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ABSTRACT 
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Selenium bioaccumulates along the lower Colorado River 

and may impact fish and waterfowl. Selenium may be reduced 

in Icikes or reservoirs by flushing (increasing the water 

exchange rate). Therefore, I monitored selenium levels in 

water, sediment, and bluegill (Lspamia macrochirus) in 

response to flushing on the Cibola NWR in the lower Colorado 

River Valley, California and Arizona. 

Selenium in the Icdcewater was below the detection level 

of 5.6 ppb wet weight (WW) but data from the US Geological 

Survey (1990-1995) showed that selenium levels in the water 

ranged from 1 to 3 ppb WW in the mainstem Colorado River 135 

km upstrecua from Cibola LeUce. 

There was no predictable trend in selenium in the 

sediment after flushing. It was the ssune after the first 

flushing, lower after the second flushing, and higher after 

the third flushing. Selenium levels in the biota also did 

not vary in a predictable way after flushing. It went up 

after the first flushing, down after the second flushing, 

and up after the third flushing. 

One might speculate that higher flushing rates, or 

continuous flushing might result in lower selenium levels in 

biota and sediment. However, selenium levels in the 

sediment (1.10 ppm DW) and bluegill (4.93 ppm DW) in Cibola 
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Lake were not significantly different than levels in the 

sediment (0.86 ppm DW) emd bluegill (4.83 ppm DW) in a 

comparable baclcwater ledce (Mittry LeUce, Arizona) that was 

continuously flushed. Therefore, flushing does not appear 

to be a viable strategy for managing selenium levels in 

backwater lakes along the lower Colorado River. 
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In 1982, the U.S. Fish emd wildlife Service (USFWS) 

reported that elevated levels of selenivm had caused 

sxiblethal deformities in mosquitofish fGambusia affinis) on 

Kesterson National Wildlife Refuge (NWR) in the western San 

Joaquin Valley, California (Davis et al. 1988, Presser and 

Ohlendorf 1988) . Subsequently, the USFWS linked high 

mortality, birth defects, and reproductive failures in 

black-necked stilts (Himantopus mexicanus) and American 

avocets (Recurvirostra americana) at Kesterson NWR to high 

selenium levels in irrigation drainwater that fed wetlands 

throughout the refuge (Ohlendorf et al. 1986a, Ohlendorf et 

al. 1986b, Gilliom et al. 1989, Ohlendorf and Welsh 1989). 

Concerns over these findings caused the U.S. Department 

of the Interior to develop the Irrigation Drainage Progrcun 

in 1985 to evaluate the quality of irrigation drainwater in 

19 areas in the western United States (Radtke et al. 1988, 

Feltz et al. 1991, See et al. 1992) . Several of these 

areas, including the Lower Colorado River Valley (LCRV; 

mainstrecua Colorado River and adjacent lemd from Davis Deun 

to Imperial Dam) had elevated selenium levels in biota 

(Radtke et al. 1988, See et al. 1992). 

Several subsequent reconnaissance studies have 

confirmed elevated levels of selenium in water, fish, and 
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bottom sediment in the LCRV (Rusk 1991, Lusk 1993, Martinez 

1994, Welsh and Maughaui 1994). However, selenium 

concentrations in water, fish, emd bottom sediment in the 

LCRV were lower at National Contamineint Biomonitoring 

Progreua (NCBP) stations receiving agricultural discharges 

than at sites without agricultural discheurges (Radtke et al. 

1988, Welsh and Haughem 1994). 

If irrigation return flow in the lower basin is not the 

proximal source of selenium, erosion of seleniferous soils 

and rocks, return flows from upper basin irrigation, and the 

release of seleniferous material during coal mining and 

operation of coal-fired electric generating stations in the 

upper Colorado River basin are potential sources of selenium 

in the LCRV (Livett 1988, Presser emd Ohlendorf 1988, Radtke 

et al. 1988, Welsh and Maughan 1994). The most likely 

source is erosion of seleniferous soils in the upper basin; 

there are few seleniferous soils in the lower basin. 

Selenium is not accxaaulated in all biotic pathways 

along the LCRV as it is at Kesterson NWR. Selenium 

bioaccumulates in benthic insects, fish, and fish-eating 

birds (Welsh and Maughan 1994) . However, it is not 

concentrated in plants and does not bioaccumulate in plant-

eating insects and birds (Lusk 1993, Martinez 1994). 

Selenium is not accumulated equally in all environments 

along the LCRV (Lusk and Maughan 1992) . Fish from riverine 
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locations and. seep lakes (laikes leurgely isolated from direct 

river flows) generally contained selenium levels < 2 ppm dry 

weight (DW) . However, fish from backwater leJces (IcOces with 

structxiral connections to the main river) generally 

contained seleniiom levels > 5 ppm DW (Lusk 1993, Welsh and 

Haughan 1994) . Sediment, benthic insects, and clams 

contained elevated selenivim levels when taken from backwater 

lakes. The same pattern was seen in birds feeding from 

riverine locations or seep lakes compared to birds feeding 

in backwater lakes (Martinez 1994). 

Sediment in backwater Icdces in the LCRV may act as a 

sink for selenium (Lemly and Smith 1990, Welsh and Maughan 

1994) . Sediment emd overlying detritus may also be the 

sites of entry for selenium into biotic systems (Lemly and 

Smith 1990). Selenium is probably immobilized into and 

re-mobilized out of the sediment by chemical and microbial 

pathways (Lemly and Smith 1990). These chemical and 

microbial pathways in backwater Icikes may effectively make 

selenium available to biota. Over time, selenium will 

concentrate in the bottom sediment and detritus in these 

backwater lakes because they have shallow standing water and 

low flushing rates and high evaporation (Lemly and Smith 

1990). 

In light of the potential impacts of selenium on biota, 

the ability to manage selenium levels in sediments of 
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backwaters may be importemt: for the MWRs along the Colorado 

River. Of peurticular importance are practices that could 

decrease selenium levels in sediment and overlying detritus. 

Alternately, removal of selenium-laden sediment and detritus 

may interrxipt the benthic-detrital component of the selenium 

cycle. 

Study Objectives 

In order to understand the biogeochemical cycling of 

selenium in sediment at Cibola Leike, the Cibola National 

wildlife Refuge (Cibola NWR), I determined the 

physiochemical attributes of the sediment that might effect 

selenium speciation and mobility. Manning (1993) found the 

important physiochemical attributes that affect selenium 

speciation and mobility include sediment acidity (pH) , redox 

environment (Eh), and the presence of iron oxides and clays. 

Since sediment can sometimes be removed from leikes and 

reservoirs by flushing (Lemly and Smith 1987), I also 

studied the effects of flushing at Cibola LcUce by increasing 

water flow through the laUce by gravity diversion or pumping. 

My study objectives were to: 

1. describe the predominant minerals in 

sediment, 

2. classify sediment texture, 

3. measure pH and Eh (redox potential) in sediment, 
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4. measure pH, Eh, conductivity, dissolved oxygen (DO), 

alkalinity, emd temperatiire in the water, and 

5. evaluate the effects of flushing on selenium 

levels in water, sediment, and bluegill 

(Lepomis macrochirus) in Cibola LeUce. 

Geochemistry of Selenium 

Selenium is a semi-metallic element, chemically similar 

to sulfur (McNeal and Balistrieri 1989), and considered more 

poisonous than arsenic or mercxiry (Sorensen 1991) . Primary 

sources of selenium are volcanic gases and metallic sulfide 

minerals in rocks; secondary sources include biological 

sinks (Lakin 1973) . 

Selenium is found naturally in a variety of geologic 

formations. Rosenfeld and Beath (1964) suggested that 

sedimentary rocks were the major parent material of 

selenium. Sedimenteury rocks generally have higher selenium 

levels than magma rocks (NRC 1989) . Sedimentary rocks, 

including limestone, sandstone, and shale, constitute about 

75% of the near-surface bedrock in the United States (Connor 

1986). 

Marine shale is the sedimentary rock highest in most 

trace elements including selenium (Conner 1986, Butler et 

al. 1991). Of the marine shales. Cretaceous shale contains 

the highest levels of selenium. Cretaceous shales average 2 
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mg kg~̂  selenium, while the eeurth's crust contains about 

0.09 mg kg~̂  selenium (NRC 1989). Marine shales also 

contain high auncunts of pyritic material, commonly 

associated with selenium (Willieims and Byers 1936, NRC 

1989). 

Byers et al. (1936) hypothesized that during the Upper 

Cretaceous period, selenium of volcanic origin was brought 

down by rainfall into the seas and incorporated into marine 

sedimentcLry rocks (shales) . Lakin (1973) suggested that 

elemental selenium (Se°) in paurticulate forms and selenium 

dioxide (SeOa) enriched meurine and nonmarine sediments 

during volcanism. 

The selenium content in most soils is determined by the 

selenium levels of the parent material and weathering caused 

by annual rainfall (Burau 1985). Presser et al. (1994) 

found elevated selenium levels in soil leachates where 

selenium was concentrated by physical weathering during soil 

formation and evapotranspiration. Most seleniferous soils 

in the arid western United States originated from Cretaceous 

marine sedimentary rocks (Boon 1989, Presser et al. 1994). 

Outcrops of Cretaceous marine rocks cover about 777,000 km' 

of the western United States (Trelease and Beath 1949). 

Soils developed from shales contain from 1 to 10 //g/g 

selenium (NRC 1989), while the average selenium level for 
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soils in the western United States is 0.34 /zg/g (Shacklette 

and Boerngen 1984). 

Selenium has five oxidation states including hydrogen 

selenide (Sê "), elemental selenivim (Se°) , selenium dioxide 

(Sê )̂ , selenite (Se'"̂ ) , and selenate (Se""̂ ) (Eisler 1985, 

Maier and Knight 1994) . Selenium is mobilized from parent 

materials and soils by weathering and oxidation of Se°, Se"", 

and selenium sulfides to soluble oxysmions selenite (SeOĵ ") 

and selenate (Se04̂ ") (Berrow and Ure 1989, McBride 1994) . 

The Se04̂ " ion is the dominant form in alkaline, oxidized 

soils (Frost and Griffin 1977, McBride 1994) and is 

considered the most dangerous chemical form of selenium in 

an arid environment because of its stability and high 

solubility in alkaline waters (NRC 1989). Conversely, Sê  

and Sê " are very insoluble in water and unavailable to the 

environment (NRCC 1988, Elrashidi et al. 1989). 

Selenitua in Sediment 

Selenium dissolved in water can remain in solution, be 

adsorbed or complexed with particulate matter, or become 

absorbed or ingested by the biota (Lemly and Smith 1987) . 

Selenium incorporated in particulate matter or teUcen up by 

the biota eventually becomes part of Isdce sediment. 

The majority of selenium in laJce sediment and 

associated detritus usually occurs in the upper layer (about 
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10 cm) (Lemly and Smith 1987, Weres et al. 1989). 

