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Marine rocks like those exposed at the base of Mount Garfield, Colo., are sources for trace elements in many irrigated
areas of the Western United States. Photograph by James G. Crock, U.S. Geological Survey, 1992
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Areas Susceptible to Irrigation-Induced
Selenium Contamination of Water and
Biota in the Western United States

By RALPH L. SEILER, U.S. Geological Survey; JOSEPH P. SKORUPA, U.S. Fish and Wildlife
Service; and LORRI A. PELTZ, Nature Conservancy, formerly of U.S. Geological Survey

Abstract

The U.S. Department of the Interior (DOI) studied con-
tamination induced by irrigation drainage in 26 areas of the
Western United States during 1986—95. Comprehensive
compilation, synthesis, and evaluation of the data resulting
from these studies were initiated by DOI in 1992. Soils and
ground water in irrigated areas of the West can contain high
concentrations of selenium because of (1) residual selenium
from the soil's parent rock beneath irrigated land; (2) sele-
nium derived from rocks in mountains upland from irrigated
land by erosion and transport along local drainages, and
(3) selenium brought into the area in surface water imported
for irrigation. Application of irrigation water to seleniferous
soils can dissolve and mobilize selenium and create hydrau-
lic gradients that cause the discharge of seleniferous ground
water into irrigation drains. Given a source of selenium, the
magnitude of selenium contamination in drainage-affected
aquatic ecosystems is strongly related to the aridity of the
area and the presence of terminal lakes and ponds. Marine
sedimentary rocks and deposits of Late Cretaceous or Ter-
tiary age are generally seleniferous in the Western United
States. Depending on their origin and history, some Tertiary
continental sedimentary deposits also are seleniferous. Irri-
gation of areas associated with these rocks and deposits can
result in concentrations of selenium in water that exceed cri-
teria for the protection of freshwater aquatic life.

Geologic and climatic data for the Western United States
were evaluated and incorporated into a geographic informa-
tion system (GIS) to produce a map identifying areas suscep-
tible to irrigation-induced selenium contamination. Land is
considered susceptible where a geologic source of selenium
is in or near the area and where the evaporation rate is more
than 2.5 times the precipitation rate. In the Western United

States, about 160,000 square miles of land, which includes
about 4,100 square miles (2.6 million acres) of land irrigated
for agriculture, has been identified as being susceptible. Bio-
logical data were used to evaluate the reliability of the map.
In 12 of DOI's 26 study areas, concentrations of selenium
measured in bird eggs were elevated sufficiently to signifi-
cantly reduce hatchability of the eggs. The GIS map identifies
9 of those 12 areas. Deformed bird embryos having classic
symptoms of selenium toxicosis were found in four of the
study areas, and the map identifies all four as susceptible to
irrigation-induced selenium contamination.

INTRODUCTION

Background

In 1983, incidents of mortality, congenital deformities,
and reproductive failures in aquatic birds were discovered at
Kesterson Reservoir, a U.S. Department of the Interior
(DOI) National Wildlife Refuge in western San Joaquin Val-
ley, Calif. The cause of these adverse biological effects was
determined to be poisoning by selenium carried by irrigation
drainage into areas used by wildlife (Ohlendorf and others,
1986, 1988). The U.S. Congress and environmental groups
wanted to know if what happened at Kesterson Reservoir
was an anomaly or if similar effects from irrigation drain
water might occur elsewhere in the Nation. Therefore, in
1985, DOI implemented the National Irrigation Water Qual-
ity Program (NIWQP) to study the effects of irrigation drain-
age on water resources and on fish and wildlife (Deason,
1986).

Introduction 1



The DOI has constructed or manages more than 600 inPurpose and Scope
gation or irrigation-drainage facilities and National Wildlife

Refuges in the 17 conterminous Western States. Durir  Thjs report presents an analysis of data collected at the
1985-86, the NIWQP screened existing data from these D26 areas in the Western United States that were investigated
facilities. As a result, 26 areas throughZin fig. 1 and table by the NIWQP from 1986 through 1995. Synthesis of these
1) were selected for on-site reconnaissance investigatiordata resulted in a map that identifies areas in the Western
After reconnaissance investigations confirmed that irrigatioUnited States which are susceptible to irrigation-induced
drainage had caused significant harmful effects on humeselenium contamination. The map is intended to be used as a
health and on fish and wildlife, or otherwise had impairescreening and ranking tool by managers. After ranking the
beneficial uses of the water, detailed investigations werlikelihood of contamination in several areas, resources can
done in 9 of these 26 areas to determine the extent, magbe directed toward assessing selenium contamination in

tude, effects, and causes of contamination. NIWQP did frareas where it is most I_ikely _to occur. The reliability pf the
detailed investigations in eight of the nine args, , N, U, map is assessed by using biological and water-quality data
V, W, andX), and the remaining are&)(was studied under a collected for programs other than NIWQP.
separate Federal-State cooperative program (Moore al
others, 1990).
Acknowledgments
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listed in table 1. Some previous investigators (Sylvester ara preliminary data layer of precipitation in the United States
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« Pervasive geologic source of pertinent
trace elements

« Arid to semiarid climate
« Topographically closed basin or sink. SOURCES OF SELENIUM

Presser (1994b, p. 447) summarized 11 biogeochemical pr  The sources and distribution of selenium-bearing soils
cesses involved in the transport of selenium from rock tin the Western United States were intensively researched
waterfowl at Kesterson Reservoir. Many of these processduring the 1930’s and 1940's after the discovery that sele-

probably occur in the areas that NIWQP found to be contanNium in pasturage was the cause of a fatal disease afflicting
inated with selenium. cattle and horses. During 1968-75 the Bureau of Reclama-

tion built the upper 85-mile reach of the San Luis Drain,
In 1992, NIWQP began a multiyear project to compiIeWhiCh terminated at Kesterson Reservoir in the San Joaquin

and evaluate information collected during completed as wevalley in California (Tanji and others, 1986). By the 1960's,

as ongoing NIWQP investigations. The overall objective Owhen the decisions were mad_e to cor_wstruct the drain and to
. . . . ._use Kesterson Reservoir as its terminus, the awareness of
the data synthesis is to identify physical factors and bic

. ; A selenium as a toxicant had faded. Early water-quality con-
geochemical processes associated with irrigation-induce

o X . _"cerns focused instead on salinity, boron, nitrate, and pesti-
contamination of water and biota in the Western Unite(qag (Tanji and others, 1986). The collapse of the warm-

States. Because selenium is the contaminant that most fyater fishery and the finding of deformed birds at Kesterson
quently exceeds water-quality criteria (Seiler, 1996), a seReservoir in 1983 led to the rediscovery of selenium as an
ondary objective of the data synthesis has been to develimportant environmental toxicant. Since then, intensive
the ability to predict where irrigation-induced selenium coninvestigations have been made in the San Joaquin Valley and
tamination of water and biota is most likely. elsewhere to understand the sources of selenium.

2 Areas Susceptible to Irrigation-Induced Selenium Contamination of Water and Biota in the Western United States
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TABLE 1. Reconnaissance and detailed studies concerning National Irrigation Water Quality Program study areas

[Area identifier: See table 2 and figure 1. —, none]

A References
rea
identifier Study area : :
Reconnaissance studies Detailed studies
A American Falls Reservoir, [daho Low and Mullins, 1990 —
B Angostura Reclamation Unit, South Dakota Greene and others, 1990 —
C Belle Fourche Reclamation Project, South Dakota Roddy and others, 1991 —
D Columbia River Basin, Washington Embry and Block, 1995 —
E Dolores—Ute Mountain area, Colorado Butler and others, 1995 —
F Gunnison River Basin—Grand Valley Project, Colorado Butler and others, 1991 Butler and others, 1994, 1996
G Humboldt River area, Nevada Seiler and others, 1993 —
H Kendrick Reclamation Project, Wyoming Peterson and others, 1988 See, Naftz, and others, 1992; See,
Peterson, and Ramirez, 1992.
/ Klamath Basin Refuge Complex, California—Oregon Sorenson and Schwarzbach, 1991 MacCoy, 1994; Dileanis and
others, 1996
J Lower Colorado River valley, California—Arizona Radtke and others, 1988 —
K Lower Rio Grande valley, Texas Wells and others, 1988 —
L Malheur National Wildlife Refuge, Oregon Rinella and Schuler, 1992 —
M Middle Arkansas River Basin, Colorado—Kansas Mueller and others, 1991 —
Middle Green River Basin, Utah Stephens and others, 1988 Peltz and Waddell, 1991; Stephens
and others, 1992
(0] Middle Rio Grande, New Mexico Ong and others, 1992 —
P Milk River Basin, Montana Lambing and others, 1988 —
Q Owyhee-Vale Reclamation Project areas, Oregon—-ldaho  Rinella and others, 1994 —
R Pine River area, Colorado Butler and others, 1993 —
S Riverton Reclamation Project, Wyoming Peterson and others, 1991 —
T Sacramento Refuge Complex, California Dileanis and others, 1992 —
U Salton Sea area, California Setmire and others, 1990 Schroeder and others, 1993;
Setmire and others, 1993
v San Juan River area, New Mexico Blanchard and others, 1993 Thomas and others, 1997
w Stillwater Wildlife Management Area, Nevada Hoffman and others, 1990 Rowe and others, 1991, Lico,
1992; Hallock and Hallock,
1993; Hoffman, 1994.
X Sun River area, Montana Knapton and others, 1988 Lambing and others, 1994,
Nimick and others, 1996
Y Tulare Lake Bed area, California Schroeder and others, 1988 Moore and others, 1990
V4 Vermejo Project area, New Mexico Bartolino and others, 1996 —

4 Areas Susceptible to Irrigation-Induced Selenium Contamination of Water and Biota in the Western United States



Tidball and others (1991) noted that in the Diablo  Tertiary continental deposits derived from eroded
Range, along the west side of the San Joaquin Valley, UppUpper Cretaceous marine sedimentary rocks also may be
Cretaceous to Oligocene marine sedimentary rocks are vaseleniferous. Trelease and Beath (1949) identified several
ously seleniferous, whereas Pliocene and younger nonMggeniferous formations of Tertiary age in Utah and Wyo-

rine sedimentary rocks generally are nonseleniferous. Trming. However, they noted that sedimentary deposits of Ter-

Importance of Cretaceous sedimentary rocks as sources tiary age differ greatly in selenium content because of the
selenium in the Western United States has been known sin yag 9 y

the 1930's. Lakin and Byers (1941) summarized some of tpdiverse conditions that control deposition. Tertiary continen-
research done during the 1930's and 1940’s and concludd@l deposits form the bedrock beneath about 366,000 square
that “all areas of soils derived from material of Cretaceouimiles of land in the Western United States (fig. 2).
age are then open to suspicion of the presence of harmi
quantities of selenium * * *” The regional importance of Irrigation of seleniferous soils can dissolve and mobi-
Upper Cretaceous marine sedimentary rocks as sourceslize selenium and transport it in ground water into irrigation
selenium is indicated by their large areal extent; they forndrains. Because drainage from agricultural areas is a major
the bedrock beneath about 311,000 square miles of land soyrce of selenium in wildlife areas, the processes by which
the 17 conterminous Western States (fig. 2). selenium is contributed to soils and ground water need to be
Understanding general mechanisms of selenium distriunderstood. In most of the selenium-contaminated areas
bution and enrichment in rocks of different types is impor-investigated by NIWQP, soils contain residual selenium
tant to identifying source areas. The selenium in marinfrom weathering of the parent rock. In the San Joaquin Val-

sedimentary rocks may have been derived by direct deposjey, soils contain selenium that was brought in from selenit-
tion of particulate matter either from erosion of seleniferous o5 deposits in the surrounding mountains (Presser,

depo;its on the continenta_tl landmass or from fallout 01994a,b). Thus, maps of bedrock geology can be used to
seleniferous dusts and particles from the atmosphere. Se. . . . . :
eral authors have proposed that oceans during Cretacec'dem'fy areas having potentially seleniferous soils and

time were enriched in selenium from volcanic activity 9round water.

