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FOREWORD 

Section 304(a)(1) of the Clean Water Act of 1977 (P.L. 95-217) requires 
the Administrator of the Environmental Protection Agency to publish criteria 
for water quality accurately reflecting the latest scientific knowledge on 
the kind and extent of all identifiable effects on health and welfare which 
may be expected from the presence of pollutants in any body of water, 
including ground water. This document is a revision of proposed criteria 
based upon a consideration of comments received from other Federal agencies, 
St ate agencies, special interest groups, and individual scientists. The 
criteria contained in this document replace any previously. published EPA 
aquatic life criteria. 

The term “water quality criteria” is used in two sections of the Clean 
Water Act, section 304(a)(1) and section 303(c)(2). The term has a different 
program impact in each section. In section 304, the term represents a 
non-regulatory, scientific assessment of ecological effects. The criteria 
presented in this publication are such scientific assessments. Such water 
quality criteria associated with specific stream uses when adopted as State 
water quality standards under section 303 become enforceable maximum 
acceptable levels of a pollutant in ambient waters. The water quality 
criteria adopted in the State water quality standards could have the same 
numerical limits as the criteria developed under section 304. However, in 
many situations States may want co adjust water quality criteria developed 
under section 304 to reflect local environmental conditions and human 
exposure patterns before incorporation into water quality standards. It is 
not until their adoption as part of the State water quality standards that 
the criteria become regulatory. 

Guidelines to assist the States in the modification of criteria 
presented in this document, in the development of water quality standards, 
and in ocher water-related programs of this Agency, have been developed by 
EPA. 

Edwin L. Johnson 
Director 
Office of Water Regulations and Standards 
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Introduction* 

Arsenic is found in all living organisms, including chose in aquatic 

systems. Little is known about the mechanisms of arsenic toxicity to aquatic 

organisms; however, arsenic readily forms stable bonds to sulfur and carbon 

in organic compounds. Like mercury, arsenic(III) reacts with sulfhydryl 

groups of proteins; enzyme inhibition by this mechanism may be the primary 

mode of toxicity. Arsenic(V) does not react with sulfhydryl groups as 

readily but may uncouple oxidative phosphorylation (Fowler, et al. 1977; 

Schiller, et al. 1977). 

The chemistry of arsenic in water is complex, consisting of chemical, 

biochemical, and geochemical reactions which together control the concentra- 

tion, oxidation state, and form of arsenic in water (Braman, 1983; Callahan, 

et al. 1979; Holm, et al. 1979; Scudlark and Johnson, 1982). Four arsenic 

species common in natural waters are inorganic arsenic(III) and arsenic(V), 

methanearsonic acid, and dimethylarsinic acid. In aerobic water, inorganic 

arsenic(III) is slowly oxidized co arsenic(V) at neutral pH, but the reaction 

proceeds measurably in several days in strongly alkaline or acidic solutions. 

Because the chemical and toxicological properties of the forms appear to be 

quite different and the toxicities of the forms have not been shown co be 

additive, the data for inorganic arsenic(III), inorganic arsenic(V), mono- 

sodium methanearsonate (MSMA), and ocher arsenic compounds will be treated 

separately. Methods have been developed for separately measuring these forms 

of arsenic in water (Fichlin, 1983; Grabinski, 1981; Irgolic, 1982). 

*An understanding of the “Guidelines for Deriving Numerical National Water 
Quality Criteria for the Protection of Aquatic Organisms and Their Uses” 
(Stephan, et al. 1985), hereafter referred co as the Guidelines, is necessary 
in order to understand the following text, cables, and calculations. 
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Because of the variety of forms of inorganic arsenic(III) and inorganic 

arsenic(V) and lack of definitive information about their relative 

toxicities, no available analytical measurement is known to be ideal for 

expressing aquatic life criteria for arsenic. Previous aquatic life criteria 

for arsenic (U.S. EPA, 1980) were expressed in terms of total recoverable 

inorganic arsenic(III), but the total recoverable method cannot distinguish 

between inorganic arsenic(III.) and arsenic(V). Acid-soluble arsenic(III) 

(operationally defined as the arsenic(III) that passes through a 0.45 µm 

membrane filter after the sample is acidified co pH = 1.5 to 2.0 with nitric 

acid) and acid-soluble arsenic(V) are probably the best measurements at the 

present for the following reasons: 

1. These measurements are compatible with all available data concerning 

toxicity of arsenic to, and bioaccumulation of arsenic by, aquatic 

organisms. No test results were rejected just because it was likely that 

they would have been substantially different if they had been reported in 

terms of acid-soluble arsenic. 

