DETAILED STUDY OF IRRIGATION DRAINAGE
IN AND NEAR WILDLIFE MANAGEMENT AREAS,
WEST-CENTRAL NEVADA, 1987-90

Part C. Summary of Irrigation-Drainage Effects
on Water Quality, Bottom Sediment, and Biota

By Ray J. Hoffman

U.S. GEOLOGICAL SURVEY
Water-Resources Investigations Report 92-4024C

U.S. GEOLOGICAL SURVEY,
U.S. FISH AND WILDLIFE SERVICE,
U.S. BUREAU OF RECLAMATION, and
U.S. BUREAU OF INDIAN AFFAIRS

Carson City, Nevada
1994



U.S. DEPARTMENT OF THE INTERIOR

BRUCE BABBITT, Secretary

U.S. GEOLOGICAL SURVEY
GORDON P. EATON, Director

Any use of trade names in this publication is for descriptive purposes
only and does not imply endorsement by the U.S. Government.

For additional information
write to:

District Chief

U.S. Geological Survey

333 West Nye Lane, Room 203
Carson City, NV 89706-0866

Copies of this report can be
purchased from:

U.S. Geological Survey

Earth Science Information Center
Open-File Reports Section

Box 25286, MS 517

Denver Federal Center

Denver, CO 80225-0046



CONTENTS

ADSITACE ...ttt ettt ettt st et et e b se et se et et eeteate et aae em b st et e s es e s 4 et et es e et e es e te et eabem R ea et ean et e st et e aenaesaene 1
TIEOMUCTION ..ttt ittt ettt et e te st st st ue b st st e e b et caeea e st et catemseebe et emeestenbe st eaeearesteatensemse st eratebesue s ennenns susn 1
Environmental Setting Of the StUAY ATCA ...........cccooiiiiiieiieieeieiiiiececeeestest et srteeeeeetses e e sesereessestasesssasesasasaessaseeseenesrnensaseen 4
PhySIOZIAPNIC OVEIVIEW ....ooiiuiiiieiiieiieiiie ittt tes et ine st ts s e sse st aseessesbe s aseessassasessssubassonsassessareentestensesseneenessnestannan 4
CIINALE ....ooeeiveeeiiiiertiit it ettt st ste e et et ataestestsstesaessessa st aseeste st ssensasnensassassessesseseassessessesesssesssssasssmsensens snamsesseaneneennenss 4
SOIIS vttt ettt st ettt b sttt s s eae st e et et e ot b b e e e se st b e e b s s ek st sa e st st eh s et sas e e st s senes 7
HYATOLOZY oeinieetiieiie it eeieteetie et er et st esees s tes st s sessase st s et ateseesessstesasbesaasessesassasesssesesassasassesansesensensasensarensensasensasan 8
Discussion of Detailed Sty RESUILS ........c..coooiivriiiiiiieieieeiecieieeee e srevteeerestsereesssasessartessassesssesssesssssessssassonsessensn 11
Evaluation of HiStorical WELIANAS .............ccccuioieieiiieieeiiiee e eisreeie s enr e eae s es s et e e st es e s s e sssensassesesnsesenonesaense 11
Generalized Water Quality and DIrainflOw ..........c..oceeceiervnieiiieeicertee ettt essse st e e en s eseesestesesesessesesbesesnes 13
HydrogeoChEmMICAL PTOCESSES ......ccceeviririiireiiiiie ettt ettt sests e ease s sesas st sesstasaesessssnnentenseeonsesasaserssnss 19
TJ Drain/Lead LaKe SYSIEIN .......cc.ecvrrieeeeerieieerierrineressereesseseeressessessessesssessssssssossissesssssossontessassssesssssssssssens 19
HUNIEE DITAIN ..ottt sttt st sesa s see e st et am s et e s tsess et asesearesesnesssensasasestsnsasencs 20
EFfECtS ON BIOIA ...ccoiiiiiniiiiiiiee ettt ettt sttt ettt et e e es e e e et e s seees s b as e sas s sessestesanses s entesensesnase 21
TOXICIEY TESES ...eeeeeieeie ettt ettt e sttt e et ok e et e e b asn s e e s e st aasessenseestosersassssasosentenesnsssenseeresusenaens 21
Environmental Pathways of Selenium and MEICULY ..........coccouoiiieniiiinniceiericeccie e ees e 22
WaLETTOW] PIOGUCHON ...c.oviiiiiiceiee sttt ete e stenes ettt esatess e e eae et ese st ase s assssessesassessesensssssnesassenes 23
SUMMAry aNA CONCIUSIONS ......c.ccviiiiiiieitieriericereveereetesiere et ce s sessestessesaessessrss st renessesssessessorsstsssssssisssrsessesssssasssnsessessassssnsssens 24
SEIECLEA REFETEIICES ......ooveeiriieieeiieieiie ettt ettt e tes e e st s et eta s eseesestesaeseseesesassansesasssse st asassassasaesenbasensassnsareseenensensasn 26
GLOSSATY Of SCIECLEA TEIMS ......oveveviiiririrertieetceeieetetete sttt ettt s et et steae st st et sa s ca b sabas e sebesset et et easesarestssosssssnasesensssosenn 31
FIGURES
1-3. Maps showing:
1. General physiographic features in study area and west-central Nevada...........cccocovveveecrencncreniereceiennineeneens 3
2. Generalized ge0logy Of Carson DIESEIL........ccvocvuemiirerrrerrieeeieseseetesseeisrereresseeessressesesessssssessssssesssessssesessssarasasas 5
3. Boundary of Carson Sink at 3,880-fO0t CONtOUT lINE ........cccoeeeviveriieeieierinieess e erees e seerees s es e e en s 6
4. Landsat image of Carson Sink at time of maximum lake level, 1984............ccocoeveviiereeereirreerecee s 7
5. Sketch maps showing changes in flow path of Carson River in Carson Desert, pre-1900 .........ccoceevrerrnrvennnnene. 8
6. Topographic map Of Carson DeSert, 1908 .........c.coveeierieiiireeieeccrtere ettt sr st estsssa s sberssressenssnsasaserrersnseneas 10
7. Schematic three-dimensional block diagram showing hydrogeologic features of Carson Desert......................... 12
8. Hydrographs showing daily mean flow and daily mean specific
conductance in Paiute Diversion Drain below TJ Drain, 1991 ...........oooviiorieiirioieecreeeeeeeeceersre et ernee 14
9. Charts showing daily mean flows and daily mean loads of dissolved
solids in drains entering Stillwater Marsh, 1986-89 .........c.cooooireieeieer et er e er e es e v erenes 16
10. Map showing drains entering Stillwater National Wildlife Refuge,
and other iMportant hydrologic fEATUIES ..........cceerrrurirriieiieceieresei ettt essseeeees s ese e bes st ebsas e aesesenssesebesesaton 18
TABLES
1. Chronology of development and estimated irrigated acreage in Carson DESEIt .......o..c.ovevvevvveereerveeeereeereeenens 9
2. Dissolved-solids loads contributed by drains entering SHIIWater Marsh ..............ooveieeeeemeeeieeeeeeeeeeee e 17

CONTENTS m



CONVERSION FACTORS, VERTICAL DATUM, AND ABBREVIATED WATER-QUALITY UNITS

Multiply By To obtain
acre 4,047 square meter
acre-foot (acre-ft) 1,233 cubic meter
acre-foot per year (acre-ft/yr) 0.001233 cubic hectometer per year
cubic foot per second (ft*/s) 0.02832 cubic meter per second
foot (ft) 0.3048 meter
inch (in.) 2.540 centimeter
mile (mi) 1.609 kilometer
square foot (ftz) 0.09290 square meter
square mile (miz) 2.590 square kilometer
ton, short 0.9072 metric ton
ton per day (ton/d) 0.9072 metric ton per day

Temperature: Degrees Celsius (°C) can be converted to degrees Fahrenheit (°F) by using the formula °F =[1.8(°C)]+32. Degrees
Fahrenheit can be converted to degrees Celsius by using the formula °C = 0.556(°F-32).