(Byers and others, 1936; Berrow and Ure, 1989). Violen i )

volcanic activity during Late Cretaceous time, when the ~ >°!IS and ground water in an area also can become
Rocky Mountains began to rise, released selenium that w:seleniferous by surface-water transport of selenium from
deposited in a large inland sea in what is now the Westeisources hundreds of miles upstream. For example, fish mor-
United States (Trelease and Beath, 1949). tality in Martin Lake in east Texas (King and others, 1994)

. . ._and Belews Lake in North Carolina (Lemly, 1985) has been
However, physical processes of selenium accumulatio

in marine sediments during Cretaceous time may have peditributed to selenium brought in from an industrial source;
of minor importance compared to biological processesPoth reservoirs received seleniferous ash from nearby coal-

Presser (1994b) suggested that the bioaccumulation of sefired power plants. Also, the Colorado River transports both
nium in the oceans and later deposition were primary meclagriculturally and naturally derived selenium into the Impe-
anisms of selenium enrichment during the Cretaceourrial Valley in California, where the water is used for irriga-

Because bioaccumulation and deposition of seleniferoutjgn.

organic matter can occur even if selenium concentrations i
oceans are not enriched by volcanic activity, any deposit lai
down in a shallow, productive marine environment may b
seleniferous.

STUDY METHODS

. . . _ The 26 study areas (fig. 1) were characterized by gath-
Gene_rally, Tertiary marine sed|_mentary deposn_s a|5‘ering geologic, hydrologic, climatologic, biologic, and
are seleniferous. They contain selenium derived by bioacCi.nemical data in a relational database (Seiler, 1996). The

mulation and particulate .matter derllved by the €rosion 9yata were analyzed to identify factors common to selenium-
older (Cretaceous) seleniferous sedimentary deposits. Te . L .
contaminated areas, and a geographic information system

tiary marine sedimentary deposits form the bedrock benea 4 R
almost 84,800 square miles of land in the Western Unite(G!S) was used to map the spatial distribution of some of
States (fig. 2). Presser (1994a) identified seleniferous marithose factors. Biologic, geologic, climatologic, and hydro-

formations of Upper Cretaceous—Paleocene, Eocene—0logic data, including information about water quality, are

gocene, and Miocene ages in the coast ranges of Californisummarized in table 2.

Study Methods 5
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Figure 2. Areas in Western United States where potentially seleniferous rocks form bedrock. Geology
from King and Beikman (1974a). For base credit, see figure 1.
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Physical Classification of Areas » Areas where the bedrock in mountains up-
land from irrigated lands includes Upper
Cretaceous marine sedimentary rocks or
Geology includes both Upper Cretaceous and Ter-
tiary marine sedimentary rocks
Because the principal source of selenium in irrigate
soils is residual selenium derived from the soil's parer ~ * Areas where rivers upstream from irrigated

material, knowledge of the geologic units underlying an lands traverse Upper Cretaceous marine
surrounding irrigated land is very important. The King an sedimentary rocks or both Upper Creta-
Beikman (1974a) 1:2,500,000-scale geologic map of t ceous and Tertiary marine sedimentary
United States was used as the source of geologic informati rocks

about the 26 study areas. King and Beikman (1974b) not
that their national-scale geologic map would be used in pla
ning activities in conjunction with other national maps show

ing environmental features such as climate and land use. lrhe focus on Upper Cretaceous marine sedimentary rocks is
this report, using a small-scale geologic map for screenilyecause these rocks are known to be generally seleniferous
and ranking purposes is appropriate, although larger sceang because they are common in the NIWQP study areas.
more detailed geologic maps are available for individuaywQP study areas containing Tertiary continental sedi-

study areas. mentary deposits were not classified separately because in

_ _ _ _ most instances they also are associated with Upper Creta-

listed for each study area in table 3; the units are ranked

the number of individual data-collection sites that are withi

a particular geologic unit in each study area. The most coiClimate

mon geologic units in the study areas are Cretaceous to Q

ternary marine or continental sedimentary deposits. The amount of precipitation and the amount of water

lost through evaporation are important factors in determin-

Potentially seleniferous geologic units were groupeing whether an area is susceptible to selenium contamina-

into three main categories for this report. King and Beiktion. The data on mean annual precipitation used in this

man’s (1974a) Upper Cretaceous stratified sedimentareport are from the reports that describe results of individual

sequences that were deposited mainly in marine envirostudies of the 26 areas (table 2). Where precipitation data for

ments are hereafter referred to as Upper Cretaceous mai@n area were reported as a range of values, the midpoint of

sedimentary rocks or deposits; Paleocene to Pliocerthe range was chosen to represent the precipitation in the

mainly marine, stratified sedimentary sequences are hearea.

after referred to as Tertiary marine sedimentary deposits; a

Paleocene to Pliocene continental sedimentary deposits ~ The evaporation rate used to characterize each of the 26
hereafter referred to as Tertiary continental sedimenta@reas is the free-water-surface evaporation (FWSE) rate. The

deposits. FWSE rate was chosen instead of the pan-evaporation rate
because of the availability of a national map of FWSE rates,

The 26 study areas were classified into groups primariWhiCh ensures that a consi_stent method of quantifying the
on the basis of their association or lack of association wi€vaporation rates was applied to the 26 study areas. FWSE

maps of the United States prepared by Farnsworth and others

« Areas that are not associated with Upper
Cretaceous marine sedimentary rocks.

* Areas where most of the bedrock beneath (1982).
irrigated lands consists of Upper Creta-
ceous marine sedimentary rocks Precipitation and evaporation data were generalized
into a single value to characterize the aridity of each of the
* Areas where the bedrock beneath irrigated 26 study areas and their potential for evaporative concentra-
lands is a combination of Upper Creta- tion of drain water. This value, herein called the evaporation
ceous marine sedimentary rocks and index (EI), is the ratio of annual FWSE to mean annual pre-
Tertiary continental sedimentary rocks cipitation. El values for the 26 areas are listed in table 2.

Physical Classification of Areas 7



TABLE 2. Characteristics of National Irrigation Water Quality Program study areas

[C, contaminated; S, seleniferous; UC, uncontaminated; —, not sampled or not applicable; <, less than]

Selenium content of
surface water
(micrograms per liter)

Characteristics related to selenium contamination Avian egg sets

S31eIS PaluN UIBIS9N SU1 Ul Blolg pue JaTe/\ JO UOIeUIWEIU0D WNIUs|aS paonpul-uonediu| o) ajqndaasns sealy 8

marine andl' continental sedimentary rocks.

Area Study area Study-area
identifiert Y Selenium in classification i
. Number ~ Maximum mean
Evaporation ~ source watér Geology 75th Range of sets selenium
index2 (micrograms g percentilé 9 '
b sampled concentratiofi
per liter)
American Falls Reservoir, Idaho 3.7 — Irrigated lands are not associateduitiarine 1 <1-6 uc 7 Normal
sedimentary rocks.
Angostura Reclamation Unit, South 2.8 2 Most of bedrock beneath irrigated lands consists of 5 <1-6 S 2 Normal
Dakota. uK marine sedimentary rocks.
Belle Fourche Reclamation 2.8 3 Most of bedrock beneath irrigated lands consists of 5 2-11 C 5 Embryotoxic
Project, South Dakota. uK marine sedimentary rocks.
Columbia River Basin, Washington 5.0 <1 Irrigated lands are not associateakitlarine <1 <1-4 uc 7 Elevated
sedimentary rocks.
Dolores—Ute Mountain area, 4.4 <1 Most of bedrock beneath irrigated lands consists of 7 <1-88 C 10 Embryotoxic
Colorado. uK marine sedimentary rocks.
Gunnison River Basin—Grand 5.4 9 Most of bedrock beneath irrigated lands consists of 35 <1-380 C 48 Embryotoxic
Valley Project, Colorado. uK marine sedimentary rocks.
Humboldt River area, Nevada 8.1 1 Irrigated lands are not associateaKnitiarine 2 <1-4 uc 5 Elevated
sedimentary rocks.
Kendrick Reclamation Project, 3.7 2 Most of bedrock beneath irrigated lands consists of 64 <1 -5,300 C 15 Embryotoxic
Wyoming. uK marine sedimentary rocks.
Klamath Basin Refuge Complex, 3.0 <1 Irrigated lands are not associated wkhmarine <1 <l-<1 uc 5 Normal
California—Oregon. sedimentary rocks.
Lower Colorado River valley, 18.9 2 Rivers traverseK marine sedimentary rocks 2 <1-2 uc 1 Embryotoxﬂ:
California—Arizona. upstream from irrigated lands.
Lower Rio Grande valley, Texas 2.2 1 Rivers traverdseandT marine sedimentary rocks 1 <1-2 uc — —
upstream from irrigated lands.
Malheur National Wildlife Refuge, 4.3 <1 Irrigated lands are not associated wkhmarine <1 <l-<1 uc 13 Normal
Oregon. sedimentary rocks.
Middle Arkansas River Basin, 4.0 5 Most of bedrock beneath irrigated lands consists of 10 2-52 C 3 Elevated
Colorado—Kansas. uK marine and’ continental sedimentary rocks.
Middle Green River Basin, Utah 5.7 — Bedrock beneath irrigated lands consigts of 73 <1 -8,300 C 142 Embryotoxic



uK marine sedimentary rocks.