Sedimentary seleniiam in this layer may be in particulate 

form or residual minerals produced by physical weathering or 

adsorbed on surfaces of a vauriety of secondcury forms 

including clays amd Fe-hydroxides (NRCC 1988). 

The average selenium concentrations in sediments in 

"selenium-normal" environments aore < l ppm (Maier and Knight 

1994, Skorupa et al. 1996) . Median selenium concentrations 

for fine and coarse fractions in sediment from 25 U.S. 

Department of Interior reconnaissance study sites (western 

U.S.), including the LCRV, were reported as 0.5 ppm and 0.3 

ppm, respectively (Skorupa et al. 1996). 

Sedimentary forms of selenium include Se04'', SeOa"', 

Se°, and Sê ". The Se04̂ " form is soluble and mobile in oxic 

(presence of oxygen) environments (Presser 1994). Under 

reducing conditions, SeOĵ " forms iron oxide and hydroxide 

complexes, organic complexes, or is adsorbed by clays 

(Geering et al. 1967, Neal et al. 1987). Upon further 

reduction, Se° forms a crystalline and eunorphous solid 

(Balistrieri and Chao 1990) . The Sê " form can occur as 

CuSe and FeSea, proteinaceous selenium such as 

selenomethionine and selenocysteine, or HaSe (Elrashidad et 

al. 1989, Velinsky and Cutter 1990, Manning 1993, Presser 

1994). 
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selenium cycling in sediment 

Selenium occurs in water, biota, and sediment but the 

levels in each of these matrices are not static. Although 

selenium is temporcLrily immobilized in the sediment, it can 

be readily remobilized. Selenium cycles between sediment 

and water as a function of the on-going biological, 

chemical, and physical processes in a water body (Lemly and 

Smith 1987). 

Selenium solubility in lake sediment is affected by 

redox potential (Eh) (Chao 1987, Neal et al. 1987, Long et 

al. 1990, Hasscheleyn et al. 1990, Sposito et al. 1991). 

Sediment Eh responds to the oxygen gradient at the water-

sediment interface. 

Dissolved selenium in water can be made less soluble 

and incorporated in the sediment by a reducing environment 

in a lake (Alemi et al. 1988, Masscheleyan et al. 1990, 

1991). Under a reducing environment, the oxidized form of 

selenium (Se04̂ ") is removed from solution and its reduced 

form (SeOĵ ') becomes highly concentrated in the sediment 

(Huang et al. 1983) . 

Immobilization of selenium in sediment is also 

controlled by the pH. Acidic waters emd sediments aid in 

the reduction of selenium (Presser 1994) . The SeOĵ ' ion is 

adsorbed from sediment porewater at a pH < 7 (Manning 1993). 

A decrease in Se03~" in sediment is related to an increase in 



pH (Neal et al. 1987) . The mos-t mobile form of selenium 

(Se04̂ ") is adsorbed by sediment when the pH < 7 (Alemi et 

al. 1988, Manning 1993). 

Immobilization of selenium can also result from the 

reduction of Se04̂ " to Se° by cmaerobic bacteria at the 

water-sediment interface (Alemi et al. 1988, Oremland et al. 

1989, Pardue and Patrick 1995). Microorganisms can also 

bioconcentrate selenium from solution into sediment by 

metabolizing soluble selenium salts and forming Se° in 

cells (Cutter 1982, Cook and Bruland 1987). As these 

microorganisms die and decompose, insoluble Se° is left in 

the sediment. 

Sedimentary selenium can be remobilized by oxidation 

and methylation of inorganic eind organic Selenium by 

microorganisms (Lemly and Smith 1987). Oxidation may also 

occ\ir by bioturbation (sediment mixing caused by animal 

activity) and results in selenium mobilization into the 

water colvimn (Lemly and Smith 1987, NRCC 1988) . Benthic 

organisms, fish, and diving ducks can disturb the sediment 

when they feed and burrow (Davis 1974, Rhoads 1976). 

Biomethylation and volatilization of selenium has also 

been observed in aquatic vascular plants and animals (Maier 

and Knight 1994). Selenium is also methylated by a variety 

of molds and bacteria (Chau et al. 1976, Craig 1980). 

Biomethylation of seleniim to volatile dimethylselenium and 
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dimethyldiselenium in leUce sediment has also been observed 

(Chau et al. 1976). 

Selenomethionine has a greater affinity for sediment 

them the inorganic forms of selenium (Radtke et al. 1988) . 

Organic forms of selenium eure derived from the excretions of 

aquatic orgeuiisms and the microbial decomposition of 

selenium-laden organic detritus (Bowie and Grieb 1991). The 

settling of dead phytoplcmJcton containing selenium can also 

bioconcentrate selenium in sediment (See et al. 1992). 

Decomposition of these particles by microbial activity 

causes selenium to be concentrated in the sediment. 

Oxidation and mixing associated with water movements 

can remobilize selenium tied up in the sedimentary organic 

detritus and in inorgamic and organic particulates (Lemly 

and Smith 1987, Moore et al. 1994). Organic selenium 

compounds can be oxidized to Se° and inorganic selenium 

salts (Maier and Knight 1994). 

Adsorption of Selenium on Solid Surfaces 

Adsorption binds selenium onto solid surfaces (Tessier 

et al. 1985) and regulates the concentration and mobility of 

selenium (Balistrieri and Chao 1990) . The composition of 

the solid phase and the porosity and specific surface area 

of the absorbing material affects selenium adsorption on 

solid surfaces (NRCC 1988). Selenium can be adsorbed (bound 



or complexed) onto suspended organic and inorganic 

particulates, clay minerals, carbonates, metal oxides and 

hydroxides in the sediment (Cutter 1982, Wiener et al. 1984, 

Birge et al. 1987, Lemly and Smith 1987, NRCC 1988, HcNeal 

and Balistrieri 1989). 

Selenium is strongly attracted to the siirfaces of 

several clays. Bar-Yosef amd Meek (1987) found that 

smectite (2:1 expandable clay) and kaolinite (1:1 layer 

clay) have an affinity for Se04̂ ~ and SeOŝ '. Hamdy and 

Gissel-Nielsen (1977) showed that 1:1 clays fix SeOĵ " more 

readily than 2:1 clays. 

Selenium also adsorbs on calcite (CaCOs) which is an 

important constituent in arid land soils and aquifer 

sediments (Singh et al. 1981, Cowan et al. 1990) . The S&Ô '' 

ion is adsorbed by calcareous, montmorillonitic soils 

containing calcite by surface ion exchange (Goldberg and 

Glaubig 1988) . The SeOâ " ion exchanges with the CO3-' ion on 

the calcite sxirface (House and Donaldson 1986) . 

Selenium is also adsorbed by Fe oxides (hematite) and 

Fe hydroxides (goethite) in sediments. These iron minerals 

have large surface areas and high pH-dependent affinities 

for selenium on a mass basis (Manning 1993). The binding of 

SeOâ ' on goethite and hematite is affected by solution pH 

(Kingston et al. 1968). Solution pH affects the amount of 

adsorption through surface protonation and deprotonation 
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reactions (Manning 1993) . Selenium atoms on the surface of 

the goethite complete their electron configxiration with OH 

groups and water molecules (Hauining 1993) . 

The solubility of SeOĵ " is primaury affected by a 

goethite-SeOâ " adsorption complex rather them 

coprecipitation (Manning 1993) . The solubility of Se04̂ " 

decreases upon chemical reduction to SeOĵ " due to adsorption 

on goethite (Alemi et al. 1988, Velinsky and Cutter 1991) . 

Balistrieri and Chao (1987) concluded that SeOĵ " adsorbed 

more strongly to goethite than Se04̂ ". The SeOĵ " ion forms 

inner-sphere complexes with goethite while Se04̂ " forms 

outer-sphere complexes (Hayes et al. 1987). 

Selenivim is also strongly associated with decomposing 

organic matter (Davis 1984) and can be chemically adsorbed 

or complexed with organic matter (Jackson et al. 1980) . The 

SeOĵ ' ion may serve as an electron acceptor in the oxidation 

of organic matter (Huang et al. 1982) . The nature and 

amoiint of organic matter in sediment and hence the levels of 

seleniim are determined by the local depositional 

environment that exists when selenium enters the pond, Icike, 

or reservoir (Weres et al. 1989) . 

selenium in Sediment Porevater 

Selenium occurs not only in the sediment but also in 

the porewater within the sediment. Selenium in porewater 
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can exist as SeOs"", SeO,̂ ", emd several methylated forms 

(NRCC 1988) . These methylated forms are produced by 

microbial activity smd are very volatile (Robberecht cmd Van 

Grieken 1982). Sediment porewater also contains a mixture 

of compounds all undergoing redox reactions (Pardue and 

Patrick 1995) . Robberecht amd Van Grieken (1982) reported 

that Se04̂ ' should be the dominant form of selenium in oxic 

aqueous environments because as sediment becomes more 

oxidized, the overall equilibrium reaction will favor the 

formation of Se04̂ ' (Lipinski et al. 1987) . 

Selenium in Water 

In natural waters, selenium occurs as HaSeOj, H2Se04, 

SeOĵ " and Se04̂ " (Faust and Aly 1981) . Sxirface waters 

generally have low selenitim levels. Normal background 

levels in freshwater systems range from 0.1-0.4 ppb selenium 

(Lemly 1985, Maier and Knight 1994). In an effort to 

protect aquatic organisms, the U.S. Environmental Protection 

Agency (EPA) set the permissible concentration of waterborne 

selenium to 5 ppb (Lemly 1996) . 

Selenium concentrations in water are usually not 

significantly different between filtered and unfiltered 

water (Skorupa et al. 1996). However, as surface waters 

become more eutrophic, the differences between dissolved and 

particulate selenium also increases. There are sometimes 
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high levels of peurticulate selenium in shallow emd eutrophic 

ponds amd saline leUces (Fujii 1988, Westcot et al. 1990). 

Soluble selenium salts are often concentrated by evaporation 

and mobilized by storing irrigation ret\jrn water in disposal 

areas (Maier amd Knight 1994) . The major sources of 

selenium in the LCRV appear to be particulate matter 

containing selenium (fine-grained sediments) and dissolved 

selenium (= 3 ppb) in river water (Radtke et al. 1988) . 

Selenium bioaccumulation in aquatic organisms can occur 

by both bioconcentration and biomagnification. 

Bioconcentration is the direct upteJce of dissolved selenium 

across respiratory and epithelial membranes by passive or 

active mechanisms (Hansen et al. 1993). Biomagnification is 

the increase of selenium in lower trophic to higher trophic 

levels (Maier and Knight 1994). 

Bioaccumulation of selenium in aquatic organisms can 

have adverse effects. For excunple, Lemly (1993) reported 

food-chain bioaccumulation and reproductive failure in fish 

and wildlife with selenium levels in water at 2 ppb 

(inorganic selenium) and < 1 ppb (organic selenium) . 