Sea level: In this report, “sea level” refers to the National Geodetic Vertical Datum of 1929 (NGVD of 1929, formerly called “Sea-Level
Datum of 1929”), which is derived from a general adjustment of the first-order leveling networks of the United States and Canada.

Abbreviated water-quality units used in this report:

pg/L (microgram per liter) mg/kg (milligram per kilogram)
US/cm (microsiemen per centimeter at 25°C) mg/L (milligram per liter)
Mgal (million gallons) mm (millimeter)
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DETAILED STUDY OF IRRIGATION DRAINAGE
IN AND NEAR WILDLIFE MANAGEMENT AREAS,

WEST-CENTRAL NEVADA, 1987-90

Part C. Summary of Irrigation-Drainage Effects
on Water Quality, Bottom Sediment, and Biota

By Ray J. Hoffman
Abstract

This report presents a summary of the
detailed scientific study of Stillwater Wildlife
Management Area and other nearby wetlands
in west-central Nevada during 1987-90. The
work was funded by the National Irrigation Water
Quality Program of the U.S. Department of the
Interior with the overall objectives of determining
(1) the extent, magnitude, and effects of selected
water-quality constituents associated with irriga-
tion drainage on fish, wildlife, and human health,
and (2) the sources and exposure pathways that
cause contamination where adverse effects are
documented. Much of the information in this
report was summarized from two previously pub-
lished interpretive reports that were completed to
fulfill study objectives. Where applicable, data for
the study area from other published sources also
were utilized herein.

The results of these studies indicate that
the aquatic biota in natural wetlands of the Carson
Desert are adversely affected by hydrological and
geochemical sources and processes in the
Newlands Irrigation Project area. Reactions
between water and naturally occurring minerals
in the shallow alluvial aquifer increase concen-
trations of potentially toxic constituents in ground
water that eventually enters the wetlands. Once in
the wetlands, these constituents are further con-
centrated by evaporation and transpiration. Water
from some agricultural drains that enter Stillwater
WMA was acutely toxic to aquatic organisms.

The drains in the agricultural area, which eventu-
ally discharge to the wetlands, were also impli-
cated as sites of uptake of selenium and mercury
by aquatic organisms.

INTRODUCTION

Irrigated agriculture is the most substantial
user of water in the western United States. In
Nevada, for example, agriculture accounted for
84 percent (2,820 Mgal/d)! of the total water with-
drawal of 3,350 Mgal/d in 1990 (Solley and others,
1993, p. 11, 37).

For the past decade, irrigation-induced water-
quality problems have been of increasing concern to
many people. A case in point involves the Kesterson
National Wildlife Refuge (NWR) in the agriculturally
rich San Joaquin Valley in central California—a pre-
curser to the present study. During 1978-82, increasing
amounts of subsurface agricultural drainage were dis-
charged to Kesterson Reservoir in the Refuge. Since
1981, all fish but mosquito fish have vanished from the
reservoir. Subsequent analysis of some mosquito
fish in 1982 showed anomalously high concentrations
of selenium, a trace element? (see "Glossary of

1 A flow of 2,820 Mgal/d in one year will fill about
34 million standard concrete swimming pools, or cover nearly
3 million football fields with 1 ft of water.

2 Many elements—copper and selenium, for example—
have beneficial nutrient value in trace quantities (<1 pg/L}, but
in higher concentrations can be lethal to consuming organisms.
On the other hand, arsenic, cadmium, lead, and mercury have no
known biochemical function and therefore are always considered
harmful to an organism.
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Selected Terms"), in their tissue. A related follow-up
study during the 1983 nesting season at Kesterson
NWR revealed high incidences of deformities and
deaths of embryos and hatchlings of aquatic birds.
The embryonic abnormalities at Kesterson were
ultimately linked to a combination of natural and
man-induced phenomena, namely the application of
irrigation water to soil naturally rich with selenium:
selenium was mobilized in saturated soil, then trans-
ported to surface water by way of subsurface drainage,
to eventually enter the food chain (Presser and
Ohlendorf, 1987).

Understandably, the "selenium problem" at
Kesterson NWR raised questions about the possible
extent of trace inorganic or organic constituents in
other areas of the United States that receive irrigation
drainage and for which the U.S. Department of the
Interior (DOI) has management responsibilities.

The DOI began a five-phase program in late
1985 to identify the nature and the extent of water-
quality problems caused by irrigation drainage in the
western United States—particularly those areas that
receive water from large-scale, Federal irrigation
projects (Deason, 1986, p. 203). These irrigation
projects were developed during the past century to
encourage the occupation and development of the
17 western States, specifically those States west of
the 97th meridian.

The five-phase program identified (phase one)
Stillwater Wildlife Management Area (WMA) in the
Carson Desert (fig. 1), which receives water from the
Newlands Irrigation Project in west-central Nevada,
as one of nine high-priority sites for initial reconnais-
sance-level investigation (phase two).

The Newlands Project was one of the first
federally funded irrigation projects under the provision
of the Reclamation Act of 1902, and the U.S. Bureau
of Reclamation began construction in 1903. In 1902,
in anticipation of the implementation of the Reclama-
tion Act, about 14,000 acres were cultivated by early
settlers who diverted flow to this project from the
Carson River (Lee and Clark, 1916). The Newlands
Project provides water from both the Carson and
Truckee Rivers for irrigation in the Fallon area.

The results of the 1986-87 investigation of
Stillwater WMA revealed that potentially toxic trace
elements (for example, arsenic, boron, mercury, and
selenium) and dissolved solids, which could pose a
threat to human health, fish, and wildlife, existed in
the wetlands (Hoffman and others, 1990). In addition,
the study showed that some of the highest recorded

concentrations of trace elements and dissolved solids
entering the Stillwater WMA wetlands were in
TJ Drain and Hunter Drain.

The studies were funded by the DOI, and were
made by a team of scientists from the U.S. Geological
Survey and U.S. Fish and Wildlife Service, in coopera-
tion with the Bureau of Reclamation and the Bureau of
Indian Affairs.