(@] Middle Rio Grande, New Mexico 6.8 <1 Irrigated lands are not associatedidvitharine <1 <1-1 uc 6 Normal
sedimentary rocks.
P Milk River Basin, Montana 1019 <1 Most of bedrock beneath irrigated lands consists of <1 <1-<1 uc 3 Normal
uK marine sedimentary rocks.
Q Owyhee—Vale Reclamation Project 4.5 <1 Irrigated lands are not associated wkhmarine 2 <1-5 uc 9 Elevated
areas, Oregon—Idaho. sedimentary rocks.
R Pine River area, Colorado 3.5 <1 Bedrock beneath irrigated lands consikts of 6 <1-94 C 10 Embryotoxic
marine andl continental sedimentary rocks.
S Riverton Reclamation Project, 4.9 <1 Most of bedrock beneath irrigated lands consists 5 <1-12 C 7 Embryotoxic
Wyoming. of T continental sedimentary rocks; bedrock in
mountains upland from irrigated lands includes
uK marine sedimentary rocks
T Sacramento Refuge Complex, 2.6 <1 Bedrock in mountains upland from irrigated lands <1 <1-5 uc 6 Elevated
California. includesuK marine sedimentary rocks
U Salton Sea area, California 24.5 3 Rivers travaksenarine sedimentary rocks 8 <1-10 C 9 Elevated
upstream from irrigated lands.
v San Juan River area, New Mexico 7.4 <1 Bedrock beneath irrigated lands consiiéts of 3 <1-67 S 9 Embryotoxic
marine andl’ continental sedimentary rocks.
w Stillwater Wildlife Management 10.0 <1 Irrigated lands are not associated wiKhmarine <1 <1-21 uc 29 Embryotoxic
Area, Nevada. sedimentary rocks.
X Sun River area, Montana 3.0 <1 Most of bedrock beneath irrigated lands consists of 8 <1-190 C 126 Embryotoxic
uK marine sedimentary rocks.
Y Tulare Lake Bed area, California 111 — Bedrock in mountains upland from irrigated lands 265 <1-390 C 132 Embryotoxic
includesuK andT marine sedimentary rocks
z Vermejo Project area, New Mexico 3.9 1 Most of bedrock beneath irrigated lands consists of 6 <1-23 C — —

1 Used in figure 1.

2 Mean annual free-water-surface evaporation for area divided by mean annual precipitation.
3 Maximum selenium concentration measured in surface-water body identified as providing water used for irrigation.
4 Bedrock geology after King and Beikman (1974@)Tertiary;uK, Upper Cretaceous.
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5 Filtered surface water in and downstream from irrigated areas.
6 Rounded to nearest microgram per liter.

7 Criteria used: uncontaminated (UC), 75th percentile of selenium concentrations in surface water is less than 3 microtearsslpeiférous (S), 75th percentile is at least 3 but less than 5 micrograms per liter; contaminated (C), 75th percenti
is at least 5 micrograms per liter. Avian effect level (Skorupa and Ohlendorf, 1991) is 3 micrograms per liter; chronicferipgotection of freshwater aquatic life (U.S. Environmental Protection Agency, 1987) is 5 micrograms per liter.

8 Normal, less than or equal to 3 micrograms per gram; elevated, greater than 3 micrograms per gram but less than 8 micrograms)perajeain, equal to or greater than 8 micrograms per gram.
9 William G. Kepner, U.S. Fish and Wildlife Service (written commun., 1989).
10 calculated by using precipitation during year of data collection rather than mean annual precipitation because all dé¢ate@rie dane and August 1986. (See section titled “Climate” under “Physical Classification of Areas” in text.)



TABLE 3. Generalized geology of National Irrigation Water Quality Program study areas

[Geologic units within each study area are ranked according to relative number of individual data-collection sites (fig thehiadicated
geology. Geologic symbols and descriptions used are adapted from the compilation by King and Beikman (1974a). Geneealjrig-decr
age order, these geologic units include Early Proterozoic igneous and metamorphiXgogdkar(itic rocks Xm, orthogneiss and para-
gneiss); upper Paleozoic stratified, mainly marine, sedimentary nlek¥s Upper Cretaceous stratified, mainly marine, sedimentary rocks
(uK4, the Woodbine and Tuscaloosa Groups, locally including some Lower Cretaceous rocks not mapped sefartitelustin and Eagle
Ford GroupsuKs, the Taylor Group; andK,, the Navarro Group); Paleocene continental sedimentary deposi)s Eocene continental
sedimentary deposit3éc); the Eocene Jackson Grouie4); Miocene volcanic rocksT{nf, felsic; Tmv, nonfelsic); Pliocene continental
sedimentary deposit3gc); Pliocene nonfelsic volcanic rocksfv); thick and widespread Quaternary stratified sedimentary sequé)ces (
Quaternary nonfelsic volcanic rock3\); and Holocene stratified sedimentary deposits, Great Plains@m)y Geologic units exclude
Pleistocene glacial deposits that blanket large parts of the northern interior States and are not shown on King and B&lkapnisg]

idgrtiefierl Study area Ranked geologic units
1 2 3 4

A American Falls Reservoir, Idaho Q
B Angostura Reclamation Unit, South Dakota uKs3 uk, uKy
c Belle Fourche Reclamation Project, South Dakota uK, uKs
D Columbia River Basin, Washington Q Tmv
E Dolores—Ute Mountain area, Colorado uk, uKks,
F Gunnison River Basin—Grand Valley Project, Colorado  uK, uky
G Humboldt River area, Nevada Q
H Kendrick Reclamation Project, Wyoming uK,
i Klamath Basin Refuge Complex, California—Oregon Q Tpv
J Lower Colorado River valley, California—Arizona Q Xm Xg uPz
K Lower Rio Grande valley, Texas Qh Teg
L Malheur National Wildlife Refuge, Oregon Q Tmv Tmf
M Middle Arkansas River Basin, Colorado—-Kansas uK, uKs Q Tpc
N Middle Green River Basin, Utah:

Ouray and Pariette subareas Tec

Stewart subarea uK, uKs
o Middle Rio Grande, New Mexico Tpc
P Milk River Basin, Montana uKs3
Q Owyhee—Vale Reclamation Project areas, Oregon—Idaho Q Tmv Tpc
R Pine River area, Colorado Tec uky uKs3
S Riverton Reclamation Project, Wyoming Tec
T Sacramento Refuge Complex, California Q
u Salton Sea area, California Qv
4 San Juan River area, New Mexico uK, uKy, Txc
w Stillwater Wildlife Management Area, Nevada Q
X Sun River area, Montana uK, uKs3
Y Tulare Lake Bed area, California Q
V4 Vermejo Project area, New Mexico uKs

lusedin figure 1; also, see table 2.
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In two of the areas, Milk River Basin in Montana andHydrology
Riverton Reclamation Project area in Wyoming (areasd _ _ ]
S, table 2), all data were collected during a short period in In terminal lakes (lakes without natural outlets; fig. 3),

climatically unusual year. In the Milk River Basin, precipita- €vaporation can result in very high concentrations of sele-
tion during the year of data collection was almost twice thaium because the solutes are retained and accumulated rather

than flushed out. Areas were classified hydrologically as
open basin or closed basin depending on whether they con-
tain lakes or ponds that receive irrigation drain water and that

inants became diluted (Lambing and others, 1988). Precipare terminal during nonflood years (Seiler, 1995). Although

tation during the year of data collection rather than the meathese water bodies range from very large (the Salton Sea) to

L : very small (unnamed stockponds or impoundments), size
annual precipitation was used to calculate El. In the Riverto y ( b P )

) . o was not considered in the hydrologic classification.
Reclamation Project area, precipitation was less than half tt

normal amount, and temperatures (and evaporation) we  ynder certain circumstances, selenium contamination
above normal (Peterson and others, 1991). Howevecan occur in an area that has no local geologic sources of
because of available water in storage, greater than normselenium because selenium is brought into the area from
irrigation-water deliveries were made to the area during thelsewhere. Maximum selenium concentrations observed in
period of data collection (August and November 1986) tcsamples from water bodies identified as being sources of irri-
help offset the greater than normal evaporative losses. lgation water exceeded or equaleddlL in 10 of the study

was calculated on the basis of the mean annual precipitaticareas (table 2). In 4 of the 10 areas, no local geologic sources

normal amount. During the spring and early summer, prior ti
data collection during June and August, much more wate
than normal was delivered to the area, and therefore contal

Figure 3. Likes Lake, a shallow water body and wetland in an arid terminal basin in the Stillwater Wildlife Management
Area in Nevada. Such wetlands provide important feeding and nesting areas for migratory birds but commonly contain
high salt and trace-element concentrations. Photograph by Ralph L. Seiler, U.S. Geological Survey, 1994.

Physical Classification of Areas 11



of selenium exist. In three of those four areas, the rivers su The 75th percentile of the selenium concentrations of
plying water for irrigation traverse Upper Cretaceous or Terwater samples from a given area was chosen for comparison
tiary marine sedimentary deposits upstream from irrigatewith criteria in deciding whether the water in the area was
areas. Selenium is brought into the Salton Sea area and lovcontaminated. (The 75th percentile is the concentration that
Colorado River valley in California and Arizon& &ndJ, is exceeded by 25 percent of the samples from the area.) The
table 2) in Colorado River water, which traverses Upper Cremedian was not used because many of the NIWQP investi-
taceous marine sedimentary rocks and receives drain wagators collected only a limited number of samples from a
from irrigated agricultural lands hundreds of miles upstreanlarge area; a study area would have to be extremely contam-
Selenium is brought also into the lower Rio Grande valley iinated for half of the samples to exceed water-quality crite-
Texas K, table 2) in Rio Grande water, which traversesria. Areas were classified as contaminated if 25 percent or
Upper Cretaceous and Tertiary marine sedimentary deposmore of the samples exceeded the U.S. Environmental Pro-
many miles upstream. Although selenium is brought into thtection Agency (USEPA) chronic criterion because, at that
Humboldt River area in Nevad&,(table 2), the Humboldt high a percentage, fish and aquatic birds probably are
River Basin contains no Upper Cretaceous and Tertiarexposed to contaminated water.

marine sedimentary deposits. ] ] ] )
On the basis of selenium concentrations in surface water

(table 2), 12 of the 26 NIWQP areas were classified as sele-
Classification of Study Areas by Selenium nium contaminatedd, £, £, H, M, N, R, S, U, X, ¥, and2), 2
Concentrations were classified as seleniferoudnd V), and the remaining

12 were classified as uncontaminated. In the 12 contami-

nated areas, the filtered-selenium concentrations in 25 per-
Water cent or more of the surface-water samples equaled or
exceeded pig/L, the USEPA chronic criterion for selenium

Water-quality criteria used in this study were based of h tocti ¢ freshwat tic life (table 2. figs. 4
the U.S. Environmental Protection Agency’s (1987) chronic or the protection of fresnwater aquatic fite (a_ € <, 1gs.
and 5). In the two seleniferous areas, the selenium concentra-

criterion for selenium for the protection of freshwater’, .
aquatic life, 5ug/L, and on the avian effect level (Skorupat'ons in 25 percent or more of the §urface-water samples
and Ohlendorf, 1991), Bg/L total recoverable selenium. were equal to or greater than t.he avian effect levag/B,
Skorupa and Ohlendorf (1991) found that, under some en\bUt less than _the USEPA chronic criteriomdiL. In 7 of.the
ronmental conditions, a range of 3 to|RfJL total recover- 12 uncontqmma_ted areas,(, L, O, A, T, andW), selenium
able selenium is hazardous to some species of aquatic pirconcentrations in 75 percent or more of the surface-water