Selenium in Fish 

Most freshwater fish species in the U.S. average < 4 

ppm selenium on whole body samples (Walsh et al. 1977, 

Schmitt and Brumbaugh 1990, Skorupa 1996). Saiki et al. 
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(1993) found that bluegill emd leurgemouth bass (Micropterus 

salmoides) averaged < 2 ppm in California. Wholebody 

sunfish samples from confirmed "selenium-normal" sites in 

the LCRV averaged 1.6-2.4 ppm (Welsh and Maughan 1994, 

Skorupa et al. 1996) . 

Selenium acciimulation in fish and in wildlife that eat 

fish is an important factor in selenium toxicology. Fish 

can accximulate and concentrate selenium to levels greater 

than those present in water or food. Selenium 

bioaccumulation may be caused by chemical similarities 

between selenium and sulfur and by its uptake as an 

essential micronutrient (Lemly and Smith 1987). 

In freshwater systems, selenium is accumulated in fish 

through both bioconcentration and biomagnification. 

Bioconcentration is the important pathway in areas where 

there are abnormally high levels of available selenium, such 

as the evaporation ponds and some irrigation return water 

(Presser 1994). 

Algae, microorganisms, and macrophytes absorb and 

bioconcentrate inorganic selenium including SeOĵ ' or Se04~' 

ions from water or sediment. Accumulated selenium forms 

selenotrisulfide or selenopersulfide bonds with available 

sulfhydryl groups on eunino acids (Frost and Lish 1975, Maier 

and Knight 1994). These bonds alter the three-dimensional 
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structiire of associated enzymes (selenoproteins) and their 

corresponding functions (Maier amd Knight 1994) . 

Although bioconcentration is an active accumulation 

pathway, biomagnification of orgemic selenium compounds to 

toxic levels is the main pathway for selenium accumulation 

in impacted aquatic systems such as backwater lakes (Maier 

et al. 1988, Maier and Knight 1994). Aquatic organisms 

accumulate organic selenium from the water, sediment, and 

foods. Fish that eat selenium-conteuainated plankton or 

benthic organisms may contain 4X the selenium concentrations 

present in food items (Lemly and Smith 1987). 

Fish eat algae, phytoplankton, zooplankton, and aquatic 

plants which have transformed selenocuaino acids into 

selenoproteins in their bodies. When selenium enters a 

metabolic pathway within aquatic fish and wildlife, a 

dysfunction can occur that results in deformities and 

reproductive failure (Moore et al. 1990, Maier amd Knight 

1994). Lemly (1993b) reported food-chain bioaccumulation 

and reproductive failure in fish and wildlife with selenium 

levels in water at 2 ppb (inorganic selenium) and < 1 ppb 

(organic selenium). 

Biomagnification in field studies is hard to define 

because not all available forms of waterborne selenium are 

accumulated or metabolized by aquatic primary producers 

(Ogle et al. 1988) . In addition, acjuatic invertebrates and 
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vertebrates may metabolize selenoproteins in several ways 

(Maier and Knight 1994) . The range between "normal" tissue 

selenium levels and those that are toxic is extremely 

narrow. Therefore, a small increase in waterborne selenium 

may result in elevated selenium levels and toxicity in fish 

and wildlife that consume fish. 

Selenium Remediation in Aquatic Systems 

Aquatic systems that receive continuous and constant 

selenium inputs usually reach a steady state of equilibrium 

where immobilization equals mobilization (Lemly and Smith 

1987). Four processes operate to remove selenium from the 

system (Lemly and Smith 1987). These processes include 

movement of fish and wildlife (emigration or aquatic insect 

emergence) out of the system, volatilization of selenium 

from plants and the water into the atmosphere, removal of 

selenium by sediment and water transport (flushing) , and 

burial by sedimentation. 

The rate of selenium removal from a system depends on 

degree of contamination, environmental characteristics, and 

flushing rates. Limited literature is available on 

effective flushing rates or the eunount of time needed to 

remove selenium-laden sediments and detritus from the 

system. However, it has been suggested that selenium 

removal is much slower in shallow impoundments and wetlands 
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than in fast-flowing rivers and streams (Lemly and Smith 

1987) . 

Remediation of Seleniu» in Water 

Microbial, chemical, emd geochemical remediation 

processes have been used to remove selenium from polluted 

irrigation drainwater (Msmning 1993). However, the use of 

anaerobic-bacterial drainage water treatment processes or 

micro-algal bacterial processes to remove selenium may be 

too costly to control selenium in the many baclcwater lakes 

in the LCRV. Ion exchange and reverse osmosis have also 

been used to remove oxyanions of selenium from water. 

However, the cost and reliability of these techniques may 

not be feasible for long-term implementation or use on large 

ecosystems. 

Several studies have used activated iron filings or 

ferrous hydroxide to remove selenium from drainwater (Lee et 

al. 1988) . The cost of building and maintaining these 

systems plus the questionable reliability of these processes 

may make them infeasible to use for the removal of selenium 

from Colorado River water. 

Remediation of Selenium in sediment 

One approach to remediation is to remove selenium from 

sediments. Selenium removal from sediment is often 
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difficult, expensive or time-consuming. For example, fungi 

in sediment cam form volatile, alleylated seleniiim species 

such as dimethylselenide (DMSe) that are released into the 

atmosphere (Franlcenbxirger and Kaurlson 1989) . However, this 

process removes too little selenium to be an effective 

remediation technique for most aquatic systems. 

Physical removal (dredging) of selenium-laden sediment 

and detritus is another form of remediation. This type of 

remediation simply moves the sediment from one place to 

another. Sediment piles containing elevated selenium levels 

may be oxidized and become potential sources of re-entry to 

the system through weathering and rxinoff. In systems like 

the LCRV where selenium input is continuous, recurrent 

dredging would be required to maintain selenium-free 

backwaters. 

Selenium can be sequestered in sediment by using 

microbes to reduce soluble Se04̂ " to insoluble Se° (Presser 

1994). However, this technique does not physically remove 

selenium from an aquatic system and subsequent water quality 

conditions and environmental factors may release selenium 

back into the water column. The scale of the problem in the 

LCRV makes the success of this approach improbable for NWR's 

in California and Arizona. 



Water Transport (Flushing) 

Seleniiim can sometimes be removed from lakes or 

reservoirs by water tremsport: through the system (flushing) . 

Flushing is relatively simple and msmy refuge managers in 

the LCRV currently use seasonal flushing to enhance water 

quality. The water exchange is increased by gravity 

diversion or by pumping. The objective of flushing is 

periodic removal of the top layer of sediment containing the 

majority of selenium in the leJce or reservoir. Selenium in 

solution may also be reduced as it becomes incorporated into 

the newly exposed top layers of sediment. Of the 

remediation techniques availcUsle for use in the LCRV, 

flushing appears to be the only method that may be feasible 

in terms of cost and implementation by resource managers. 

study Areas 

Cibola Lake 

Cibola NWR was established (1964) to provide wintering 

habitat for migratory waterfowl such as the Canada goose 

fBranta canadensis). The refuge also provides habitat for 

several endangered birds including the brown pelican 

(pglecanws occidentalls) and the Yuma clapper rail fRallus 

lonairostris yumanensiŝ  . The refuge is 32 km southwest of 

Blythe, California and covers parts of Imperial County, 
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California and La Paz County, Arizona. The refuge, mostly 

wetlsmd or bottom land, covers 6,735 ha (Figiore 1). 

Cibola Lake was created (1964) to compensate for the 

loss of backwater leOces that resulted from modifications to 

the Colorado River channel (Figure 2) . The leike is aUaout 

3.2 km long and 1.6 km wide (USER 1973) and covers about 243 

ha. Water is pumped into the north end of the lake from the 

Colorado River and is released back into the river at the 

south end of the lake. 

Cibola Lake is in the Sonoran ripeurieui deciduous forest 

community (Turner and Brown 1982). The lake contains 

cattails (Typha spp.) and bulrushes fScirpus spp.). It is 

surrounded by scattered cottonwood trees rPopulus fremontii) 

and mesquite (Prosopis spp.) as well as dense stands of 

saltcedar (TamariX chinensiŝ  and arrowweed rPulchea 

sericea). 

Bedrock in the area includes Paleozoic and Hesozoic 

igneous and metcunorphic rocks and Tertiary indurated 

sedimentary and volcanic rocks (McDonald and Loeltz 1976). 

The dissected uplsmds include the Bouse Formation and older 

Colorado River alluviums. The Bouse Formation consists of 

basal limestone overlain by clay, silt, and sand (McDonald 

and Loeltz 1976). 



Figure 1. Location of Cibola National Wildlife Refuge, 
Arizona and California. 



Figure 2. Location of Cibola LcUce on the Cibola National 
Wildlife Refuge, Arizona and California. 
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Soils in the LCRV were formed from various kinds of 

bedrock and alluvium. The bedrock included granite, schist, 

gneiss, andesite, rhyolite, basalt, euid sandstone (Barmore 

1978) . Soils were also formed from young and old alluvium. 

Young alluvium forms the river flood plain, while the older 

alluvium forms the terrace and slopes around the flood plain 

(Metzger et al. 1973). Soils formed in old alluvium were 

derived from the weathering of mixtures of bedrock. 

Barmore (1978) described the soil in and around Cibola 

Lake as an Indio-Lagxmita-Ripley complex. The textxire was 

reported as a composite of sand, very fine sandy loam, loamy 

sand, silt loam, silt, and clay. Metzger et al. (1973) 

reported that soils in the study area were a mixture of 

young and old alluvium with clay, silt, sand, and gravel 

sized particles. 

Cibola Lake Water Control Facilities 

Cibola Lake has a maximum depth of about 6.1 m, water-

surface elevation of 64.6 m, and 2,096,100 m̂  of water (USER 

1974) . The inflow structure can be operated by gravity 

diversion or pump diversion. The method of operation 

depends on the water level in the river channel (USBR 1974). 

When the water level in the river is higher than the lake 

level, gravity diversion is used. Two 106.7-cm diameter 

gates are positioned to divert water. Gravity diversion 



continues until the leUce reaches a water level between 

63.7-64.6 m elevation. When water is below these levels, a 

0.43-m̂ /s pumping unit driven by a 20-HP electric motor 

pumps water from the river channel (USER 1974) . The water 

level in Cibola Lake is maintained between 63.7-64.6 m 

elevation. 

The outflow structure is equipped with 10 (30.5 cm x 

198.1 cm) wooden pleuiks. These planks sure removed during 

flushing of the lake. The outflow structure is also 

equipped with 2 (91.4 cm x 91.4 cm) square gates and 

manually-operated gate hoists (USSR 1974) . These gates aire 

also opened when the lake is drained. Flap gates on the 

river side of the outflow structure prevent water from 

reentering the Icike. 

Mittry Lako 

Mittry LcUce is located about 29 km north of Yuma, 

Arizona in Yuma County (Figxure 3) . The surface area of the 

laike is 141.6 ha, with an average depth of 3.7 m. The leike 

and surrounding land is owned by the U.S. Bureau of 

Reclsunation (USBR) . The Arizona Geune and Fish Department 

currently manages the ledce under a cooperative agreement 

that established the Mittry Lake Wildlife Management Area 

(Schleusner 1995). 