2. On samples of ambient water, measurement of acid-soluble arsenic(III) and 

arsenic(V) should measure all forms of arsenic that are toxic co aquatic 

life or can be readily converted co toxic forms under natural conditions. 

In addition, these measurements should not measure several forms, such as 

arsenic that is occluded in minerals, clays, and sand or is strongly 

sorbed to part particulate matter, that are not toxic and are not likely co 

become toxic under natural conditions. 

3. Although water quality criteria apply co ambient water, the measurements 

used co express criteria are likely to be used to measure arsenic in 

aqueous effluents. Measurements of acid-soluble arsenic(III) and 
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arsenic(V) should be applicable to effluents. If desired, dilution of 

effluent with receiving water before measurement of acid-soluble arsenic 

might be used co determine whether the receiving water can decrease the 

concentration of acid-soluble arsenic because of sorption. However, the 

relationship between what is in an effluent and what will result in the 

receiving water should take into account any conversion of one oxidation 

state of arsenic to the other. 

4. The acid-soluble measurement should be useful for most metals, thus 

minimizing the number of samples and procedures chat are necessary. 

5. The acid-soluble measurement does not require filtration at the time of 

collection, as does the dissolved measurement. 

6. For the measurement of total acid-soluble arsenic the only treatment 

required ac the time of collection is preservation by acidification co pH 

= 1.5 to 2.0, similar co that required for the measurement .of total 

recoverable arsenic. Durations of 10 minutes to 24 hours between 

acidification and filtration probably will not affect the measurement of 

total acid-soluble arsenic. However, acidification might not prevent 

conversion of inorganic arsenic(II1) co arsenic(V) or vice versa. 

Therefore, measurement of acid-soluble arsenic(II1) or acid-soluble 

arsenic(V) or both will probably require separation or measurement at the 

time of collection of the sample or special preservation to prevent 

conversion of one oxidation state of arsenic co the ocher. 

7. The carbonate system has a much higher buffer capacity from pH = 1.5 co 

2.0 than ic does from pH = 4 co 9 (Weber and Stumm, 1963). 

8. Differences in pH within the range of 1.5 co 2.0 probably will not affect 

the result substantially. 



9. me acid-soluble measurement does nor: require a digestion step, as does 

the total recoverable measurement. 

10. After acidification and filtration of the sample co isolace the 

acid-soluble arsenic, the analysis can be performed using either acmic 

absorption specctoscopy or ICP-emission spectroscopy for either coca1 

acid-soluble arsenic or total acid-soluble inorganic arsenic (U.S. EPA, 

1983a). Ir might be possible co separately measure acid-soluble 

arsenic(II1) and acid-soluble arsenic(V) using the methods described by 

Grabinski (1981) and Lrgolic (1982). 

11. Ic is not possible co separately measure cotal recoverable arsenic(IZZ) 

and coca1 recoverable arsenic(V). 

Thus, expressing aquatic criteria for arsenic in terms of the acid-soluble 

measurement has both toxicological and practical advantages. On the ocher 

hand, because no measurement is known co be ideal for expressing aquatic life 

criteria for arsenic or for measuring arsenic in ambient water or aqueous 

effluents, measurement of both coca1 acid-soluble arsenic and total 

recoverable arsenic in ambient water or effluent or both might be useful. 

For example, there might be cause for concern if coca1 recoverable arsenic is 

much above an applicable limit, even though coca1 acid-soluble arsenic is 

below the limit. 

Unless ocherwise noted, all concencracions reported herein are expected 

co be essentially equivalent co acid-soluble arsenic concencracions. All 

concentrations are expressed as arsenic, not as the chemical tested. The 

criteria presented herein supersede previous aquatic life water quality 

criteria for arsenic (U.S. EPA, 1976a, 1980) because these new criteria were 

derived using improved procedures and additional information. Whenever 
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adequately justified, a national criterion may be replaced by a site-specific 

criterion (U.S. EPA, 1983b), which may include not only sire-specific 

criterion concentrations (U.S. EPA, 1983c), but also site-specific durations 

of averaging periods and site-specific frequencies of allowed exceedences 

(U.S. EPA, 1985). The lacesc literature search for information for this 

document was conducted in May, 1984; some newer information was also used. 