The NIWQP investigations typically measured filtered seles"’lz]_p_k.aS 3vvefr(tahless7than the an?jlincallreportmg I'm'i 1
nium, not total recoverable selenium, in water samplesug ); in 3 of these 7 areas (, andP), selenium was no

Seiler (1996) presented evidence that in NIWQP Sampledetgcted in any surface-water sample. In the 5 othgr uncon-
filtered- and total-selenium concentrations are nearly thtarpmgted areasc\t( Ct;', J Ki andlci), tf:_e 75th percentile of
same over a wide range of concentrations; however, whetrS€'€NUM concentrations was agiL.

the analyses are interchangeable is still a matter of debate

To summarize selenium data, only filtered-seleniurrBIOta

concentrations in water from surface-water sites in an Selenium is a potent teratogen that can induce deformi-
downstream from irrigated land were used. Selenium COrjes of embryos and larvae and cause reproductive failure in
centrations in ground water, in surface water used for irmigéish and wildlife without otherwise affecting adults (Lemly,

tion, and in sediment were not used for this analysis. F1993). |t is the only inorganic constituent in irrigation drain

simplicity, d_ata for flowing and impounded bodies of watelyater that is commonly found in eggs of aquatic birds at con-
were combined, because no samples or very few sampleenirations sufficient to cause the death or deformity of an
were collected from lakes and ponds in some areas. Stat'Stembryo (Skorupa and Ohlendorf, 1991; Ohlendorf and oth-
summarizing filtered-selenium concentrations in surfacig g 1993). Because of the sensitivity of avian embryos to

water were generated for the 26 study areas. Summary stage|enjum, avian eggs were collected and analyzed for sele-
tics of data that include censored values (values less than \yium content in 24 of the 26 NIWQP areas.

analytical detection limit) were estimated by probability-

plotting methods (Helsel and Hirsch, 1992) or from lognor: Selenium concentrations in avian eggs from the 26
mal maximum-likelihood distributions (Helsel and Cohn,NIWQP study areas were evaluated by grouping the data
1988). into sets based on distinct species—site—year permutations.

12 Areas Susceptible to Irrigation-Induced Selenium Contamination of Water and Biota in the Western United States
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Figure 4. Statistical summary of selenium concentrations in filtered surface water from 26 National Irrigation Water Quality
Program study areas (table 2). Chronic criterion from U.S. Environmental Protection Agency (1987) and avian effect level
from Skorupa and Ohlendorf (1991). USEPA, U.S. Environmental Protection Agency.
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Each set of eggs conceptually represents a distinct breediUse of a Geographic Information System to
population of birds. For example, the 16 American avoceCreate Maps
eggs that were collected from Rasmus Lee Lake, Wyo., i

1988 represent a set; the 86 American avocet eggs that wi . o
collected at the same site in 1989 represent another set. GIS data layers (sets of spatially located digital data)

some instances, a single egg or a composite sample of twosShowing land use, mean annual precipitation, FWSE, and

more eggs represents the set for a particular breeding porgeology of the United States were obtained or created to use
lation of birds. for data analysis in this report (table 4). Each piece of data

has an associated set of x and y coordinates (for example, lat-

The geometric mean of the selenium concentrations dtude and longitude) that are used to locate the data spatially.
all the eggs in each set was calculated and is referred to
this report as the selenium concentration of the egg se ~ Many of the data layers used in this investigation are
Ohlendorf (1989) reported that selenium concentrations @vailable through the NIWQP World Wide Web site, which
egg sets from uncontaminated areas averaged about 1 tcan be located by using a search engine to find the acronym
pg/g selenium dry weight. Skorupa and Ohlendorf (1991“NIWQP.”
reported that egg sets having selenium concentratior
greater than abouti®)/g dry weight are associated with sig-
nificantly reduced hatchability. Data from field sampling €ologic Data Layers
suggest that a threshold for teratogenesis occurs within tl )
range from 13 to 2dg/g. A population-level threshold is the A GIS data layer of the geology of the United States
lowest mean concentration of selenium in a set of eggs thderived from the King and Beikman (1974a) geologic map
is expected to consistently identify populations in which onwas released on CD-ROM by Schruben and others (1994).
or more hens are producing embryos with selenium-induceThe CD—ROM may be purchased from the USGS Earth Sci-
deformities. Population-level egg criteria are not appropriatence Information Center (telephone 1-800-USA-MAPS or
for individual-level risk assessment because they do n-800-872-6277 or 1-888-275-8747). It may be obtained
identify individuals at risk. also through the USGS World Wide Web site at

The 26 NIWQP study areas were classified into thre: http://mapping.usgs.gov/esic/cdrom
groups on the basis of the maximum mean selenium conce
tration of representative egg sets (table 2) normal (|ESS th Ge0|ogic_map units from the K|ng and Beikman
or equal to 319/g), elevated (greater thamg/g but less than  (1974a) map (table 3) were grouped together to create a GIS
8 ug/g), and embryotoxic (equal to or greater tham8y).  data layer of Upper Cretaceous marine sedimentary rocks,
Further work since that of Skorupa and Ohlendorf's (1991yertiary marine sedimentary deposits, and Tertiary continen-
has indicated that the safe exposure level for some species, sedimentary deposits. The following King and Beikman

birds is less than gg/g. For instance, for black-necked stilt (1974a) map units of Upper Cretaceous, mainly marine,
embryos, Skorupa (1998) concluded thalghg represents stratified sedimentary sequences were combingduKj,

h r boundary of safe exposure, which is only tw
the upper boundary of safe exposure, ch is only two tuKz, UKs, UK3a, uKgb, anduk,. As compiled in this report,

three times the normal background level. Thus, the threshothese are called Unper Cretaceous marine sedimentary rocks
for toxic effects used in this reportpd/g, is conservative. ; PP _ i u ! ! . y ’
The following map units of Tertiary (Paleocene to Pliocene),

Multiple overt deformities similar to those found in bird Minly marine, stratified sedimentary sequences were com-
embryos at Kesterson National Wildlife Refuge were foun®ined:Tx, Te, Tey, Te,, Teg, To, Tm, andTp. As compiled in
in bird embryos in 4 of the 26 area 4, N, andY, table 2). this report, these are called Tertiary marine sedimentary
Deformed birds were found in other areas, but selenium todeposits. The following Paleocene to Pliocene continental
icosis was not confirmed; instead, the deformities may rejsedimentary deposits were grouped togetier; Tel, Tec,
resent the normal background rate of deformities that woulToc, Tmc, andTpc. As compiled in this report, these deposits
occur in any bird population. are called Tertiary continental sedimentary deposits.

14 Areas Susceptible to Irrigation-Induced Selenium Contamination of Water and Biota in the Western United States



TABLE 4. Geographic-information-system data layers used to create maps in this report

[BOR, Bureau of Reclamation; FWSfge-water-surface evaporation; GIS, geographic information system; NOAA, National Oceanic and
Atmospheric Administration; PRISMbrecipitation-elevation regressions on independent slopes model; USGS, U.S. Geological Survey.
~, approximate]

GIS data layer Data sources

Data type (bold indicates direct source of
published data used in GIS data layer)

Scale of
published map

Name of data layer Year created
Geologic
Bedrock geology KBGE 1994 Schruben and others (1994) 1:2,500,000
King and Beikman (1974a) 1:2,500,000
Climatologic
Evaporation (FWSE) FWSE 1996 Farnsworth and others (1982) 1:5,000,000
Precipitation (NOAA) NORMPRE 1994 Rea and Cederstrand (1994) 1:5,000,000
Owenby and others (1992)
Precipitation (PRISM) US_93f0 1994 Daly and others (1994) —
Land use
BOR project areas BORAREAS 1995 Bureau of Reclamation (1988) ~1:5,850,000
Irrigated agricultural land ~ IRRAG 1996 Earth Resources Observation System 1:7,500,000
Data Center (1990).
National Wildlife Refuges ~NWRAREAS 1995 U.S. Fish and Wildlife Service (1988)  1:3,000,000
Interpretive

Evaporation index =] 1994 Derived from climatologic data layers 31:19,700,000
Susceptible areas SUSCEP25 1994 Derived from climatologic and geologic21:19,700,000

SUSCEP3Y data layers.

SUSCEP35 and

SUSCEP58

1 These digital data are documented in accordance with USGS policy (Nebert, 1994) and are on file in USGS office in Cétson City,
2v/ersion of PRISM used for this study report was obtained from G.H. Taylor, Oregon State Climatologist, October 1993.
3 published in this report.

Climatologic Data Layers The FWSE and PRISM data layers were converted into
T ridded surfaces by interpolating between the isograms for

Two GIS data layers of mean annual precipitation in thg L y polating _ g
Jprecipitation and evaporation. The gridded surface over-

United States were obtained and compared. The first d¢ . . e
layer was digitized from Owenby and others’ (1992) map ©Estimates annual precipitation for large areas of California,

normal mean annual precipitation for the years 1961 to 19¢A1izona, and Nevada because the minimum isogram on the
The other data layer was derived from Daly and otherPrecipitation map is 10 inches. In these areas, annual precip-
(1994) “precipitation—elevation regressions on independeitation is interpolated uniformly as 10 inches.

slopes model” (PRISM), a proprietary data layer availabl

from George H. Taylor, Oregon State Climatologist (e-mai o )
oregon@oce.orst.edu; URL, http:/www.ocs.orst.edu). T- 1he El data layer was created by dividing evaporation
PRISM data layer was used because its resolution is mdvalues by corresponding precipitation values. The resulting
finer than the first data layer and its contour intervals aisurface was contoured according to the following El inter-
smaller. A GIS data layer of FWSE rates (table 4) was crvals: 0 to 2.5, greater than 2.5 to 3.5, greater than 3.5 to 5.0,
ated from Farnsworth and others’ (1982) FWSE map. and greater than 5.0.

Use of a Geographic Information System to Create Maps 15



Land-Use Data Layers avian effect level, 31g/L. Upper Cretaceous marine sedi-
mentary rocks are upland from 3 of the 26 study areas (fig.