Arizona 

Cibola LcUce 

California Colorado River 

6 Kilometers 

Gila Gravity 
Main Canal Mittry Lake 

Yuma 

Figure 3. Location of Mittry Ledce, Arizona. 
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The ledce receives water from the Colorado River through 

a cement lined cemal that flows into the northern end of the 

Isdce (0.43 m̂ /s) emd through a leeUcing flood gate in the 

Gila Gravity Main Canal along the eastern border of the 

laJce. Bamk vegetation includes cattails fTypha spp.)/ 

bulrushes fScirpus spp.), and saltcedar fTamarix pentandra). 

Submergent vegetation consists of coontail (Ceratophyl luiti 

demersum) , spiny naiad (HaoaiS. marina) , and sago pondweed 

(Pptamogeton pegtinatvis). 

The study eirea is in the LCRV subdivision of the 

Sonoran desertscrub (Brown 1982). The Colorado River 

divides LCRV into the Mohave desertscriib (west side) and the 

Sonoran desertscrub (east side) (Brown 1982, Ohmart et al. 

1988) . The area surrounding the leUce is characterized by 

mountains, hills, piedmont slopes, dissected uplands, and 

river flood plains (Metzger et al. 1973, McDonald and Loeltz 

1976). The dissected uplands are underlaid by nonmarine 

and marine sedimentary rocks (McDonald and Loeltz 1976). 

The Colorado River basin is divided into upper and 

lower sections. The upper Colorado River basin (UCRB) 

includes parts of Arizona, Colorado, New Mexico, Utah, and 

Wyoming (Taylor 1987). The Piceance basin in northwestern 

Colorado is part of the UCRB and was formed diiring the Late 

Cretaceous into Eocene time (Taylor 1987). Upper Cretaceous 

rocks of marine and continental to marine origin including 
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clastic Mancos Shale underly most of the Piceance basin 

(McGookey et al. 1972). Mancos Shale is a gray marine shale 

with thin beds of sandstone and siltstone (Butler et al. 

1991) . 

The climate in the study eurea is eurid emd hot (Metzger 

et al. 1973). Average annual precipitation on the flood 

plain is about 10.2 to 12.7 cm and the average emnual 

evaporation is cLroiind 228.6 cm (Radtke et al. 1988) . 

Average monthly precipitation during the study ranged from 

0 to 6.3 cm (AZMET 1993, 1994, 1995). 

High and low temperatures were 4° to 21°C in winter to 

23° to 4l''C during summer (Ohmart et al. 1988) . The 

temperature exceeded 32°C over 160 days each year (Ohmart et 

al. 1988). Average monthly temperatures during the study 

ranged from 10° to 33°C (AZMET 1993, 1994. 1995). 

METHODS 

Cibola Lak« 

I collected water and sediment samples from 12 Scimpling 

stations at Cibola Ledce in November 1993. Since variation 

in the water quality 2uid sediment peureuaeters was small, the 

12 seunpling stations were reduced to 4 (Figure 4) . I 

collected water and sediment samples from 4 sampling 

stations on Cibola Lake during January, March, June, July, 
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August, October, December 1994 emd Hcirch, April, Jiine, July, 

September, and October 1995. Water samples were collected 

at the inflow auid outflow structures during flushing in July 

1994 and April and July 1995 (Figure 4) . I collected 

bluegill from the seuae sampling stations on Cibola Lake 

during March, June, August, September, December 1994 and 

April, June, September, and October 1995. 

I collected soil seunples from three sites on Cibola 

NWR. These sites included the Old Meander Canal (Meirch 

1994) , the dry upper portion of Cibola Ladce (April 1995) , 

and the area near Three Fingers Ledce (July 1995) . 

Water Quality 

Dissolved oxygen (DO), pH, Eh, conductivity, 

alkalinity, and temperature were measured monthly at all 

scimpling stations (November 1993-October 1995) . These 

parameters (except alkalinity) were measured near the 

surface, in the middle of the water column, and near the 

sediment-water interface with a SURVEYOR II multi-parameter 

water quality monitoring instrument (Hydrolab Corporation). 

Alkalinity was determined by titration analysis on 

unfiltered water saunples within 10 h of collection (Standard 

Methods 1992). Water depth to sediment surface 

was recorded at each seuapling station. 
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Figiire 4. Location of 4 sampling stations on Cibola 
Lake, Arizona. 
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Sanpl* coll«e^ion 

Filtered and unfiltered water samples (duplicates) were 

taken with a battery-operated peristaltic pump at the water 

svirface, in the middle of the water column, and near the 

sediment-water interface. Analysis of preliminary samples 

showed no differences between selenium levels in filtered 

and unfiltered water. Therefore, from June-October 1995 

only filtered water seunples were taken. 

Filtered water was passed through Gelman groundwater 

sampling capsules (0.45 dieuneter pores) and collected in 

acid-cleaned high density polyethylene (HDPE) bottles and 

acidified with concentrated HNO3 in the field to a pH < 2. 

Unfiltered water was also collected in HDPE bottles and 

acidified to a pH < 2 (Welsh and Haughan 1994). Both 

unfiltered and filtered water seunples were stored at room 

temperature and analyzed for total and dissolved selenium. 

Sediment seunples (3 per site) were collected using an 

unslotted stainless steel soil recovery probe with butyrate 

core tubes (1.9 cm x 34.6 cm) emd a Birge-Ekman Seunpler (15 

cm X 15 cm) . Sediment seunples were transferred to acid-

cleaned HDPE bottles and chilled in ice and frozen within 24 

h after recovery. 

I measured the pH and Eh in 3 sediment scunples from 

each seunpling station with a portable pH meter (Hach 

Corporation). The pH meter was fitted with a Hach 
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oxidation-reduction potential (ORP) electrode to measiire 

Eh. 

Sediment seunples collected in January and October 1994 

were divided into two subsamples. One subscunple represented 

the upper 0-10 cm of the sediment and the second 

represented sediment > 10 cm deep. 

Bluegill were collected because they readily accumulate 

selenium (Welsh and Haughein 1994) . I captured Bluegill with 

an electrofishing boat and dip nets. I measured total 

length (to the nearest 5 mm) and weight (to the nearest 5 

g) . Three composite samples of three whole fish of similar 

size were collected at each sampling site, placed in sterile 

plastic bags, chilled in ice, and frozen within 24 h. 

Soil samples were collected with a HDPE scoop and 

transferred to acid-cleaned HDPE bottles, chilled in ice, 

and frozen within 24 h after collection. The HDPE scoop was 

cleaned with distilled water and dried before collection to 

prevent cross conteimination euaong samples. 

Water Transport (Flushing) 

Baseline data on water, sediment, and fish were 

collected about 1 month before and several occasions after 

each flushing event. These data included selenium levels, 

water quality parauneters (DO, pH, Eh, conductivity, 

temperature, and alkalinity), and sediment pH and Eh. 
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There were 3 flushing events, one conducted on July 6, 1994, 

a second on Meurch 2, 1995, and a third on July 6, 1995. 

During all flushing events, the control gates were 

opened smd 5 wooden pleunks (31 cm x 198 cm) were removed 

from the outflow structvire to allow water from the Colorado 

River to pass through Cibola Ledce. Additional wooden planks 

on the riverside of the outflow structure were also removed. 

I recorded the water level of the lake at the start, 

during, and the end of all flushing events. Dviring 

flushing, the lake was allowed to drain for 6-21 days. 

After each flushing event the outlet structure was closed by 

replacing the wooden planks. 

During each flushing event, I used a digital flow meter 

(Marsh-McBirney) to monitor water velocities at the inflow 

and outflow structures to estimate the auaount of water 

entering and leaving the lake. Water velocity measurements 

and depth were recorded at 10 randomly selected sites in the 

lake. Three velocity measurements were recorded along a 

longitudinal transect at each site. 

Baseline selenium data for water, sediment, and fish 

were collected in June 1994 before the first flushing event. 

I recorded the water level of the lake at the start (July 

6) , during, and at the end of the flushing period July 6-12, 

1994. The lake was allowed to drain for 6 days, then the 

outlet structure was closed. 
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Water velocity and depth measurements were recorded on 

July 6, 9, emd 12, 1994. Water seunples were collected 2, 

29, and 81 days after the lake was flushed. Sediment 

Seunples were collected 2 2md 81 days after flushing. 

Bluegills were collected 38 days amd 80 days after flushing. 

Baseline selenium data for water, sediment, and fish 

were collected in December 1994 prior to the second flushing 

event. I recorded the water level of the leike at the start 

(March 3) , during, and at the end of the flushing period 

March 3-10, 1995. The lake was allowed to drain for 7 days. 

On March 10, 1995, the outlet structure was closed. 

Water velocity and depth measurements were recorded on 

March 7, 1995. Water and sediment samples were collected 2, 

50, and 98 days after the lake was flushed. Bluegills were 

collected 49 days eind 98 days after flushing. 

The third flushing period (July 6-27) lasted for 21 

days. Baseline data on water, sediment, and bluegill were 

collected in June 1995. Water levels were recorded at the 

start, during, and after the flushing. Water velocities and 

depths to sediment on the leUce were recorded on July 13, 

1995. Water and sediment samples were collected 2 days, 

44 days, and 86 days after flushing. Bluegills were 

collected 43 and 86 days after flushing. 
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Identification of Sodiasntaxy Miaorals 

X-ray diffraction was used to identify clay eind other 

minerals in sediment samples collected in November 1993. 

The 4 seunples with the highest organic matter euid clay 

content were prepeured emd analyzed following the techniques 

reported by Whittig and Allardice (1986). Diffraction 

analyses were conducted with a XRG-3000 diffractometer 

(Philips Electronic Instruments) . 

Sediment Texture, Organic Carbon, and Sulftir 

The samples selected for diffraction analysis were also 

used to characterize sediment text\ire. Texture was 

categorized using a modified version of particle-size 

analysis (Gee and Bauder 1986). A fleaker (combination 

flask and beaker) containing Na pyrophosphate and sediment 

was diluted with distilled water to a volume of 1200 ml. 

The fleakers were shaken vigorously and sediments allowed to 

settle for 4 days. On the fifth day, the texture of the 

sediment S2uaple was recorded. 

In April 1995, sediment seunples were analyzed by the 

Soil, Water, and Plant Analysis Laboratory at the University 

of Arizona for particle-size using a hydrometer, and for 

organic carbon and sulfur content, organic carbon in the 

sediment was analyzed with a Nitrogen-Carbon-Sulfur 

analyzer. Sulfur in the sediment was extracted using the 
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dry ash method and amalyzed with inductively coupled plasma 

(ICP) spectroscopy. Orgamic selenium levels cannot be 

determined directly with availeU3le methods, but orgemic 

carbon can be used as an indicator of organic selenium 

mobility (Velinsky emd Cutter 1990). 