Because the reconnaissance investigation was
not designed to determine cause-and-effect relations,
a detailed study (phase three) of the source, transport,
and fate of potentially toxic constituents in the area
began in water year 1988. The general objective of the
detailed study was to determine the extent, magnitude,
and effects of selected water-quality constituents asso-
ciated with irrigation drainage and, where adverse
effects are documented, the sources and exposure
pathways of known or potentially toxic constituents.>

To meet the overall objective of the phase-three
detailed study mentioned above, specific technical
investigations were designed and conducted for the
study area to address the following questions:

1. How have the natural wetlands changed with
respect to the quantity and quality of water
resources since the beginning of irrigated
agriculture in the mid-1800’s?

2. What areas contribute the greatest dissolved-
solids and trace-element concentrations and
loads to receiving wetlands?

3. What hydrogeochemical processes are
responsible for the mobilization and transport
of certain potentially toxic constituents?

4. What processes govern aqueous selenium
concentrations in drains and wetlands?

5. What are the biological pathways of mercury
and selenium?

6. From a human-health standpoint, what are
the mercury and selenium levels of concern
in edible parts of ducks?

7. Is some drainwater and subsurface water
toxic to both freshwater and saltwater aquatic
organisms? What chemical agents are
responsible for the observed acute toxicity?

Are mobilized trace elements causing embryonic
abnormalities or death of migrating waterfowl?

®

3 The planned remaining phases, four and five, in the DOI
program are to formulate a written plan of action to correct identi-
fied adverse effects, then implement the corrective action to elimi-
nate or alleviate the identified problem. Phases four and five are
largely the responsibility of the Bureau of Reclamation.
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Hydrogeochemical Processes

To shed light on the puzzling variability of
trace-element concentrations (other than mercury) in
the geohydrologic system, a detailed examination of
the occurrence, distribution, and processes responsible
for mobilization and transport of potentially toxic con-
stituents was made in the lower TJ Drain/Lead Lake
system in Stillwater WMA (fig. 10). Elevated concen-
trations of some potentially toxic trace constituents,
namely arsenic, boron, mercury, and selenium, in either
water, bottom sediment, or biota, or in a combination of
the three, were reported by Hoffman and others (1990).
Other elements of concern, of which little was (and is)
known biochemically, were lithium and molybdenum
(Finger and others, 1993, p. 37)—and perhaps uranium
(Hoffman and others, 1990, p. 37, 76; Lico, 1992).

High concentrations of the above-mentioned
elements were not found in all sampled media, nor
were high concentrations found at every sampling site.
Furthermore, the concentrations of some constituents,
particularly selenium and mercury, in most samples
of filtered surface water were at or below analytical
reporting limits. Because of the known affinity of
mercury for sediment particles, high concentrations
of mercury were not expected in filtered water samples.
The study area is widely contaminated with mercury-
bound sediment (Tidball and others, 1991) as a result
of historical ore-milling operations upstream in the
mid-1800’s, but the elevated concentrations of mercury
virtually predated the Newlands Irrigation Project
(Hoffman and others, 1990, p. 43).

TJ Drain/Lead Lake System

Although other agricultural drains entering
Stillwater WMA were examined as part of the DOI
detailed study, TJ Drain and Hunter Drain were empha-
sized in the present report because the water contained
high concentrations of trace elements and dissolved
solids, and was found to be toxic to aquatic animals.
TJ Drain was constructed in the early 1980°s to provide
subsurface drainage from irrigated and non-irrigated
parts of the Fallon Indian Reservation. After flowing
northward about 6 mi, water from TJ Drain mixes with
water in Paiute Diversion Drain, which in turn flows to
Lead Lake.

One of the important results of the detailed study
was a description of the processes that appear to control
major- and minor-element composition: dissolution of
aquifer materials by secondary recharge, such as irriga-
tion water, contributes arsenic, boron, molybdenum,

uranium, and vanadium to ground water (Lico, 1992,
p. 42). As mentioned earlier, trace-element-rich sedi-
ment deposits are widely distributed naturally in an
arid, closed-basin environment. Furthermore—as
with selenium—molybdenum, uranium, and vanadium
are readily mobilized and transported in oxygenated,
alkaline water—a common occurrence in the study
area. Such an environment also favors the formation
of ferric (oxy)hydroxide (Lico, 1992, p. 35), which has
a lower adsorptive capacity for arsenic at higher pH
relative to more acidic water. This reduced adsorptive
capacity at elevated pH is consistent with the tendency
for slightly alkaline, nonthermal ground water to have
elevated concentrations of soluble arsenic (Welch and
others, 1988, p. 338). Boron is highly mobile over a
wide range of pH and oxidation-reduction conditions.
Whereas the concentrations of some trace elements
were relatively high in the shallow ground water,
selenium was at or below the analytical reporting limit.
Arguably, selenium has a more random distribution
pattern in ancient Lake Lahontan sediment than the
other trace elements commonly found in high
concentrations.

Probably reflecting the influence of poor-quality
ground water, TJ Drain (and Hunter Drain) during
1987-90 contained some of the highest recorded con-
centrations of potentially toxic trace elements, namely
dissolved arsenic, boron, lithium, molybdenum, and
selenium of any drain sampled (Tokunaga and Benson,
1991; Lico, 1992; Finger and others, 1993).

Using stable isotopes of sulfur and carbon in
1987-88, Lico (1992) determined that, during the
irrigation season, TJ Drain water near its mouth
(most distal part of the TJ-Drain system) is a mixture
of irrigation return flows and ground-water seepage,
and that during the nonirrigation season ground water
seepage is the dominant source.

In 1988, Finger and others (1993) found
the following range of concentrations (all dissolved)
in water samples collected from TJ Drain: arsenic,
1,100-1,700 pg/L (median 1,300 pg/L, n=9); boron,
6,800-16,700 png/L (11,900 pg/L, n=9); lithium,
340-760 pug/L (550 pg/L, n=9); molybdenum, 270-
670 ug/L (450 pg/L, n=9); and selenium, 0.9-1.6 pg/L
(1.3 ug/L, n=11). Mercury concentrations were all
below the analytical reporting value of 0.3 ug/L
(n=11).

For 1987-89, Rowe and others (1991) reported
the following range of concentrations (all dissolved):
arsenic, 48-230 ug/L (median 190 pg/L, n=6); boron,
6,900-25,000 pg/L (13,500 pg/L, n=6); lithium,
320-810 pg/L (440 pg/L, n=6); molybdenum,
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270-950 pg/L (440 pg/L, n=6); selenium and mercury
were all below the analytical reporting level of 1.0 pg/L
and 0.10 pg/L, respectively. All reported selenium
concentrations in the water were below the Nevada
aquatic life criteria for acute toxicity (20 pg/L), and for
chronic toxicity (3-day average not to exceed 5 pg/L;
Nevada Bureau of Health Protection Services, 1992).