Acute Toxicity to Aquatic Animals 

Inglis and Davis (1972) found chat hardness did not affect the toxicity 

of inorganic ansenic(IIL) co the bluegill. The fathead minnow was much Less 

sensitive co arsenic crisulfide (Table 6) than to sodium arsenice (Table 1). 

Genus Yean Acute Values (Table 3) were calculated as geometric means of the 

sixteen available Species Mean Acute Values (Table 1). Acute values are 

av.aiLable for two species in each of two genera and the range of Species Mean 

Acute Values within each genus is less than a factor of 3.3. Four crustacean 

genera are much more sensitive than the ocher tested invertebrate and fish 

genera. Roth the most resiscanc genus, Tanycarsus, and the most sensitive 

genus, Gammarus, are invertebrates, but Gammarus is 110 times more sensitive 

than Tanycarsus. A freshwater Final Acute Value of 718.2 ;lg/L for inorganic 

arsenic(III) was calculated from the Genus Mean Acute Values (Table 3) using 

the calculation procedure described in :he Guidelines. 

Acuce cescs have been conducted on inorganic arsenic(V) with six species 

in five genera and the Species Mean Acute Values ranged from 850 Jg/L for a 

cladoceran co 49,000 ;rg/L for the mosquicofish (Table 1). Inorganic 

arsenic(V) was slightly more toxic than arsenic(II1) co rainbow crouc, but 

arsenic(II1) was nearly twice as toxic co the fathead minnow and Daphnia 

magna. 
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The acute sensitivities of eight species exposed to MWA range from 

1,921 ug/L for the bluegill co 1,403,OOO c1g/L for the channel Catfish (Table 

1). The fathead minnow was approximately 12 c imes more sens icive co MSMA 

than co sodius arsenate and the goldfish, fathead minnow, and bluegill were 

approximately 5 to 22 times more sensitive co MSMA than co sodium arsenice. 

Channel catfish and amphipods , however, were much less sensitive co MSMA than 

sodium arsenice. 

Not enough acute values are available for calculation of freshwater 

Final Acute Values for inorganic arsenic(V) or MSMA. 

Data are available on the acute toxicity of inorganic arsenic(II1) to 

saltwater species in three fish and eight invertebrate genera (Tables 1 and 

3). The fish species tested were the most resistant with a range of LC5Os 

from 12,700 @g/L for the sheepshead minnow to 16,030 ;rg/L for the Aclancic 

silverside. Among the invertebrates, the lowest acute value, 232 og/L, was 

obtained with zoeae of the Dungeness crab whereas the highest value, 10,120 

gg/L, was from a test with the polychaece worm, Neanches arenaceodencaca. 

Interestingly, the acute value for the Pacific oyster is almost as low as 

char for the Dungeness crab, hut chat for the eastern oyster is almost as 

high as chat for the polychaete worm. In addition, Alderdice and Brecc 

(1957) obtained a 48-hr LC50 of 8,300 qg/L with arsenic crioxide co chum 

salmon (Table 6). Rolland, et al. (1960) determined a lo-day LC54 of 3,787 

dg/L for the pink salmon, whereas Curtis, ec al. (1979) reported a 96-hr LC50 

of 24,700 dg/L for arsenic trisulfide in tests with juvenile white shrimp 

(Table 6). Of the eleven Genus Nean Acute Values in Table 3, all eight for 

invertebrates are lower than the three for fish. The most: sensitive genus, 

Cancer, is 69 times more sensitive than the most resistant, Menidia. The 
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saltwater Final Acute Value for inorganic arsenic(III) is 137.1 pg/L, which 

is about one-half the lowest Species Mean Acute Value. 

Data are available for inorganic arsenic(V) with two saltwater species. 