Mittry Lak* 

In June 1995, I collected water, sediment, and 

bluegills from 4 randomly selected seunpling stations in 

Mittry Lake. The methods used to collect water, sediment, 

and bluegill at Mittry Lake were the same as those used at 

Cibola Lcike. Mittry Leike was chosen as a reference site 

because it receives a continuous flow of Colorado River 

water (0.43 mVs) . Using these lakes allowed the comparison 

of selenium levels in water, sediment, and bluegill in a 

system that received continued flushing versus a system 

(Cibola LaUce) that received intermittent flushing. 

Analytical Frocadmres 

Water samples collected during January 1994 were 

analyzed for total and dissolved selenium by the American 

Analytical Laboratories (AAL), Phoenix, Arizona. Selenium 

levels in unfiltered water samples represented total 

selenium including particulate and dissolved selenium. The 

selenium levels in the filtered water represented dissolved 



49 

selenivim. Water emd sediment samples collected during 

Jemuary 1994 were emalyzed for total and dissolved selenium 

Seleniiim concentrations in water emd sediment samples were 

determined using graphite furnace atomic absorpt:ion (GFAA) 

following digestion with HNO3-H2O2 (USEPA 1982, 1986). 

All water, sediment, bluegill, and soil samples 

collected from March 1994 to October 1995 were sent to the 

Research Triangle Institute (RTI) , North Ceurolina for the 

determination of total emd dissolved selenium using GFAA; 

these measurements were made using a Perkin-Elmer Zeeman 

3030 or 4100ZL atomic absorption spectrometer. 

RTI's analytical laboratory used a microwave oven to 

digest water seuaples. A port̂ ion of the sample was heated in 

a Teflon vessel with nitric acid for 15 minutes at 300 

watts. The scunple was then diluted with pure water. 

Sediment, bluegill tissue, and soil samples were 

prehomogenized using a food processor before digestion. A 

portion of the Scunple was freeze-dried and ground to 100 

mesh for determination of moisture content. Using a 

microwave oven, the remaining portion was heated in a Teflon 

vessel with nitric acid for three minutes at 120 watts, 

three minutes at 300 watts, and fifteen minutes at 450 

watts. The residue was then diluted with pure water. 
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Quality Aasurane* and Control 

Quality assiiramce and control methods used by RTX 

included analysis of procedural blemks, duplicate samples, 

stemdard reference materials (dogfish muscle and Buffalo 

River sediment) , amd spike recoveries. Analytical 

methodology auid reports met or exceeded Patuxent Analytical 

Control Facility Quality Assvirance and Quality Control 

standards (Moore 1990). 

Statistical Analysis 

Selenivim concentrations in the sediment, bluegill 

tissue, and soil were reported in parts-per-million (ppm) DW 

with ppm wet weight (WW) equivalents listed where 

appropriate. Selenium concentrations in water seimples were 

reported in peirts-per-billion (ppb) WW. Wet weight 

concentrations were calculated by multiplying the DW by 1 

minus the percent sample moisture expressed as a decimal 

(See et al. 1992). 

Selenium data for sediment and bluegill were tested for 

normality using the Shapiro-Wilk test (Dilorio 1991). If 

the data were not normal, the selenium concentrations were 

logio transformed to normalize the veiriance (Martinez 1994). 

Statistical analyses were conducted on the selenium DW 

concentrations (log transformed) in sediment and bluegill 

tissue using SAS (Dilorio 1991) software. 
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Analysis of variance (AOV) was used to determine 

significant differences (p < 0.05) in selenium 

concentrations in the sediment amd bluegill before and after 

flushing in Cibola LeUce. Analysis of veuriance was also used 

to test for significant seasonal differences in selenium 

concentrations in sediment and bluegill tissue in Cibola 

LaJce. Significant differences were tested with Tukey's 

Studentized (HSD) Range test to determine the location of 

significant differences (Dilorio 1991). 

The two-sample t-test (Dilorio 1991) was used to 

compare selenium levels in sediment and bluegill tissue in 

Mittry Ladce to the levels in Cibola Lake. The two-sample 

t-test was also used to compare the selenium levels in 0-10 

cm and > 10 cm sediment samples. 

RESULTS 

Sedimentary Clays and Minerals 

Smectite and kaolinite were found in the sediment at 

all stations (Table 1). Calcite was found in sediments from 

stations l, 2, and 3 and hematite, and goethite were 

detected in sediment from station 2 and 3 (Table 1). 
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Table 1. Clay and other minerals in sediment from 4 sites 
in Cibola Lake, November 1993. 

1 
Station 

2 3 4 

smectite smectite smectite smectite 
mica mxca mica mica 
kaolinite kaolinite kaolinite kaolinite 
quartz quartz quartz 
calcite calcite calcite 

dolomite dolomite 
hematite hematite 
goethite goethite 

Sediment Texture, Organic Matter, and Clay Content 

Sediment seuaples collected in November 1993 and April 

1995 were classified by % sand, silt, and clay. Sediment 

texture included silt loeua, sandy loam, silty clay, and 

loamy sand (Table 2-3). 

Mean organic matter ranged from 2.3 (station 3) to 17.0 

cm deep (station 1) (Table 4) . Mean clay content ranged 

from 1.0 (station 1) to 10.0 cm deep (station 2)(Table 4). 

Table 2. Sediment composition and textiire at 4 sites in 
Cibola Letke, November 1993. 

Station % Sand % Silt % Clay Texture 

1 30.0 60.0 10.0 silt locun 
2 60.0 30.0 10.0 sandy loaun 
3 5.0 50.0 45.0 silty clay 
4 80.0 15.0 5.0 loamy sand 



Table 3. Sediment: composition and texture at 4 sites in 
Cibola Lake, April 1995. 

Station % Sand % silt % Clay Texture 

1 28.9 57.9 13.2 silt lo2un 
2 56.3 32.8 10.9 semdy locun 
3 5.2 50.4 44.4 silty clay 
4 81.4 17.0 1.6 loamy sand 

Table 4. Heem organic matter and clay content and standard 
error (SE) in sediment scuaples from Cibola LeOce, 
November 1993. 

Station Organic matter Clay 
(cm) SE (cm) SE 

1 17.0 0.8 1.3 0.3 
2 4.0 0.5 7.0 0.5 
3 2.3 0.3 10.0 0.5 
4 16.0 0.7 1.0 0.0 

Seasonal Sediment Parameters 

The mean pH in the sediment at Cibola Lake ranged from 

6.77 (January 1994) to 8.48 (December 1994) (Figure A.l, 

Appendix A) . The mean Eh ranged from -13 (April 1994) to 

211 mV (Januairy 1995) (Figure A.2, Appendix A). The mean 

temperature ranged from 11.1 (December 1994) to 36.8 "C 

(July 1995) (Figure A.3, Appendix A). 

Seasonal Water Quality Parameters 

The mean pH for Cibola LeOce ranged from 7.68 (May 1994) 

to 9.96 (October 1995) (Fig\ire A.4, Appendix A). The mean 

Eh ranged from -40 (July 1995) to 190 mV (December 1994, 
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January 1995, and February 1995) (Figxire A.5, Appendix A). 

The mean conductivity ranged from 1.46 (Meurch 1995) to 2.58 

mS/cm (January 1994) (Figxire A.6, Appendix A). The mean DO 

ranged from 6.29 (May 1994) to 16.60 ppm (December 1994) 

(Figure A.7, Appendix A). The mean alkalinity ranged from 

109 (November 1994 and Februaury 1995) to 253 ppm CaCOj 

(January 1994) (Figure A.8, Appendix A). The mean 

temperature ranged from 9.35 (December 1994) to 32.4l°C 

(August 1994) (Figure A.9, Appendix A). 

Selenium Levels in Water 

Selenium levels in lakewater were below 5.6 ppb WW for 

dissolved seuaples. From 1990-1995, the dissolved selenium 

levels in the Colorado River mainstem below Parker Dam (ID 

Site 09427520) ranged from 1 to 3 ppb (U.S. Geological 

Survey 1991, 1992, 1993, 1995). This monitoring site is 

about 135 km upstresun from Cibola Lake. 

Selenixim Levels in Sedimant and Bluegill 

In June 1994, the mean sedimentary selenium in Cibola 

Lake was 1.45 ppm (Table 5). After flushing, the mean 

selenium levels in the sediment were 2.02 (July 1994) and 

1.53 ppm (September 1994) (Table 5) and were not 

significantly different (p = 0.239). 



In December 1994, the mean sedimentary selenium in 

Cibola Leike was 1.25 ppm (TeUsle 5). After flushing, the 

mean selenium levels in the sediment were lower (0.70 (March 

1995) and 1.10 ppm (June 1995)) (Table 5) and were 

significantly different (p = 0.001). 

In June 1995, the mean sedimentaury selenium in Cibola 

Lcike was 1.10 ppm (Table 5). After flushing, the mean 

seleniiam levels in the sediment were higher, 1.45 (July 

1995) and 2.29 ppm (October 1995) (Table 5) and were 

significantly different (p = 0.001). 

In June 1994, the mean selenium level in bluegill at 

Cibola Lcdce was 3.82 ppm (Table 5). After flushing, the 

mean selenium levels in bluegill were higher, 5.22 (August 

1994) and 5.03 ppm (September 1994)(Table 5) and were 

significantly different (p = 0.008). 

In December 1994, the mean selenium level in bluegill 

at Cibola Lake was 6.10 ppm (Table 5). After flushing, the 

mean selenium levels in bluegill were lower 4.81 (April 

1995) and 4.93 ppm (June 1995) (Table 5) and were 

significantly different (p = 0.046). 

In June 1995, the mean seleniiim level in bluegill at 

Cibola LaJce was 4.93 ppm (Table 5). After flushing, the 

mean selenium levels in bluegill were higher 7.04 (September 

1995) and 7.10 ppm (October 1995)(Table 5) and were 

significantly different (p = 0.001). 
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Table 5. Heem selenium concentrat:ions and Standeurd error 
(SE) for sediment, and bluegill in Cibola Lake, 
before and after July 1994, March and July 1995 
flushing events. 

Month Sediment (ppm DW) Bluegill (ppm DW) 
Meeui SE Mean SE 

1st Flushing 
Before 
June 1994 1.45 0.32 3.82 0.28 
After 
July 2.02 0.36 - -

August - - 5.22 0.47 
September 1.53 0.17 5.03 0.33 

2nd Flushing 
Before 
December 1994 1.25 0.07 6.10 0.55 
After 
March 0.70 0.14 - -

April 0.99 0.16 4.81 0.33 
June 1.10 0.17 4.93 0.15 

3rd Flushing 
Before 
June 1995 1.10 0.17 4.93 0.15 
After 
July 1.45 0.23 - -

September 2.44 0.36 7.04 0.30 
October 2.29 0.23 7.10 0.23 

Seasonal mean selenium levels in bluegill ranged from 

3.82 (June 1994) to 7.10 ppm DW (September 1995) (TcUale 6) 

and were significantly different (p = 0.001). In June 1995, 

the mean sedimentary seleniiun levels in Cibola LeUce and 

Mittry LcUce were not significantly different (p = 0.324). 