And during 1989-90, Tokunaga and Benson
(1991) recorded the following range of concentrations
(all dissolved) for TJ Drain: arsenic, 20-470 pg/L
(median 103 pg/L, n=15); boron, 600-23,000 pg/L
(9,400 ng/L., n=15); molybdenum, 400-8,400 pg/L.
(700 pg/L, n=3); and selenium, 0.2-4.2 pg/L (0.8 ng/L,

n=15). No data were reported for mercury and lithium.

The variation in drainwater data presented
above reflect differences due to variations of flow,
time of sampling, sampling techniques, and
analytical methods.

Hunter Drain

Hunter Drain, constructed in 1949, extends
northward about 7 mi from near Stillwater Point
Reservoir to a recent (1989) manmade evaporation
pond just southeast of Lead Lake (fig. 10). Prior to
1989, Hunter Drain discharged to Lead Lake. Flow
of Hunter Drain probably represented ground-water
seepage attributable to a rise in the water level of
nearby Stillwater Point Reservoir. Because of the
apparent rise in the local water table, Hunter Drain
was deepened in 1958 to intercept shallow ground
water that otherwise would have flowed to the privately
owned Canvasback Gun Club. Hunter Drain is sub-
stantially deeper than the two near-parallel canals that
distribute water from Stillwater Point Reservoir to
other wetlands in the Refuge. When the water level
in the Reservoir was later lowered in 1990, seepage
to Hunter Drain nearly ceased.

Selenium concentrations of 15 and 21 pg/L.
were found at sites in Hunter Drain in March 1989
(Rowe and others, 1991, p.111). Finger and others
(1993) found dissolved selenium in the drain ranging
from less than 0.3 to 3.6 pg/L (median 2.1 ug/L; n=9).
During 1989-90, at a number of sites along Hunter
Drain, Tokunaga and Benson (1991, p. 37) found
dissolved selenium ranging from 4.9 to 97 pug/L.
(median 8 pg/L, n=16). Both the acute and chronic
selenium criteria for aquatic life were exceeded in
Hunter Drain. Samples of unfiltered water from Hunter
Drain consistently yielded concentrations of selenium
1-2 ng/L higher than corresponding filtered samples
(Tokunaga and Benson, 1991, p. 37). Arsenic,

boron, lithium, molybdenum, and dissolved-solids
concentrations were extremely high (Rowe and others,
1991, p. 104-113), probably reflecting seepage of
poor-quality ground water.

Lico (1992) offers a plausible explanation for
the high concentrations of potentially toxic constitu-
ents found in drainwater: as oxygenated, irrigation
water of low dissolved-solids content infiltrates into
the shallow aquifer, it dissolves the sediment matrix
and associated naturally occurring trace elements,
thus increasing the concentration of solutes. As water
moves down the flow path, dissolution and desorption
processes predominate under oxidized and alkaline
conditions to further increase solute concentrations
in ground water. The reaction of water with the solid
phase is facilitated by the coatings on the buried fine-
grained sediment particles. Farther down the flow path,
near the area of ground-water discharge, the concentra-
tion of solutes in the shallow aquifer is increased even
more by evapotranspiration (ET). As discussed by
Lico (1992, p. 45), ET is the dominant process by
which solutes are concentrated in ground water near
ground-water discharge areas; the list of factors that
cause high ET includes a shallow water table, plentiful
plants with roots that tap the water table (phreato-
phytes), high air temperature, and wind. Concentrating
effects due to ET on or in irrigated fields is important,
too. The chloride data reported by Rowe and others
(1991, p. 96-99) indicate that ET processes on agricul-
tural land may increase solutes from two- to four-fold.

Both the material and the mechanisms to
mobilize salts and trace elements within the Carson
Desert described by contemporary studies, such as
Lico (1992), were present in the past, and will continue
to be present in the future. Naturally occurring salts
and trace elements in the desert soils are mobilized by
application of irrigation water. Soluble elements in
transit can be intercepted by shallow drains during the
initial dewatering phase (lowering of water table below
the root zone) and discharged to wetlands. Deep drains
that receive seepage from saline ground water all year,
such as TJ and Hunter Drains, are also responsible for
the discharge of salts and contaminants to the wetlands
by way of the manmade surface conduits.

Water from Hunter Drain is chemically similar
to the ground water near TJ Drain. During 1987-89,
periodic streamflow measurements were made in
Hunter Drain during the irrigation season (Rowe and
others, 1991, p. 93). Flow at site 35 was commonly
less than 1 ft3/s and probably represented seepage of
ground water. A series of field measurements was
made by the U.S. Geological Survey at 11 sites along
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the 7-mi reach of Hunter Drain from 7 a.m. to 2 p.m.
on March 30, 1987, just prior to the irrigation season.
Water samples were collected at four sites along the
drain. The data showed that the specific conductance
of 120,000 uS/cm of ground water seeping into the
drain at the "headwater" site had decreased 41 percent
(to about 70,000 uS/cm) at the discharge point (a
sump) 7 mi downstream. The decrease in dissolved-
solids concentration was probably a result of dilution
by inflow of less-saline seepage along the reach: the
flow along the drain increased from barely perceptible
(<<0.01 ft3/s) at the headwater site to a measured
0.04 ft3/s at the most downstream site.

During the seepage run, dissolved boron
concentrations decreased in the downstream direction
from 260,000 pg/L to 60,000 pg/L and lithium from
8,500 pg/L to 2,700 pg/L. Molybdenum increased
from 5,000 pg/L to 56,000 pg/L at the mid-reach site
and then decreased to 2,500 pg/L at the most down-
stream site. Dissolved selenium was 15 and 21 pg/L
at the two upstream sites, then decreased to the analy-
tical reporting limit of <1 pg/L farther down the drain.
The concentration of dissolved arsenic (200 pg/L)
stayed relatively constant along the drain.

The dramatic decrease in soluble selenium in
Hunter Drain probably resulted from biological uptake
of selenium by periphytic algae that coated much of the
bed in this shallow drain (water depth less than 3 in.).
For example, the selenium concentration in 12 samples
of periphytic algae collected six times from February
1988 to July 1989 near the downstream sampling site,
ranged from 5.53 to 0.87 pg/g, dry weight, with a
median of 3.4 pg/g (Rowe and others, 1991, p. 156).
The median selenium concentration in algae from
Hunter Drain was substantially greater than concen-
trations recorded in algae from other major drains to
the Refuge (R.J. Hallock and others, 19934, fig. 13),
and about three times greater than in algae from sites
unaffected by irrigation drainage. The median arsenic
concentration in the periphytic algae at the most
downstream site in Hunter Drain was a relatively
high 37 pg/g.

As mentioned above, deep drains—such as TJ
and Hunter—serve as discharge points for poor-quality,
shallow ground water. In addition, most drain bottoms
contain a thick layer of anaerobic sediment. Anaerobic
sediment is known to be an effective scavenger of
many trace elements, including selenium. In fact,
removal of selenium (as mobile selenate) from water
and immobilization in anaerobic sediment (as elemen-
tal selenium) by bacteria has been suggested as a novel
bioremediation technique (Gerhardt and others, 1991;

Long and Morgan, 1990). However, recent research
on anaerobic sediment in saline environments—
including sites in the Carson Desert—has shown

that nitrate inhibits the selenate-reduction process
(Oremland and others, 1990; Steinberg and others,
1992). Evidently, in the presence of nitrate and sel-
enate, other factors being equal, selenate-reducing
bacteria prefer nitrate as the electron acceptor, thereby
transforming nitrate to molecular nitrogen (N,) and
leaving selenate untransformed.

