights of landowners that serve to minimize
hardships of proposed selenium management on individuals must be considered.
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Management options may impact local economies and successful management
may depend on minimal economic or social disruption.

Successful management of selenium problems involving socioeconomic
concerns may include the development at no cost to impacted communities of
replacement wetlands on federal or state lands and enhanced fishing and hunting
in wetland or set-aside areas. Incentives may be provided to landowners in areas
whose land is targeted for retirement from agriculture in the form of premium
prices for acquisition of the land, water rights exchanges to equivalent land,
incentives for reestablishment of irrigation on the alternatives location, or land
exchanges. Acquisition of land or water rights should always be on a willing
buyer/willing seller basis.

5. Financial Considerations and Funding Sources

Management of selenium problems should be approached in ways that minimize
costs and maximize benefits. Costs should never far exceed benefits regardless
of cleanup goals. If target concentrations or load limitations are unattainable at
reasonable costs, all involved parties must agree that other targets or limitations
must be considered within the context of existing laws.

Costs and benefits may best be balanced by the use of multiple-option
solutions and by partnerships in determining funding sources to achieve manage-
ment solutions. Solutions can involve a large variety of possible options, and
most frequently the most cost-effective solution involving the greatest benefits is
a multiple-option solution. For example, the best fix of a selenium problem may
be construction of a treatment facility for drainwater. This solution may be
enhanced by on-farm reduction of drainwater production. Drainwater requiring
treatment might further be diminished by successive reuse of drainwater on more
salt-tolerant crops. In this fashion multiple options may reduce costs and increase
benefits while reducing the selenium ultimately available for environmental degra-
dation.

Solutions based on partnerships require cooperation and trust between
groups whose overall missions may be different, although all are seeking to solve
selenium problems. Federal, state, and local entities including irrigation districts
all have stakes in selenium cleanup, and partnerships between these entities
can reduce costs and maximize benefits by emphasizing the strengths of the
participating entities. For example, irrigation districts could market water saved
by canal lining or improved delivery systems to municipal users on a prepayment
basis to defray future expenditures.

V. SELENIUM MANAGEMENT EXAMPLES

Regulating and remediating selenium problems at irrigation project areas in the
western United States requires development of management approaches unique
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to the individual areas. The selenium problems at Kesterson Reservoir were
addressed by the following steps: (1) reservoir closure to eliminate further sele-
nium input, (2) reservoir grading and filling to eliminate aquatic and wildlife
habitats, hence, minimize wildlife exposure, (3) development of mitigation lands,
and (4) long-term monitoring. Individualized management approaches have been
developed and are being applied at other areas in the western United States. The
western areas discussed in Sections IV.A to IV.D offer examples that highlight
the approach to remediation, the difficulties involved in remediation, and the
results of these activities as appropriate.

A. San Joaquin Valley Drainage Program

Selenium has been the critical constraint in developing an acceptable solution
to drainage problems of the San Joaquin Valley in California ever since the
problems associated with selenium became apparent at Kesterson Reservoir. The
San Joaquin Valley Drainage Program (SJVDP), established in 1984, was a major
federal and state effort to develop comprehensive solutions to agricultural drainage
problems of the San Joaquin Valley (see Fig. 1, chapter 10). The SJVDP’s oversight
committee and management team included a wide variety of public and private
entities representing a broad spectrum of interests. SJVDP initiated extensive
technical investigations into the various aspects of the drainage problem and its
potential solutions. SJVDP also included years of political consensus building,
and it was this consensus, more than the development of a final plan for solving
the valley’s drainage problems, that shaped the SJVDP final report.

Early in the process of consensus development, as a result of the failure to
determine a point of discharge in the delta for the SLD, it was decided that the
SJVDP would focus only on in-valley solutions to the drainage problems. This
decision forced a significant change in the traditional approach to dealing with
agricultural drainage by placing the emphasis on minimizing the amount of
drainage water. The SJVDP developed the concept of “problem water” and formu-
lated management recommendations to minimize and manage problem water.
The SJVDP recognized that these recommendations alone would not ultimately
solve the problem but considered them steps prerequisite to long term solution.

* The major components of the SJVDP recommended plan (SJVDP, 1990)
were as follows:

1. Source control. On-farm and district irrigation system improvements
will reduce the amount of applied water and in turn, reduce the amount
of potential problem drainage water.

2. Drainage reuse. Drainage water should be used progressively on more
salt-tolerant plants to reduce the volume of drainage water and concen-
trate salts and trace elements for easier containment and disposal.
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3. Evaporation systems. Drainage water remaining after reuse on salt-
tolerant plants will be stored and evaporated. Four types of evaporation
pond were identified: (a) nontoxic ponds in which selenium in the in
flowing drainage water is less than 2 ug/L; (b) selenium-contaminated
ponds (inflow containing 2-50 ug/L Se) designed with wildlife safe-
guards and including alternative freshwater habitat: (c) accelerated
evaporation ponds requiring minimal pond surface area; and (d) tem-
perature-gradient solar ponds that generate electricity.

4. land retirement. Irrigation will be discontinued on difficult-to-drain
lands or lands overlying shallow groundwater with high levels of se-
lenium.

5. Groundwater management. Planned pumping of the semiconfined aq-
uifer will occur in places where the near-surface water table can be
lowered and the pumped water is of suitable quality for irrigation or
wildlife habitat.

6. Discharge to the San Joaquin River. Controlled and limited discharge
of drainage water will be allowed from the Northern Subarea (see
Fig. 1, Chapter 10) to the San Joaquin River, while meeting water
quality objectives.

7. Protection, restoration, and provision of substitute water supplies for
fish and wildlife habitat. Freshwater supplies will be substituted for
drainage water previously used on wetlands and for the protection and
restoration of contaminated fisheries and wetland habitat.

