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EXECUTI VE SUMVARY

A study designed to evaluate potential seleniumrelated
i npacts associated wth proposed portions of the Red River
Chloride Control Project, lahoma and Texas, was conducted by
the Tulsa District, US. Arny Corps of Engineers. bjectives of
the study were to determne the potential for accunulation of
natural |l y-occurring selenium (Se) in proposed Chloride Control

brine disposal lakes and to estimate resulting inpacts on
wldlife. As evaporation |akes associated with the project are
designed solely for di sposal of brine waters, primary

envi ronnent al concerns involved potential inpacts on sem -aquatic
organisms (primarily birds) and not maintenance of diverse
communi ties of exclusively aquatic species.

The study consisted of four principal activities: (1) a
review of Se-related scientific literature addressing Se
chem stry and inpacts on wldlife; (2) <collection of water
quality data from project areas; (3) predictive water quality
nmodel ing ained at developing estimates of Se concentrations in
wat er and sedinents of proposed brine disposal |akes over the

anticipated project life; and (4) evaluation of predicted Se
concentrations with regard to inpacts on wldlife. Pr oposed
Crowell Brine Lake served as the mmjor area of focus for the
st udy. Met hodol ogy, assunptions, results, and conclusions for

all activities are provided in this report.

Based on results of this study, it appears that the nost
significant anticipated Se-related inpacts on wldlife associated
Wi th project brine disposal |akes would be inpaired reproduction

of sem -aquatic birds nesting at these sites. Water quality
nodel i ng esti mat es i ndi cate t hat t ot al wat er bor ne Se
concentrations considered deleterious to successful avi an



reproduction (10 ug/l) would exist in Crowell Brine Lake after
approximately 20 years of project operation. Repr oducti ve
i npacts would be nobst significant to sedentary species closely
tied to the | ake environnent via food chain dynam cs.

Study results do not indicate anticipated adverse Se-rel ated
i npacts on young or adult birds tenporarily residing at Crowell
Brine Lake. Predicted total Se concentrations over the
anticipated 100-year project life are below estimated threshol ds
for inpacts on young and adult birds in the absence of
reproductive concerns. Due to the docunented ability of birds to
rapidly lose Se upon |eaving contam nated areas, reproductive
inpairnment for birds overwintering at Crowel|l Lake but breeding
el sewhere are not anticipated.

As Crowell Brine Lake was the mmor focus of this
i nvestigation, caution should be used in rigorously applying
results of this study to other proposed inpoundnents in the
absence of site-specific investigations. In particular, data
collection is required at Area VI once access to source canyons
is obtained prior to conclusions regarding Se levels in proposed
Salt Creek Brine Lake.
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RED RI VER CHLORI DE CONTROL, OKLAHOVA AND TEXAS
EVALUATI ON OF THE POTENTI AL FOR

SELENI UM RELATED | MPACTS ON W LDLI FE

1. 1 NTRODUCTI ON

Since the discovery of deformties and reduced reproductive
capacity of aquatic birds in the San Joaquin Valley, California,
during the md-1980s, national attention has focused on the
inplications of elevated selenium (Se) concentrations in aquatic
systens. Selenium was identified as the primary cause of the
di sappearance of fish species, the decrease in aquatic bird
hat chi ng success, and the high (64% rate of defornmed and dead
bird enbryos at Kesterson National WIldlife Refuge (KNWR) within
the San Joaquin Valley (U S. Fish and WIldlife Service 1992)
These findi ngs have generated a consi derabl e anobunt of Se-rel ated
research and have pronpted recent order-of-magnitude reductions
in recomended waterborne selenium criteria, reevaluation of
agricultural drainwater disposal practices, and an increased
awar eness of Se issues in water resources planning throughout the
western United States.

In a letter dated 20 Decenber 1991, the U S. Fish and
WIildlife Service (USFW5) expressed concerns related to potentia
Se inpacts associated wth proposed portions of the Tulsa
District (TD), Corps of Engineers (COE) Red River Chloride
Control Project, Oklahoma and Texas. Recent experiences at KNWR
naturally-elevated Se in soils and surface waters of Chloride
Control project areas, and the proposed use of total evaporation
bri ne disposal |akes (somewhat simlar to those enployed at KNWR)
were the basis for these concerns.

(bj ectives of this study were to evaluate the potential for
sel eni um accunul ati on in proposed Chloride Control brine disposal



| akes and to estimate resulting inpacts on resident or mgratory
wildlife (in particular endangered bird species). As evaporation
| akes associated wth the project are designed solely for
di sposal of natural |l y-occurring bri ne wat er s, primry
environmental concerns are associated with inpacts on sem -
aquatic organisns (primarily birds) and not w th maintenance of
diverse communities of exclusively aquatic species (i.e.,
pl ankton, invertebrates, fishes).

This study consisted of four principal activities: (1) a
review of Se-related scientific literature addressing selenium
chem stry, biogeochem cal cycling in aquatic systens, and inpacts
on wildlife; (2) collection of water quality data from project
areas; (3) predictive water quality nodeling aimed at devel opi ng
estimates of Se concentrations in water and sedi nents of proposed

brine disposal | akes over the life of the project; and
(4) evaluation of predicted Se concentrations with regard to
inpacts on wldlife. Met hodol ogy, assunptions, results, and

conclusions for all activities are provided in this report.

2. PROJECT DESCRI PTI ON

GENERAL

The Red River Chloride Control Project, under control of the
Tulsa District COE, consists of varied existing and proposed
project elenents in southwestern Okl ahoma and northwestern Texas.

The project was authorized by the Flood Control Act of 1966,
Public Law 89-789, and has been the subject of considerable
subsequent anending | egislation. The overall objective of the
project is to reduce natural chloride pollution in the Red River
Basin by control of low flow em ssions from naturally-occurring
salt sources (seeps, springs, and salt flats). These sources



currently contribute to chloride levels frequently prohibiting
feasi ble nmunicipal and industrial use of Red R ver waters above
Lake Texoma. Detailed descriptions of specific Chloride Contro

project areas are provided in project design docunents (U S. Arny
Corps of Engineers 1976a,b; 1982a,b). Locations of all project
areas are shown in Figure 1.

Wil e the overall project includes varying chloride control
el enents, including ring dikes around salt source areas and
deep-well injection of collected brines, project areas of concern
to this study are those enploying low flow collection of brine
waters from source areas and transport of these waters to brine
di sposal | akes. These systens are designed for collection of
tributary flows during | ow fl ow periods (when chloride levels are
hi ghest ), passage of flow during high discharge periods,
transport of collected brines via pipelines and punp stations
and pernmanent disposal of brines in surface inpoundnents. Brine

di sposal lakes are designed solely for total evaporative
reduction in brine water volune and do not include outlet works
for discharge from these systens. Hydrol ogy of these lakes is

domnated by gradually increasing pool vol umes over an
antici pated 100-year project life.

The Red R ver Chloride Control project plan includes
provisions for three brine disposal |akes: Truscott Brine Lake,
Crowell Brine Lake, and Salt Creek Brine Lake (Area V).
Truscott Brine Dam was conpleted in Decenber 1982 and began
receiving brine inputs in May 1987. The remaining two | akes are
proposed for construction. Locati ons, descri ptions, and
oper ati onal characteristics for each l|ake are described
separately bel ow.

TRUSCOTT BRI NE LAKE



Truscott Brine Dam is |located at river mle 3.6 on Bluff
Creek, a tributary of the North Fork of the Wchita River,
approximately 3 mles northwest of Truscott, Texas (Figure 1).
The enbanknent, an earth-filled structure 15,500 feet |ong, was
conpleted in Decenmber 1982, and the |ake began receiving brines
in May 1987. The |lake drains a 26.2-square-mle area (primarily
undevel oped and agricultural |ands), receives brine input from



Figure 1. Red River Chloride Control Project Areas.



collection facilities at Area VIII, and wll receive future
inputs from Area X (Figure 1). At the top of the brine storage
pool (representing 100 years accunul ati on of brine and sedi nent),
the lake is anticipated to have a surface area of 2,980 acres, a
capacity of 107,000 acre-feet, and an average depth of 36 feet.
Chloride levels are projected to reach a maxi mum of approxi mately
65, 000 ng/l over the life of the project.

Brine inputs to Truscott Lake are currently transported via
pipeline from collection facilities at Area VIII at river mle
74.9 of the South Fork of the Wchita River, about 5 mles east
of Guthrie, Texas (Figure 1). Collection facilities consist of a
deflatable fabric weir extending across the existing stream

channel. The weir is 5 feet high, 49 feet long, and inpounds a
3l-acre area with a capacity of 83 acre-feet. Waters are punped
from this inpounded pool, transported via pipeline, and

di scharged to Bluff Creek at the upper end of Truscott Lake.

CROVNELL BRI NE LAKE

Crowell Brine Dam would be |ocated about 5 mles northwest
of Crowell, Texas, at mle 1.6 on Canal Creek, a south bank
tributary to the Pease River. The |ake would drain a 46-square-
mle area of undevel oped and agricultural |ands and would serve
as the disposal facility for brines collected at source Areas VII

and I X (Figure 1). Crowell Brine Dam would be an earth-filled
enbankment with a maxi num hei ght of 118 feet and a crest w dth of
32 feet. At the top of the brine storage pool, Crowell Brine

Lake woul d have a surface area of 3,820 acres, a storage capacity
of 110,700 acre-feet, and mean and maxi num depths of 29 and 102
feet, respectively. Chloride levels are projected to reach a
maxi mum of 80, 000 ng/l over the life of the project.

Collection facilities at Area VII would be |located at river



mle 213.0 on the North Fork of the Wchita River, about 8 mles
sout heast of Paducah in Cottle County, Texas (Figure 1). A
defl atable fabric weir 5 feet high wwth a base length of 80 feet
extending across the existing river channel would inpound a pool
covering approximately 14 acres with a capacity of 22 acre-feet.

Collection facilities would be very simlar in design to those
currently existing at Area VIII. Brines collected from this
pool would be punped 12 mles to Crowell Lake via pipeline at an
average punping rate of 8.2 cfs.

Brine collection facilities at Area I X would be |ocated on
the Mddle Pease River approximately 6 mles upstream of its
confluence with the North Pease in Cottle County, Texas (Figure
1). A collection facility design differing from those at other
source areas was selected in an effort to minimze the potentia
for sedinment problems in the sunp punp and to reduce sedinent
storage requirenents for the associated tenporary storage | agoon.

Collection facilities would basically consist of a 20-foot-Iong
overflow weir, a settling basin designed to renove fine sand, and
a secondary weir leading to a sunp.

Brines collected at Area IX would be transferred to a
tenporary storage lagoon wth a capacity of approximtely
200 acre-feet, a surface area of 33 acres, and a normal maxi mum
depth of approximately 10.5 feet. Local runoff would be diverted
away from the storage lagoon to the Mddle Pease River
Tenporarily stored brines wuld ultimately be transported
24.2 mles to Crowell Brine Lake via pipeline at an average
punpi ng rate of 5.2 cfs.

SALT CREEK BRI NE LAKE ( AREA VI)

Salt Creek Brine Lake would serve as the disposal site for
brines collected at Area VI on the Elm Fork, a tributary of the



North Fork of the Red River in Harnmon County, Cklahoma (Figure
1). Salt Creek Dam woul d be |located on Salt Creek east of State
H ghway 30 and would consist of a 4,500-foot earthen enbanknent
i npounding 735 acres at the top of the 100-year brine storage
pool. Storage capacity for collected brine and sedi nent woul d be
31,630 acre-feet. Maxi mum chl oride |evels approaching 195, 000
mg/| are projected over the life of the project.

Salt sources (springs) are located in three box canyons
(Sal ton, Robinson, and Kiser) along the south bank of the EIm
Fork at Area VI. They extend from approximately one mle west of
Okl ahoma State Highway 30 to 3 mles east of the Texas-Ckl ahoma
State line. Collection of brine at Area VI would be acconplished
by constructing a closure dam al ong the existing El mFork channel
at the upstream and downstream limts of the emssion area to

create a tenporary 1ll5-acre brine detention reservoir. A
200-f oot -bottomw dth channel would be excavated to divert Elm
Fork waters around the em ssion area. Brines collected from

em ssion areas would be transferred fromthe tenporary detention
reservoir to Salt Creek Brine Lake by a punping station and 4
m | es of pipeline.

3. ENVI RONMENTAL CONCERNS AND LI TERATURE REVI EW

GENERAL

Selenium is a rather wunique elenent owing to a narrow
di fference bet ween nutritionally essenti al and t oxi c
concentrations (National Acadeny of Sciences 1971). Wil e Se-
induced toxicity to donestic aninmals and wldlife is well-
docunented, trace Se levels (0.05 to 0.3 ppn) are believed to be
essential as a dietary supplenment for humans and other aninals
(USFWs 1992). For many organisns, Se deficiency my be



mani fested in periodontal disease, infertility, and growth
inhibition and may actually pose a greater threat than toxicity
(Eisler 1985). Sel enium has been shown to prevent several forns
of chem cally-induced cancer in aninmals and has been inplicated
in reduced human cancer and heart disease death rates in high
sel eni um areas (Shanberger 1981).

| ndustri al uses for Se include photoelectric cel
production, xerography, ceram cs, rubber, glass pignentation, and
flame-proofing of electric cable (Shanberger 1981). Ei sl er
(1985) reported an annual rel ease of approximately 4.6 mllion kg
of selenium to the environnent: 33% from conbustion of fossil

fuels, 59% from industrial |osses, and 8% from nuni ci pal wastes.
O this total, approximately 25% is in the form of atnospheric
em ssi ons.