Nitrate-rich ground water is common in the study
area (Whitney, in press). Therefore, if bioremediation
of selenium were planned, the water would have to
undergo nitrate removal before selenate reduction
could occur.

Inhibition of selenate reduction in the presence
of nitrate also may present a mechanism that allows
selenate in ground-water seepage to pass unimpeded
though anaerobic drain-bottom sediment. Such a
mechanism may explain, in part, the elevated selenium
concentrations in TJ Drain and Hunter Drain. Once in
an open drain, dissolved selenium is readily available
for biologic uptake.

In addition to favoring the selenate species of
selenium, the oxidation-reduction potential of shallow
ground water and surface water in drains favors the
arsenite species of arsenic, an extremely toxic oxXy-
anion in water. The Nevada acute-toxicity criterion
for arsenic (as arsenite) for the protection of aquatic
life is 360 pg/L. Unfortunately, arsenic species were
not measured in drainwater, but water samples from
the shallow ground water in eight observations wells
near Lead Lake were analyzed for arsenite during the
1987-90 detailed study. The results show that water
from three of eight wells exceeded the Nevada aquatic-
life criterion of 360 pg/L with concentrations of 390,
480, and 1,000 pg/L dissolved arsenite (Rowe and
others, 1991, p. 196).

Effects on Biota

Toxicity Tests

Toxicity testing can be a meaningful investigative
technique when used with other appropriate environ-
mental data. A chemical analysis of water alone will
not show definitively that a chemically complex water
sample is toxic to any organism, because of the many
possible antagonistic or synergistic effects among the
chemicals and the differences in toxicity between
chemical species.
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Like many biological response tests, toxicity tests
have limitations. The advantages and disadvantages of
such tests are extensively summarized by Elder (1990).
In general, the objective of aquatic toxicity testing is
to show directly how selected organisms respond to
water-borne chemicals in laboratory-controlled condi-
tions. Specifically, in the present study, toxicity tests
were made to identify which drainwater sites contained
water toxic to test organisms. Freshwater and saltwater
organisms were used to distinguish between the toxic
effects of salinity and trace elements in whole-water
(unfiltered) samples collected from selected drain-
water sites in Stillwater WMA. Serial dilutions of
test water also were performed to provide an estimate
of the proportion of freshwater that would be required
to dilute the original sample to make it nontoxic. In
addition to freshwater, reconstituted water was used as
a control and as dilution water. Reconstituted water is
demineralized water that is made chemically similar
to the actual drainwater by adding measured amounts
of known salts, but without any trace-element
contaminants.

The results of the three separate, but related,
toxicity studies conducted in the study area during
1988-89 indicated that of the six drains that discharge
directly or indirectly to Stillwater NWR, water in TJ
Drain and Hunter Drain commonly was acutely toxic to
both freshwater (daphnids [Daphia magna] and flat-
head minnows [Pimephales promelas]) and saltwater
(mysid shrimp [Mysidopsis bahia], sheephead min-
nows [Cyprinodon variegatus], and striped bass
[Morone saxatilis]) organisms (Dwyer and others,
1992; Ingersoll and others, 1992; Finger and others,
1993). In addition, one or more of these studies sug-
gested that water from Stillwater Point Diversion
Drain, Lead Lake, and Pintail Bay, also exhibited
a degree of toxicity to test organisms.

Depending on the source water and the kind of
test organism used (freshwater or saltwater), toxicity
to test organisms was due to either (1) atypical ionic
composition compounded by a mixture of trace
elements—specifically arsenic, boron, copper, lithium,
molybdenum, and strontium; (2) atypical ionic compo-
sition of major dissolved constituents; (3) decreased
water hardness; or (4) elevated salinity (Dwyer and
others, 1992; Ingersoll and others, 1992). Dissolved
mercury concentrations were below the analytical
reporting limit of 0.3 pg/L in all source water
(Finger and others, 1993).

Toxicity tests also were made on water from
six USGS wells completed in the shallow aquifer
(well depths less than 30 ft). The wells are located

throughout a non-irrigated area, and were selected
because of their proximity to drains or wetlands in or
near Stillwater NWR. The results of these tests showed
that water from five wells was acutely toxic to both
freshwater (daphnids and fathead minnows) and salt-
water (striped bass) organisms. The toxicity to fresh-
water organisms was likely due to salinity stress alone,
whereas toxicity to salt-tolerant organisms may have
been due to exposure to atypical ionic composition and
mixtures of trace elements (S.A. Burch, USFWS,
Columbia, Mo, written commun., 1991).

The results of the toxicity studies showed that
(1) water from some drains was toxic to both fresh-
water and saltwater species; (2) deep drains that inter-
cept poor-quality ground water, particularly near areas
of ground-water discharge, provide a surface conduit
for quickly transporting potentially toxic water to a
wetland—with travel times in terms of feet per second
compared to feet per year for ground-water flow;
(3) frequent measurements of specific conductance
with analysis of some water samples for determining
the concentration of major ions and trace elements
is desirable for any water-quality monitoring in the
Carson Desert; and (4) the concentration of individual
contaminants did not provide information on the inter-
active effects of contaminant mixtures and atyptical ion
composition on the effective lethal concentration, thus
demonstrating the value of using whole-water toxicity
tests in the study area.

Environmental Pathways of Selenium
and Mercury

An important consideration in evaluating
the effects of known irrigation-induced water-quality
problems is the tendency of certain trace elements to
be biomagnified up the food chain. The consumption
of selenium- and mercury-containing aquatic organ-
isms that are eaten by fish and waterfowl, which in
turn may be eaten by humans, is a principal pathway
leading to toxicity (Lemly and Smith, 1987). Other
trace elements, such as arsenic and boron, are toxicants
at sufficiently high concentrations, but neither element
is known to biomagnify to higher trophic levels.

Concentrations of dissolved selenium in most
drainwater (and generally in most samples of ground
water) in the study area were persistently low. These
low concentrations confounded the interpretation of
how selenium was transported through the abiotic-
biotic system. On the other hand, selenium was
biomagnified 10,000-fold in some waterfow! tissues
(R.J. Hallock and others, 1993a).
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A preliminary hypothesis developed during
the earlier reconnaissance investigation regarding sele-
nium and mercury transport was that the pathway is
from bottom sediment to biotic targets (Hoffman and
others, 1990, p. 72). For example, the apparent sele-
nium pathway was:

bottom sediment —> aquatic insects — birds.