The toxicity of arsenic(V) co a mysid, eidopsis ,bahia, (LC50 = 2,319 ;Ig/L) 

is similar co chat of arsenic(II1) (LC50 = 1,740 +g/L). Arsenic(V) is ulore 

toxic than arsenic(IIf) to the amphipod, Ampelisca abdita, whose Species ?kan 

Acute Values are 4,610 vg/L for arsenic(V) and 8,227 ;rg/L for arsenic(II1). 

Not enough data are available co calculate a saltwater Final Acute Value for 

inorganic arsenic(V). 

Chronic Toxicity co Aquatic Animals 

Three chronic cescs have been conducted on inorganic arsenic(II1) with 

freshwater species (Table 2). A life-cycle cesc with Daphnia magna (Call, et 

al. 1983; Lima, et al. 1984) resuLted in a chronic value of 914.1 pg/L based 

on chronic limits of 633.0 and 1,320 ;Jg/L. The 96-hr LC50 for this species 

in the same study was 4,340 ;Jg/L, resulting in an acute-chronic ratio of 

4.748. The chronic values for the fathead minnow and flagfish exposed co 

arsenic(II1) were approximately the same. The 96-hr LC50 values for the two 

species were also similar and the acute-chronic ratios were 4.660 and 4.862, 

respectively. 

Data on the chronic toxicity of arsenic co saltwater species are 

available for only one species, Mysidoosis bahia (Table 2). In a 35-day 

life-cycle test on arsenic(III), no adverse effects were statistically 

significant ac 631 gg/L, whereas 1,270 ;Ig/L affected reproduction and 

significantly reduced survival. These results provide a chronic value of 

895.2 dg/L and an acute-chronic ratio of 1.944. 

7 



The four acute-chronic ratios available for inorganic arsenic(II1) are 

4.748, 4.660, 4.862, and 1.944 and the geometric mean of 3.803 is the Final 

Acute-Chronic Ratio. Division of the freshwater and saltwater Final Acute 

Values by this ratio results in freshwater and saltwater Final Chronic Values 

of 188.9 and 36.05 ;rq/L, respectively (Table 3). 

An early life-stage test with the fathead minnow (DeFoe, 1982) exposed 

co arsenic(V) resulted in chronic limits df 530 and 1,500 Ug/L and a chronic 

value of 891.6 ;Ig/L. The 96-hr LC50 for this species in the same study was 

25,600 ;rg/L producing an acute-chrcnic ratio of 28.71 (Table 2). A 

life-cycle test with.Daphnia magna (Biesinger and Christensen, 1972) (Table 

6) exposed co arsenic(V) was not used in the calculation of a chronic value 

because the test concenrrarions were not measured as specified in the 

Guidelines. However, the chronic limits in this test were 520 and 1,400 pg/L 

and the comparable acute value was 7,400 !Jg/L, resulting in an estimated 

acute-chronic rscio of 8.7. 

The Eachead minnow was approximately 3 rimes more sensitive on a chronic 

basis co arsenic(Vj than co arsenic(III), but Daphnia magna appeared co be 

equally sensitive co both forms of inorganic arsenic. No chronic tests have 

been conducted on MSMA or any other organic arsenic compound. 

Toxicity to Aquatic Plants 

kdverse effeocs were observed ac concentrations of arsenic(III) ranging 

fro= 2,320 pg/L for three species of algae and one submerged plant co over 

59,000 vg/L for the alga, Selenascrum capricornutum (Table 4). Except for 5. 

capricornucum, values reported for aquatic plants exposed co arsenic(II1) are 

comparable :o the acute values fcr some of the more sensitive invertebrate 



species (Table 1) and co the chronic values reported for the fathead minnow 

and flagfish (Table 2). 

Concentrations of inorganic arsenic(V) chat caused adverse effects on 

six species of freshwater algae ranged from 48 to 202,000 Yg/L (Table 4). A 

14-day EC50 value of 48 dg/L obtained for the most sensitive alga, 

Scenedesmus obliquus, was 18 times lower than the lowest acute value and 

approximately 19 rimes lower than the only chronic value available for 

inorganic arsenic (V> . Data on the sensitivity of 2. capricornucum to both 

oxidation scaces of inorganic arsenic cover a wide range and appear co depend 

on the kind of toxicity test used (Richter, 1982). 

Data on the toxicity of arsenic(III) co saltwater plants are available 

for four species of microalgae and two species of macroalqae (Table 4). 