The mean selenium level in bluegill in Cibola Lake and 

Mittry LcOce were not significantly different (p = 0.522) 

(Table 7). 
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Table 6. Seasonal ine£m selenium concentrations and standard 
error (SE) for sediment and bluegill in Cibola 
LeUce, Harch 1994-June 1995. 

Month Sediment (ppm DW) Bluegill (ppm DW) 
Meem SE Mean SE 

March 1994 1.49 0.22 5.42 0.22 
June 1.45 0.32 3.82 0.97 
September 1.53 0.17 5.03 0.33 
December 1.25 0.07 6.10 0.55 
March 1995 0.70 0.14 - -

June 1.10 0.17 4.93 0.15 
September 2.44 0.36 7.10 0.23 

Table 7. Mean selenixim concentrations and Standard error 
(SE) for sediment and bluegill in Cibola Lake and 
Mittry Lake, June 1995. 

Lcike Sediment (ppm DW) Bluegill (ppm DW) 
Mean SE Mean SE 

Cibola 1.10 0.17 4.93 0.15 
Mittry 0.86 0.08 4.83 0.39 

In January 1994, mean sedimentary selenium levels were 

0.62 ppm (0-10 cm) and 0.40 ppm (> 10 cm)(Table 8). 

There was no significant difference (p = 0.140) between the 

sedimentary selenium levels in the 0-10 cm and > 10 cm 

samples in Cibola Lake. 

In October 1994, mean sedimentary selenium levels were 

1.54 ppm (0-10 cm) and 1.34 ppm (> 10 cm) (Table 8). There 

was no significant difference (p = 0.468) between the 

sedimentary selenivim levels in the 0-10 cm and > 10 cm 

samples. 
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Table 8. Mean selenium concentrations and Standard error 
(SE) for the 0-10 cm and > 10 cm sediment seunples 
in Cibola LeJce, Januaury and October 1995. 

Janueury 1994 October 1994 
Sediment Sediment (ppm DW) Sediment (ppm DW) 
Depth Meam SE Hecin SE 

0-10 cm 0.62 0.13 1.54 0.19 
> 10 cm 0.40 0.00 1.34 0.18 

Selenium Levels in Soil 

Selenium levels in soil taken from the Old Meander 

Canal ranged from 0.50 to 2.14 ppm (average = 0.96 ppm, 

Table 9) . Selenium levels in soil from the dry upper 

portion of Cibola LcJce ranged from 0.49 to 11.88 ppm 

(average = 4.67 ppm. Table 9). Selenium levels in the soil 

samples from the dry portion of Three Fingers Lake averaged 

0.57 ppm (Table 9). 

Table 9. Mean selenium concentrations and Standard error 
(SE) for soil from Old Meander Canal (March 1994) , 
the dry upper portion of Cibola Lcike, (April 
1995), and Three Fingers Lake (July 1995) . 

Site Selenium concentrations (ppm DW) 
Mean SE 

Old Meander Canal 0.96 0.57 
Dry Upper Portion Cibola Lake 4.67 5.12 
Three Fingers Lake 0.57 0.14 

Water Flow Changes during Flushing 

During July 6-12 1994, the water level of the lake 

decreased from 64.6 to 64.4 m elevation. The average inflow 
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and outflow water velocities during the flushing were O.ll 

and 0.47 m/s, respectively (Table 10). The average water 

velocity through the leUce during flushing was O.lO m/s 

(Table 10) . 

During the Meurch emd July 1995 flushings, the average 

inflow velocity during the day was not recorded. No water 

entered Cibola Lake because the water level in the Colorado 

River was low and the pump was not in service. During the 

night, the USBR released water upstrecim of the lake and 

Colorado River water entered the lake. 

During March 3-10 1995, the water level of the lake 

dropped from 64.2 to 64.1 m elevation. The average water 

velocity through the leike was 0.13 m/s (Table 10). The 

average inflow and outflow water velocities during flushing 

were 0.15 smd 0.53 m/s, respectively (Table 10). 

During July 6-25 1995, the water level of the lake 

decreased from 64.3 to 64.0 m elevation. The average water 

velocity through the lake was 0.13 m/s (Table 10). The 

average inflow and outflow velocities were 0.14 m/s and 0.55 

m/s, respectively (Table 10) . 

The inflow water volumes dxiring the 3 flushing periods 

ranged from 0.62 (July 1994) to 0.92 mVs (March 1995) 

(Table 11) . The outflow water volumes ranged from 2.88 

(July 1994) to 3.37 m̂ /s (March and July 1995) (Table 11). 
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Table 10. Meem water velocity and Stamdeurd error (SE) at 
the inflow and outflow structiires and through 
Cibola LaJcê  Arizonâ  during flushing events. 

Inflow Outflow LaUce 
Date m/s SE m/s SE m/s SE 
July 1994 0.11 0.00 0.47 0.01 0.10 0.01 
March 1995 0.15 0.02 0.53 0.08 0.13 0.01 
July 1995 0.14 0.01 0.55 0.03 0.13 0.01 

Table 11. Water volume at the inflow and outflow 
structures, total water volume and change in 
water volume at Cibola Lcike, Arizona, during 
flushing events. 

Date 
Inflow 
(mVs) 

Outflow 
(mVs) 

Lake 
(m̂ ) 

Change 
(m̂ ) 

July 1994 0.67 2.88 1, 773,944 324,441 
March 1995 0.92 3.25 1, 249,656 108,558 
July 1995 0.86 3.37 1, 246,656 201,080 

Organic Carbon and Sulfur in Sediment 

Organic carbon in the sediment in Cibola LeiJce ranged 

from 0.32% (station 1) to 0.97% (station 3)(Table 12). The 

sulfur in the sediment ranged from 0.14% (station 1) to 

0.61% (station 3) (Table 12). 

Table 12. Percent organic carbon and sulfur and SE in 
sediment seunples from Cibola Lake, April 1996. 

Organic carbon Sulfur 
Station (%) SE (%) SE 

1 0.32 0.02 0.14 0.03 
2 0.46 0.04 0.21 0.01 
3 0.97 0.01 0.61 0.06 
4 0.52 0.05 0.32 0.01 
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Geochemistry of Selenium 

The LCRV is part of the southern Basin auid Range 

province and has a complex geology (McCaurthy and Parsons 

1994) . From Triassic through Late Cretaceous time, this 

area underwent uplift, thrusting, magmatism, and regional 

metamorphism (McCarthy and Parsons 1994). Radtke et al. 

(1988) reported that the LCRV contained marine and volcanic 

Cretaceous rock formations that could contribute trace 

elements, including selenium, to the hydrologic system. 

Selenium levels found at the Old Meander Canal, the dry 

upper portion of Cibola Lake, and the dry portion of Three 

Fingers LaUce were higher than the average selenium level for 

soils in the western United States (0.34 Mg/g or 0.34 ppm, 

Shacklette and Boerngen 1984). There appears to be limited 

amounts of selenium-bearing marine shales in the Cibola Lake 

area; the dissected uplands are underlaid by both nonmarine 

and marine sedimentaury rocks including limestones and 

sandstones (McDonald and Loeltz 1976). Limestones and 

sandstones have slightly elevated concentrations of selenium 

(Manning 1993) . The dissected uplands include the Bouse 

Formation, an estuarine deposit consisting of basal 

limestone, clay, silt, sand, and tufa (Metzger 1968). 
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Metzger (1968) also reported that the upper surface of the 

Bouse Formation is erosional. 

Erosion of formations containing basal sandstones has 

the potential to contribute small euaounts of selenium to the 

hydrological system above Cibola Ledce. Several areas 

upstrecun of Cibola may also contain basal sandstone 

(Spencer and Reynolds 1990, Tosdal and Stone 1994). For 

example, the Jvirassic and Cretaceous McCoy Mountains 

Formation in the Blythe-Queirtzsite area (Arizona and 

California) contains basal sandstone of both volcanic and 

sedimentary origin (Harding and Coney 1985). The loading of 

selenium into the Colorado River from the erosion of the 

Bouse or McCoy Mountains Formations is undocumented. 

In northeastern Arizona, Cretaceous rocks are found in 

the DeiXota Sandstone, Mancos Shale, and Mesaverde Formation 

in the Black Mesa basin (Nations 1989). U.S. Geological 

Survey (USGS) researchers found a maximum selenium level of 

29 ppb total selenium (August 1990) in the Little Colorado 

River near Csuaeron, Arizona (USGS 1991) . The USGS surface-

water quality station (09402000) is 15.3 km downstrecua from 

the Moenkopi Wash. The Moenkopi Wash drains the Black Mesa 

basin and contributes to the periodic and sporadic increases 

in selenium levels in the Little Colorado River, which 

drains into the Colorado River (USGS 1991, 1995). 
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Selenium in Sediment 

Sources of Selenium in Cibola Lake 

The major geologic soiirce of inorganic selenium in the 

entire Lower Colorado River Valley (LCRV) appecurs to be 

erosion from selenium-beeuring Cretaceous Mancos Shale in the 

upper basin amd not from irrigation return flow (Radtke et 

al. 1988, Presser et al. 1994). Erosional material 

containing selenium appears to be transported by the river 

in suspended and dissolved forms. These forms enter and are 

deposited and concentrated in backwaters including Cibola 

LcJce cuid other reservoirs along the Colorado River (Presser 

et al. 1994). 

In reservoirs, sedimentation and water quality are 

affected by the advective forces of inflow and outflow and 

density differences caused by solid concentrations (Thornton 

et al. 1980). Reservoirs usually have large drainage and 

surface areas as well as elevated sediment and nutrient 

loads. They also have short hydraulic residence time and 

large areal water loads (Thornton et al. 1980). 

One might expect reservoirs along the Colorado River to 

act as sinks for selenium. However, Ledce Powell in the 

upper Colorado River basin (UCRB) receives large loads of 

suspended sediment and dissolved solids and trace elements 

including selenium (Waddell and Wiens 1993). Engberg (1995) 

evaluated the selenium budget for Lake Powell and concluded 
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that Lake Powell does not behave as a sink for selenium. In 

fact, 97% of selenium that enters Leike Powell leaves the 

Icike through the outflow, most of the suspended and 

dissolved selenium moves downstream towards the LCRV. In 

the absence of data, the seme effect may be hypothesized for 

Lcike Mead. 

Explanations for Selenium in Cibola Lake 

Presser et al. (1994) reported that selenium is 

bioconcentrated in fine grained sediments that contain large 

amounts of detritus at greater rates than in other types of 

sediment. Radtke et al. (1988) also reported that selenium 

had a high affinity for fine-grained, highly organic 

sediment. 