Wth the exception of hi ghly | ocalized areas of
contam nation associated with specific activities, anthropogenic
rel eases of selenium are relatively insignificant relative to
contributions from natural sources (Eisler 1985). Wile soil Se
concentrations rarely exceed 2 ppmdry weight, soils produced by
weat hering of sedinentary rock may possess mnmuch higher |evels
Such soils are wi despread across the western United States (Lenmy
and Smth 1987). Activities pronoting release of Se from these
soils (i.e., intensive irrigation and collection of return flows)
may result in toxic concentrations of Se in receiving waters.
Sel enium concentrations in nost fresh and salt waters are
considerably lower than those in terrestrial mterials and
usually range fromO0.05 to 4 ug/l (Doran 1982).

AQUATI C CHEM STRY AND CYCLI NG OF SELENI UM

General Chem stry. Selenium is a nonnetallic elenent
characterized by an atomc weight of 78.96, an atom c nunber of




34, a nelting point of 217 2C, a boiling point of 685 2C, and a
density of 4.26 to 4.79. Elemental Se is very insoluble and
therefore of limted availability to the environnment, although it
is capable of satisfying nutritional requirements (Eisler 1985).

Chem cal Speci ati on. Sel eni um chem stry is highly conpl ex
due to the existence of nultiple oxidation states, nunmerous
Se-cont ai ni ng organi ¢ conpounds, and bi ogeochem cal interactions
anong these fornms. Valence states of Se occurring in the natural
envi r onnent include -2 (selenide), 0 (elenental Se), +4
(selenite), and +6 (selenate). Organic fornms include such
conpounds as seleno-am no acids, seleno-amno acid derivatives,
met hyl sel enides, nethyl selenic esters, nethyl selenones, and
met hyl - sel onium ions (Thonpson-Eagle and Frankenberger 1990).
Cooke and Bruland (1987) identified a nunber of dissolved Se
species including inorganic selenate and selenite, nonvolatile
organi c sel eni des, sel eno-am no acids, a dinethylsel enoniumion,
and the volatile nethylated forns dinethyl selenide (DMSe) and
dimethyl diselenide (DVDSe) in surface waters from the San
Joaqui n and Inperial Valleys of California.

Di ssolved inorganic Se may exist in natural waters as Se(-
1), primarily as biselenide (HSe); Se(0), as colloida
el emental selenium Se(lV), as the selenite oxyanion (HSe®: and
Se® ' ?);: and Se(Vl), as the selenate oxyanion (SeOQ’%) (Cooke and
Bruland 1987). At equilibrium noderately to strongly oxidizing
waters favor Se(Vl) or Se(lV) as predom nant inorganic forns of
di ssolved Se, while noderately to strongly reducing conditions
favor the predom nance of Se(-11) or Se(0) (Elrashidi et al.
1989) .

Masschel eyn et al . (1990) i ncubated  Se-contam nat ed
Kesterson Reservoir sedinments under controlled redox and pH
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conditions and reported maxinmum Se solubility under oxidized
conditions (450 nv). Sel enate was the predom nant dissolved
species present, constituting 95 and 75% of total soluble
sel enium at 450 nmV for higher (8.9, 9.0) and lower (7.5, 6.5) pH
val ues, respectively. Simlar results were obtained with Hyco
Reservoir (North Carolina) sedinents (Masscheleyn et al. 1991).
Sel enium solubility reached a maxi num under hi ghly oxidized (500
nmv) conditions with Se(Vl) the predom nant dissolved species.
Cooke and Bruland (1987) identified selenate as the nmgjor
di ssol ved sel enium species (56 to 71% of total Se) in the San
Joaquin River, while Saiki (1986) reported that nost seleniumin
tile drainage fromthe San Joaquin Valley is in the Se(Vl) form
Because of its stability wunder alkaline pH and oxidizing
conditions, its solubility, and its availability to plants, the
Nat i onal Acadeny of Sciences (1976) warned that Se(Vl) may be the
nost dangerous formof Se relative to environnental pollution.

Despite thernodynamc predictions of selenate as the
excl usive inorganic Se species in oxidized environnments, several
investigators have reported significant concentrations of
selenite in oxic waters (Measures and Burton 1978, Cutter 1982,
Cooke and Bruland 1987). Cooke and Bruland (1987) reported
Se(1V) concentrations conprising 33% of total selenium in oxic
surface waters of the Salton Sea, California, wth sel enate bel ow
anal ytical detection |imts. These authors suggested that these
findings mght be due to Se(VlI) reductive incorporation by
organisnms in waters entering the Salton Sea. Measures and Burton
(1978) reported the consistent presence of selenite in river and
estuarine waters, but found that Se(lV) accounted for |ess than
10% of total dissolved seleniumin these systens.

Simlarly, selenium speciation contrary to thernodynamc

predi ctions has been reported in deep, reducing waters of sone
systens. Wiile Se(-11) and Se(0) should be exclusive species
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under such conditions, other fornms may persist. Measures and
Burton (1980) reported the presence of Se(lV) in deep waters of
the Atlantic Ccean. Data collected from the Saanich Inlet, an
intermttently anoxic fjord along the southeastern portion of
Vancouver |sland, by Cutter (1982) indicate the near absence of
hydrogen selenide (the thernodynam cally-predicted forn). I n
contrast, data from anoxic waters of the Salton Sea (Cook and
Brul and 1987) support thernodynam c predictions, revealing the
dom nance of the Se(-11+0) fraction and virtual absence of Se(lV)
and Se(Vl).

Wi | e nunerous exanpl es of both adherence and deviation from
t hermodynam ¢ predictions of Se speciation are present in the
literature, many investigators agree that exceptions may be at
| east partially expl ai ned by kinetic stability of
t hermodynam cally unstable forns (Measures and Burton 1980,
Cutter 1982, Cooke and Bruland 1982, Cutter and Bruland 1984).
The kinetically slow process of the oxidation of Se(lV) to Se(Vl)
has been proposed as an explanation for persistence of the forner
in oxidized waters (Cooke and Bruland 1987). Another exanple of
kinetic stability mght include persistence of organic selenide
in oxic waters due to rapid production (through regeneration from
bi ogenic particles) or slow renoval (oxidation or biological
uptake) rates (Cutter and Brul and 1984).

Runnells and Lindberg (1990) observed that Se speciation
predi ctions based on equilibrium Eh-pH diagrans or equilibrium
conputer codes involve at least three inportant assunptions:
(1) that all reactions are at equilibrium and fully reversible;
(2) that the Eh and Ph of the aqueous system can be neasured
reliably; and (3) that the sensing electrode itself is inert and
does not participate in the reaction. These authors cite
violations of all three assunptions but enphasize the inability
to obtain neaningful Eh mnmeasurenents wth standard platinum
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el ectrodes as a major drawback in predicting Se speciation. They
propose chem cal analysis as the only true nmeans of determ ning
Se species of interest.

The conplexity of Se chemstry in aquatic systens is
enhanced by the existence of a wde variety of organic selenide
conmpounds. While nmechanisms for Dbiological synthesis of
or ganosel enium conpounds from inorganic forns are currently
poorly wunderstood, a substantial portion of the total Se in
aquatic systenms may be in the organic form (Maier et al. 1987).
Cutter and Bruland (1984) reported that organic selenide
constitutes approximately 80% of the total dissolved seleniumin

surface waters of the North and South Pacific Cceans. These
authors reported that the organic selenide maximum is closely
tied to maxi ma of primary productivity, pi gnent s,

bi ol um nescence, and di ssol ved free am no aci ds.
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From a quantitative standpoint, organic Se conpounds of
maj or interest include two sel eno-am no acids (sel enocystei ne and
sel enonet hi oni ne) and two net hyl ated conpounds (di net hyl sel enide
and dinethyl diselenide) (Maier et al. 1987). Upt ake of
selenites and sel enates by organisns and reductive incorporation
in amno acid synthesis have been described as a biochem cal
pat hway for seleno-am no acids production (Eisler 1985, Kiffney
and Knight 1990). Met hyl ated conpounds are of particular
inportance to the Se cycle due to their volatility and resulting
ability to nobilize Se fromaquatic environnents. Data collected
during May 1986 indicate that DMSe conprised 12% of the tota
seleniumin Kesterson Reservoir ponds (Cooke and Brul and 1987).

In aquatic systens, the overall Se cycle involves
i nterconversions between organic and inorganic Se species
predom nantly through biological pathways (Maier et al. 1987).
Maj or aspects of this cycle, seemngly applicable to both marine
and freshwater systens, have been proposed by Cutter and Brul and
(1984) and Cooke and Bruland (1987). The cycle involves
reductive assimlation of selenate and selenite by organisns to
organi cally bound sel eni de, rel ease of dissolved organic sel enide
upon death of these organisns, and multistep oxidation of organic
selenide to selenite and ultimately selenate. These authors
stress the inportance of kinetic effects to persistence of
thermodynamcally unstable organic selenides and selenite
resul ting from t he mul ti step regeneration cycl e.

Sedi nent/Water Interactions. Bi ogeochem cal cycling and
distribution of Se between water and sedinent phases are
inportant factors in determning Se available for uptake by
organisms in aquatic systens. | mobi | i zation  processes
contributing to Se accumulation in sedinents include bacterial
dissimlatory selenate reduction to insoluble Se(0) (Orem and et
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al . 1990), formation of Se-iron conplexes wth I|imted
solubilities (Ceering et al. 1968), adsorption to particulate
matter, and active biol ogical uptake by m crobes. Incorporation
into settling detritus or excretion by organisnms may result in
accunul ati on of organosel enium conpounds in sedinents (Pease et
al . 1992). Se immobilization is particularly pronounced in
shal l ow, highly productive, standing or slownoving waters with
| ow flushing rates and may result in accunulation of up to 90% of
the total Se in these systens (Lemy and Smth 1987). Sai ki and
Lowe (1987) reported Se concentrations in Kesterson Reservoir
sedinents of up to 100 ug/g (approximately 200 times nore than
near by systens unaffected by agricultural drain waters).

Once in the sedinents, Se conmpounds my undergo further
reduction and immbilization or may be reintroduced to the water
colum by nobilization processes. Mobilization processes include
oxi dation and nethyl ation by plants and m croorgani sns, m xi ng by
physi cal processes or biological activity, and reintroduction to
the systemvia the detrital food pathway (Lemy and Smth 1987).

Sedi nent/water interactions appear to be highly dependent upon
sedinent type and conposition with accelerated rates of Se
accurmul ation in fine-grained, organically-enriched sedinents
(Nassos et al. 1980, Besser et al. 1989, USFWs 1990a).
Experimental evidence seens to indicate that selenium cycling
processes are confined to the upper few (0 to 8 cm of aquatic
sedinents (Rudd et al. 1980, Oenland et al. 1989, Oem and et
al . 1990).

A nunber of researchers have investigated Se sedi nent/water
interactions via experinmental mcrocosnienclosure studies (Nassos
et al. 1980, Rudd et al. 1980, Turner and Rudd 1983, Besser et
al. 1989, USFWS 1990a). In a mcrocosm study conparing Se
dynam cs of systens possessing pure silica sand versus sand m xed
with 10% soil (silty clay loam, Nassos et al. (1980) neasured
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significantly higher substrate accunulation of selenium in the
sand/ soil system Ecol ogi cal magnification values, defined as
the ratio of radiolabelled Se concentration in a system conponent
(in this case sedinent) to Se concentration in water were
reported as 1.7 and 14 for sand and sand/soil systens,
respectively.

Simlarly, results of mcrocosm studies conparing Se-
dynam cs for San Joaquin River and Volta WIldlife Area sedinents
(both from California) were reported by Besser et al. (1989) and
USFWS (1990a). In these studies, "°Se was sorbed nore rapidly to
fine-textured, highly organic Volta pond sedinents relative to
sandy San Joaquin River substrate. After 28 days of exposure
approxi mately 60% of m crocosm radi ol abell ed Se was neasured in
Volta sedinments conpared to approximately 30% for San Joaquin
substrate. In Se species-specific tests, loss rates of dissolved
Se from water increased in the order: selenate < selenite <
sel enonethionine with half-lives of 33, 20, and 7 days for these
speci es, respectively. These authors cautioned that while their
findings suggest that sedinment/water interactions influence the
fate of dissolved Se in shallow systenms wth high sedinent
surface area/volune ratios, these interactions may be nuch nore
pronounced in mcrocosns than in |arger test systens.

Rudd et al. (1980) and Turner and Rudd (1983) nonitored Se
and Hg dynamcs in 10-mdianeter enclosures in Hg-contam nated

Clay Lake, northwest Ontario. Sediments of this system were
described as fine grey clay overlain with a thin | ayer of organic
floc. Wiile the major sink for added °Se in enclosures was

sedinent, stable partitioning of Se between water and sedinents
was not apparent after 6 weeks in these enclosures (Turner and

Rudd 1983). Reported average half times of °Se in the water
colum of all tubes exposed to sedinents was 52 days (Rudd et al.
1980) . | nportance of sedinent/water interactions in Se renobva
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from the water colum was evident in bottomsealed tubes
(excluded from sedinents) where ®Se concentrations renmai ned
stabl e throughout the experinents.