Data Iayers anq maps showing the Iocat?on_s of BureeSC' table 2) and in 2 of those areasand Y, table 2) more
of Reclamation project areas and National Wildlife Refugethan 25 percent of the surface-water samples contain sele-

were derived by digitizing maps prepared by the Bureau ¢,j;m concentrations equal to or exceedingg_ (fig. 50).
Reclamation (1988) and the U.S. Fish and Wildlife Servici

(1988). The map by the Bureau of Reclamation (1988 1, importance of Tertiary marine sedimentary deposits
shows the areal extent of most of their project areas; the fe;g squrces of selenium is difficult to assess by using the

project areas that are shown only as points on this map WENIWQP data set. Only two NIWQP study areasahd Y,
plotted on the USGS data layer BORAREAS (table 4) aiapjes 2 and 3) are associated with Tertiary marine sedimen-
rectangular polygons sized according to the actual Proj€tary deposits. In the lower Rio Grande valley in Texds (

areas, as reported by the Bureau of Reclamation (1981). \nich is uncontaminated, one background site is on Eocene
Few designated wildlife areas are shown on nationamarine sedimentary deposits and the remainder of the data-
scale maps; the U.S. Fish and Wildlife Service (1988) macollection sites are on I—!olocene scledimen.tary.deposits._ln the
shows point locations of only those National Wildlife Ref- Tulare Lake Bed area in California)( which is contami-
uges that have visitor centers. Therefore the derived land-unated, all the sites are associated with Quaternary sedimen-
data layer does not include State and local refuges or wiltary deposits. Although the principal sources of selenium in

life-management areas and also excludes National Wildlifthe area are probably Tertiary marine sedimentary deposits,
Refuges that do not have visitor centers. Upper Cretaceous marine sedimentary rocks also may be

sources. Fujii and Swain (1995, pl. 1) showed that Tertiary
A GIS data layer showing the distribution of irrigatedmarine sedimentary deposits are within a few miles upland
agricultural land in the Western United States was derivefrom the Tulare Lake Bed area and that pre-Tertiary (includ-
from Earth Resources Observation System Data Centing Cretaceous) marine sedimentary rocks are about 15 to 20
(1990) satellite images showing seasonal land-cover regiormiles upland. Presser (1994a) stated that the Miocene
The data layer, which was derived from Advanced VerMonterey Formation, which consists of marine sedimentary
High Resolution Radiometer data (commonly callecrocks and is upland from the Tulare Lake Bed area, is selenif-
AVHRR data) by grouping those areas where croplands weerous and is a suspected source of selenium found in the area.
coded as “irrigated agriculture,” has a resolution of 1 squaiSelenium concentrations in 22 rock samples from the

kilometer (about 0.4 square mile). Monterey Formation ranged from less than 3 to 56 mg/kg;
the median concentration was 10.5 mg/kg, and the mean was

FACTORS AFFECTING SELENIUM 15.5 mg/kg (Piper and Isaacs, 1995). For comparison, sele-

CONCENTRATIONS IN WATER nium concentrations in 527 rock samples from the marine

Niobrara and Pierre Formations of Cretaceous age in South

Numerous investigators have identified features compgyota ranged from 0 to 113 mg/kg, and the mean was 5.8
mon to selenium-contaminated lands. Analysis of data frormg/kg (Moxon and others, 1939).

the NIWQP data set confirms previous investigators’ conclt

sions and expands upon their work to produce regional-scé  gimjlarly, the importance of Tertiary continental sedi-
maps identifying areas in the Western United States suscementary deposits as sources of selenium is difficult to assess
tible to irrigation-induced selenium contamination. The relaby using the NIWQP data set. In 4 of the 26 study amgas (
tions among geology, selenium concentration in water, arg s andy; table 2), lower Tertiary (Paleocene—Eocene) con-
El (aridity) are shown in figure 5. tinental sedimentary rocks form some or all bedrock, and in
3 of the 26 areasM, O, and Q, table 2), upper Tertiary
(Pliocene) continental sedimentary rocks form some of the
Geology bedrock (table 3). Selenium contamination occurs in four of
these seven aread,(N, R, and S), and one is classified as
The importance of Upper Cretaceous marine sedimeiseleniferous¥). Two of the areas are uncontaminatedd
tary rocks as sources of selenium is apparent in the NIWCQ) and contain Pliocene continental sedimentary deposits,
data set. In 8 of the 26 areas, the bedrock is mainly Uppbut no Upper Cretaceous marine sedimentary rocks are in or
Cretaceous marine sedimentary rock, and in 4 of the znear the areas. In four of the five contaminated or selenifer-
areas, it is Upper Cretaceous marine and Tertiary continenious areasM, N, R, andV), Upper Cretaceous marine sedi-
sedimentary rock (figs.& B; table 2). In 11 of these 12 mentary rocks form some of the bedrock, and in the(fth
areas, more than 25 percent of the surface-water sampthe mountains upland from irrigated lands include Upper
contain selenium concentrations equal to or exceeding tlCretaceous marine sedimentary rocks.

16 Areas Susceptible to Irrigation-Induced Selenium Contamination of Water and Biota in the Western United States



JOTEAA Ul SUOITBAUSIUOD WNIULRS Bundayy siojoeH

LT

SEVENTY-FIFTH-PERCENTILE FILTERED SELENIUM CONCENTRATION,

IN MICROGRAMS PER LITER

300
200

100

70

50

30
20

10

<1

300
200

100
70
50

30
20

10

<1

- A

Most of bedrock

B

Bedrock beneath

- C

[
I
Bedrock in moun- I
I
I

Rivers providing water for
irrigation traverse Upper
Cretaceous or both Upper
Cretaceous and Tertiary
marine sedimentary rocks
upstream from study area

No association with Upper
Cretaceous marine
sedimentary rocks

EVAPORATION INDEX

Uo_ N i
Je 1 F Qo Ge B
K A
|l @ 1 1 1 IIIII 1 1 1 Pyl 1 IIIII 1
1®* L*°*D *0 *w
L L L N | L L L L N | L
2 3 4 5 6 7 8910 20 30 1 2 3 4 5 6 7 8910 20 30

[ [
I I
I I
| beneath irrigated | —{ | irrigated lands | — |~ tains upland from —
lands consists of | consists of both | o N irrigated lands
Upper Cretaceous @ T [ Upper Cretaceous 1 [ includes Upper 7
marine sedimen- I -1  marine andTertiaryI 1 r CretaceousorbothI b
tary rocks | oF continental sedi- | Upper Cretaceous |
| -  mentary rocks | 4  and Tertiary marine| —
| 1 L | 1L sedimentary rocks | i
| | 4 |
I 4 F | o 4 | |
Xeo | oFE 1L RI 1L I i
C, |1*Z i | S,
L
B | I v I
--------------- e T E e e T S
I 1t I 1t | i
I I I
1 1 I 1 1 | N | I 1 1 1 I 1 1 | N | I 1 1 1 I 1 1 | N I I 1
Pe I I Te I
. A . . P . . i .
1 2 3 4 5 6 780910 20 30
T T T T T 1T I T T T T T T L I T
D 11l E | EVAPORATION INDEX

EXPLANATION

U.S. Environmental Protection Agency
chronic criterion for selenium

Avian effect level

Evaporation index above which correspond-
I ing selenium concentrations typically
exceed U.S. Environmental Protection
Agency chronic criterion for selenium

®A

National Irrigation Water Quality Program

data—Letter indicates study area

Figure 5. Relations among selenium concentration, evaporation index (aridity), and geology for 26 National Irrigation Water Quality Program study areas (table 2).
Chronic criterion for selenium is from U.S. Environmental Protection Agency (1987), and avian effect level, from Skorupa and Ohlendorf (1991).



The best evidence of the importance of rocks and secthe contaminants; no selenium was detected in any of the
mentary deposits of Tertiary age in the NIWQP data set is NIWQP surface-water samples. El calculated for the flood
the Ouray subarea of the middle Green River Basin, Wah (year was 1.9, which was the lowest of any for the 26 areas.
table 3). Ground-water samples from this subarea commonpata collected under more normal conditions indicate that
contain selenium in concentrations exceedingd@/Q; the  the area is contaminated when precipitation is less abundant.
maximum measured value is 9,300/L (Stephens and presser and others (1994) reported that elevated concentra-
others, 1992, p. 89). Ponds used by wildlife in the subare;q s of selenium had been measured in a stream in the area.
commonly contain selenl_um at concentrations exceedmLambing and others (1988) reported that selenium concen-
20ug/L, and deformed bird embryos have been found érations in Lake Bowdoin were|fy/L in 1985 and less than

these ponds. A" the da_ta—collect|on S|te_s in the O”Tay SUI1 pg/L in 1986, when the NIWQP samples were collected.
area are associated with Eocene continental sedimente

deposits (table 3), and the nearest exposure of Upper Cre

) . : . The distribution of areas in the Western United States
ceous marine sedimentary rock is about 14 miles upstrea . -
where El exceeds 2.5 is shown in figure 6; total areas of land

Trelease and Beath (1949, p. 80) noted that selenifero! . .
plants occur in parts of the Eocene Uinta Formation Whicwhere El exceeds four threshold values are given in table 5.

is exposed in the area (Stephens and others, 1992). An El value of 2.5 is considered important_ because it is
between the lowest El value for an uncontaminated area (1.9

Knowing where selenium contamination does not ocClor areap, fig. 54) and the lowest El value for a selenium-
is nearly as important as knowing where it does occur. In tt.qtaminated area (2.8 for areafig. 5A). An El value of
Western United States, areas are unlikely to be contaminat g j5 considered important because the 75th percentile of the
by selenium if they _do not antam a_nd have no ”eaTbV UIOIOIselenium concentrations typically exceeds the USEPA
Cretaceous or Tertiary marine sedimentary deposits. Of ﬂchronic criterion for selenium (fig/L) if EI exceeds 3.5

26 areas, 11 fit this description, (O, I, G, J, K, L, O, Q, U, . . )
andw, figs. D, E; tables 2 and 3). Only 2 of these 11 areas(f|gs. % B). In almost one third of the land area in the West-
ern United States, El is 3.5 or greater and selenium contam-

(Jand U) have selenium problems; selenium is brought int¢”" " . _ D o )
both areas in water imported for irrigation. The Salton Se'Mation resulting from irrigation of an area is likely if geo-

(U) is considered to be contaminated on the basis of the cc/09iC sources of selenium are in or near the area.
centration of water-borne selenium (table 2), and bird egc

from the Lower Colorado River valley ared) (contain

embryotoxic concentrations of selenium (William G. Kep-Hydrology

ner, U.S. Fish and Wildlife Service, written commun., 1989)

The selenium concentration at the 75th percentile in th

remaining 9 areas is less thapgL; in 5 of these 9 areas, it Selenium brought into an area can cause contamination
is less than the analytical reporting limity@/L). in areas without local geologic sources of selenium. The dis-

charge of irrigation drain water, oil-field brines, coal fly ash,
or mine-dewatering effluent that contains selenium into a
Climate stream can result in contamination in areas hundreds of miles
downstream. An example is the contaminated Salton Sea
In areas that do not have local geologic sources of selarea (, figs. 1 and B) in the Imperial Valley in California.
nium such as Upper Cretaceous marine sedimentary rocThis area is contaminated mainly because selenium is
(fig. 5E), selenium concentrations do not increase as ariditbrought into the area in Colorado River water (Setmire and
increases. In areas that do have a local geologic sourceothers, 1993), although Tertiary marine sedimentary bedrock
selenium (figs. &, B), concentrations generally increase asexposed in small areas in the mountains to the west may con-
aridity increases. tribute some selenium to the area.
Areas having very low evaporation indices are unlikely )
to have selenium-contamination problems even if Uppe Areas that have terminal lakes or ponds and sources of

Cretaceous marine sedimentary rock (fit§) 6r some other selenium within the drainage basin are especially at risk for
source of selenium is nearby. This is supported by data frob€coming contaminated. Evaporative enrichment can cause
the Milk River Basin, Mont.# fig. 1, table 2), where selenif- elevated selenium concentrations in terminal water bodies.

erous sedimentary deposits are domin&@ata were col- Also, because the selenium is not flushed out during normal
lected in the Milk River Basin during a year in which spring runoff, selenium concentrations can increase because
flooding occurred and sufficient water was available to dilutselenium from several seasons remains in the water.