The national average background selenium concentrations 

in uncontcuainated aquatic systems ranged from 0.2 to 2.0 ppm 

DW (Maier and Knight 1994). Radtke et al. (1988) reported 

that sedimentary selenium levels in the LCRV ranged from 

 ̂0.1 to 7.1 ppm DW. King et al. (1993) reported elevated 

selenium values in the sediment for 3 national wildlife 

refuge ledces, Martinez Lcike (3.3 ppm DW) , Topock Marsh (1.9 

ppm DW) , and Cibola Leike (1.7 ppm DW) along the LCRV. 

Welsh and Maughan (1994) reported the geometric mean 

selenium concentrations in sediment from Cibola Lake and 

vicinity as 0.16 to 3.3 ppm DW. I found mean selenium 
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concentrations in the sediment at Cibola Lake ranged from 

0.70 to 2.44 ppm DW (Table 7). These data indicate that the 

levels of selenium in sediment in Cibola LeUce have 

historically been emd are now above Arizona background 

levels of 0.6 ppm DW (King et al. 1993). 

Skorupa et al. (1995) noted that biological adverse 

effects occxirred when selenium reached concentrations > 4 

ppm DW in sediments cuid Lemly (1995) reported that the 

hazard profile for selenium bioaccumulation from sediments 

was high at levels > 4 ppm DW. Although mean selenium 

levels in the sediments of Cibola LeUce were above baseline 

levels, neither historical nor current mean levels exceed 

this 4-ppm guideline. Only 2% of the individual sediment 

samples (3 of 144) were above the 4-ppm level (4.17-4.69 ppm 

DW). Despite the failure of selenium levels in sediment to 

exceed the high hazard profile, levels in biota did exceed 

those levels. 

Selenium is normally concentrated in the upper organic 

layers of the sediment. However, there was no significant 

difference between selenium levels in the top 10 cm and 

sediment below 10 cm in Cibola Lake during January 1994 (p = 

0.140) and October 1994 (p = 0.468). Lack of differences in 

the levels of selenium within the organic layer of the 

sediment may reflect real conditions. It is possible that 

selenium levels are elevated to a far greater depth in the 
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sediments of Cibola Lake than the 10 to 20 cm that I 

evaluated during my study. 

It is also possible that my sampling technique (the use 

of a coring tube) masked differences in selenium levels. 

Whole bed sediment scunples of selenium content should 

generally be teUcen no deeper than the upper 8 cm of the 

sediment (Skorupa et al. 1996). Otherwise spatial 

variability may mask differences because samples taken 

several meters apart can yield substantially different 

results (Chilcott et al. 1990, Setmire et al. 1993, Wu et 

al. 1995) . X took ssunples from the top 10 cm and so 

violated the 8 cm guidelines. However, it is improbable 

that this small deviation would cause the differences 

observed. 

My sample size may not have been sufficient to reveal 

differences in selenium levels between surface layers of the 

sediment and layers at lower levels. Many sediment seuaples 

are needed to reach compaurable statistical characterization 

of selenium content. However, my data were relatively 

consistent and probably accurately reflect the existing 

conditions in Cibola Lake. 

The particular charactistics of Cibola Lake may also 

affect how selenium is accumulated. Backwater lakes like 

Cibola LeUce that are shallow with standing or slow-moving 

waters with low flushing rates accumulate selenium more 
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readily than the faster flowing Colorado River (Lemly and 

Smith 1987). 

Sediments in Cibola LeUce eure also fine-grained eind 

highly organic (0.32-0.97% C) (Table 2-3, Table 12). Moore 

et al. (1990) reported that selenium more readily 

accximulates in fine-textured, highly organic pond sediments 

than sandy riverine sediments. The production of fine 

organic sediments developed by the deposition and decay of 

particulate matter and plant and animal tissue eure more 

common in backwater lakes, such as Cibola Leike, whereas sand 

is the predominemt substrate in the river. Sedimentary 

organic matter is also generally (2 of 4 sites) deep in 

Cibola Lake (16-17 cm)(Table 4) . 

Selenium is adsorbed onto clay particles more tightly 

than onto other types of substrate. Smectite and kaolinite 

as well as small euaounts of goethite, hematite, and calcite 

were fovmd in all 4 sampling sites in Cibola Lake (Table 1) . 

Each of these siibstances attract and bind selenium and may 

help explain the elevated selenium levels in the sediment of 

the leUce. 

Reducing environments also augment the uptedce of 

selenium by sediments. Reducing environments are generally 

characterized by high sulfur levels and the presence of 

sulfur dioxide. Precipitation of selenium into the sediment 

due to the redox chemistry of sulfur was minimal in Cibola 
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Lcike since mosl: of the lake was oxic (Cibola Lake did not 

stratify) cmd depth to sediment was < 2 m. However, there 

were a few locations where sulfur levels in sediment were 

high (0.61%) emd which also had odiferous conditions 

consistent with the presence of hydrogen sulfide gas. These 

areas contained decomposing organic matter and had the 

thickest sediments (> 2.5 m) . They also exhibited acidic pH 

and negative Eh values, consistence with anoxic, reducing 

conditions. A negative Eh and an acidic pH can enhance 

selenitua uptake. These areas also had the lowest DO. 

Since Cibola Lake reaches anoxic conditions only at the 

sediment-water interface, it is here that selenium 

accumulation occurs. Given the data on Eh and pH in Cibola 

Lake, X predicted that the dominant selenium species in the 

porewater would be Se04̂ ". Cutter (1991) found that Se04̂ ' 

was the dominant species in sedimentcury porewater under 

anoxic and reducing conditions. 

Cibola LcOce is characteristic of many of the backwater 

lakes along the LCRV. Most are shallow, with standing or 

slow-moving waters with low flushing rates emd fine-grained 

and highly organic sediments. Many have clay particles in 

their substrates and have reducing environments at the 

sediment-water interface. These conditions are ideal for 

selenium to move from water to the biota despite relatively 

low levels in the water. I found that selenium 
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concentrations in water (» 3 ppb) were magnified aUaout 200 

to 800 X in the sediment (0.70-2.44 ppm) . This finding is 

importamt when considering the selenium toxicology cycle and 

food cycles of benthic organisms, fish, euid fish-eating 

birds. 

Selenium in Water 

Dissolved selenium in the LCRV appears to come from 

sources above Davis Dam (Radtke et al. 1988) . The Dolores, 

Gunnison, and Green rivers are the primary sources. The 

dissolved selenium levels in the Gunnison River are 8 ppb 

before it enters the Colorado River and those in the Green 

River are about 1 to 3 ppb (Martinez 1994). The USGS (1991-

1993) estimated the dissolved selenium levels in the 

Colorado River water below Davis Daua ranged from 1-3 ppb WW 

(USGS 1991, 1992, 1993, 1995). I found < 5.6 ppb in water 

samples. 

Waterborne selenium is not very toxic to fish and 

wildlife when water is the only exposure route, as in a 

standard aquatic bioassay (Skorupa et al. 1996) . However, 

even low waterborne selenium concentrations cem be 

bioaccumulated by the aquatic food chain. Water containing 

1.5 to 10 ppb selenium has caused selenium poisoning in fish 

and wildlife (Skorupa et al. 1996). Fish eggs and larvae 
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are especially sensitive to waterborne selenium (Skorupa et 

al. 1996). 

Differences in selenium concentrations between filtered 

and unfiltered water should show the degree of 

biomagnification of selenium by plankton. However, in 

Cibola Lake, the difference in concentrations between 

waterborne selenium in both filtered (dissolved) and 

unfiltered (total) seuaples were below the detection level of 

5.6 ppb WW. 

Selenium generally occurs as a mixture of several 

chemical species in natural waters (Skorupa et al. 1996). 

Se04̂ ' and SeOŝ " are two of the most common forms 

(Masscheleyan and Patrick 1993). Speciation influences the 

amount of mass loading needed to be toxic in the aquatic 

food chain (Skorupa et al. 1996). The species of waterborne 

selenium present at high concentrations can affect the rate 

of bioacciimulation in fish and wildlife tissues (Skorupa et 

al. 1996) . For example, waterborne Se03~~ bioaccumulates 

more readily than Se04̂ ~ (Besser et al. 1993) . 

Thresholds for bioaccumulative toxicity in waters 

dominated by emd Se04̂ ~ have been as low as 1.5 to 3 

ppb (Skorupa et al. 1993). In Se04̂ ~ dominated waters, 

pathways for the reduction to SeOĵ " may influence selenium 

bioaccxomulation (Ogle et al. 1988) . I did not directly 

determine the species of Selenium present in Cibola LcUce but 
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circumstcmtial evidence suggest that the predominant 

waterborne selenium species was SeÔ '̂i this form of selenium 

is very common, soluble, and stable in alXaline emd oxidized 

waters simileur to the conditions at Cibola Lak& amd other 

backwater lakes in the L̂ V (Moore et al. 1990, Cutter 

1991) . 

The mechanism of selenium cycling in amy backwater 

depends on the zunount of selenium in waterborne inputs and 

the residence time of selenium in the lake. In Cibola Lake, 

river water at about 3 ppb selenium is bioconcentrated to 

about 0.70 to 2.44 ppm in the sediment. Cibola Lake is 

flushed at least once annually. Therefore, the residence 

time of water in the lake is s to 1 year. 

Selenium in Fish 

Reproductive success in centrarchids is one of the most 

sensitive indicators of selenium toxicity (Lemly 1996). 

Lemly (1993b) found that teratogenic effects occurred more 

often in Lepomis spp. in a contaminated lake (15 ppm 

selenium for whole body sample) than in two reference lakes 

(1 to 3 ppm). 

Selenium concentration in whole body tissue samples 

from 5 to 19 ppm DW can cause reproductive failure and 

mortality in juvenile and adult bluegill (USFWS 1990, 

Hermanutz et al. 1992, Coyle et al. 1993). In addition. 



female blueglll exposed to elevated selenium levels passed 

selenium on to offspring (Gillespie emd Baiunann 1986) . 

Hermanutz et al. (1992) found that 12 to 35 ppm in whole 

body seuaples of adult female bluegill caused larvae to 

exhibit spinal deformities and hemorrhaging. 

Therefore, the threshold for reproductive effects for 

sensitive species, including bluegill, has been set at about 

4 to 6 ppm selenium in wholebody seunples (Lemly 1996, 

Skorupa et al. 1996) . The threshold for wholebody values in 

larval fish associated with impaired survival and 

development are in this seune range (Cleveland et al. 1993) . 

Host of the selenium in fish tissues is tcUcen up 

through the diet rather than through the water (Lemly 

1996). Dietary selenium concentrations known to be toxic to 

bluegill range from 5 to 54 ppm DW (Finley 1985, Lemly 

1993c). Dietary concentrations of 6.5 ppm or greater (as 

selenomethionine) cause mortality and reproductive failure 

in centrarchids (Woock et al. 1987, USFWS 1990, Coyle et al. 

1993) . Lemly (1996) recommended that 3 ppm be set as the 

toxic threshold for selenium in the aquatic food chain. 