Fates of netal radiotracers (including °Se) added to a
whol e | ake (Lake 224 of the Experinmental Lakes Area, northwestern
Ontario) were investigated by Hesslein et al. (1980). Thi s
ol igotrophic | ake has an area of 26 ha, a maxi num depth of 27 m
and a nean depth of 12 m Lake sedinents are nostly sand and
boul ders overlain with a thin (<5 nmm covering of |oose organic
material. The major sink for isotopes |lost fromthe water colum
in this study was reported to be sedinents with both settling of
particul ate material and direct adsorption to sedinents cited as
i mportant removal nechanisns. A half time for added "°Se |oss
from the epilimion was reported as 52.0 days. Sur pri singly,
this rate was identical to that reported by Rudd et al. (1980) in
Clay Lake enclosures (described above) despite distinct
differences in sedinent types. Mass bal ance cal cul ations 350
days after isotope addition to Lake 224 indicated that 54% of
added "°Se remmined in the water col um.

Results obtained by Msscheleyn et al. (1989 and 1991)
regarding the influence of sedinent redox potential and pH on Se
speciation and solubility (discussed under speciation section)
are inportant in consideration of sedinent/water interactions and
associated mobility of Se in thermally stratified reservoirs.
Changes in the sedinent environnent (anaerobic to aerobic or vice

versa) may result in changes in speciation, resul ting
solubilities, and seasonal differences in environnmental behavior
of Se. Based on results of these studies, it would seem that

total Se concentrations would be highest in these systens during
periods of conplete mxing when nore soluble oxidized species
could potentially be released from sedi nents. WMasschel eyn et al.
(1991) reported the release of 13% of total Se present in
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sedinments from Hyco Reservoir, North Carolina, at high redox
| evel s (500 nV).

Sorption/Partitioning. A topic closely related to Se
sedi ment/water interactions is the sorption of this elenent to
suspended materials in aquatic systens. Significant anmounts of
both organic and inorganic Se may persist in the water colum
adsorbed onto suspended colloidal material (Maier et al. 1987).
Approxi mately 20% of '°Se added to Experinental Lake 224 was
found to be associated with particulate matter (Hesslein et al.
1980) while this proportion was 15% in Clay Lake enclosure
studies (Rudd et al. 1980). Takayanagi and Wng (1985; cited in
Maier et al. 1987) reported that <colloidal inorganic Se
constituted 77, 40, and 0% of the total dissolved inorganic
fraction, while colloidal organic Se conprised 70, 64, and 35% of
the total dissolved organic fraction for fresh, estuarine, and
marine waters, respectively.

Sel enium sorption by kaolinite and nontnorillonite clays
over a range of pH values commonly observed in nature was studied
by Bar-Yosef and Meek (1987). These authors reported that Se
solubility in study suspensions was governed by adsorption which
decreased with increasing pH and becane negligi ble above pH 8.
Above pH 8, approximately 85% of the total Se was found in
solution, while this fraction was 33% at pH 5. Selenite sorption
by Ca-kaolinite was described as a rapid process which was
conpleted in approximately 35 hours, with approxinmately 95% of
the total sorption occurring after 720 hours of equilibration.
Followng this rapid uptake, a much slower process which
gradually depleted Se from the solution was observed. Wi | e
desorption kinetics are poorly understood, Alem et al. (1988)
reported that desorption of Se is relatively slow and suggested
that this process may therefore control Se transport at |ow
concentrations.
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Adsorption and desorption of Se(lV) and Se(VlI) in a variety
of soil solutions was reported by Singh et al. (1981). These
authors reported that all soils sorbed variable anmounts of both
Se(l1V) and Se(Vl) in the followng order: high organic carbon
soil > cal careous soil > normal soil > saline soil > alkali soil

Organic carbon, <clay content, CaC&, and cation exchange
capacity reportedly contributed to adsorption, while high salt
content, alkalinity, and increasing pH had negative effects on
adsorption. Wile selenate was al ways sorbed in higher anmounts
than selenite in these experinents, other studies have reported
that Se(Vl) adsorption is mninmal wunder nost pH conditions
(Masscheleyn et al. 1991). It has been shown that selenite
adsorption generally decreases with increasing pHin the range of
4 to 9 (Neal et al. 1987, Masscheleyn et al. 1991). |In addition
to uncertainties regarding adsorption/desorption nmechanics,
selenium partitioning in natural waters nmay be further
conplicated by concentration effects of adsorbing solids
(O Connor and Connol ly 1980, Voice et al. 1983).

Vol atilization. Factors affecting volatilization of
nmet hyl ated Se conpounds have received considerable attention due
to the ability of this process to renove Se from aquatic systens
and the potential wuse of volatilization in renediation of
Se-contam nated areas. Bi onet hyl ation of Se in oceanic surface
waters may be a mjor source of vapor-phase selenium in the
at nosphere and may therefore be inportant on a global scale
(Cooke and Bruland 1987). Met hyl ation nmay serve as a
detoxification process for organisns as the toxicity of DVSe is
orders of magnitude less than that of inorganic Se species
(Franke and Moxon 1936, MConnell and Portman 1952; cited in
Thonpson- Eagl e and Frankenberger 1990).

While Se nethylation has |argely been described as a fungal
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transformati on (Doran 1982, Thonpson-Eagle et al. 1989, Karlson
and Frankenberger 1989), other organisns contributing to this
process mght include bacteria (Chau et al. 1976, Doran 1982) and
algae (Maier et al. 1987). It is also suspected that aquatic
macr ophytes mght be able to nethylate Se due to their
physiological simlarity to terrestrial plants (Maier et al.

1987). The nost active nethylating fungus isolated from
California evaporation pond waters was identified as Alternaria
alternata by Thonpson-Eagle et al. (1989). Regardl ess of the

organi sns involved, the production of volatile Se conpounds
appears to be a w despread, general process not restricted to any
one group of organisns and is probably affected as nuch by
chem cal, physical, and biological characteristics of specific
ecosystens as by differences in nethylating species (Doran 1982).
Se volatilization does not appear to be limted to high Se
environnents, and m ni mum threshold Se concentrations bel ow which
vol atilization does not occur have not been detected (Karlson and
Frankenber ger 1989, Thonpson-Eagle et al. 1990).

Three forns of met hyl at ed Se are synthesized by
m croorgani sns: dinethyl selenide, dinethyl diselenide, and
di ret hyl selenone (Maier et al. 1987). Proposed nechani snms for
Se nethylation are described by Reaner and Zoller (1980) and
Doran (1982). Cooke and Bruland (1987) identified both DMSe and
DMDSe as well as a dinethyl sel enonium ion (DVBe'-R) in surface
waters from the San Joaquin and Inperial Valleys of California.
DMSe was the mmjor volatile Se species present, constituting
greater than 99.8% of the total volatile selenium These authors
suggested that the production of DMSe in aqueous systens m ght
i nvol ve hydrolysis of DVBe’-R to DVBe at neutral pH

A nunber of researchers have investigated the influence of

varying Se species as substrate for bionethylation. Karlson and
Frankenberger (1989) reported volatilization rates in soils up to
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an order of magnitude higher with selenite as the Se source as
conpared to selenate. Simlarly, Doran and Al exander (1976)
reported conversion of inorganic Se(0), Se(lV), and Se(Vl) to
vol atile products in soils with volatilization nost rapid with
selenite and slowest with elenental Se. In the sane study, Se in
certain organic fornms (particularly selenonethionine) was
reportedly nore readily transforned to volatile products than
i norgani c Se. These findings were supported by mcrocosm data
reported by the USFWS (1990a) in which volatilization accounted
for 24% of °Se added as sel enonet hi oni ne, conpared to 1% or |ess
of that added as Se(1V) and Se(Vl).

Studies ained at defining optinmm environnmental conditions
for Se bionethylation and vol atilization have been conducted by a
nunber of investigators. These authors have reported a genera
increase in Se volatilization wth increasing tenperature,
circumeutral pH, and significant increases in bionethylation
rates associated with addition of various soil anmendnents (Doran
and Al exander 1976, Frankenberger and Karlson 1989, Karlson and
Frankenber ger 1989, 1990).

In one of the few studies attenpting to determne Se
volatilization rate coefficients, Cal derone et al. (1990)
eval uated effects of environnental conditions and organic soil
anendnents on Se volatilization from sedinents of Kesterson
Reservoir and the San Luis Drain, California. Volatilization of
selenium from sedinents in this study was best described by an
irreversible first-order rate expression with volatilization rate
coefficients (k values) in unanended controls ranging from 0.003

to 0.053 day " Experi nment al increases in tenperature
accelerated Se volatilization (calculated Qo = 1.96) as did
organic soil amendnments (1.7 to 3.2-fold increases over
control s).
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Apparent discrepancies exist in the literature regarding Se
bi onet hyl ati on under oxic versus anoxic conditions in aquatic
systens. Masschel eyn et al. (1990) reported bionethylation of
sel enium only under oxidized conditions (200 and 450 V) and
found no evidence of volatilization under reduced conditions in
experinments with Kesterson Reservoir sedinents. Simlar results
were reported by Masscheleyn et al. (1991). In contrast, Doran
and Al exander (1976) and Chau et al. (1976) reported DVse
production under anoxic conditions. Maier et al. (1987)
suggested that even if nethylation does occur in association with
anoxic sedinments, rates of Se nethylation are nost I|ikely not
hi gh enough to be of ecol ogi cal inportance.

Reported overall significance of bi onet hyl ation and
vol atilization to Se inventories in aquatic systens has varied in
a nunber of studies. This variation probably reflects the

i nportance of conplex environnental variables affecting this
process. Reaner and Zoller (1980) reported mnimal formation of
vol atil e sel eni um conpounds i n unanended soils and sewage sl udge.

In closed system m crocosm studi es enpl oying sedinents fromthe
San Joaquin River and Volta WIldlife Area, California, volatile
Se conpounds were found to conprise 3.0 to 7.9% of the total Se
inventory (Besser et al. 1989). In simlar studies wth
Kesterson Reservoir and Peck Pond sedinents, Karl son and
Frankenberger (1990) reported cunulative Se volatilization (273
days incubation tinme) of 6.1 and 14.0% of initial Se inventory
for Kesterson and Peck sedi nents, respectively.

Cooke and Bruland (1987) reported that outgassing of Se may
have been substantial in biologically active Kesterson Reservoir
during the m d-1980s. These authors calculated an estimte of
the DVMSe evasion flux fromthis system and, based on nass bal ance
cal cul ations, concluded that roughly 30% of Se introduced to the
reservoir via the San Luis Drain was volatilized to the
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at nosphere. Simlarly, Thonpson-Eagle and Frankenberger (1990)
reported a 35% loss of the Se inventory in unanended pond water
from Kesterson Reservoir after 43 days incubation. These
findings may enphasize the inportance of substantial biologica
productivity to Se volatilization in aquatic systens.

Metal Conpl exes. The ability of Se to formconplexes with a
nunber of mnmetals in the aquatic environment may affect Se
solubility (Ceering et al. 1968, Elrashidi et al. 1987) or
expression of biological effects (Lemy and Smth 1987). o
particular interest to environnmental cycling of Se is the
extrenmely low solubility of the ferric selenites (Nationa
Acadeny of Sciences 1976). In theoretical developnent of Se
equilibria in soils, Elrashidi et al. (1987) predicted that
nmet al - sel enate and selenite mnerals are generally too soluble to
persist in well-aerated alkaline soils, but that at |ow redox,
elenmental Se or netal-selenide mnerals mght control Se
solubility. Cutter (1982) suggested that formation of netal
sel enides m ght be an inportant nmechanismin renoving Se(lV) and
Se(Vl) from anoxic zones of stratified waters.

Metal lic sel enides nmay be of biological significance due to
their ability to sequester both Se and toxic netals in forns of
l[imted availability for biological uptake (Eisler 1985). Turner
and Rudd (1983) examned effects of Se additions on nercury

upt ake by organisns in experinental ecosystens. These authors
reported reduced accunulation of nercury wth increasing Se
concentrati ons. The National Acadeny of Sciences (1976) cited

studies indicating that formation of insoluble nercuric sel enide
may be a nechanism involved in dietary selenite reductions of
met hyl mercury toxicity.

Bi oconcentration. Bioconcentration is defined as the direct
bi ol ogical wuptake of a chemcal from the water colum or
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associated sedinents to levels in organisns exceeding those in
environnental nedia (water and sedinents). This uptake nmay be
the result of diffusion, facilitated transport, or active
transport across epithelial or respiratory surfaces (Maier et al.
1987). Bi oconcentration of selenium has been docunented for a
nunber of aquatic organisns and nay be one of the nobst critica

processes affecting expression of Se effects in aquatic
ecosyst ens. Ext ensi ve bioconcentration of Se may be due to
chemcal simlarities with sul phur (Lemy and Smith 1987) and is
i nfluenced by water tenperature, age and condition of organisns,
organ or tissue specificity, and other conplex environnmental
factors (Eisler 1985).