The results of the detailed study, however,
suggest that the pathway is more complex than the
original hypothesis. On the basis of the work of Lico
(1992) and R. J. Hallock and others (1993a), the prob-
able principal abiotic-biotic pathway for selenium is:

unsaturated zone (source of selenium) —
shallow aquifer — irrigation drains —
plants in drains — wetland environment —
insects [and plants] — waterfowl] [and fish].

Selenium is naturally present in aquifer mate-
rial and, in some places, is mobilized by downward-
percolating irrigation water to mix with water in the
shallow alluvial aquifer. Along the flow path, ground
water containing selenium may be intercepted by the
many miles of open drains that serve the agricultural
area.

Mercury contamination, on the other hand,
was derived principally from man-caused activities in
the upstream reach of the Carson River during the mid-
1800's, thus predating the Newlands Irrigation Project.
Because of the affinity of mercury to sorb on particulate
matter (organic and inorganic), it is commonly trans-
ported downstream during high streamflow. Because
of historical flow patterns, which are confirmed by
contemporary sediment data (Cooper and others, 1985;
Tidball and others, 1991), most of the mercury was
deposited in Carson Lake, Stillwater Marsh, the mouth
of the Carson River in Carson Sink, as well as along
the floodplain of the river. The vast network of canals,
laterals, and drains of the Newlands Irrigation Project
has widely distributed mercury-bound fluvial sediment
throughout the area. In contrast to selenium, the con-
taminant pathway for mercury thus appears to be:

fluvial-sediment transport — bottom
sediment — bottom-dwelling biota
(plants; forage fish) — waterfowl.

According to R.J. Hallock and others (1993a),
bioaccumulation of selenium and mercury by plants
and biomagnification in insects principally occur in
drains of the agricultural area. Apparently, a large
inventory of selenium and mercury is fixed in aquatic
biomass in irrigation drains. As a consequence of bio-
magnification of mercury in edible portions of certain

waterfowl in 1986-87, a public-health warning was
issued in 1989 by the Nevada State Health Division
limiting the amount of shoveler duck tissue from
Carson Lake that could be safely eaten. The human-
health warning level for mercury is 1.0 pug/g, wet
weight. Results of the detailed study (R.J. Hallock
and others, 1993b) reconfirmed the high mercury con-
centrations in shoveler ducks found during the recon-
naissance study (Hoffman and others, 1990). But in
addition, high mercury levels were found in other duck
species from both Carson Lake and Stillwater WMA.

Although selenium is biomagnified in some
duck tissue, the concentrations in muscle examined in
1989 were below the human-health warning level of
2 pg/g, wet weight. Thus, the issuance of a human-
health warning for selenium in edible tissue was not
warranted for Carson Lake and Stillwater WMA.
Other nearby wetlands were not evaluated because they
were nearly dry just prior to the 1989 waterfowl season.
Few, if any, ducks were available to hunters.

The results of the detailed study of contaminant
pathways (R.J. Hallock and others, 1993a), point
out the importance of sampling and trace-element
analysis of aquatic plants, drift, and detritus in drains
throughout the Fallon agricultural area. Many water-
quality sampling programs for trace elements com-
monly include data for only the dissolved (or filtered)
phase of water. By this operational exclusion, some
chemical elements that are temporarily stored in plant
tissue (living and detrital) are often not reported in
both living and nonliving matter.

Waterfowl Production

The toxic effects of selenium and mercury on
waterfow! production are expressed in two ways:
(1) reproductive failure and (2) mortality of juveniles
and adults. Because the Stillwater, Fernley, and
Humboldt WMA's, and the wetlands of Carson Lake
are managed mainly to support migratory species,
principally waterfowl, the production of nesting water-
fowl is an important indicator of the health of the wet-
land ecosystem. Accordingly, a waterfowl-production
study in 1988 (L.L. Hallock and others, 1993) was done
as part of the DOI detailed study. The results of that
study showed that mercury, selenium, and boron con-
centrations in 114 duck and coot eggs, for the most
part, were below levels expected to cause reproductive
failure. Also, no apparent physical abnormalities of
embryos or newly hatched ducklings were observed
from 69 artificially incubated eggs, nor from 36 natu-
rally incubated eggs from the study area. However,
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in the 124 juvenile duck and coot livers analyzed for
trace-element concentrations, mercury and selenium
were found in sufficiently high concentrations in some
areas to be likely to have an adverse effect on water-
fowl production. Mean concentrations of boron in
livers of juvenile waterfowl were all below the level
expected to adversely affect duckling growth. Mer-
cury contamination is of concern in Carson Lake and
Stillwater WMA, where about half of the birds
collected had concentrations high enough to likely
decrease production. Selenium is of concern in
Fernley and Humboldt WMAs, and in Mahala and
Massie Sloughs, where more than half of the juvenile
birds collected had concentrations probably high
enough to cause reproductive failure or, in some cases,
toxicosis. These conditions existed to a lesser extent
in Stillwater WMA (L.L. Hallock and others, 1993).
Another environmental factor that may cause a direct
or indirect decline in waterfow! production is the lack
of water and attendant decrease in water quality.
Therefore, the reported substantial decrease in water-
fowl production from 1968 to 1988, a drought period,
was attributed primarily to loss of both nesting and pro-
tective habitat owing to reductions of water discharged
to the wetlands (L.L. Hallock and others, 1993).

SUMMARY AND CONCLUSIONS

A study was begun in water year 1988 to examine
in detail the source, transport, and fate of potentially
toxic constituents associated with irrigation drainage
in and near the Stillwater Wildlife Management Area
(WMA). This detailed study was an outgrowth of the
U.S. Department of the Interior (DOI) 1986-87 recon-
naissance investigation of water quality, bottom sedi-
ment, and biota (Hoffman and others, 1990). Both
studies were funded and led by agencies within the
DOI as part of the National Irrigation Water Quality
Program (NTWQP).

The results of the detailed study have been
published in a data report (Rowe and others, 1991)
and two interpretive reports—one on hydrogeo-
chemisty (Lico, 1992), and the other on aquatic biota
(Hallock and Hallock, 1993). In addition, the results
of other specific or topical investigations related
directly to the detailed study reported here, and which
also were funded by the NIWQP, were published in
journals (Oremland and others, 1991; Dwyer and oth-
ers, 1992; Ingersoll and others, 1992; Steinberg and

others, 1992). The present report melds and summa-
rizes the information presented in all related reports
involving diverse technical disciplines.

To fulfill technical objectives of the detailed
study, discussions on the questions posed earlier in this
report are presented below:

1. How have the Stillwater wetlands changed
with respect to the quantity and quality of
water since the advent of large-scale irrigation
in the early 1900’s?