Growth of the saltwater diatoms, Skeletonema coscatum and Thalassiosira 

aestivalis, was affected at 20 ug/L and .22 ;lg/L, .respecrively, and phocosyn- 

thesis of S _. costacum was reduced ac 19 ;rq/L. These values are less than the 

Final Chronic Value for arsenic(III) but the ecological impLicacions of 

reduced growth on these species is uncertain. Boney, ec al. (1959) showed 

chat arsenic(II1) inhibited the developmenr of sporelinqs of the red 

macroalga, Plumans elegans, at 577 yg/L. In addition, formation of mature 

cystocarps by another red macroalgae, Champia parvula, was prevented at 95 

ug/L and growth of female plants was reduced ac 145 qg/L. 

Data on the toxicity of arsenic(V) co salcwacer plants are available for 

four species of microalqae and one species of macroalgae (Table 4). Based 

upon these data, there is no significant difference between the coxicicy of 

arsenic(III) and arsenic(V) to the plant species tested. Thursby and Steele 

(1984) found that phosphate decreased the toxicity of arsenic(V) co Champia 

parvula, but did not affect the toxicicy of arsenic(III). 
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Bioaccumulation 

Bioconcentration tests have been conducted on arsenic(III), arsenic(V), 

and a number of organic arsenic compounds with a variety of freshwater fish 

and invercebraces (Table 5). The highest bioconcencracion factor (BCF) was 

17, which was obtained for inorganic arsenic(II1) with a snail (Spehar, ec 

al. 1980). An early life-stage Lear: on arsenic(V) with the fathead minnow 

(DeFoe, 1982) showed that the BCF decreased with increased exposure 

concencracions in the water. BCFs were slightly lower (down co 1.2) in 

exposure concencracions that caused significant adverse effects than in those 

that did not (Table 5). 

A study by Oladimeji, ec al. (1982) showed that the .precreatmenc of 

rainbow crow co arsenic(III) enhanced the elimination of a subsequent dose 

of arsenic. Additional results indicated chat fish retained less arsenic 

after 4 weeks of exposure than after 2 weeks. 

In the one acceptable bioconcencracion test on arsenic with a salcwacer 

species, a BCF of 350 was obtained with the oyster, Crassoscrea virginica, 

after 112 days of exposure (Zarooqian and Hoffman, 1982). In a cesc chat 

only lasted 4 days, Nelson, ec al. (1976) obtained a BCF of 15 with the bay 

scalloo (Table 6). 

No Final Residue Value could be determined because no maximum permissi- 

ble tissue concentration is available for arsenic. 

Ocher Data 

Comparison of data for fish in Tables 1 and 6 indicates chat in almost 

all cases, arsenic coxicicy increased with increased duration of exposure. 

One value for the bluegill (Hughes and Davis, 1967) was an exception 

10 



resulting in a low 48-hr LC50 of 290 ug/L- A special pellecized form of 

sodium arseniee was used, which may have accounted for the low LC50. The 

invertebrate data were coo variable co indicate a trend in coxicicy in regard 

co duration of exposure. 

Spehar, et al. (1980) compared the coxicicies of different forms of 

arsenic in the same water. In 28-day tests, inorganic arsenic{ III) was more 

toxic co the amphipod, Gamuarus pseudoliumaeus, than inorganic arsenic(V), 

sodium dimechyl arsenate, or disodium merhyl arsenate. Survival of 

sconeflies, snails, and rainbow crouc was not adversely affected by any of 

the compounds at: the concentrations tested. 

Two studies on the effects of environmental factors on the toxicity of 

arsenic to freshwater organisms have been reported. Sorenson (1976c) showed 

chat increased water cemperacure decreased the median lethal time of green 

sunfish during exposure co KWO concencraciona of arsenic(V) (Table 6). Lima, 

et al. (1984) found that the toxicity of.inorganic.arsenic(III) co Daphnia 

magna was decreased by about a factor of 3 when food was added in 48-hr cescs 

compared co exposures in which food was not added. Additional exposures 

showed chat arsenic(III) did not affect additional unfed animals from 48 co 

96 hours, indicating that the lack of food in these tests was not coo scress- 

ful. Arsenic(111) increased albinism in channel catfish (Wescerman and 

Birqe, 1978). 