Al gae exhibit a trenmendous and varying capacity for Se
bi oconcentration wth some species possibly capable of regulating
intracellular selenium concentrations (Foe and Knight 1986).
Sel enium enters aquatic food chains primarily through direct
uptake by primary producers (Pease et al. 1992), and high
bi oconcentration factors at this level are nost likely a critical
link in expression of biological effects at higher trophic
| evel s. Al gal bioconcentration factors (BCFs) reported in the
literature have been sunmmarized by Pease et al. (1992) wth
val ues ranging from 500 to 33,000 for marine systens and from 30
to 2,000 for fresh waters. Bi oconcentration experinents wth
mari ne phytopl ankt on (Vanderneul en and Foda 1988) illustrate the
speci es-specific nature of Se bioconcentration in al gae.
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Wi | e al gae have been the subject of a great deal of the Se
bi oconcentration research, bioconcentration of Se in aquatic
i nvertebrates has al so been denonstrated. Sandholmet al. (1973)
reported direct uptake of radio-labelled selenite in zoopl ankton
in culture experinents. Simlar results were obtained by Besser
et al. (1989) where daphnids actually accunulated higher Se
concentrations than periphyton. For organisnms exposed to 1 ug/l
®Se as selenite, Nassos et al. (1980) neasured Se uptake by
invertebrates in the follow ng order: daphnia > nosquito | arvae >
snail s.

Maier et al. (1987) suggested that a major factor affecting
direct uptake of Se by invertebrates m ght be the nature of their
exoskel eton/epithelium and also alluded to the inportance of
ecological roles of these organisns. These authors cited
possi ble greater rates of accunulation in benthic organisnms due
to greater exposure to Se in sedinents as an exanple of the
i nportance of these roles.

Wiile Se accunulation in aquatic plants has not been
t horoughly researched, several studies have indicated that uptake
rates may be |ow (Sandholm et al. 1973, Besser et al. 1989)
Studi es al so show that while fish may accunul ate Se directly from
the water (Nassos et al. 1973), dietary uptake of Se serves as
the major node of selenium accunulation in fish and higher
organi sms (Sandholmet al. 1973, Rudd et al. 1980, Lemy 1985).

Several studies have exam ned the inportance of Se chem ca
speci ation relative to bioconcentration in the aquatic
envi ronment . In experinments wth marine phytopl ankton,
Vander meul en and Foda (1988) reported preferential uptake of
selenite over selenate at natural seawater concentrations (10 *°
to 10°° M Se), with increased selenate uptake at nuch higher
concentrations (10° to 10° M. Overloading of the uptake
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mechani smwas reported as the reason for Se(Vl) uptake at high Se
concentrations. These authors clainmed that their findings
suggest that selenite is not only taken up preferentially from
wat er over selenate, but that cells actively exclude Se(Vl) from
upt ake.

In uptake studies i ncluding organosel enium speci es,
sel enonet hi oni ne has been shown to be preferentially
bi oconcentrated over inorganic forns. Sandholm et al. (1973)
reported |low uptake of selenite, but tremendous uptake of
sel enonet hi one by phytoplankton in experinental systens. I n
m crocosm studies, Besser et al. (1989) neasured greater
peri phyton and zoopl ankt on accumul ation of Se from
sel enonet hionine than from selenite or selenate despite higher
concentrations of the inorganic species. Bi oconcentration

factors ranging from 1,520 to 12,193 were recorded for
sel enonethionine in wuptake studies wth the cyanobacterium
Anabaena fl os-aquae (Kiffney and Knight 1990), with BCFs ranging
from 267 to 1,004 and 30 to 115 for selenite and selenate,
respectively. Coll ectively, these high BCFs for organosel eni um
species reveal the probable inportance of these fornms in Se-
rel ated food chain dynam cs and justify further research into the
occurrence and toxicological significance of these conpounds
(Besser et al. 1989).

Bi omagni fication. Biomagnification (progressive increase in
chem cal concentration wth successively higher food chain
trophic levels) of Se following bioconcentration by primry
producers is a process potentially |leading to expression of toxic
effects in upper trophic levels of aquatic systens (Kiffney and
Kni ght 1990). Upon review of a nunber of studies exam ning
possi bl e biomagnification of Se, Miier et al. (1987) reported
that uncertainty exists as to whether Se is biomagnified in
aquatic food chains. Where reported, biomagnification factors
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for selenium usually range from 2 to 6 between producers and
| oner consuners (invertebrates and forage fish) (Lemy and Smth
1987). Failure to account for potential bi omagni fi cation
effects in aquatic ecosystens has been cited as a possible
deficiency in existing seleniumwater quality criteria (Pease et
al . 1992).

Sel enium biomagnification has been reported in both
| aboratory and field studies. Increasing Se concentrations from
wat er to al gae to zoopl ankt on (daphnids), but not to fishes, were
reported for nodel ecosystens nonitored by Nassos et al. (1980).

Field data collected by Saiki (1986) and Sai ki and Lowe (1987)
from Kesterson Reservoir and the San Luis Drain reveal a general
increase in Se concentration from water to plants to aquatic
ani mal s.

Bl OLOG CAL EFFECTS

Acute Toxicity. Toxic effects of selenium nmay be expressed
in tw general ways: (1) nortality of juvenile and adult
organisns, and (2) reproductive inpairnent (Lemy and Smth
1987). \While reproductive failure may be the first obvious sign
of sel enium contam nation problens in aquatic systens (Lemy and
Smth 1987), high enough Se concentrations can lead to acute
toxicity. The nmode of toxicity is believed to be the
substitution of Se for sulfur in amno acid synthesis, wth
resulting nmetabolic inpairment (Eisler 1985, Kiffney and Knight
1990) .

Extensive lists of LGso values for aquatic organisns are
conpiled in Nassos et al. (1980), Eisler (1985), and Miier et al.

(1987). \Wiile these values vary considerably with species, life
stage, exposure interval, and Se form death has been observed at
wat er borne Se concentrations as low as 60 to 600 ug/l in early
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life stages of sensitive organisns (Eisler 1985). I n general
LGCso values for nobst organisns greatly exceed Se concentrations
found in natural systens. Anmong inorganic Se forms, several
studi es have confirnmed greater toxicity of selenite relative to
sel enate (Sai ki 1986).

Chronic Toxicity. Wth the exception of reproductive
abnormalities in avian species, sublethal effects of selenium
toxicity in aquatic ecosystens are not extensively docunented.
Nevert hel ess, several studies have examned these effects.
St udi es reviewed by Eisler (1985) reported chronosonal

aberrati ons, i ntesti nal | esi ons, shifts in algal speci es
conposition, swinmmng inpairnent in protozoans, and behavioral
nmodi fications as possible synptons of chronic Se toxicity. 1In a

simlar review of sublethal effects associated with agricultura

drai nwater constituents (predomnantly seleniun), the USFW5
(1992) reported effects associated with reproduction, grow h,
internal structure, behavior, physiology, and biochem stry of
fish and wildlife resources. Reading and Bui kenma (1980) reported
inpacts on filtering rates for Daphnia pulex at selenium
concentrations of 800 ug/l.

Effects on Aquatic Birds. VWhile a nunber of studies have
docunented effects of elevated Se concentrations on varying
classes of biota, major research efforts have been devoted to
anal yzing inpacts on aquatic birds. Wil e these studies have
docunent ed varying effects of seleniumexposure in birds, results
of a nunmber of l|aboratory and field studies indicate that inpacts
on avian species are manifested primarily through decreased

reproductive success (USFWs 1992). Careful evaluation of
environnental factors contributing to inpaired avian reproduction
and enbryonic devel opnent IS critical to environnental

protection, as these conditions may be the first obvious
bi ol ogi cal indication of selenium contam nation problens in an
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aquatic system (Lemy and Smth 1987).

Some of the first docunented evidence of toxic effects of
environnental Se to avian enbryos was reported by Ohlendorf et
al. (1986) for irrigation drainwater ponds in San Joaquin Vall ey,
Cal i forni a. O 347 nests of various species of aquatic birds
studied by these authors, 40.6% contained at |east one dead
enbryo and 19.6% had at |east one chick or enbryo with visible
external deformties, including mssing or abnornal eyes, |egs,
w ngs, feet and beaks. Abnormalities associated with brain,
heart, |iver, and skeletal systens were also noted. Enbryoni c
nortality was highest at 31.7 and 14.6% anong eared grebes
(Podiceps nigricollis) and Anmerican coots (Fulica anericana),
respectively. Since this report, reproductive inpairnent in
birds inhabiting Se-enriched environnments has been reported at
ot her locations (see review in USFW5 1990b).

Reproductive inpairment in aquatic birds is believed to
result fromthe transfer of bioaccunmul ated Se to avian eggs where
toxicologically significant concentrations may be only slightly
hi gher than background Ilevels (Skorupa and Ohlendorf 1991,
Skorupa 1992). Accumul ation of significant Se levels in eggs of
varying bird species inhabiting environnents relatively low in
wat er borne sel enium have been reported in a nunber of studies
(see citations in Skorupa 1992). Direct evidence of the
detrinental effects of dietary Se exposure on avian reproduction
has been largely obtained in feeding experinments with mallards
(Anas platyrhynchos) conducted by Heinz et al. (1987 and 1989).
These authors reported decreased reproductive capacity, |owered
duckling survival rat es, decreased duckling weights, and
increased incidence of teratogenic effects wth increasing
dietary Se |evels.

Sel enium uptake, transfer efficiency to bird eggs, and

29



resulting effects on avian enbryos have been shown to be highly
dependent upon the Se chem cal species available to birds (Heinz

et al. 1987, Skorupa 1992). In feeding experinments wth
mal | ar ds, Hei nz et al . 1987 reported t hat dietary
sel enonet hi oni ne was nmuch nore readily taken up and transferred
to eggs relative to sodium selenite. 1In a conparison of feeding
studies enploying simlar dietary levels of inorganic Se (Heinz
et al . 1987) and organic forns (Heinz et al . 1989),

sel enonet hi oni ne exhi bited greater effects on avian reproduction.
This is particularly significant due to the predom nance of
forms functionally simlar to selenonethionine in aquatic food
chains (USFW5 1990b). Based on these findings, the dietary
threshold for Se as selenonethionine resulting in avian
reproductive inpairnment has been proposed as 4 to 8 ppm (Heinz et
al . 1989, USFWS 1990b).

Regression equations relating total recoverable waterborne
Se, food chain Se, and Se bioaccunul ation potential in bird eggs
were devel oped by Skorupa and Ohl endorf (1991). For the San
Joaquin Valley, the equation: Log (Mean Egg Se) = 3.66 + 0.57 Log
(Waterborne Se) was found to be a reliable predictor of the
maxi mum potential for Se accumulation in bird eggs. These
authors stressed the inportant distinction between "potential”
and "realized" seleniumin bird eggs and cited various aspects of
avi an behavior (i.e., food preferences, honme range size, habitat
preferences, degree of residency) as possible factors affecting
observed differences between the two. The eared grebe (a
sedentary species) was cited as the best indicator species for
egg Se bi oaccunul ation potential.

I n devel opi ng recommended wat erborne Se concentrations for
protection of avian species, Skorupa and OChlendorf (1991) also
differentiated between "avian contam nation" (nmean selenium in
eggs above normal or background concentrations) and "avian
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toxicity" (mean egg sel enium above enbryotoxic thresholds). They
cited total waterborne Se concentrations of < 2.3 wug/l as
necessary for mnimzing avian contam nation and concentrations
of < 10 ug/l as a reasonable goal for prevention of npbst avian
toxicity.

In addition to studies examning reproductive effects of
sel enium unpublished results of several studies ained at
determning | ethal and sublethal effects on birds were cited by
USFWS (1990b). In one study, adult mallards were fed 0, 10, 20,
40, and 80 ppm Se as sel enonethionine for 16 weeks over w nter
wth resulting nortalities of O, 0, 25, 95, and 100%
respectively. In a simlar study conducted during spring and
sumer, |lower rates of nortality were observed for 20 and 40 ppm
di etary exposures, suggesting that adult mallards may be nore
sensitive to selenonethionine exposure during cold weather.
Based on these results, the USFW5S (1990b) reconmended a maxi num
dietary exposure of 10 ppm for protection of overw ntering
aquatic birds when avian reproduction is not a concern.

Two inportant considerations in determning effects of
selenium on aquatic birds are rates of Se accunulation and
elimnation in individuals of these species. Feeding experinents
with adult mallards (Heinz et al. 1990) indicated that both Se
accunmul ation and elimnation are rapid processes in waterfow --
results that these authors claimare consistent with findings in
experinments wth donmestic chickens. In adult nmallards,
concentrations of Se in liver reached 95% equilibrium in only
7.8 days with half-lives of 18.7 and 30.1 days for Iliver and
muscl e concentrations, respectively. Results  of their
experinments led these authors to conclude that ducks would
qui ckly |l ose Se upon | eaving a Se-contam nated area.

Studies reporting simlarly short half-lives for Se in

31



organi snms were reviewed by Eisler (1985). In addition, the USFW5
(1992) cited evidence of the rapid loss of Se in over 2 mllion
pintails (Anas acuta) wintering in the San Joaquin Valley upon
departure fromthe area. These results collectively suggest that
as long as mgratory birds do not die on wntering areas, |eave
Se-contam nated areas approximtely 2 weeks prior to egg |aying,
and arrive at breeding grounds physically fit for breeding,
reproduction should not be adversely affected by w nter exposure
to sel eni um (USFW5 1990b) .

Many authors have stressed the inportance of avian
behavioral ecology in determning Se inpacts on bird species
(LemMy and Smth 1987, DuBowy 1989, Skorupa and Chl endorf 1991).

Differences in residence tinmes, dietary habits, mgration
patterns, and local feeding sites result in varying exposures and
subsequent manifestation of Se effects on bird species (Ohl endorf
et al. 1986). The USFWS (1990b) al so stressed the inportance of
"l andscape nosaics" in influencing inpacts of contam nants on
hi ghly nobile species such as waterfow . | mpoundnents situated
wthin a nposaic of relatively clean aquatic systens ("wet
nosai cs") were cited as significantly [|ess dangerous than
i npoundnent s in water-limted "dry nosai cs".