8. Institutional change. Institutional measures will be implemented such
as tiered water pricing (to encourage water conservation, hence source
control), improved irrigation scheduling, water transfers and market-
ing, and formation of regional drainage management organizations to
aid in implementing the other components.

The final report of the SJVDP in 1990 was a joint effort of federal and state
governments to put forth a set of effective measures to address drainage issues
on which all could agree. The recommendations were limited by both their focus
on short-term solutions and by the incomplete technical development of some
of the innovative plan components. Nevertheless, some of the SJVDP components
have been largely implemented, and others continue to be pursued. Water supply
shortages caused by drought, coupled with supply restrictions imposed by envi-
ronmental requirements and passage by Congress in 1992 of the Central Valley
Project Improvement Act (CVPIA), have resulted in implementation of source
control measures recommended by the SJVDP. The CVPIA also provided the
substitute water supplies recommended for fish and wildlife protection and resto-
ration, and provided some of the institutional changes recommended by the
SJVDP. Innovative efforts are under way to develop practical drainage reuse
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systems. A regional drainage management organization has been formed in the
San Joaquin Basin to begin implementation of the river discharge component of
the SJVDP plan.

B. Case Study for the Grassland Watershed in Merced County, California

In 1988 the California Central Valley Regional Water Quality Control Board
(CVRWQCB) began a program to regulate selenium in subsurface agricultural
drainage discharges from a 90,000-acre, selenium-laden irrigated area within the
370,000-acre Grassland watershed, an area on the west side of the San Joaquin
River (see Fig. 2, Chapter 10). Discharges were to wetlands of the Grassland
watershed and to the San Joaquin River and its tributaries. The approach was to
promote adoption of Best Management Practices (BMPs) that would improve on-
farm water management to reduce drainage flows and meet established water
quality objectives (CVRWQCB, 1994). The farmers and water districts focused
their efforts on improved water management. This resulted in improved irrigation
efficiency in the selenium problem area; however, water quality goals within the
watershed and downstream were not met (Karkoski, 1994).

This lack of compliance prompted the CVRWQCB to reconsider the regula-
tory direction established in 1988. In May 1996, the CVRWQCB adopted a
new approach to regulating non—point source discharges of selenium from the
Grassland watershed. The focus continued on source control efforts but empha-
sized controlling the total load discharged from the watershed and allowing the
dischargers to act through a responsible regional entity to implement the load
limitations (CVRWQCB, 1996). Under the new approach, obtaining compliance
in all areas may be difficult, costly, and time-consuming. Because not all actions
can be accomplished at one time, beneficial use attainment was prioritized on a
watershed basis. In the Grassland watershed, wetlands and wetland water supply
channels have the highest priority, followed by protection of in-stream aquatic
life in the San Joaquin River and- its tributaries.

Wetlands protection in the Grassland watershed may be achieved by consol-
idation of drainage flows into channels isolated from the wetland areas (SJVDP,
1990). Consolidation removes selenium-laden drainage flows from the wetlands
and from most channels but increases drainage water flows and selenium concen-
trations in the remaining channels. The benefit is a higher level of beneficial use
attainment on a watershed basis as a result of increased wetlands protection.
However, meeting final water quality objectives in some channels is difficult or
impossible, especially in constructed canals, drains, or natural waterbodies that
are strongly effluent-dominated (Westcot, et al., 1996).

Consolidation will be followed by efforts to achieve aquatic life protection
in the San Joaquin River. Selenium load reduction to the river should be effective
in achieving this goal (Karkoski et al., 1993; Karkoski, 1994; CVRWQCB, 1996).
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The regulatory approach for implementing load reductions is through establish-
ment of effluent limits. This allows flexibility for the dischargers to design their
own methods of compliance while clearly defining responsibilities for meeting
downstream objectives. This approach allows greater participation by dischargers,
who will have more responsibility in deciding how to apportion loads among
themselves to achieve the most cost-effective protection (Young and Congdon,
1994).

The most difficult step is to achieve aquatic life protection in the effluent-
dominated channels. Experience shows that selenium load reductions are not
likely to achieve final water quality objectives (Chilcott et al., 1995). The achieve-
ment of aquatic life protection in effluent-dominated channels will depend on
the ability to develop technology to manage selenium in the drainage flows while
also maintaining the economic viability of the watershed. At present, some of
that technology is not available. Therefore, a reasonable time for compliance must
be given. Where compliance is difficult, consideration must be given to the
development of site-specific water quality objectives (CVRWQCB, 1996).

C. Green River Basin Remedial Planning

The Jensen and Vernal Units of the Central Utah Project are located near the
Green River in eastern Utah (see inset, Fig. 1, Chapter 11). The Jensen Unit
provides irrigation water for about 4000 acres of land and the Vernal Unit for
about 14,000 acres (Stephens et al., 1992). Seleniferous soils derived from Mancos
Shale underlie nearly all of the Jensen Unit and about 10% of the Vernal Unit.
Subsurface drains from about 750 acres of the Jensen Unit convey irrigation
drainage to Stewart Lake, which has an outlet to the Green River. Drainage from
the Vernal Unit reaches Ashley Creek, whose confluence with the Green River
is about 0.5 mile downstream from Stewart Lake.

Median selenium concentrations for samples collected in 1988-1989 from
five drains to Stewart Lake range from 5.5 to 79 ug/L. Selenium concentrations
reaching Ashley Creek from the Vernal Unit generally are less than 5 ug/L
(Stephens et al., 1992).

Sewage lagoons for the city of Vernal, Utah, are located adjacent to Ashley
Creek and about 9 miles upstream from its confluence with th