18 Areas Susceptible to Irrigation-Induced Selenium Contamination of Water and Biota in the Western United States
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Figure 6. Evaporation index in Western United States. Climate data from Farnsworth and others
(1982) and G.H. Taylor (Oregon State Climatologist, written commun., 1994). For base credit, see
figure 1.
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TABLE 5. Western United States land areas where DEFORMITIES IN AQUATIC BIRDS AND

evaporation indexes exceed four threshold values SELENIUM CONCENTRATIONS IN BIRD EGGS
_ Land area in Percentage Selenium poisoning causes multiple overt deformities
Evaporation Western of total area in bird embryos (fig. 7); these deformities typically include
index United States of Western L. . .

(square miles) United States hydrocephaly, missing eyes, twisted bills, and deformed

limbs (Hoffman and Heinz, 1988; Hoffman and others,

Greater than 2.5 1,024,000 o6 1988). Bird embryos with multiple overt deformities, like
Greater than 3.0 709,000 38 those in birds from Kesterson Reservoir, were found in 4 of

the 26 NIWQP areass(H, N, andy, table 2). In those four
areas, the median selenium concentrations in surface water
Greater than 5.0 237,000 13 exceeded 10g/L (fig. 4), which is twice the USEPA chronic
criterion for the protection of freshwater aquatic life.

Greater than 3.5 566,000 31

Figure 7. Redhead duck embryos from middle Green River Basin study area in Utah. Left embryo
shows twisted bill and other deformities typical of those caused by selenium; right embryo is normal.
Photograph by Bruce Waddell, U.S. Fish and Wildlife Service, 1989.
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Deformed birds were found in four other arelds\, W, and  California, all the areas mapped as susceptible are in moun-
X), but the cause of the deformities could not clearly btain ranges where there is no irrigation. Although not indi-
attributed to selenium. In at least some of these instances, cated on the map, the actual susceptible areas are the
types and numbers of deformities found may represent tirrigated alluvial fans and valleys at the base of the moun-
normal background rate found in any natural avian popultains. Another reason to consider land adjacent to areas
tion. mapped as susceptible is that the parent material for the soils
may be seleniferous Tertiary continental sedimentary depos-
its. The NIWQP data clearly indicate that selenium contam-
ination can develop in areas of Tertiary continental
sedimentary rocks if Upper Cretaceous marine sedimentary
rocks are nearby.

Bird eggs from 24 of the 26 areas were sampled at
analyzed for selenium. Of the areas sampled, 12 were clas
fied as embryotoxicQq, E, F H, J, N, R, S, V, W, X, andY;
table 2) because the selenium concentration in at least 1
the egg sets exceeded levels associated with significan
reduced hatchability; 6 areas were classified as noana) (

I, L, O, andP) because the selenium concentrations of all tr ] o
egg sets were within the normal range; and the 6 remainiAssessing Map Reliability
areas were classified as elevatéd G, M, Q, I, and U)
because the selenium concentration in at least 1 of the ¢

Test Areas
sets was above the normal range.

The map correctly classified 22 of the 26 NIWQP study
areas (fig. 9, table 7). Of the 14 areas classified as selenifer-
MAP IDENTIFYING AREAS SUSCEPTIBLE TO ous or contaminated, 12 were identified correctly by the map
SELENIUM CONTAMINATION because they are on or adjacent to areas mapped as suscepti-
ble. One of the two areas not so identified was the Salton Sea
Although many Federal, State, and local irrigationarea (J, table 7), which could not be identified by the criteria
project areas in the Western United States may be susceptused to construct the map because selenium is brought into
to irrigation-induced selenium contamination, limited finanthe Imperial Valley in the water imported for irrigation.
cial and human resources preclude comprehensive investi
tions of all irrigated land. Cost-effective tools to identify =~ The second contaminated NIWQP area that was not
areas where irrigation is likely to cause selenium contaminidentified from the map is the Sun River argatéble 7) in
tion make it possible to target resources effectively towaicentral Montana. This area is mapped as not susceptible
investigating those areas at highest risk. although it is known to be selenium contaminated. The rea-
son it was not identified is insufficient resolution of climato-

The NIWQP data indicate that irrigation is likely tological data (see section “Accuracy and Precision of Maps”).

result in selenium contamination if geologic sources of sele-

nium are in or near the area and if El is greater than abc

2.5. A map showing areas having this combination of get _ o

logic and climatic characteristics was created by intersectilTAB"E 6. Western United States land areas where evaporanon indexes

he GIS geoloqv data lavers of Upper Cretaceous and Ti exceed four threshold values and where bedrock consists of Upper

t_ e g gy. Yy - pp Cretaceous or Tertiary marine sedimentary rocks

tiary marine sedimentary deposits (fig. 2) and the El da

layer (fig. 6). The resulting map identified about 160,00t

square miles of land in the Western United States that is cc

sidered to be susceptible to irrigation-induced selenium co

tamination (table 6, fig. 8). About 52,600 square miles c o Area Percentage of total
; R ; ; Evaporation index (square miles) Western United States

land in the Western United States is considered to be ev 4

more susceptible because El exceeds 3.5.

Land where Upper Cretaceous or Tertiary marine
sedimentary rocks form bedrock

Greater than 2.5 160,000 8.7
. . Greater than 3.0 83,300 4.5
Land adjacent to areas mapped as susceptible to c

tamination (fig. 8) also should be treated provisionally a  Greater than 3.5 52,600 2.9
susceptible because selenium can be transported from sot

K R .. . . Greater than 5.0 17,300 9
areas in mountains to irrigated areas in adjacent valleys.

Map Identifying Areas Susceptible to Selenium Contamination 21
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Figure 8. Areas in Western United States that are identified as susceptible to irrigation-induced
selenium contamination on basis of Upper Cretaceous or Tertiary marine sedimentary bedrock
(fig. 2) and evaporation-index values greater than 2.5 (fig. 6). For base credit, see figure 1.
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Reconnaissance investigations did not identify sele In the mid-1980’s, the West Oakes area of North Dakota
nium problems in two NIWQP areas shown on the map a(fig. 9) was investigated for potential selenium problems
being at risk for selenium contamination. The first area is thbecause of the area’s association with Cretaceous sedimen-
Sacramento Refuge Complex in California {able 7).  tary rocks (Goolsby and others, 1989). The map classified
Although this area is adjacent to an area mapped as suscthis area as not susceptible because El for the area is less than
tible, it has one of the lowest El values (2.6) of the NIWQF2 5. That classification is supported by data from Goolshy
areas. Therefore, being near seleniferous rocks may nang others (1989). They found a maximum selenium concen-
result in contamination if El is low. The second area is thgyation of 4pug/L in 63 samples from 23 subsurface drains

Milk River Basin, Mont. g, table 7). All the selenium con- 54 a maximum of 1.4g/L in 137 surface-water samples
centrations in surface water measured there were less tha'from 7 sites not far from West Oakes.

pa/L. As discussed in the section “Climate” under “Factors

Affecting S.eleni'um Conpentrations in Water,j’ all samplt_es The reliability of the map also was assessed by evalu-
from the M|.Ik River Basin were collected during a year 'nating data from NIWQP investigations that were not ana-
which flooding occurred; however, data from Lambing ancIyzed for this study because the data were not available ear-
other_s (1988) gnd Presser and others (19.94) show that tflier. The Wind River Indian Reservation in Wyoming and the
area is contaminated under more normal circumstances. Emery Project and Scofield Project areas in Utah are on and

Whether selenium-contaminated areas can be identifieadjacem to land mapped as susceptible to selenium contam-

correctly from the map also was assessed by plotting trmation (fig. 9?. Data for the Wind River Indian Reservation,
locations of areas where selenium investigations have be<COIIeCted during 1992-1993 (Grasso and others, 1995), sup-

done as part of programs other than the NIWQP. The classPort classification of the area as suscepti_ble. They fo_und_ that
example of irrigation-induced selenium contamination,6 of 14 surface-water samples from the Little Wind Irrigation
Kesterson Reservoir in Merced County, Calif., is adjacent tUNit had selenium concentrations that exceedgd/b and

an area mapped as susceptible (fig. 9). Data from Kestersth® maximum concentration was (g/L. Stephens and oth-
Reservoir indicate the importance of provisionally treatinge’s’ (1997) data for the Emery Project and Scofield Project
areas as susceptible when they are adjacent to areas mapareas, collected during 1994, support classification of the
as susceptible. Selenium in drain water discharged to Kesteareas as susceptible. They found that 9 of 45 surface-water
son Reservoir originated in the Cretaceous and Tertiarsamples from the areas had selenium concentrations that
marine sedimentary rocks and deposits in the Californiexceeded fug/L and the maximum concentration was
coast ranges upland from irrigated soils (Presser, 1994a). 46 pg/L.

Selenium contamination was discovered recently atRe ~ The Walker River Indian Reservation in Nevada is not
Rock Ranch (fig. 9), an agroforestry experimental farm souton land mapped as susceptible (fig. 9). Thodal and Tuttle's
of Kesterson Reservoir. The Red Rock Ranch is next to &(1996) data, collected in the area during 1994, support clas-
area mapped as susceptible. Irrigation drain water at the Rsification of the area as not susceptible. Selenium was not
Rock Ranch was reused for irrigation of salt-tolerant plantdetected in any of 25 surface-water samples from the area.

and ultimately contained extremely high concentrations o ) ) o
selenium; selenium concentrations were 1,260 in the The biological significance of the map was assessed

water used for the last crop (M.A. Martin, WestsideUsing selenium concentrations in avian eggs and fish col-
Resource Conservation District, oral commun., 1996) anlected by the NIWQP. The map is based on the results of an
more than 11,00Qg/L in shallow evaporation ponds (Cali- analysis of geologic, hydrologic, climatic, and water-quality
fornia Regional Water Quality Control Board, Central Valleydata. Biological data were not used in that analysis and pro-
Region, unpub. data, 1996). Black-necked stilts nesting ivide an independent test of the map. In 12 of the NIWQP
the area were exposed to the water and more than 60 percareas, the mean selenium concentration of at least one set of
of the eggs sampled contained deformed embryos (B.E. Veavian eggs was classified as embryotoxic (table 2 and fig. 9).
Vorts, California Regional Water Quality Control Board, The map identified 9 of those 12 areas as susceptible to irri-
Central Valley Region, written commun., 1996). gation-induced selenium contamination.