4. LEVELS OF ENVI RONMENTAL CONCERN

Due to substantial Se-related research and subsequent
great er understandi ng of inpacts of selenium on aquatic species,
recoomended Se criteria have decreased significantly over the
past decade (Table 1). Sel enium concentrations adversely
affecting wldlife (particularly in terns of inpairnment of avian
reproduction) are extrenely low and frequently only slightly
above background |evels. This has pronpted a heightened
awar eness of the need to carefully evaluate selenium | oading to
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aquatic systens and to anticipate related inpacts on organi sns
associated with these environnents.

For purposes of this study, it was necessary to select
threshold selenium levels which, based on current information,
woul d be expected to result in detrinmental inpacts on wldlife
species in the project area. As evaporation | akes associated
with the project would be constructed solely for disposal of
brine waters, fish and wildlife concerns are limted to inpacts
on sem -aquatic organisnms tied to these systens via food chain
dynam cs. Due to a denonstrated sensitivity of aquatic birds to
wat er borne sel eni um and substantial information regarding inpacts
on these species, birds (particularly endangered species) becane
the maj or focus of the study.

Due to two distinct categories of Se-related inpacts on
aquatic birds, it was necessary to distinguish between Se
criteria for: (1) potential reproductive inpairnment of birds
nesting at the project area, and (2) potential detrinental
i npacts on adult and juvenile birds nesting at sites renoved from
the project. Since rapid loss of Se from birds has been
denonstrated (see above discussion), reproductive inpairnent
woul d not be anticipated for aquatic birds using distant nesting
sites. While inpacts on these and other organi sns undoubtedly
vary with chemcal Se species, current criteria are generally
proposed in ternms of total selenium  Threshold values for this
study were sel ected accordingly.
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Tabl e 1.

Publ i shed Sel eni um Level s of Concern to Fish and WIldlife Resources.

Concentrations are ug/l (water) and ug/g (food and sedi nents).

Envi r onnment al Prot ect ed
Year Medi a Concentration Resource Sour ce
1980 Fr eshwat er 35 (as SE)® Aquatic Life USEPA 1980
1980 Freshwat er 760 (as SE+4_)b Aquatic Life USEPA 1980
1980 Salt Water 54 (as SE) Aquatic Life USEPA 1980
1987 Fr eshwat er 5 Aquatic Life USEPA 1987
1987 Marine Waters 71 Aquatic Life USEPA 1987
1987 Wt er 2-5 Fish, Waterfow Lemy & Smth 1987
1987 Sedi nment 4 Fish, Waterfow Lemly & Smth 1987
1990 Food Itens 4 Bi rd Reproduction USFWS 1990
1990 Food Itens 10 Bird Survival® USFWS 1990
1991 Wat er 10 Bird Enbryos Skor upa and
§ Chl endorf 1991
1991 Wat er 2.3 Avi an Cont am nati on Skor upa and
Chl endorf 1991
1992 Estuary Waters® 0.1-0.8 (Se”) Wildlife Pease et al 1992
f' 24- hour average, not to exceed 260 ug/l at any tine.
24- hour average, not to exceed 410 ug/l at any tine.
Z Young and adult birds when avian reproduction not a concern.
. Defi ned as nean egg sel eni um above background concentrati ons.

San Franci sco Bay.
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In studies relating selenium concentrations in water to
bi oaccunul ation of Se in bird eggs, Skorupa and Ohl endorf (1991)
proposed 10 ug/l waterborne selenium as protective of avian
enbryotoxicity under nost conditions. This concentration was
therefore adopted as the critical l|evel potentially inpacting
avi an reproduction in birds nesting at project evaporation |akes.

Wil e | ower values have been proposed, it will be denonstrated
that selection of this threshold is not critical to this study
due to projected values exceeding all recomended threshold

concentrations early in the life of the project.

Based on results of waterfow feeding studies, the USFW5
currently recommends a maxi num dietary exposure of 10 ppm for
protection of young and adult birds where reproductive inpacts
are not a concern (USFWS 1990b). Use of this dietary value
necessitates estimation of waterborne Se levels resulting in 10
ppm in food organisns commonly used by aquatic birds. Wile a
nunber of conplex environmental factors affect the uptake and
accunmul ation of Se in food organisns, enpirically derived
regression equations developed by Shelton et al. for evaporation
ponds in the Tulare Basin of California (unpublished data cited
by Skorupa and Ohl endorf 1991) have shown prom se in estimting
dietary Se on the basis of waterborne Se in egg bioaccumnul ation
studi es (Skorupa and Chl endorf 1991).

Skorupa and Ohlendorf (1991) estimated food chain Se
concentrations using:

Log (BSS) = 3.25 + 0.49 Log (W)

wher e:

BSS = Se | evels (ppb, dry weight) in brine shrinp

wat er borne sel eni um (ppb, total recoverable).
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These authors reported good performance of this equation in
estimating the potential for Se accunulation in bird eggs in a
nunber of environnments, including those where brine shrinp do not
occur. Lack of variation 1in bioavailable organosel enium
concentrations anong macroinvertebrate species in a given
environnent, the lack of a well devel oped chitinous exoskel eton
which mght possibly externally adsorb inorganic Se, or good
representation of the type of aquatic invertebrate preferred by
aquatic birds were cited as possible explanations for adequate
performance of this equation in a wde variety of environnents.

In an attenpt to evaluate the appropriateness of the above
equation in estinmating Se uptake by food chain organisns for this
study, the equation was applied to several field data sets for
conpari son anong predicted and observed concentrations in biota.

Usi ng data collected from seven sites in the San Joaquin River
system (USFW5 1990a), the equation generally overpredicted Se
concentrations in aquatic invertebrates and fish species. Anbng
i nvertebrates, overpredictions occurred in 64, 57, and 79% of
seasonal nmean values (spring and fall data at seven sites) for

anphi pods, chironom ds, and crayfish, respectively. For fish
species, overpredictions occurred in 42, 64, and 57% for
bl uegi I I, | argenout h  bass, and nosquitofish, respectively.

Overall ratios of predicted to observed nean values were as
foll ows: anphipods (1.42), chironomds (1.34), crayfish (1.73),
net plankton (1.15), bluegill (1.07), largenouth bass (1.21), and
nmosqui tofish (1.10). Reported total waterborne Se concentrations
ranged from<0.3 to 30 ug/l at these sites.

In contrast, the brine shrinp food chain equation grossly
underpredicted biotic Se concentrations when applied to data
collected for the San Luis Drain and Kesterson Reservoir (data
from Sai ki 1986, Sai ki and Lowe 1987) where total Se
concentrations of 36 to 330 ug/|l were reported. This may reflect
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i naccuracy of this equation in estimating Se in food chain
organisns of highly productive systenms wth excessively high
wat erborne Se levels (a |arge portion of which may be present in
hi ghly bioavail able organic forns). Much better agreenent was
obtained with data fromthe Volta Wldlife Area (sane studies as
cited above) where reported total Se concentrations were orders
of magni tude | ower.

Due to docunented adequate performance of the brine shrinp
equation in evaluation of food chain inpacts on Se accunul ation
in bird eggs, reasonable agreenent wth field data under
conditions simlar to those expected in project evaporation
ponds, observed high densities of aquatic invertebrates in saline
evaporation ponds (Parker and Knight 1992), and probable
conservative (overpredictive) nat ure of f ood chain Se
estimations, this equation was deened reasonable for use in this
st udy. Use of this equation and the recommended 10 ppm dietary
criteria yields a total waterborne Se concentration of 34 ug/l.
This value was therefore used in this study as the threshold
concentration for inpacts on adult and juvenile birds in the
absence of avian reproduction concerns.

5. STUDY METHODOLOGY

GENERAL

Prior to initiation of field activities, a search was
conducted for existing water quality data from Red Ri ver Chloride

source areas. This search included such resources as EPA's
conputerized STORET water quality database and files of other
agencies involved in water quality data collection. As this

search failed to identify any existing selenium data from source
areas, initial phases of the study involved collection of water
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quality data required as input to predictive nodeling exercises.

Water quality data collection was not possible at source
areas proposed for input to Salt Creek Brine Lake (Area VI). Box
canyons conprising these source areas are currently under private
ownership with no Governnent access to these |ocations. Due to
anticipated exclusive collection of waters emtted from these
areas (with diversion of the Elm Fork around tenporarily stored
brines), Se load estimates for nodeling purposes could not be
obt ai ned. It was therefore determned that proposed Crowell
Brine Lake should becone the focus of the study, wth findings
fromthis systemused in general evaluation of potential inpacts
at Area VI. Wiile results obtained by this approach can be
applied to Salt Creek Brine Lake in a general sense, site-
specific investigations should be conducted for this system once
access to Area VI source areas i s obtained.

Limted data were obtained from Truscott Brine Lake for
evaluation of operational and general |imological features
associated with brine disposal |akes in the project area. Wth
the exception of Truscott Lake, no simlar systens exist in the
region, and little information 1is available concerning the
I i Mol ogy of these |akes. Since proposed Crowell Brine Lake and
Truscott share simlar operational, norphonetric, geologic, and
wat er shed characteristics, data obtained from Truscott were used
in estimating future conditions in Crowell Lake for nodeling
pur poses.

FI ELD DATA COLLECTI ON

Collection of field data was scheduled to begin during late
spring/early sumer 1992. However, unseasonably heavy rainfal
during this period resulted in high flows at source areas and
necessitated postponenent of sanpling activities until |ate June.

As sel enium concentrations were anticipated to be highest during
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low flow periods, it was the intent of the study to base water
quality predictions on conservatively high selenium | oading
estimations derived from data collected primarily during periods
of low stream discharge. Data were therefore collected
approxi mately biweekly from the end of June to early Novenber
1992, when streanflows at source areas were at a m ni num

Field activities at Crowel| Lake source areas (Areas VIl and
I X) included collection of water sanples and neasurenents of
stream flow and field water quality paraneters. Wat er sanpl es
were collected from mdstream at a depth just below the surface
in polyethylene containers precleaned to EPA specifications.
Sanpl es were properly preserved, immediately placed on ice, and
transported to the Corps of Engineers Southwestern Division
Laboratory, Dallas, Texas, for analysis by a COE-approved
contract lab. Analytical paraneters included total and dissol ved
sel enium (EPA Method 7740), total suspended solids, and nmajor
anions and cations. Quality assurance/quality control (QA QO
measures included collection of duplicate sanples at an
approximate 10% frequency, as well as |aboratory nethod bl ank,
reagent spi ke, matrix spike, and duplicate anal yses.

Field nmeasurenents of water tenperature, pH, dissolved
oxygen (DO, conductivity, and redox potential were obtained at
each sanpling location wth a Hydrolab Surveyor Il data
i nstrunent. This instrunent was calibrated according to the
manufacturer's instructions prior to each sampling trip.
Streanflows were calculated from neasured cross-sectional areas
and average velocities obtained with a Mirsh-MBirney Mdel 201
flow neter.

Water quality data from Truscott Lake and Area VIII were

obtai ned on 22 July, 19 August, and 21 Cctober 1992. Lake data
were collected at sanpling sites |ocated near Truscott Brine dam
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at approximately md-lake, and near the wupper end of the
i mpoundnent (Sites 1 through 3, respectively). Vertical profiles
of field water quality paranmeters were collected at 1 mintervals
at all sites, and water sanples were collected from surface and
near-bottom depths. Water sanples from Truscott Lake as well as

from Area VIII were analyzed for paraneters identical to those
enpl oyed at other |ocations. Undisturbed sedinent cores (0 to 8
cm depth) were |ikewise obtained at selected Truscott Lake

sanpling sites and analyzed for total Se, grain size, solids
content, and total organic carbon.

WATER QUALI TY MODELI NG

Water quality nodeling was enployed as a neans of obtaining
reasonabl e estimates of tenporal changes in Se concentrations in
wat er and sedi nents of proposed Crowell Brine Lake over the life
of the project. Due to the conplexity of selenium chem stry;
uncertainty regarding the relative inportance of conpl ex
physical, chem cal, and biological interactions associated wth
Se cycling; and the virtual absence of Se fate and transport
nodeling studies in the scientific literature, nodeling output
shoul d be viewed as a reasonabl e approxi mati on based on currently
avai l able scientific informtion. In an effort to partially
mtigate inherent uncertainties associated wth Se predictions,
reasonably conservative assunptions, estimations, and input data
were applied throughout this study where possible. This approach
was based on a desire to use all available neans of providing
reasonable water quality estimates while providing maxi num
envi ronnment al protection.

Prelimnary "worst case scenario" estimtes of waterborne
sel enium concentrations in Crowell Brine Lake were derived by
initially evaluating Se as a totally conservative substance.
This approach ignored the influence of factors resulting in
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reduced water columm Se concentrations (i.e., sorption, settling,
vol atilization, sedinent burial) and was based on sinple dilution
of Se nmass loads by |ake water colum vol unes. Wiile this
approach nost likely results in gross overestimation of water
colum Se concentrations, results of this analysis provided
absol ute worst case estimates and were useful in evaluating the
relative significance of factors controlling Se distribution in
nodel i ng si nmul ati ons.