Exposures of embryos and larvae of rainbow trout and goldfish co 

inorganic arsenic(II1) resulted in values char were severaL times lower than 

chose for older juvenile stages of these species (Tables 1 and 61, and these 

values were lower than the chronic values in Table 2. The lowest value 

obtained in any test on arsenic, however, was 40 ;Ig/L from a -/-day exposure 
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of embryos and larvae of the toad, Gastrophryne carolinensis, to inorganic 

argenic( III) (Birqe, 1978). This value is about a factor of 4.5 lower than 

the freshwater Final Chronic Value for inorganic arsenic(III). 

Bryan (1976) exposed the saltwarer polychaece worm, Nereis diversicolor, 

to arsenic(II1) and estimated the 192-hr LCSO to be greater than 14,500 #g/L, 

(Table 6). Arsenicf III) caused other effects, such as depressed oxygen 

consumprion rate and behavioral changes, in mud snails exposed co concentra- 

tions greater than 2,000 uq/L for 72 hours (MacInnes and Thurberg, 1973). 

Unused Data 

Some data on the effects of arsenic on aquatic organisms were not used 

because the studies were conducted with species char are not resident in 

North America. Data were not used if arsenic was a component of a mixture 

(Thomas, et al. 1980; Wonq, ec al. 1982) . . Reviews by Chapman, et al. (19681, 

Eisler (19811, Eisler, ec al. (19791, Kaiser (19801, Phillips and Russo 

(19781, Taylor (19811, Thompson, et al. (19721, and U.S. EPA (1975, 1976b) 

only concain data chat had been published elsewhere. 

Data in Dabtowski (19761, Paladin0 (19761, and Paladin0 and Spocila 

(1978) and one value in Mount and Norberq (1984) were not used because 

control survival was coo low. Studies by Eipper (19591, Grindley (19461, 

Irqolic, et al. (19771, and Spocila and Paladin0 (1979) were not used because 

insufficient detail was reported about such items as use of controls and 

control survival or because methodology problems occurred during the tests 

which made the results questionable. Bringmann and Kuhn (1982) cultured 

Daphnia magna in one water but conducted tests in another water. Tests by 

Comparetto, ec ai. (1982), Jones (1940, 19411, Schaefer and Pipes 119731, 
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Scary and Kraczer (1982)) and Weir and Hine (1970) were not included because 

the medium or dilution water was unacceptable. 

Papers by Baker, ec al. (1983)) Belding (1927), Brunskill, ec al. 

(1980), Budd and Craig (1981), Christensen (1971), Christensen and Tucker 

(1976), Christensen and Zielski (1980), Conway (1978), Devi Prasad and 

Chowdary (1981), Hiltibran (1967), Jennect, ec al. (1982), Lawrence (1958), 

Maeda, et al. (1983), McLarcy (1960), Morris, et al. (1984), Nissen and 

Benson (1982), Oladimeji, ec al. (1979, 1982, 1984b), Ontario Water Resources 

Commission (1959), Penrose (1975), Planas and Lamarche (1983), Surber (1943). 

and Westerman and Birge (1978) were not used because the species names were 

not given, the concencracions causing effects or the effect endpoints were 

not clearly reported or defined , or no test effects were given. Johnson 

(1978) was not used because the fish were not acclimated to the test water 

for a sufficient amount of time after collection from the field. A study by 

Passino and Kramer (1980) on the effects of arsenic,on Lake Superior cisco 

fry was not used because fry were obtained from .egqs and sperm of two 

different species. 

Several papers dealing with the accumulation of arsenic in aquatic 

organisms, including those by Brooks, et al. (1982), Bryan, et al. (1983), 

Copeland, et al. (1973), Dupree (196d), Ellis (1937), Ellis, et al. (1941), 

Foley, et al. (1978), Gibbs, ec al. (1983), Harden (1976), Hunter, et al. 

(1981). La Touche and Mix (1982), Maher (1983), Martin, ec al. (1984), May 

and McRinney (1981), Mehrle, et al. (1982), Penningcon, ec al. (1982), Reay 

(1972), Sandhu (1977), Sohacki (1968), Sorenson, et al. (1979, 1980), Scary, 

et al. (1982), Tsui and McCart (198!), Wagemann, ec al. (1978), Whyte and 

Englar (1983), and Wiebe, et al. (1931), were not used because the tests were 

13 



conduceed in distilled water, were not long enough, or w@re not flow-through, 

or because the concentration of arsenic in the test solution during the test 

varied unacceptably or was unknown. 0CFs calculated by Anderson, ec al. 