Documentation of wetland conditions prior to
1900 is sparse. The few available historical accounts
describe an area of generally luxuriant vegetation with
a diverse assemblage of wildlife, including many
species of waterfowl. Explorers and explorer-scientists
commonly described the water as alkaline, but gener-
ally drinkable "on the trail." The wetlands waxed and
waned naturally in response to annual variations in
streamflow of the Carson River, which may have aver-
aged 410,000 acre-ft/yr. The quality of water would
have varied substantially with varying flow regimes,
as it does today. Before 1900, the largest wetland most
of the time, in terms of sustained acreage, probably
was Carson Lake. Since the beginning of large-scale
irrigation in the Carson Desert in the early 1900's, the
principal source of water for the wetlands was poor-
quality irrigation return flows and irregular, but impor-
tant, operational spills of good-quality irrigation water.
Beginning in 1988, with mandated increased efficien-
cies of the irrigation system, the overall amount of
water entering the historical wetlands at Carson
Lake and Stillwater Marsh was reduced to about
60,000 acre-ft/yr, with most of the reduction consisting
of relatively high-quality spilled water. The net result
of reduced water delivery was about a 50-percent
reduction in wetland size, and a four- to seven-fold
increase in average dissolved-solids concentrations in
drainwater. As a consequence, the wetland ecosystem
appears to be poorer in terms of biological diversity
and vitality.

2. What areas contribute the greatest
dissolved-solids and trace-element
concentrations and loads to receiving
wetlands?

Hunter Drain and TJ Drain consistently had
the highest concentrations of dissolved solids and
potentially toxic dissolved trace elements—arsenic,
boron, lithium, and molybdenum—of all drainwater
entering Stillwater Marsh. Flow in the two drains,
however, was often much less than flow in other drains
entering Stillwater Marsh. In terms of the small
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acreage that both Hunter and TJ Drains serve, each
contributes a substantial percentage of the trace-
element and dissolved-solids loads that enter Stillwater
Marsh. During the irrigation season, irrigation drain-
age may be the dominant component of flow, but an
important year-round component of flow in some
drains (TJ, Paiute Diversion, and possibly Hunter) is
seepage of shallow ground water containing high con-
centrations of solutes. The TJ Drain system was con-
structed in the early 1980’s to lower the local water
table to support irrigated agriculture on the Fallon
Indian Reservation. Hunter Drain, constructed in the
1940’s, receives drainage from a few (undetermined
number) acres of farm land south-southwest of Still-
water Point Reservoir. Hunter Drain was deepened in
the 1950’s to intercept a local rise in the water-table
that resulted from an increase in the water level of Still-
water Point Reservoir. Thus, in some areas, ground-
water flow to some lakes (or drains) depends on water
levels of nearby lakes. Stillwater Point Diversion
Drain contributed the largest load of dissolved solids
(about 40 percent of total) to Stillwater NWR com-
pared with the other five drains, and in general, the
concentrations of trace elements were relatively low.
Flow in Stillwater Point Diversion Drain is an unquan-
tified mixture of irrigation drainage and treated
sewage effluent.

3. What hydrogeochemical processes are
responsible for the mobilization and transport
of certain potentially toxic constituents?

As oxygenated irrigation water of low dissolved-
solids content infiltrates to the shallow alluvial aquifer,
it dissolves the sediment matrix and associated natu-
rally occurring trace elements, thus increasing the con-
centrations of solutes in the water. Down the flow
path, dissolution and desorption processes predomi-
nate under oxidized and alkaline conditions to further
increase solute concentrations in ground water. These
conditions are conducive to the mobilization and trans-
port of arsenic, lithium, molybdenum, and selenium in
the Carson Desert. Boron is mobile under a wide range
of geochemical conditions. The reaction of water with
the solid phase is facilitated by the nature of coatings
on the buried fine-grained sediment particles. Still
farther along the flow path, near the area of ground-
water discharge, the concentrations of solutes (includ-
ing trace elements) in the shallow ground water are
increased even more by evapotranspiration. These
processes are driven by depth to water, air temperature,
wind, and abundance of plants.

4. What processes control aqueous selenium
concentrations in drains and wetlands?

In some lakes and drains in the study area,
selenium (as selenate) from the overlying water is
retained in the bottom sediment by a biochemical
process. This process is carried out by selenate-
reducing bacteria in anaerobic environments; however,
the process is apparently inhibited by dissolved nitrate.
The inhibition by nitrate may partly explain the appar-
ent ability of selenate in ground water to pass through
anaerobic sediment at the bottom of drains to mix
with drainflow, and thus be available for biological
uptake. If so, nitrate-rich water must be treated before
bacterial selenate reduction can proceed and be used
as an effective bioremediation technique. Uptake by
aquatic plants also removes selenium and other trace
elements from the water column, albeit temporarily.

5. What are the biological pathways of mercury
and selenium?

The detailed study of contaminant pathways
indicates that mercury and selenium from irrigated
fields are bioaccumulated in aquatic plant material
(both living and detrital) and are biomagnified in
aquatic insects in agricultural drains. At times, this
biotic and abiotic material is flushed by high drainflow
and transported to receiving wetlands. These inputs of
mercury- and selenium-bearing material from the
drains are exposure pathways to fish and waterfowl.
In general, the areas of highest recorded concentrations
for particulate-bound mercury were along the historical
channels of the Carson River and in and near Carson
Lake; and for particulate-bound selenium, the highest
concentrations were along a northeast trend from the
city of Fallon.

6. For human-health concerns, what are the
mercury and selenium levels in edible parts
of ducks?

As a consequence of the biomagnification of
mercury in edible portions of certain waterfowl in
1986-87, a public-health warning was issued in 1989
by the State of Nevada that limited the amount of shov-
eler duck tissue from Carson Lake that could safely be
eaten. Results of the detailed study in 1987-90 recon-
firmed the high concentrations of mercury in shoveler
ducks found during the reconnaissance investigation.
The 1 pug/g, wet weight, human-health warning level
for mercury was exceeded in 90 percent of the shoveler
muscle samples, with a mean concentration exceeding
the health warning six-fold, and the health warning
remained in effect for Carson Lake. High mercury
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levels were found in duck species in addition to shov-
elers from both Carson Lake and Stillwater WMA.
Although selenium is biomagnified in some duck
tissue, the concentrations in muscle tissue examined
in 1989 were below the human-health warning level
of 2 ug/g, wet weight.

7. Is some drainwater and subsurface water
toxic to both freshwater and saltwater aquatic
organisms? And what chemical agents are
responsible for the observed acute toxicity?

Toxicity tests showed that water samples from
TJ Drain, Hunter Drain, and the shallow ground water
near TJ Drain were acutely toxic to both freshwater
and saltwater-tolerant test organisms. Water from
other drains and wetlands exhibited a lesser degree of
toxicity. Toxicity of sampled water to both freshwater
and saltwater-tolerant organisms was attributed to
either high salinity, decreased water hardness, or
atypical ionic concentrations compounded by the com-
bined presence of trace elements—arsenic, boron, cop-
per, lithium, molybdenum, and strontium. Mercury
concentrations in all filtered water samples used for
the toxicity tests were below the analytical reporting
limit of 0.3 pg/L.