Foll owi ng devel opnent of initial conservative substance
estimates, "best estinmate" predictions of Se concentrations were
obtained by applying mathematical sinmulations of physical,
chem cal, and biol ogical kinetics of Se accunulation and
distribution in aquatic systens. This approach enpl oyed the use
of a conputer code adaptable to simulation of Se dynamics in
Chloride Control brine | akes. Input information for these
anal yses were derived from project area field data, field and
| aboratory studies described in the scientific literature, and
pr of essi onal judgenent.

Foll ow ng evaluation of a variety of water quality nodels,
the Sinplified Lake and Stream Analysis (SLSA) nodel devel oped
for the Chem cal Manufacturers Association Aquatic Research Task
G oup (Hydroqual, Inc. 1981, 1982) was deened nost appropriate
for use in this study. The nodel is a relatively sinple yet
powerful screening tool incorporating mass bal ance cal cul ations
in evaluating effects of point source chem cal inputs on |ake or
stream receiving waters. Avai |l able | ake simulations include
wat er colum and sedi nent bed chem cal accunulation in response
to either continuous or pulsed chemcal |[|oads, or chemcal
depuration followmng cessation of chemcal inputs. Upon
cal cul ation of total chem cal concentrations in both water colum
and bed sedinents, the nodel internally cal cul ates dissolved and
particul ate fractions in each |layer (Hydroqual, Inc. 1982).
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Sinplifying assunptions associated with SLSA include a
conpletely m xed water colum, uniform bed sedi nents consi dered
as interactive with overlying waters, and a stable pool |evel
As a screening level nodel, SLSA does not sinulate chem cal
concentrations wth great tenporal (i.e., seasonal) or spatia

detail . Model output is generally based on overall |ake water
colum and bed conditions over extended tinme periods
(days/years). A conplete discussion of the developnent and

application of SLSA is presented in Hydroqual, Inc. (1981, 1982).
Theoretical and site-specific applications can be found in D
Toro et al. (1981, 1983).

Water quality nodeling for Chloride Control brine disposa
| akes was conducted on the basis of total waterborne and sedi nent
selenium Attenpts at nodeling distribution of distinct chem cal
Se forns using output from chem cal speciation nodels (i.e.,
EPA's MNTEQ nodel) were not conducted. While chemca
speci ation undoubtedly affects distribution of Se in aquatic
environnents and availability for biological uptake, published
| evel s of concern with respect to wildlife species have generally
been devel oped on the basis of total Se. The need to directly
conpare sinmulation results and | evels of concern, conbined with
the increased conplexity of speciation nodeling, resulted in
predi cted concentrations for total Se only.

SLSA input paraneters for Crowell Brine Lake Se sinmulations
are presented in Table 2. Many input paraneters are based on
anticipated "average" conditions over the life of the project.
Uncertainty associated with input paranmeter values not based on
actual field or Iliterature data resulted in selection of
conservative estimates where possible. Estimation nethods for a
nunber of selected input paraneters are described bel ow.
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Est abl i shnent of volunetric flow rate (ma/sec) provi des for
contam nant flushing from systenms in SLSA |ake sinulations.
Qutfl ows possess contam nant concentrations corresponding to
sinmul ated water columm levels and therefore result in loss of
contam nant nass fromthe system As Red River Chloride Control
brine | akes possess no capacity for outflow, it was necessary to
maxi m ze contam nant residence tinme in sinmulations involving
these systens in order to mnimze unrealistic selenium |oss.

Wile the nodel wll not permt volunetric flows of zero, the
selected rate (0.001 n/ sec) results in less than 1% | oss of
selenium nmass associated wth outflow in Crowell Lake

si nul ati ons.

An  obviously I nport ant par amet er to water qual ity
sinmulations is the rate of Se loading to proposed Crowell Brine
Lake. Loading estimates were derived from field data coll ected
at Crowell Lake source areas as part of this study. As not ed,
these data were collected during low flow periods in order to
provide conservatively high loading estimates for nodel
sinmul ations. Loading estinmates were based on average anti ci pated
flowrates from
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Table 2. SLSA Model | nput

Par amet er s,
Sel eni um Si nmul ati ons.

Crowel | Brine Lake

Par amet er

Units Val ue

Source/ Justification

Vol umetric Flow Rate ¥ sec?!

time
Wat er Vol une m
| evel

Cont am nant
dat a

Loadi ng

Wat er
| evel

Col umm Dept h m

Sedi nent Layer Depth m

1990

Wat er
dat a

Col umm Suspended Sol i ds mg/ |

Sedi nent
dat a

Suspended Sol i ds mg/ |

Di f fusi ve Exchange Coefficient cm day?

Resuspensi on Vel ocity
| ake

mm yr -t

Sedi nent
sur face

Settling Velocity mm yr 2

from

Water Columm Partition
Coef fici ent

| / kg

Sedi nent Partition Coefficient

Yosef

| / kg

Si ngh

dat a

45

kg day!

0. 001 Maxi m zes resi dence
1.39E07- Varies with pool
1. 37E08
0.211 Source area field
4.8-8.8 Varies with pool
0.08 Rudd et al. 1980;
Orenland et al. 1989
25 Truscott Lake field
1E06 Truscott Lake field
50 Esti mat ed
0 M ni mal for deep
4.7-6.2 Varies with pool
ar ea. Cal cul at ed
sedi nent ati on data
(USACE 1982b)
100 Esti mat ed
20 Esti mated from Bar -
and Meek 1987 and
et al. 1981 isotherm



Oxi dati on Rate* day?! 0 Not applicable

Bi ol ysi s Rate* day?! 0 Not applicable
Phot ol ysi s Rat e* day?! 0 Not applicable
Hydr ol ysi s Rate* day?! 0 Not applicable
Vol atility Rate (water) day?! 2E- 06 Esti mat ed
Vol atility Rate (sedinent) day?! 2E- 06 Esti mat ed

* Water and sedi nent
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source areas (0.232 and 0.147 n/sec for Areas VII and IX,
respectively) and average Se concentrations (7.7 and 3.8 ug/l for
Areas VII and | X, respectively) over the data collection period.

Nonpoi nt source (watershed input) Se loading rates to

Crowel | Lake were estimated based on predicted average daily
runoff inflows of 0.108 ni/sec (USACE 1976a) and an assuned total
sel enium concentration of 1 ug/l in inflow waters. Wil e data

are not available for Se concentrations in runoff waters fromthe
Crowel | Lake watershed, these concentrations are assuned to be
| ow due to frequently observed absence of soluble selenium in
surface soils (Doran and Al exander 1976) due to volatilization or
rapid | eaching of soluble forms fromsoils high in gypsum (Tanji
et al. 1986).

Based on the above calculations, total selenium loading to
Crowell Brine Lake was estimated at 0.211 Kg/day. Source areas
VII and I X and watershed inflows account for 73, 23, and 4% of
this total, respectively.

Active sedinent |ayer depth was estimated at 0.08 m for
Crowel | Brine Lake SLSA selenium sinulations. Sever al
investigators have reported active Se processes at sedinent
depths ranging from3 to 10 cmin a variety of |akes (Rudd et al.

1980; Oremland et al. 1989, 1990). | nput water colum and
sedi nent bed suspended solids concentrations (25 and 1,000, 000
mg/l, respectively) were based on field data collected from

Truscott Brine Lake and anticipated simlarity in these
paraneters at Crowel |l Lake.

Suspended nmateri al settling velocities are internally
cal cul ated by SLSA via solids bal ance conputations. An inportant
i nput paraneter in these calculations is the sedinent settling
(burial) velocity (myr). Sedi nentation estimates for Crowell
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Lake indicate that approximately 71,550 ni/yr of sedinment woul d
be delivered to the inpoundnent (USACE 1982b) resulting in
sedinentation rates ranging from 4.7 (full pool) to 6.2 (5-year
pool) mmiyr. Use of these sedinent settling velocities yields
SLSA-cal cul ated suspended material settling velocities well
within the range predicted by Stoke's Law calculations for silts
and clays (predomnant grain sizes in sanples from Truscott
Lake). These sedinentation rates were therefore considered
adequate for use in Crowel| Lake sinulations. The potential for
significant |ake-w de sedinment resuspension was considered |ow
for Crowell Lake due to extrenme water depths. Resuspensi on
velocities were therefore input as O mmyr in SLSA nodeling
exer ci ses.

Required SLSA input also includes estimtes of contanm nant
partition coefficients (lI/Kg) for water and sedinent |ayers.
VWhile estimation (or direct neasurenent) of these coefficients
are difficult due to confounding influences of varying organic
and inorganic chem cal species, solids types, contam nant and
solids concentrations, and other environnental variables, Se
adsorption isotherm data presented by Singh et al. (1981) and
Bar - Yosef and Meek (1987) were used in calculating a general
range of sedinent |ayer partition coefficients deenmed reasonably
applicable to this study.

Singh et al. (1981) evaluated selenium adsorption and
desorption on a variety of soils, all of which were characterized
by grain sizes dom nated by sands. In contrast, Bar-Yosef and
Meek (1987) neasured selenium sorption on kaolinite and
montnorillonite clays under varying pH conditions. It should be
enphasi zed that all experinents in both studies involved
i norgani c selenium species (SelV and VI) only. \Wile partition
coefficients calculated from these data vary considerably wth
pH, Se concentration, and inorganic Se species, calcul ated val ues
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for conditions nost reasonably resenbling that expected for
Chl oride Control inpoundnents range from approximtely 10 to 70
| / Kg. Accordingly, an initial conservative estimate of 20 |/Kg
was adopted for the sedinment partition coefficient. Due to
reasonabl e performance of this coefficient in nodeling exercises
with [imted Truscott Lake data (see results section), this val ue
was retained for use in Crowell Brine Lake simnulations.

Partition coefficients for water colum suspended naterials
are typically higher relative to sedinent values due to the
influence of adsorbing solids concentrations (O Connor and
Connol Iy 1980, Voice et al. 1983). Estimates of Se partition
coefficients for | ow suspended solids concentrations could not be
calculated as field data sets reporting total and dissolved
sel enium and suspended solids concentrations could not be found
inthe literature. Wile very limted USGS data from several Red
River tributaries in Texas (retrieved from the STORET systen)
indicate that water columm partition coefficients nmay range from
7,500 to 11,000 I/Kg, a conservative estinmated value of 100 |/Kg
was adopted for use in this study. Despite these uncertainties,
| ow suspended solids concentrations result in insignificance of
this paraneter to Crowell Lake Se sinulations (see sensitivity
anal ysis results).

A final input paraneter involved estimtion of water colum
and sedinent volatilization rate coefficients (1/day) for Crowell
Lake Se sinulations. As bionethylation and volatilization of
sel eni um have been shown to vary considerably with Se species,
concentrations, and overall aquatic productivity, estimation of
these coefficients proved difficult. In an attenpt to evaluate
the potential significance of volatilization to Crowell Lake,
literature reports of Se volatilization for different systens
were revi ewed.
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Cooke and Bruland (1987) reported that outgassing of Se may
have been substantial in biologically active Kesterson Reservoir
and estimated that roughly 30% of Se introduced to this system
via the San Luis Drain was volatilized to the atnosphere.
Simlarly, Thonpson-Eagl e and Frankenberger (1990) reported a 35%
loss of the total Se inventory in unanended pond water from

Kesterson Reservoir after 43 days of incubation. Due to the
hi ghly productive nature of the Kesterson system and anti ci pated
lower levels of productivity in Crowell Lake, di m ni shed

significance of volatilization would be anticipated for the
latter.

In closed system m crocosm studi es enpl oying sedinents from
the San Joaquin River, Volta WIldlife Area, Peck Pond, and
Kesterson Reservoir (all California sites), volatile Se conpounds
were found to conprise 3 to 14% of total Se inventories (Besser
et al. 1989, Karlson and Frankenberger 1990). Based partially on
these results, conservative volatilization coefficients of
2E-06 day ' were adopted for water and sedinents in Crowel| Lake
si mul ati ons. These rate coefficients correspond to an
approximate 3.5% | oss of the total Crowell Lake Se inventory and
are several orders of magnitude |ess than values reported in the
literature (0.003 to 0.053 day'l; Cal derone et al. 1990).

A sinplifying assunption of major inportance to SLSA | ake
sinmulations is a conpletely mxed water columm. Accordi ngly,
nmodel predictions do not address horizontal variation or effects
due to vertical thermal/chemcal stratification in receiving
wat er s. While Truscott Lake data indicate that the conplete
hori zontal m xing assunption would probably be reasonably valid
for Crowell| Lake, seasonal vertical stratification was observed
in Truscott Lake and would nost |ikely develop in Crowell Brine
Lake. Rel ative contributions of thermal and chem cal density
differences to stratification in Truscott Lake are unknown, but
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| ake turnover and conplete mxing was observed in the fall of
1992 (see results section). Due to tenporally increasing
chloride levels and resulting density gradients, devel opnent of
permanent nmerom xis with increasing project life and pool depths
is a possibility for Chloride Control brine disposal |akes.

It is inportant to note that nodel predictions associated
with this study should be considered as applicable during periods
of conplete mxing (such as mght be experienced upon | ake
t urnover). As selenium is generally immbilized under reduced
conditions (see discussion in literature review section), highest
Se concentrations woul d be expected during periods of mxing with
sedinments serving as a Se "sink" during stratified periods.
Model predictions can therefore be considered as representative
of maximum Se level conditions with actual concentrations nost
likely considerably reduced during summertinme stratification.
Should neromictic conditions persist during later stages of
Crowel |l Lake project life, nodel projections wll nost Ilikely
overestimte Se concentrations. The possibility of devel opnent
of these conditions further adds to conservatism associated with
nmodel predictions.