Assessing Map Reliability 23
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National Irrigation Water Quality Program study areas:

Area classified as uncontaminated and where some bird eggs contain
embryotoxic concentrations of selenium

Area classified as seleniferous or contaminated and where some bird
eggs contain embryotoxic concentrations of selenium

Area classified as uncontaminated and where bird eggs do not contain
embryotoxic concentrations of selenium

Area classified as seleniferous or contaminated but where bird eggs do
not contain embryotoxic concentrations of selenium

Test areas and other areas or sites discussed in text:

Area or site where surface water is not selenium contaminated
Area or site where surface water is selenium contaminated

24 Areas Susceptible to Irrigation-Induced Selenium Contamination of Water and Biota in the Western United States



The three areas classified as embryotoxic in table 2 thCorrectness of Analysis
were not identified from the map are the Sun River area i
Montana, the lower Colorado River valley in Californiaand ~ The reliability of any map identifying areas susceptible
Arizona, and the Stillwater Wildlife Management Area in to irrigation-induced selenium contamination depends on
Nevada K, J, andW, table 2). Embryotoxicity in the Sun several factors. First, the analysis that is the basis for the map
River area was not identified because of insufficient resolumust be correct and complete; it cannot be based on incorrect
tion of climatological data (see section “Accuracy and Precior incomplete analysis of critical factors that cause irriga-
sion of Maps”). The biological classification of the lower tjon-induced selenium contamination. Second, the most
Colorado River valley as embryotoxic is not concordant wittimportant factors must be mappable. Third, the reliability of
its classification as uncontaminated on the basis of watey,q map depends on the accuracy and precision of the maps

borne §elen|um (table 2). The bird €ggs were from_a bird ﬂ_“used to portray the distribution of the critical factors.
feeds in backwater areas where circulation is minimal (Wil-

liam G. Kepner, U.S. Fish and Wildlife SeI’Vice, written com- The basic assumptions for the map in figure 8 are that

mun., 1989), whereas almost all the water samples welgpjication of irrigation water mobilizes selenium only from

from the mainstem of 'th(TI CoIorac/jo River, Wher? S‘?Ieniu“soils derived from Upper Cretaceous or Tertiary marine sed-
concentrations are typically 1 tqg/L. WaFer sampies from imentary deposits and that subsequent evaporative enrich-
these backwater areas, where evaporation can increase st . o .

ment is the principal factor that determines whether

nium concentrations to toxic levels, were not collected a . ) .
concentrations of selenium reach toxic levels. These

part of the NIWQP. In the Stillwater Wildlife Management i . )
Area, all the embryotoxic sets of eggs were from two ispassumptions are of fundamental importance because in some

lated sets of ponds. The source of selenium is not knowinstances when they were not met, areas having known sele-
however, near the ponds are Pliocene sedimentary deposnium problems could not be identified from the map.

that are interlayered with basalts and tuffs (Willden anc
Speed, 1974) and may be seleniferous because of their as
ciation with the volcanic material.

In this report, areas are considered geologically suscep-
tible to irrigation-induced selenium contamination only if
the bedrock in the area consists of Upper Cretaceous or Ter-
tiary marine sedimentary rocks or deposits. Thus, areas sus-
ceptible to selenium contamination would not be identified

sizes were inadequate to determine whether selenium COfrom figure 8 if the soils are der.ived from other seleniferous
tamination is a problem. Three or fewer sets of eggs wer'0cks. Upper Cretaceous marine sedimentary rocks were
collected, and not enough birds of appropriate feeding gu”dlncluded because generally they are seleniferous and are
were available for sampling. Selenium concentrations in fisWidespread in the Western United States. Tertiary marine
tissue from these areas were compared with values presensedimentary deposits were included because they also may
by Lemly (1995) to assess the potential for reproductivéoe seleniferous. Their inclusion does not greatly increase the
impairment in fish. In two of the three are&apd M), the  amount of land that could be falsely identified as susceptible;
hazard is high for selenium-induced reproductive impaireven if they are not seleniferous, they are not widespread in
ment in some fish. arid areas of the Western United States. Tertiary continental
Deformities of birds directly attributable to selenium sedimentary deposits were not included for several reasons.
were found in 4 of the 12 embryotoxic aregsH, N, andy, The occurrence of selenium in Tertiary continental sedimen-
table 2) and the map identified all 4 as susceptible. The mdary deposits is localized; not all are seleniferous. Because
cannot be tested by comparison with areas where no defcthese rocks are very widespread their inclusion could greatly
mities were found. That deformities were not found in somincrease the amount of land falsely identified as susceptible
areas does not mean that none occur. In some areas, no lig contamination.
stage embryos were examined for deformities, and sornr
embryos examined were not from areas where selenium co  |n this report, areas are considered climatically suscep-
centrations measured in eggs or water were high. tible to irrigation-induced selenium contamination only if
the El exceeds about 2.5. This value for El is empirical and
is based only an on analysis of conditions at the NIWQP
study areas. Thus, susceptible areas would not be identified
Figure 9. National Irrigation Water Quality Program study from .ﬁgl.”e.‘ 8 if selenium ?Oncentrations exceed Water_qu.al_
and test areas in relation to areas in Western United States ity criteria in areas of minimal or no subsequent evaporative
that are identified as susceptible to irrigation-induced sele- enrichment. This may happen in areas where the soils are
nium contamination (fig. 8). For base credit, see figure 1. much more seleniferous than in areas studied by the NIWQP.

Three areasH, M, andp, table 2) were identified as sus-
ceptible from the map, but selenium concentrations in birc

Correctness of Analysis 25



TABLE 7. Reliability of map assessment of study-area susceptibility and interpolation of climatic variables

[C, contaminated; El, evaporation index; FWSE, free-water surface evaporation; NIWQP, National Irrigation Water Quality PRifnprecipitation—elevation
regressions on independent slopes model; S, seleniferous; UC, uncontaminated; —, no data]

Precipitation FWSE

(inches per year) ratet Bl
id:rzfi?iler Study area cligl:ijf)iggtri%i assI\QESment (inches

Map2 ActuaP y[;grr) Map'5 ActuaP
A American Falls Reservoir, Idaho uc Correct 11.2 10.9 41 3.7 3.7
B Angostura Reclamation Unit, South Dakota S Correct 15 16.4 46 3.0 2.8
C Belle Fourche Reclamation Project, South Dakota C Correct 15.8 14.4 40 2.6 2.8
D Columbia River Basin, Washington uc Correct 10 8 40 4.0 5.0
E Dolores—Ute Mountain area, Colorado C Correct 14 12 53 4.0 4.4
F Gunnison River Basin—-Grand Valley Project, Colorado Cc Correct 11.1 9.3 50 4.6 54
G Humboldt River area, Nevada uc Correct 10 55 45 4.5 8.1
H Kendrick Reclamation Project, Wyoming C Correct 14.7 12 44 3.0 3.7
i Klamath Basin Refuge Complex, California—Oregon uc Correct 20 13 39 2.0 3.0
J Lower Colorado River valley, California—Arizona uc Correct 10 45 85 8.5 18.9
K Lower Rio Grande valley, Texas uc Correct (") 25.9 57 0 2.2
L Malheur National Wildlife Refuge, Oregon uc Correct  11.2 10 43 4.0 4.3
M Middle Arkansas River Basin, Colorado—Kansas C Correct 13.4 14.6 58 4.3 4.0
N Middle Green River Basin, Utah C Correct 10 7.6 43 4.2 5.7
(0] Middle Rio Grande, New Mexico uc Correct 104 9.4 64 6.2 6.8
P Milk River Basin, Montana uc Incorrect 15 12 40 2.7 3.3
Q Owyhee—Vale Reclamation Project areas, Oregon-ldaho uc Correct 10.5 9.5 43 4.1 4.5
R Pine River area, Colorado C Correct  14.7 14 49 3.4 3.5
S Riverton Reclamation Project, Wyoming C Correct 10 8.1 40 4.0 4.9
T Sacramento Refuge Complex, California ucC Incorrect 20 18.5 48 2.5 2.6
U Salton Sea area, California C Incorrect 10 3 73 7.3 24.5
%4 San Juan River area, New Mexico S Correct 10 7.6 56 5.6 7.4
w Stillwater Wildlife Management Area, Nevada uc Correct 10 53 53 5.2 10.0
X Sun River area, Montana c Incorrect 18.9 12 36 1.9 3.0
Y Tulare Lake Bed area, California C Correct 10 55 61 6.3 11.1
V4 Vermejo Project area, New Mexico C Correct 15 13.8 54 3.6 3.9

1 Criteria used: uncontaminated (UC), 75th percentile of selenium concentrations in surface water is less than 3 microtgarsslpaiférous (S), 75th percentile is at least 3
but less than 5 micrograms per liter; contaminated (C), 75th percentile is at least 5 micrograms per liter. Avian efftarigpaland Ohlendorf, 1991) is 3 micrograms per liter; chronic
criterion for protection of freshwater aquatic life (U.S. Environmental Protection Agency, 1987) is 5 micrograms per liter.

2Mean annual precipitation for NIWQP data-collection sites as interpolated from PRISM data layer.

3 Annual precipitation based on data in published reports of reconnaissance and detailed studies (table 1); where ranga®thalvasvalue used here is midpoint of range.
4Mean annual evaporation for NIWQP data-collection sites as interpolated from FWSE data layer.

5Mean El for NIWQP data-collection sites as interpolated from El data layer.

SE| calculated by dividing FWSE values by actual annual precipitation.

7 Precipitation and El for this area were not estimated by using data layers because precipitation along coastal andlibtemdtinea is modeled as 0 inch in PRISM data layer.
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In those areas, application of irrigation water may mobilizefrom interpolation between isograms are largest where the
so much selenium that water-quality criteria are exceedecontour intervals are large, the isograms are widely spaced,
even though El is less than 2.5, which is the minimum valuand no maximum or minimum values are shown.

used in figure 8 to identify susceptible areas.
For 13 of the study areas, the characteristics of the iso-

Because El is computed using mean annual precipitdhyets in the PRISM data layer result in overestimating
tion and evaporation, the map shows susceptibility undeannual precipitation by at least 20 percent (table 7). One type
average climatic conditions. During drought conditions o1of error in interpolation results from widely spaced isohyets.
other periods of reduced water availability, selenium probFor example, the Sun River area in Montaxidig. 1, table
lems could develop in areas not identified from the map &2) is between the 10- and 20-inch isohyets. The actual annual
being susceptible. Conversely, areas identified as susceptitprecipitation in the area is about 12 inches, but precipitation
may not have selenium problems during wetter than averagor the area as computed by interpolation of the PRISM data
periods. layer is 18.9 inches (table 7). Similarly, a 20- inch isohyet

forms a nearly closed loop around the Klamath Basin Refuge

Complex ( fig.1, table 2) area in California and Oregon and
Accuracy and Precision of Maps thus effectively isolates the area from the 10-inch isohyet.