8. Are mobilized trace elements causing
embryonic abnormalities or death of
migratory waterfowl?

Waterfowl hatching rates were considered
normal and no embryonic abnormalities were
observed. Although boron, mercury, and selenium
concentrations in eggs were generally at or below
adverse effect levels, livers of juvenile birds confined
to wetlands exceeded effect levels for mercury and
selenium, which may have adversely affected water-
fowl production. Waterfowl production is greatly
reduced from historical levels, but nest predation and
habitat loss resulting from lack of water, rather than
trace-element toxicity, are probably the main causes.
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GLOSSARY OF SELECTED TERMS

Aerobic. Able to live or grow only where molecular
oxygen (O,) is present; oxic.

Abiotic. Pertaining to nonliving matter.

Adsorption. The adhesion of a substance to the surface
of a solid.

Algae. Simple plants, many of which are microscopic, that
contain chlorophyll. Most algae are aquatic and may
become a nuisance when environmental conditions are
suitable for prolific growth. Some algae produce toxins
that, when ingested, kill other organisms or cause
illness in humans.

Anaerobic. Able to live or grow in the absence of
molecular oxygen (O5).

Antagonism. The counteraction between two
contaminants that lessens the harmful effects of one
or the other.

Aquifer. Rocks or sedimentary deposits that yield usable
quantities of ground water to wells and springs.

Base flow. Water entering a stream channel from ground
water or other delayed source of recharge.

Bioaccumulation. The ability of an organism to
accumulate a chemical to concentrations of one or
more orders of magnitude greater than the concen-
tration in water or food.

Biomagnification, The accumulation of progressively
higher concentrations of a chemical by successive
trophic levels of a food chain.

Biota. The plant and animal life of a region.

Biotic. Pertaining to living matter.

Bloom. A large concentrated growth or aggregation of
plants, such as algal bloom.

Contaminant. An element or compound at sufficient
concentrations known to have acute or chronic adverse
effects on plants, animals, or humans.

Desorption. The release of a substance adhered to a solid.

Detritus. A thin layer of oxic bottom sediment near the
water-sediment interface that consists of fine particulate
debris, mostly organic.

Dissolution. To dissolve a substance in water.

Downgradient. In the direction of decreasing hydrostatic
(water pressure) head. Loosely, "downhill."

Drainage basin. An area of the Earth's surface in which
water drains into a specific stream system.

Drainage [drain] water. Surface and subsurface water
from irrigated areas that may be commingled with
precipitation, surface runoff, and ground-water flow
from non-irrigated lands.

Drought. An indefinite period of deficient precipitation or
runoff with no set standard by which to determine the
duration or amount of deficiency. Thus, no quantitative
definition of drought is universally accepted; generally,
each investigator establishes his own definition.

Ecosystem. The interaction of a group of living organisms
with their environment and the exchange of matter and
energy between the abiotic and biotic environment.

Emergent aquatic plants. Plants that are rooted in the
bottom sediments and project above the water surface,
such as cattails and bulrushes.

Effective porosity. The ratio, usually expressed as a
percentage of total volume, of the pore space of a satu-
rated soil or rock mass that can be drained by gravity.

Evapotranspiration. The sum of the processes by which
water is withdrawn from the surface of the soil or body
of water by evaporation and by plant transpiration.

Ground water. Water beneath the land surface contained
in interconnected pores in the saturated zone that is
under hydrostatic pressure.

Hardness. The measure of the amount of alkali metal ions,
principally calcium, magnesium, and iron, dissolved in
water.

Invertebrates. Animals without backbones.

Irrigation return flow. Water used for irrigation purposes
that is not consumed by plants but moves to a surface-
or ground-water body. The flow includes tail-water
runoff, percolation losses, and seepage.

Irrigation water. Water diverted from surface water or
ground water to grow crops.

Isotopes. Atoms of the same element that differ in mass
because of a difference in the number of neutrons in the
nucleus of the element.

Lateral. Side canal.

Macrophyte. Complex plants, visible to the unaided eye,
with roots and vascular system.

Median. A statistical measure of central tendency; the
middle number in an array of values in ascending or
descending order.

Nutrient. Any substance that is required by a living
organism for the continuation of growth, tissue repair,
or for reproduction; for example, nitrogen, phosphorus,
and carbon.

Oxic. See Aerobic.

Oxidation-reduction (redox). A chemical reaction in
which an atom or molecule loses electrons to another
atom or molecule. Oxidation is the loss of electrons;
reduction is the gain in electrons.

Permeability. The capacity of a material for transmitting a
fluid.

Periphytic. Attached to a solid surface.

Potentiometric surface. An imaginary surface repre-
senting the static head of ground water and defined by
the level at which water will rise in a tightly cased well.

Saline water. Water that contains more than 1,000 mg/L of
dissolved solids. It is considered unsuitable for human
consumption and less desirable for irrigation because of
its high content of dissolved solids. Salinity generally
is expressed as milligrams per liter of dissolved solids,
with 35,000 mg/L defined as seawater. A general
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salinity scale is:

Dissoived solids
Salinity category
(miiiigrams per liter)

Fresh 0to 1,000

Slightly saline 1,000 to 3,000
Moderately saline 3,000 to 10,000
Very saline 10,000 to 35,000
Briny (brackish) Greater than 35,000

Saturated zone. The zone below the water table in which
all pore spaces are filled with ground water.

Seepage. Movement of water in saturated material (for
example, ground water discharging into drains).

Spills (operational spills). Intentional releases of water
from an irrigation water delivery system (reservoir,
wasteways, canals) in excess of needs to meet irrigation
demand.

Soluble. Capable of being mobilized in solution. At times
used interchangeably with the term "dissolved."

Solute. A substance present in solution.

Static head. The height above a standard datum of the
surface of a column of water (or other liquid) that can
be supported by the static pressure at a given point.
The static head is the sum of the elevation head and the
pressure head.

Submergent aquatic plant. A plant that grows beneath
the surface of water, except when flowering, such as
pondweed and coontail.

Sump or Sink. Any low area that receives drainage water.
Synergism. The action of two or more substances, organs,
or organisms to achieve an effect of which each is
individually incapable. For contaminants, the

combined action is usually harmful.

Tail-water runoff. Irrigation water that runs off the
surface of irrigated fields.

Toxicity. The capacity of a material to produce injury,
disease, or death upon exposure, ingestion, inhalation,
or assimilation by a living organism.

Trace element. Any element present in minute concen-
trations, usually expressed in terms of micrograms per
liter when present in water.

Transpiration. The process by which plants take up water
and release it as vapor through their leaves.

Trophic level. A stage in the food chain of an ecosystem.

Unsaturated zone. The zone between the land surface and
the water table. It includes the root zone, intermediate
zone, and capillary fringe.

Upgradient. In the direction of increasing static head.
Loosely, "uphill.”

Water table. The upper surface of the saturated zone.

Water year. The 12-month period October 1 through
September 30, during which a complete annual hydro-
logic cycle normally occurs. The water year is desig-
nated by the calendar year in which it ends. Thus, the
year ending September 30, 1988, is called the "1988
water year."

Wetland. Land that is sometimes or always covered by
shallow water or has saturated soils most of the time,
and where plants adapted for life in wet conditions
usually grow.

Void. Space in a soil or rock mass not occupied by solid
matter; also known as pore space.
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