Sel enium | oadi ng estimates for Crowell Lake sinulations are
based on the assunption that neasured total Se concentrations in
source waters delivered to the inpoundnent are unchanged by
col l ection/transport processes. Wi | e appreci abl e Se
concentration changes associated with collection nethods at Area
\/l (tenporary ponding by inflatable dam would not be
anticipated, the use of settling basins and a tenporary storage
i npoundnent at Area | X could conceivably result in reduced total
sel eni um concentrations in source waters from this |ocation due
to settling or sedi nent adsorption effects.

Upon sel ection of input paraneter values deened reasonable
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for use in Crowell Lake predictions, these values were applied in
Se sinulations for Truscott Lake. Wile [imted field data and
short operational life of this project precluded what could
reasonably be considered either "calibration" or "verification"
of the nodel, predicted Se concentrations were conpared to
observed field values as a general neasure of the reasonabl eness
of nodel predictions. Adequate performance of the nodel (see
results section) resulted in reasonabl e confidence in adequacy of
i nput paraneter val ues.

Significance of individual input paraneters in Crowell Lake
SLSA water quality predictions were evaluated by sensitivity

anal ysis procedures. Sensitivity analyses involved repeated
nodel simulations with increnental changes in a single paraneter
value (with all others held constant) and evaluation of

sinmulation results associated with these changes. C ose scrutiny
was given to input variables which had no site-specific or
transferrable data to support their selection.

SLSA sel enium si mul ati ons were conducted for separate 5-year
intervals over a total tinme span of 125 vyears. Di screte
sinmul ati ons were conducted in order to mtigate the influence of
significantly increasing pool volunes and surface areas during
the initial 20 to 30 years of the proposed project life. |[Input
paraneters dependent upon pool nmor phonetry (water  vol une,
sedinentation rates, and water depth) were varied to match
antici pated conditions.

6. RESULTS

FI ELD DATA

Results of all field nmeasurenents and water sanple anal yses
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for Crowell Brine Lake source areas (Areas VII and 1X) are
contained in Appendix A Problems wth excessively high
anal ytical detection limts (10 to 20 wug/l) attributable to
sanple matrix interference were experienced in Se analyses for
the first two sanmpling trips (29 June and 14 July). Due to these
high detection limts, data fromthese dates were not used in Se
| oad estimate cal cul ations. Subsequent anal yses i ncor porated
i nproved detection limts (1 ug/l).

Total selenium concentrations ranged from5.4 to 9 ug/l at

Area VIl with a nean concentration of 7.7 ug/l. Mean total
selenium at Area IX was 3.8 ug/l with a concentration range of
<l to 6.9 ug/l. Agreenent between results of duplicate anal yses

were generally good. Little difference in total and dissolved Se
concentrations was noted at both areas on nost sanpling dates.
Waters at both areas were well-oxygenated with slightly al kaline
pH val ues recorded on all sanpling trips.

Results of all water quality analyses for Truscott Lake and
Area VIIlI are contained in Appendix B. Total sel enium
concentrations of 6.6 and 4 ug/l were neasured at Area VIII on
18 August and 20 OCctober 1992, respectively. Hi gh anal ytica
detection limts for Se anal yses were reported for both Area VIII
and Truscott Lake sanples collected 21-22 July, but were |ower
for subsequent sanpling dates.

Wel | -defined vertical stratification was observed in
Truscott Lake during July and August (see field profiles,
Appendi x B). On 22 July, a water tenperature reduction of
approximately 7 2 was recorded between 6 and 7 m depth near
Truscott Brine Dam wth an acconpanying drop in dissolved oxygen
from approximately 7 to <0.2 ng/l. Significant reductions in
redox potential and increases in specific conductance were also
observed at this depth. Simlar conditions were noted during a
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m d- August sanpling trip. By 21 October, vertical stratification
was no longer present in Truscott Brine Lake wth nearly

identical values of water tenperature, redox potential, and
conductivity at all water depths. While total selenium
concentrations were bel ow analytical detection limts (1 ug/l) in
all Truscott Lake sanples during periods of stratification,

concentrations of 2 ug/l were reported for all sanples follow ng
| ake turnover (Appendix B).

Sel enium concentrations in Truscott Lake sedinent sanples
ranged from <0.3 to 0.7 ng/kg dry weight (Appendix B). Tot al
organi c carbon concentrations ranged from 1,400 to 9,600 ng/Kkg,
while particle size was dom nated by silts (57 to 65% and cl ays
(11 to 37%.

MODELI NG RESULTS
Upon establishnent of SLSA input paraneter values deened

appropriate for this study, these values were applied to Se
simulations in Truscott Brine Lake for the approxinmate 5-year

operational period of this existing inmpoundnent. VWiile this
application was based on |limted data, the objective of the
exercise was to test the general reasonableness of nodel output
wth respect to Se predictions in Chloride Control [ akes.

Site-specific paraneter values (norphonetric data, Se | oading,
and sedinentation rates) were changed to reflect Truscott Lake
conditions, but all other input paraneters proposed for use in
Crowel | Lake simulations (Table 2) were retained.

Predicted 5-year water colum total Se concentration for
Truscott Lake was 2.9 wug/l. This was in reasonably good
agreenent wth observed concentrations of 2 ug/l in all Truscott
| ake water sanples collected after |ake turnover (Appendix B).
Slight overprediction of waterborne Se may refl ect overestimated
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|l oading rates resulting from lowflow data collection. SLSA-
simul ated sedi ment Se concentration (0.06 ng/kg dry weight) was
considerably lower than 1992 observed values in Truscott Lake

sedinents (nean of 0.467 ng/kgQ). Pr ei npoundnment exi stence of
natural ly-occurring Se in |ake bed soils could conceivably
account for these differences. Wiile based on limted data,

overal |l performance of the nodel in Truscott sinulations resulted
in reasonabl e confidence in use of the npdel for Crowell|l Lake Se
predictions.

Predicted total seleniumconcentrations for Crowel |l Lake are
presented in Figure 2. Wen evaluated as a totally conservative
subst ance, estimated Se concentrations exceed the avian
reproductive inpacts threshold (10 ug/l) within approximtely 10
to 15 years of operational project |life. For the sane scenario,
wat erborne Se concentrations would be expected to exceed the
young and adult bird effects threshold (34 ug/l) approximately 55

to 60 years after inpoundnent. Based on this totally
conservative substance approach, the 100-year (project life) Se
concentration in Crowell Brine Lake would be expected to be

approxi mately 56 ug/|.
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Figure 2. Predicted Total Sel enium Concentrations, Crowell Brine
Lake, Texas.
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Best estimate total Se concentrations based on SLSA node
projections are |likewise presented in Figure 2. Sanmpl e SLSA
nmodel output (corresponding to the 100-year pool simulation) is
contained in Appendix C. As previously noted, these predictions
account for the anticipated influence of sedinentation, sedinent
sorption and burial, and volatilization in reducing waterborne
sel enium concentrations over the |ife of the project. Based on
al | available information and study met hodol ogy, t hese
predictions are believed to be both reasonable and sonmewhat
conservative in nature.

Accor di ng to nodel proj ections, t ot al sel eni um
concentrations in Crowell Brine Lake would reach levels
considered deleterious to successful avian reproduction wthin
approximately 20 years of project operation (Figure 2). As the
100-year predicted concentration is approximately 30 ug/l,
del eterious inpacts on young and adult birds would not be
expected during the anticipated project life. According to
further projection, total seleniumconcentrations in excess of 34
ug/l  (young and adult bird threshold) wuld be anticipated
approxi mately 125 years after inpoundnent with devel opnent of a
steady-state total Se concentration of approximately 46 ug/l
after 350 years of project operation.

Predicted tenporal changes in selenium levels in Crowell
Lake sedinments are presented in Figure 3. According to nodel
projections, sedinment Se concentrations in the inpoundnent would
be approximately 0.629 ng/ kg (dry weight) at the end of the 100-
year project life. As these predictions assune no initial Se in
prei npoundnent | ake bed soils, addition of estimated "background”
|l evels of approximately 0.4 ng/kg (based on Truscott Lake
sedinment analyses) would vyield predicted Se concentrations
approaching 1 ng/kg 100 years after inpoundnent. In either case,
predicted Se sedinent concentrations in Crowell Lake are
considerably lower than the 4 ng/kg concern threshold |Ievel
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proposed by Lemy and Smth (1987).

Figure 3. Predi cted Sedi ment Sel enium Concentrations, Crowell
Bri ne Lake, Texas.
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Wil e Truscott Lake was not the major focus of this study,
| ong-term Se simulations based on |imted data collected during
1992 were also conducted for this inpoundnent. Wth source
waters from Area VIII only, 100-year estimates for Truscott | ake
were 11.5 ug/l total waterborne seleniumw th sedinent |evels of
approxi mately 0.640 ng/kg. The avian reproductive risk threshold
woul d be exceeded in approxinmately 85 years under this scenario
with no anticipated inpacts on young and adult birds. Wth the
addi tion of source waters from Area X (assum ng Se concentrations
equal to those at Area VIII), predicted 100-year water
concentration is approximately 24 ug/l wth sedinent |evels of
0.900 ng/kg. Assuming inputs from both source areas, the avian
reproductive risk threshold woul d be exceeded after approximately
35 years of operation. As these projections are based on very
limted data, resulting predicted concentrations for Truscott
Lake shoul d be viewed as very prelimnary estinmtes only.

SENSI TI VI TY ANALYSES

Results of sensitivity anal yses for Crowell Lake sinulations

are presented in Table 3. Substantial variation in input
paraneters resulted in predicted total Se concentrations ranging
from 22.4 to 43.6 ug/l. The only simulations resulting in

predicted Se concentrations exceeding the 34 wug/l threshold
included those enploying 50% reductions in either sedinent
suspended solids (predicted total Se concentration of 38.8 ug/l)
or sedinent settling velocity (36.5 ug/l), or a 70% reduction in
the sedinent partition coefficient (43.6 ug/l).

Since paraneters exerting the nost significant influence on
Crowel | Lake Se simulations include sedinent suspended solids,

sedi nent settling wvelocity, and the sedinent partition
coefficient, <careful evaluation of input values for these
paraneters was necessary. Bed suspended solids estinmates were
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derived from observed characteristics of Truscott Lake sedinents
and are therefore considered adequate for Crowel | Lake
si mul ati ons.
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Tabl e 3.

Results of Sensitivity Anal yses,

Cr owel

Bri ne Lake Sel eni um Si nul ati ons.

Vari ation Si nul ated 100-yr Se Conc. Di fference from
Basel i ne
Par anet er (+/ - percent) Val ue (ug/l) (ug/ 1)
(percent)
Basel i ne Sinul ation 0 - 30.0 -
Sedi nent Layer Depth -25 0. 06 30.7 0.7
2.3
(m +25 0.10 29.3 0.7 -
2.3
-50 0.04 31.5 1.5
+5.0
+50 0.12 28.6 1.4 -
4.7
Suspended Solids (water) -25 18.8 30.0 0
0
(mg/l) +25 31.25 30.0 0
0
-50 12.5 30.0 0
0
+50 37.5 30.0 0
0
Suspended Solids (bed) -25 7. 5EQ05 33.9 3.9
+13.0
(mg/l) +25 1. 25E06 26.8 3.2 -
10.7
-50 5. OEO5 38.8 8.8
+29.3
+50 1. 5E06 24.1 5.9 -
19.7
Di f fusi ve Exchange Coeff. -25 37.5 30.0 0
0
(cm day™?) +25 62.5 30.0 0
0
-50 25.0 30.0 0
0
+50 75.0 30.0 0



0

Sedi nent Settling Velocity

+10. 0
(mmyr-%)

9.0

+21. 7

16.7

Water Partition Coeff.
0

(1/kg)
0
0

0

Sedi nent Partition Coeff.

+13.0

(17kQg)
10. 7
+45. 3
25.3

Volatility Rate (water)
+0.7

(day™*)
0.7
+2.3

2.3

Volatility Rate (sedinent)

0

(day™*)
0.3

-25 3.53
+25 5. 88
-50 2.35
+50 7.05
-25 75
+25 125
-90 10
+90 190
-25 15
+25 25
-70 6
+70 34
-25 1.5E-06
+25 2. 5E-06
-90 2. 0E- 07
+90 3. 8E- 06
-25 1.5E-06
+25 2. 5E-06

62

27.3

26. 8

22. 4

29.8

29.3

29.9

13.



-90

+90

2. 0E- 07

3. 8E- 06

29.

30.
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Sedi nment settling velocities are based on site-specific
calculations of sedinent transport from the Crowell Lake
wat ershed and are therefore |ikew se considered appropriate for
use in water quality simulations for this inpoundnent. Finally,
sedinment partition coefficients, while estimted from ranges
calculated fromliterature data, are considered conservative and
therefore appropriate for Se nodeling predictions. I n general
results of sensitivity analyses indicate that mnor uncertainty
associ ated with nodel input paraneters not based on actual site-
specific data should have mnimal influence on Crowell Lake Se
predictions.