(19791, Isensee, et al. (19731, Klumpp and Peterson (19811, Schurh, ec al. 

(19741, and Woolson, et al. (1976) were not used because they were calculated 

from microcosm or model ecosystem studies in which water concentrations 

decreased with time or were obtained after short exposures before 

steady-scace was reached. 

Summary 

The chemistry of arsenic in water is complex and the form present in 

solution is dependent on such environmental conditions as Eh, pH, organic 

c ontent , suspended solids, and sediment. The relative toxicities of the 

various forms of arsenic apparently vary from species to species. For 

inorganic arsenic(III) acute values for sixteen freshwater animal species 

ranqed from 812 ug/L for a cladoceran to 97,000 $g/L for a midge, but the 

three acute-chronic ratios only ranged from 4.660 to 4.862. The five acute 

vaLues for inorganic arsenic(V) covered abou: the same range, but the single 

acute-chronic ratio was 28.71. The six acute values for MSXA ranged from 

3,243 to 1,403,OOO &L. The freshwater residue data indicated char: arsenic 

is not bioconcentrated to a high degree but char lower forms of aquatic life 

may accumulate higher arsenic residues than fish. The low bioconcentracion 

factor and short half-life of arsenic in fish tissue suqqest chat residues 

should not be a problem co predators of aquatic life. 

The available data indicate that freshwater plants differ s great deal 

as to their sensitivity co arsenic(IIX) and arsenic(V). In comparable tests, 



the alga, Selenascrum capricornutum, was 45 times more sensitive co 

arsenic(V) than to arsenic(III), although ocher data present conflicting 

information on the sensitivity of this alga co arsenic(V). Many plant values 

for inorganic arsenic(III) were in the same range as the available chronic 

values for freshwater animals; several plant values for arsenic(V) were lower 

than the one available chronic value. 

The other toxicological data revealed a wide range of toxicity based on 

tests with a variety of freshwater species and endpoints. Tests with ear Ly 

Life stages appeared KO be the most sensitive indicator of arsenic toxicity. 

Values obtained from this type of test with inorganic arsenic(II1) were lower 

than chronic values contained in Table 2. For example, an ef feet concencra- 

tion of 40 ug/L was obtained in a tear: on inorganic arsenic(II1) with embryos 

and Larvae of a toad. 

Twelve species of saltwater animals have acute values for inorganic 

arsenic(III1 from 232 co 16,030 vg/L and the single acute-chronic ratio is 

1.945. The only values available .for inorganic arsenic(V) are for two 

invertebrates and are between 2,000 and 3,000 $g/I,. Arsenic(II1) and 

arsenic(V) are equally toxic to various species of saltwater algae, but the 

sensitivities of the species range from 19 &L to more than 1,000 ;Ig/L. In 

a test with an oyster, a BCF of 350 was obtained for inorganic arsenic(II1). 

Nat ion81 Criteria 

The procedures described in the “Guidelines for Deriving Numerical 

National Water Quality Criteria for the Protection of Aquatic Organisms and 

Their Uses” indicate that, except possibly where a locally important species 

is very sensitive, freshwater aquatic organisms and their uses should not be 

affected unacceptably if the four-day average concentration of arsenic(II1) 
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does not exceed 190 vg/L more than once every three years on the average and 

if Khe one-hour average concencracion does not exceed 360 ug/L more Khan once 

every three years on the average. 

The procedures described in the “Guidelines for Deriving Numerical 

National Water Quality Criteria for the Proceccion of Aquatic Organisms and 

Their Uses” indicate that, except possibly where a locally important species 

is very sensitive, saltwater aquatic organisms and their uses should not be 

affecKed unacceptably if the four-day average concencracion of arsenic(II1) 

does not exceed 36 ug/L more than once every three years on the average and 

if the one-hour average concentration does oat exceed 69 +g/L more than once 

every three years on the average. This criterion mighK be coo high wherever 

Skeletonema coscacum or Thalassiosira aestivalis are ecologically important. 