Consequently, annual precipitation in the area was computed

The geologic map in figure 2 identifies areas of theas 20 inches, whereas actual precipitation is only about 13
Western United States underlain by potentially seleniferoujnches.

bedrock and indicates areas where soils are likely to ha\
been derived from seleniferous bedrock. The geology pre Another type of error results from interpolation in more-
sented in figures 2 and 8 was derived from the King anarid areas because the minimum isogram in the precipitation
Beikman (1974a) map, which was published at a scale «data layer is 10 inches per year. Precipitation values are esti-
1:2,500,000. The error inherent from that scale is equivaleimated from the data layer as 10 inches per year for large
to a radial distance of about 4,200 ft. The page-size maps areas of California, Arizona, and Nevada when in fact they
this report are at a scale of approximately 1:20,000,000. Trare much less. Because of this type of error, interpolation
error inherent from that scale is a distance of about 33,000 results in El values that are 50 to 70 percent too low for study
areas such as the Salton Sea (Calif.) or Humboldt River

Compilation of the geologic map of the United States(Nev.) areasy andg, table 7), where the actual annual pre-
required much generalization. King and Beikman (1974bgipitation is 3 to 5 inches rather than 10 inches.

described the process by which geologic units from large
scale maps were combined into broader map units and the Errors that result from interpolating between isograms
contacts simplified to produce a pattern that is discernible ion the evaporation data layer are relatively smaller than
the scale of 1:2,500,000. At that scale, the minimum area ththose from the precipitation data layer. On the FWSE map,
can be resolved is several square miles. Precisely locatirthe contour interval is either 4 or 5 inches per year except in
contacts between geologic units is problematic because linareas where the annual evaporation rate is greater than 80
separating units on the geologic map are the equivalent inches. Furthermore, on the FWSE map the contour interval
several hundred feet wide. is about 10 percent of the values contoured. On the precipi-
tation map, however, the contour interval is commonly the
The King and Beikman (1974a) map is primarily a bed-same as or greater than the values contoured.
rock map and therefore does not show all surficial geolog
Upper Cretaceous marine sedimentary rocks that form tt The reliability of the map of susceptible areas is affected
bedrock are, in places, buried under much younger glaciimore by inaccuracy and imprecision in the climate map (fig.
deposits that blanket large parts of the northern interigb) than in the geologic map (fig. 2). Because the climate map
States. (Such deposits are purposely not shown by King aicommonly underestimates El, the most likely type of error is
Beikman.) Thus, seleniferous rocks of Cretaceous age m:a false negative—that is, identification of an area as not sus-
not be the parent material of the overlying soils in areaceptible when in fact it is susceptible. The Sun River area in
affected by Pleistocene glaciation even though they arcentral Montana was incorrectly classified as not susceptible
mapped as being the bedrock. (table 7) because, although actual El for the Sun River area
is 3.0, El computed from climatic data layers is 1.9. The
For 22 of the 26 NIWQP study areas, El values comparts of the map of susceptibility (fig. 8) most likely to be
puted from the El map are less than the actual values (tatunreliable are along the boundaries between the white and
7). Inaccuracy and imprecision in the El map (fig. 6) aregrey areas. Large areas in central Montana and South Dakota
compounded by interpolating values between isograms cmay be more susceptible to irrigation-induced selenium con-
the GIS data layers of precipitation and evaporation. Errortamination than are indicated in figure 8.
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Land Use Within Susceptible Areas Upper Cretaceous marine sedimentary rocks are the
most widespread seleniferous rocks in the Western United

. . States. Selenium concentrations in water are elevated in all

Because maps are visual, brpad ggograpmc aréas Syt 1 of the 12 NIWQP study areas where irrigated areas are

c_eptlble to contamlnatlon_can be identified easily. An add|On or adjacent to Upper Cretaceous marine sedimentary
tional advantage of maps IS that overlays of land-use data Crocks. Research in the San Joaquin Valley in California has
be created so thqt speqﬁc mgnagement areas that may hdemonstrated that Tertiary marine sedimentary deposits

problems can be identified quickly. upland from irrigated areas also can be important sources of
selenium. The degree of contamination that results from
mobilization of selenium by irrigation water depends greatly

on the aridity and hydrology of the area.

Many Bureau of Reclamation projects are within area
mapped as susceptible to irrigation-induced selenium col
tamination (fig. 10). Some of these project areas have be
investigated by the NIWQP. Maps showing locations of al
DOIl-managed areas and DOI trust lands could not be foun
For example, maps showing all Indian Reservations whel
land is irrigated for agriculture could not be found.

A map was created using geologic and climatic infor-
mation to identify areas in the Western United States suscep-
tible to irrigation-induced selenium contamination. This map
cannot be used to identify every area where irrigation-

. - . ... _induced selenium contamination may be found because

A fE.“W Na.tlonal W|Id_||fe Refuges are in sus_ceptlk_)le‘some important hydrologic factors, such as whether the area
areas (fig. 11); most are in areas that have been mvest'g‘?‘contains terminal ponds and whether selenium is brought
by the ’\.ItI)YVQP' ThifaCt that %ﬂlylj fewbr efuglj(es are W'.t:"into the area (for example, in water imported for irrigation),
T o e o S ot eadly mapped Hoever,he map prsentd n i

report, although based only on the geology and climate, does

ll\:/lany |mpo|r tar_1t \?./'Id“fe 1hlab|tr|:1tsf are ,r\]loi.sm\llv\?vﬁgl.tfheRm?pidentify most of the NIWQP areas where irrigation-induced
or éxample, in figure 1 only four National YWAIe REL o10nium contamination is known.

uges are shown in Colorado, and none of the more than 2
Colorado Division of Wildlife areas (Colorado Division of

- lusi h [ isk h is of
Wildlife, 1980) are shown, Conclusions that an area is not at risk on the basis o

these maps should be examined critically if the soils and soil-
parent materials in the area are known to be very selenifer-
ous. In such cases, nonarid areas that are not identified from
the map as being susceptible to irrigation-induced selenium
contamination because the El is less than 2.5 may in fact be
susceptible. In an area of very seleniferous soils, application
of irrigation water could possibly result in such large
amounts of selenium being mobilized that toxic concentra-
tions occur even with very little evaporative enrichment.
Further, the map is based on average climatic conditions, and
problems may not occur during normal or wet years but
could occur during drought years and other periods of
reduced water availability.

More than 66,400 square miles of land in the Wester
United States is irrigated for agricultural purposes. Derive
in part from Earth Resources Observation System Data Ce
ter (1990) satellite imagery, figure 12 identifies all irrigatec
agricultural lands that are susceptible to contaminatio
regardless of which Federal, State, local or private entit
provides the water. About 4,100 square miles of irrigate:
land is within areas mapped as susceptible. In addition, lar
areas of irrigated land are adjacent to susceptible areas. M
than 1,000 square miles of land in the western San Joaqt
Valley is irrigated for agriculture (San Joaquin Valley Drain-
age Program, 1990), and much of that land is adjacent
areas identified as susceptible to irrigation-induced seleniu

contamination. The reliability of the maps could be improved if they

were prepared from more-detailed or larger scale geologic

and climatic maps. The susceptible areas in Montana, for
DISCUSSION AND SUMMARY example, could be identified better if a State map of precipi-

tation, such as that by Parret and Omang (1986), were used.

In areas having local geologic sources of seleniunrCreating a better national map of precipitation by composit-

application of water to the soil mobilizes the selenium bying currently available State-scale maps is problematic.
dissolving it and creating hydraulic gradients that result iBecause State maps are produced by many different agen-
the discharge of seleniferous ground water into irrigatioicies, different periods of record and precipitation contour
drains. Drain water can carry the selenium to areas used intervals typically are used on maps of adjacent States. Fur-
wildlife, and, depending on the hydrology and climate of the¢hermore, even if the contours were the same, laying maps of
area, toxic concentrations of selenium can result. Becauadjacent States next to each other does not mean that the con-
selenium is toxic at very low concentrations, knowing whertours will meet at the State boundaries. Similar problems
selenium contamination may occur is important so thewould be encountered in an attempt to composite geology or
appropriate measures can be taken to protect wildlife. other data from State-scale maps.
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Figure 10. Bureau of Reclamation (1988) project areas in relation to areas in Western United States
that are identified as susceptible to irrigation-induced selenium contamination (fig. 8). For base credit,
see figure 1.
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Figure 11. National Wildlife Refuges (U.S. Fish and Wildlife Service, 1988) in relation to areas in Western
United States that are identified as susceptible to irrigation-induced selenium contamination (fig. 8).
For base credit, see figure 1.
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FIGURE 12. Irrigated agricultural lands in relation to areas in Western United States that are identified
as susceptible to irrigation-induced selenium contamination (fig. 8). Irrigation data was derived in part
from Earth Resources Observation System Data Center (1990) satellite images. For base credit, see
figure 1.
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That the maps in this report identified all four NIWQP Butler, D.L., Krueger, R.P., Osmundson, B.C., Thompson, A.L.,

study areas where deformed embryos were found, and mc
of the areas where sets of bird eggs contained embryotox
concentrations of selenium, demonstrates the biological si
nificance of the map. Four NIWQP study areas are withir
areas mapped as susceptible, but embryotoxic concentt
tions of selenium were not observed in bird eggs. These sit
may warrant sampling efforts that are more extensive, bot
taxonomically and spatially.

About 4,100 square miles of irrigated land in the West:
ern United States was identified from maps as being susce
tible to irrigation-induced selenium contamination. Large
areas of irrigated agricultural land adjacent to areas ident
fied as susceptible from the map are also at risk. The me
presented here is intended to be used as a screening and r¢

Formea, J.J., and Wickman, D.W., 1993, Reconnaissance
investigation of water quality, bottom sediment, and biota
associated with irrigation drainage in the Pine River Project
area, southern Ute Indian Reservation, southwestern Colorado
and northwestern New Mexico, 1988-89: U.S. Geological
Survey Water-Resources Investigations Report 92—-4188,

105 p.

Butler, D.L., Krueger, R.P., Osmundson, B.C., Thompson, A.L.,

and McCall, S.K., 1991, Reconnaissance investigation of
water quality, bottom sediment and biota associated with
irrigation drainage in the Gunnison and Uncompahgre River
Basins and at Sweitzer Lake, west-central Colorado, 1988-89:
U.S. Geological Survey Water-Resources Investigations
Report 91-4103, 99 p.

ing tool by managers. After ranking the likelihood of con-Butler, D.L., Wright, W.G., Hahn, D.A., Krueger, R.P., and

tamination in several areas, resources can be directed tows
assessing selenium contamination in areas where it is mc
likely.
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The San Juan River in northwestern New Mexico, like other rivers in the Western United States, provides water for
recreation, wildlife, and agricultural use. Photograph by Carole L. Thomas, U.S. Geological Survey, 1993
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