COMPARI SON W TH OTHER STUDI ES

Model predictions concerning Se distribution in Crowell Lake
yielded results simlar to observed findings in other systens.
SLSA sinmulation results predict an approxi mate 50% reduction in
water columm total selenium relative to totally conservative
substance estimates over the |life of the project. Thi s
corresponds to water colum retention of approximately 50% of
total Se mass delivered to the |ake. Several investigators have
reported simlar ratios for experinental ecosystens (Nassos et

al. 1980) and mcrocosm studies (USFW5 1990a). Simlarly,
Hesslein et al. 1980 reported water colum retention of 54% of
®Se 350 days after isotope addition. Simlarities in these

conpari sons further support the reasonabl eness of nodel
predi ctions associated with this study.

STUDY UNCERTAI NTI ES

Due to the conplex nature of physical, chemcal, and
bi ol ogi cal processes affecting the distribution and biol ogical
effects of seleniumin the aquatic environnent, several areas of
uncertainty exist regarding results of this study. Wil e not
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gquantifiable wth existing scientific information, these areas of
uncertainty are identified and presented along wth study
results.

Chem cal interactions have been shown to markedly affect

sel eni um speci ati on, solubility, bi oavai l ability, and
di stribution. Due to anticipated high ionic strengths in
pr oposed Chl ori de Cont r ol brine di sposal | akes, t hese
interactions may be of significance. O particular inportance
mght be the influence of high sulfate levels on selenium
adsor ption/desorption and biological uptake. Wil e sul fur has
been shown to be effective in desorption of selenium from soils
under certain conditions (Singh et al . 1981), el evat ed

concentrations of Se in Truscott Lake sedinents relative to those
measured in the water colum suggest that this may not be of
significance in this system Several investigators have also
reported that sone selenium fornms may be absorbed by algae in
direct conpetition with sulfur (Shrift 1954) thus limting the
bi oavailability of Se (Maier et al. 1987) or providing
significant protection against Se toxicity (Kumar and Prakash
1971; cited by Eisler 1985).

An inportant consideration in predictions concerning Se

distribution in proposed Crowell Lake is the influence of
vertical stratification (see discussion in nodeling section).
Results of this study nost likely overestimate water colum Se

concentrations during periods of seasonal stratification and
probably significantly overestinate these concentrations if
per manent nmerom xis were to develop in the inpoundnent.

Final uncertainties exist regarding anticipated biologica
expression of Se inpacts in aquatic systens. While levels of
concern used in this study are based on published experinental
data for given species, variation in species susceptibility to
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sel enium may inpact study conclusions. Despite uncertainties,
results of this study are believed to represent best estimates of
Se-rel ated I npacts avai |l abl e gi ven current scientific
i nformation.
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7.  CONCLUSI ONS

Based on results of this study, it appears that the nost
significant anticipated seleniumrelated inpacts on wldlife
associated with Red River Chloride Control brine disposal |akes
woul d be inpaired reproduction of sem -aquatic birds nesting in
proj ect areas. When applied to current design criteria, water
quality nodeling estimates indicate that total wat er bor ne
sel enium concentrations considered deleterious to successful
avian reproduction would be realized in proposed Crowell Brine
Lake after approximately 20 vyears of project operation.
Reproductive inmpacts would be nost significant to sedentary
species closely tied to brine disposal |akes via food chain
dynam cs.

Water quality simulations, conmbined with information from
the scientific literature, do not indicate anticipated sel enium
rel ated inpacts on young and adult birds tenporarily residing at
Crowel |l Brine Lake. Predicted total seleniumconcentrations over
the anticipated 100-year project |life are below estinmated
threshol ds for inmpacts on young and adult birds in the absence of
reproductive concerns. Due to the docunented ability of birds to
rapidly lose selenium wupon |eaving contam nated areas,
reproductive inpairnent for birds overwintering at Crowell Brine
Lake but breeding at renote sites are not antici pated.

Wiile Crowell Brine Lake was the major focus of this
i nvestigation, study results can be applied to other Chloride
Control brine |akes in a general sense. However, caution should
be used in rigorously applying results of this study to other
pr oposed i npoundnent s in t he absence of site-specific
i nvesti gations. In particular, data collection is required at
Area VI once access to source canyons is obtained prior to
conclusions regarding Se levels in proposed Salt Creek Brine
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Lake.

Finally, it should be enphasized that results of this study

are based on current design features of Crowell Brine Lake.
Future changes in design criteria, operational characteristics,
or relative contributions from brine source areas wll require

reeval uation of anticipated Se-rel ated inpacts.
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APPENDI X A

WATER QUALI TY DATA --
CRONELL BRI NE LAKE SOURCE AREAS



Table A-1. Water Quality Data, Red River Chloride Control Area VII, 1992,
Al'l values are ng/l unless otherw se noted.
________ Par anet er 29 Jun 14 Jul 29 Jul 19 Aug 16 Sep 30 Sep 21 Cct
4 Nov
Total Se <0. 010 <0. 010 0. 008/ 0. 007 0. 0054 0. 0079 0. 008 0. 008 0. 009
Di ssol ved Se <0. 010 <0. 010 0. 007/ 0. 007 0. 0066 0. 0083 0. 008 0. 008 0. 008
Tot al Suspended Sol i ds 536 11 37 12 54 27 30 26
Cal ci um 135 397 627 322 804 697 701 729
Magnesi um 39.5 126 139 132 153 196 148 144
Sodi um 304 2,090 1,972 1, 200 2,810 3, 040 3,270 2,890
Pot assi um 12.0 7 11.9 11.6 11.7 25.9 12. 3 12.8
Bi car bonate (as CaCQO;) 99.4 162 144/ 145 164 149 152 152
166/ 165
Car bonate (as CaCQO;) <0.1 <0.1 - <5.0 <5.0 <5.0 <5.0
<5.0/<5.0
Chl ori de 452 4,090 6, 400 4,770 4,830 5,670 4,530 5, 050
Nitrate 0.31 4.0 0.50 3.4 1.33 0.81 1.23 2.65
Sul fate 520 1, 900 2,020 1, 820 - 2,150 2,140 2,155
Tenp () 27.84 31.70 32.03 22.26 29.42 24.08 19. 34 12. 43
pH 7.65 7.96 8.03 8.01 7.64 8. 37 7.45 7.61
Di ssol ved Oxygen 6. 38 9.31 8.68 7.95 6.18 9.40 9.19 14. 57



Conductivity (uS/cm 2,370 14, 530 15, 700 16, 600 17, 400 17,200 17, 400
17,700

Redox ( nv) 0. 169 0.120 0. 357 0. 354 0.129 - 0. 284 0. 243

Fl ow (n/ sec) 4.99 0. 67 0.52 0.53 0.52 0.59 0. 56 0. 66




Tabl e A-2.

Wat er Qual ity Dat a,
All values are ng/l

Red Ri ver

Chl ori de Control
unl ess ot herw se not ed.

Area | X, 1992.

Par anet er 29 Jun

14 Jul 29 Jul 19 Aug 16 Sep 30 Sep 21 Cct 4 Nov

Total Se <0. 010 <0.010/<0.010 0.004 <0.001/<0.001 0.0069/0.0067 0.005/0.005 0.002

0. 003/ 0. 004

Di ssol ved Se <0. 010 <0.020/<0.020 0.002 0.0012/<0.001 0. 0051 0.005 0.004
0. 004

Total Suspended Solids 143/145 5/ 15 45 5.0 60/ 59 62/ 59 44
51/ 59

Cal ci um 163/ 163 403/ 1, 050 950 1, 080 1, 360 1, 140 1,100
1, 260

Magnesi um 44.9/51. 4 145/ 140 176 173 221 149 182

181

Sodi um 510/ 528 3,870/3,910 7,140 7,620 8, 140 8,420 9,090
8, 650

Pot assi um 8.9/8.8 11/ 11 24.7 24. 6 <300 12. 7 26.3

24.8

Bi car bonate (as CaCQO;) 140/ 140 111/111 97.9 132.0 82 74 124

90. 7

Car bonate (as CaCQO;) <0.1/<0.1 <0.1/<0.1 - <5.0 <5.0 <5.0 <5.0

<5.0



Chl ori de
14,800 13, 800

Nitrate

Sul fate

Temp ()

pH
7.63
Di ssol ved Oxygen

Conductivity (uS/cm
41, 600

Redox (nv)

Fl ow (n¥/ sec)
0.12

13, 400

0.08/<0.01
<0. 02
510/ 680
3,375

27.05
14. 12
7.39

7.03
11. 25
3, 250

0. 166
0. 253

877/ 824 6, 560/ 5, 990

0.23/0. 43 0. 03

2,000/ 2,300 3,240

36. 57 35. 97

5. 96 6. 20

22,000 37, 300

0.112 0. 297

12, 300

<0.1

3,370

20. 37

7.44

6.78

38, 000

0.125

0.12

<0. 02

30. 20

41, 600

0.124

13, 000

<0. 02

3,480

27.85

39, 500

3, 340

15. 77

41, 400

0. 145

15, 300




APPENDI X B

WATER QUALI TY DATA --
AREA VI'I1 AND TRUSCOTT LAKE



Table B-1. Water Quality Data, Red River Chloride Control, Area VIII, 1992.
Al'l values are ng/l unless otherw se not ed.

Par anet er 21 July 18 August 20 Cct ober
Total Se <0. 020 0. 0066 0. 004
Di ssol ved Se <0. 020 <0. 001 0. 003
Total Suspended Soli ds <1.0 <5.0 39
Cal ci um 820 877 722
Magnesi um 204 204 216
Sodi um 5,230 5, 450 6, 820
Pot assi um 26 28.8 28.6
Bi carbonate (as CaCk) 95.9 92.0 104
Car bonate (as CaCQs) <0.1 <5.0 <5.0
Chl ori de 13, 500 10, 100 10, 100
Nitrate 1.01 5.3 <0. 02
Sul fate 3,300 2,770 2,920
Temp (0) 29. 54 24.21 20. 08
pH 7.23 7.25 7.15
Di ssol ved Oxygen 12.01 11. 68 8. 30
Conductivity (uS/cm 28, 600 30, 900 33, 500
Redox (nV) 0. 157 0. 250 0. 357




Table B-2. Water Quality Data, Truscott Brine Lake Site 1 (at dan), 1992.
All values are ng/l unless otherw se not ed.

22 July 19 August

Par anet er (Surface) (Bottom (Surface) (Bottom 21
Cct ober
Total Se <0. 010 <0. 010 <0. 001 <0. 001 0. 002
Di ssol ved Se <0. 020 <0. 020 <0. 001 <0. 001 0. 002
Total Suspended Soli ds <1.0 <1.0 18 14 26
Cal ci um 650 605 723 780 687
Magnesi um 179 163 172 181 180
Sodi um 3, 260 3, 600 3,680 4,080 4, 200
Pot assi um 19 21.1 22.1 23.5 22.2
Bi car bonate (as CaCQs) 111 116 90.0 108.0 91.8
Car bonate (as CaCk) <0.1 <0.1 <5.0 <5.0 <5.0
Chl ori de 8, 860 9,930 6, 140 6, 870 7, 880
Nitrate 0. 34 0. 58 4.1 4.0 <0. 02
Sul fate 2,500 2,800 2,290 1,940 2,110
Sedi nents (ng/ kg dry)
Total Se <1 0.421 <0.3
Total Organi c Carbon 1, 400/ 1, 400
Particle Size

% Sand 23.5

% Si |t 65. 3



% C ay

11.

2




Table B-3. Water Quality Data, Truscott Brine Lake Site 2 (md-1ake), 1992.
All values are ng/l unless otherw se not ed.

22 July 19 August

Par anet er (Surface) (Bottom (Surface) (Bottom 21
Cct ober
Total Se <0. 010 <0. 020 <0. 001 <0. 001 0. 002
Di ssol ved Se <0. 020 <0. 020 <0. 001 <0. 001 0. 002
Total Suspended Soli ds <1.0 <1.0 18 5.0 26
Cal ci um 622 810 715 792 690
Magnesi um 166 233 171 182 168
Sodi um 3,200 4,290 3, 650 4,130 4,220
Pot assi um 16 17 22. 4 24.0 23.2
Bi car bonate (as CaCQs) 101 126 90 116.0 88.7
Car bonate (as CaCk) <0.1 <0.1 <5.0 <5.0 <5.0
Chl ori de 8,510 9,570 6,170 6, 910 7, 390
Nitrate 3.02 6.2 3.9 4.2 <0. 02
Sul fate 2,400 2,700 2,180 2,290 2,090
Sedi nents (ng/ kg dry)
Total Se <1 0. 309 0.4
Total Organic Carbon 6, 600
Particle Size

% Sand 6.5

% Si |t 57.0



% O ay 36.5




Table B-4. Water Quality Data, Truscott Brine Lake Site 3 (upper end), 1992.
Al'l values are ng/l unless otherw se not ed.

B 22 July 19 August

Par anet er (Surface) (Surface) 21 Cctober
Total Se <0. 020 <0. 001 0. 002/ 0. 002
Di ssol ved Se <0. 050 <0. 001 0. 002
Total Suspended Soli ds 4.0 29 31
Cal ci um 517 724 716
Magnesi um 174 172 183
Sodi um 3,010 4, 350 4, 340
Pot assi um 23 22.8 23.7
Bi car bonate (as CaCQs) 106 89.6 89.7
Car bonate (as CaCk) <0.1 <5.0 <5.0
Chl ori de 8, 690 5,190 6, 800
Nitrate 8.7 4.1 <0. 02
Sul fate 2,600 2,060 2,150
Sedi nents (ng/ kg dry)
Total Se <0.8 0.474 0.7
Total Organic Carbon 9, 600




APPENDI X C
SAMPLE SLSA MODEL QUTPUT