These guidelines are not absolute indicators of 

selenium toxicity. Toxicity may be affected by other 

conteuninants present in the system (Hg or As) , by seasonal 

reduction in water temperature, or by photoperiod (winter 

conditions) (Lemly 1993c, 1996) . Winter stress syndrome 



caused am. energy drain in yoving bluegill and resulted in 

deat:h when whole body selenium concentra'tions were between 5 

and 8 ppm (Lemly 1993c). 

Fish in the LCRV had elevated selenium levels in their 

bodies (Radtke et al. 1988) . However, Welsh and Maughan 

(1992) found no indication that these selenixam levels (4.4-

7.6 ppm) had impacted fish species diversity or centrarchid 

reproductive success at Cibola NWR even though these levels 

were considerably eODove the NCBP 85th percentile level (King 

et al. 1993). 

Furthermore, I saw no visible signs of selenium 

poisoning during my study. Despite elevated selenium 

levels, bluegill populations in Cibola Ledce have been self-

sustaining and healthy for the past 10 years (Welsh and 

Maughan 1992). 

Selenium Remediation 

Selenium levels in the water of the LCRV are very low 

(about 3 ppb) but rapidly bioconcentrate in the food chain. 

Selenium probably entered the food chain in the surface 

layer of the sediment and detritus on the bottom of 

backwater ledces. Therefore, it is at this level that we 

must attempt to control the entry of selenium into the food 

chain. 



74 

Few of the techniques that have been used elsewhere for 

selenium remediation seem feasible for use in the LCRV 

because of the systemic nature of the problem, the low 

levels of selenium in the water, and the costs of 

remediation. Flushing sediment and detritus from the 

backwater lakes amd thus interrupting selenium incorporation 

into the food chain seemed to be one of the few available 

management options. However, flushing simply moves the 

problem downstream. 

Generally, flushing of an aquatic system should occur 

with water containing < 1 ppb of selenium. However, there 

was no source of surface water with < 1 ppb of selenium in 

the LCRV because of the arid nature of the systems and the 

appropriation of all available water to existing users. 

Therefore, Cibola Lake was flushed with water from the 

Colorado River. 

My main objective was to evaluate the feasibility of 

flushing backwater leUces with a limited eunount of Colorado 

River water to remove the top layer of sediment and detritus 

from the bottom of the IcOce. I hypothesized that if it were 

possible to remove this layer of sediment and detritus, 

flushing could be used to manage the physical and chemical 

processes that control selenium cycling. Removing the top 

layer of sediment and detritus would expose uncontaminated 
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sediment to waterborne selenium emd quickly remove selenium 

from the water column. 

Flushing Cibola Leike did not cause predictable changes 

in selenium levels in sediment or fish. There was no 

significsmt difference in sedimentaury selenivun before and 

after flushing during June 1994, but there were significant 

reductions in March and July 1995. There were statistically 

significant differences in bluegill tissue after each 

flushing. However, the differences of selenium levels in 

sediment emd fish flesh were generally small, 0.35-0.57 ppm 

in sediment and 1.29-2.11 ppm in bluegill. 

Also there were veuriations in selenium levels in Cibola 

Lake that were not associated flushing. Researchers have 

generally assumed that selenium levels are relatively 

constant over time. This assumption does not appear to be 

true. Therefore, a selenium dyncunics model needs to be 

developed for the LCRV that accounts for seasonal trends in 

selenium levels. Currently, such data are not available 

because it is expensive to analyze the niunber of samples 

that would be needed to establish trends. 

It is probable that the inflow water velocity (O.ll-

0.15 m/s. Table 10) and the total volume of water used 

(100,000-300,000 m̂ . Table 11) during flushing was 

insufficient to remove the surface layer of sediment from 

the lake. Water that was introduced during flushing 
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followed a path through only the deepest parts of the lake. 

Many areas of the leUce bottom were not disturbed by 

flushing. Dendritic shape is a common characteristic of 

backwater lakes along the Lower Colorado River and flow 

patterns through such leUces may preclude flushing backwater 

lakes regardless of the eunoiint of water used. 

It is possible that using grea-ter volumes of water 

might have resulted in removal of the surface layer of 

sediment from Cibola Lak&. However, continuous flushing of 

Mittry Lake with a larger volume of water (0.43 mVs) than 

that used on Cibola Lake did not result in reduced selenium 

levels in sediment and bluegill. 

It is possible that using a water source with < 1 ppb 

of selenium to flush Cibola Leike might have reduced selenium 

levels in sediment and biota. However, it may be impossible 

to obtain the eunount of surface water or groundwater with < 

1 ppb of selenium needed to cleanse the system. In 

addition, it is unclear from my data whether flushing with 

large volumes of water with < 1 ppb of selenium could 

successfully transport sediments and reduce selenium levels 

in the backwaters along the LCRV. 

If flushing had removed the surface layer of sediment 

from Cibola Lcdce it might have resulted in elevated selenium 

levels downstream. Flushing simply removes selenium from 

one point along the LCRV and redeposits it at another point. 



Imperial National Wildlife Refuge (Imperial NWR), Mexico, 

and the Gulf of California eure downstreeua from Cibola NWR 

and could be the recipients of selenium purged from 

baclcwater lakes on upstreeun refuges. 

The remediation of selenium from backwater Icikes along 

the LCRV is a complex problem. Selenium enters the system 

from several drainages in the UCRB. Selenium input from 

these drainages is at least partially natural and 

historical. Since selenium inputs come from throughout the 

drainage, there appears to be no reasonable or cost 

effective way to reduce or remove selenium at the source. 

Options to remove selenium at locations other than the 

soiirce also appeeir limited. My data suggest that neither 

interval flushing nor constant flow-through (0.43 m̂ /s) with 

Colorado River water will reduce or eliminate selenium in 

the backwater leJces in the LCRV. In fact, my data suggest 

that water level manipulation amd flushing using water from 

the Colorado River are not viable options for the management 

of selenium levels in the Lower Colorado River. It remains 

to be seen whether using water with < 1 ppb of selenium to 

flush the system would alter this conclusion. 

There appears to be no obvious options for the 

management of selenium in the LCRV. In some systems, deep 

reservoirs act as sumps for environmental contaminants. 

However, reservoirs on the Colorado River do not inhibit the 
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movemen't of selenium. Selenium levels eure nearly the same 

upstream and downstreeun of reservoirs. Therefore, there 

appears to be no way to contain selenium at specified 

locations within the system. Another possibility would be 

to dredge selected backwaters in the LCRV. However, as 

mentioned earlier, dredging costly and simply moves the 

contamination from one place to another. 

Human activities including agricultviral practices and 

the construction of impoundments have changed the dyncuaics 

of selenium in the LCRV. However, how and when these 

changes have occurred is difficult to define because of the 

absence of historical data on selenium levels. Selenium in 

the lower Colorado River originates at least partially from 

natural sources (marine shales) in the upper basin. 

Irrigation retiirn flow in the upper basin may currently 

increase selenium levels in the water but there is no 

conclusive proof that levels in the lower basin are higher 

now than they were historically. Deua construction has 

changed the flow patterns of the river but there is no 

indication that selenium levels in the water are effected by 

the presence of the reservoirs. 

Another consideration is the degree to which selenium 

levels in resident animals are natural and historical. 

Virtually all past and current data from the Colorado River 

show elevated selenium levels in animals. Hence, resident 
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animals have been exposed to these backgroiuid levels for 

many generations. If elevated selenium levels are both 

natural and historical, one must ask whether there should be 

efforts at remediation. In addition, if animals resident in 

the system have a history of exposiire to elevated seleniiom 

levels, they may have developed mechanisms to avoid the 

damage typically associated with such levels. Current 

research is underway to investigate this possibility (K. 

Estrada, pers. comm., Univ. Of Arizona). 

MANAGEMEKT IMPLICATIONS 

It may be impossible to reduce selenium levels in the 

water, sediment, and fish in the LCRV in the foreseeable 

future using flushing with Colorado River water. 

Concentrations of selenium may be at or just below the 

levels where fish reproduction may be affected (King et al. 

1993) . I recommend the guidelines listed below. 

1) Monthly collection of sediment samples from several 

backwater lakes, seep IcJces, and river bottom to 

monitor selenium trends and allow the development of 

a selenium dyneunics model for the LCRV. 
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2) Annual monitoring of selenium levels in forage 

emd geune fish in the LCRV. Wholebody tissue 

seunples should be collected to measure the 

persistence of dietary selenivim in the aquatic 

systems in the LCRV. 

3} Selected fish scunples should be x-rayed and 

excunined thoroughly for spinal or body deformities 

due to selenivim toxicity. Laboratory reproduction 

studies on selenium sensitive fish and bird 

species from the LCRV should be conducted to 

measure reproduction efforts and viability. 

These studies are needed because: 

a. Elevated selenium levels have been 

documented on fish and birds from the LCRV 

but there has been no documentation of 

reproductive impacts. Welsh (1991) found 

no reproductive impacts on bluegill 

despite high tissue selenium levels. 

b. Elevated selenium levels may be natural 

and chronic in the LCRV. If they are, 

resident animals may have adapted to these 

levels. A study is currently testing this 

hypothesis on ripeurian birds on Imperial 

NWR (K. Estrada, pers. comm., Univ. of 

Arizona). 
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4) Annual collection of ac[uatic birds to document the 

bioaccunulation processes of selenium between 

trophic levels. Collection of avian livers should 

provide information on the accumulation of selenium 

in the aquatic food chain cuid potential health risks 

to humans who consiime aquatic birds. 

5) Bi-annual flushing of Cibola Letke to enhance 

water quality and remove organic matter auid 

detritus from the water column. Since there is 

no conclusive evidence that the fish and wildlife 

in and near Cibola Lcike have declined in the last 10 

years, l suggest that no immediate remediation is 

needed in the LCRV and refuge managers continue to 

water management practices as they have in the past. 
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APPENDIX A: SEDIMENT AND WATER QUALITY DATA FOR 
CIBOLA LAKE NOVEMBER 1993-OCTOBER 1995. 
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Fig\ire A.l. Hean sediment pH for Cibola Lake, Arizona, 
November 1993-October 1995. 
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Figure A.2. Mean sediment: Eh for Cibola LcUce, Arizona, 
November 1993-October 1995. 
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Figure A. 3. Mean sediment temperature for Cibola Lake, 
Arizona, November 1993-October 1995. 
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Figrire A.4. Mean dissolved oxygen for Cibola Lake, Arizona, 
November 1993-October 1995. 
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Figxire A.5. Mean temperature for Cibola LcUce, Arizona, 
November 1993-October 1995. 
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Figiire A. 6. Mean pH for Cibola Lake, Arizona, November 
1993-October 1995. 
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Figure A. 7. Mean Eh for Cibola Ledce, Arizona, November 
1993-October 1995. 



Figvxre A. 8. Mean conductivity for Cibola Lake, Arizona 
November 1993-October 1995. 
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Figure A.9. Mean alkalinity for Cibola LeUce, Arizona, 
November 1993-October 1995. 
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