Not enough data are available co allow derivation of numerical national 

water quality criteria for freshwater aquatic life for inorganic arsenic(V) 

or any organic arsenic compound. Inorganic arsenic(V) .is .acuceLy toxic co 

freshwater aquatic animals aK concentrations as low as 850 ;rg/L and an 

acme-chronic ratio of 28 was obtained with the fathead minnow. Arsenic(V) 

affected freshwater aquatic plants ac concentrations as Low as 48 pg/L. 

Monosodium mechanearsenace (MSMA) is acutely toxic co aquatic animals at 

concentrations as Low as 1,900 ug/L, but no data are available concerning 

chronic toxicity to animals or Koxicicy co plants. 

Very few data are available concerning the coxicicy of any form of 

arsenic other than inorganic arsenic(III) co ssltwacer aquatic life. The 

available data do show chat inorganic arsenic(V) is acutely toxic to salt- 

water animals at concentrations as low as 2,319 ug/L and affected some 

salrwacer plants at 13 co 56 pg/L. No data are available concerning the 
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chronic toxicity of any form of arsenic other than inorganic arsenic(II1) co 

saLtw8cer aquatic life. 

EPA believes chat a measurement such as “acid-soluble” would provide a 

more scientifically cotrecK basis upon which co establish criteria for 

metals. The criteria were developed on this basis. However, at this time, 

no EPA aoproved meKhods for such 8 measurement are available KO implement the 

criteria through the regulatory programs of the Agency and the States. The 

Agency is considering development and approval of methods for a measurement 

such as “acid-soluble”. Until available, however, EPA recommends applying 

the criteria using the total recoverable method. This has two impacts: (1) 

certain species of some metals cannot be analyzed directly because the coral 

recoverable method does not distinguish between individual oxidation scaces, 

and (2) these criteria may be overly protective when based on the coca1 

recoverable method. 

The recommended exceedence frequency of three years is the Agency’s best 

scientific judgment of the average amount of time iK will take an unstressed 

system co recover from a pollution event in which exposure to arsenic(II1) 

exceeds the criterion. Stressed systems, for example, one in which several 

outfalls occur in a limiced area, would be expected to require more rime for 

ret overy . The resilience of ecosystems and their ability co recover differ 

greatly, however, and site-specific criteria may be established if adequate 

justification is provided. 

The use of criteria in designing waste creacment facilities requires the 

selection of an appropriate wasteload allocation model. Dynamic models are 

preferred for the application of these criteria. LimiKed data or other 

factors may make their use impractical, in which case one should rely on a 

17 



steady-scace model. The Agency recommends the interim use of 1QS or 1~10 for 

Criterion Maximum Concentration (CMC) design flow and 743 or 7410 for the 

Criterion Continuous Concencracion (CCC) design flow in steady-scace models 

for unstressed and stressed systems respectively. These maccers are 

discussed in more detail in the Technical Support Document for Warer 

Quality-Based Toxics Control (U.S. EPA, 1985). 
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SpU2lt30 

Sni¶ll, 
hypnoru Ap I exa 

C I adoceran, 
Cerlodaphnla retlculata 

C I adoceran, 
Daphnla magn’a 

C I adoceran , 
Daohn I a magna 

C I adoceran, 
naqna Dephn I a 

Cladoceran, 
Daphnla pulex 

Cladoceran, 
Daphnla pulex 

Cladoceran, 
Slmocephalus serrulatus 

C I adoceran, 
Slmocephalus vetulus 

Amphlpod, 
Ganmwus pseudollmnaeus 

Stonef I y, 
Pteronarcys calltornlca 

Mldtw, 
Tanytarsus dlsslnll Is 

Ralnbou trout, 
Salmo galrdnerl 

Tablo 1. Acuto Toxlclty of Arsonlc to Aquatlc Anlmsls 

LC50 Spulos Mean 
or EC50 Acut* Val Urn 

Method* Chemical (rgqlL)u* 
_ - _-- 

(r;h)D4 Rof srenco 

s, M 

s, u 

s, u 

s, u 

s. M 

s, u 

s, u 

s, u 

s, u 

FT. M 

s. u 

s, M 

s, u 

Sodium 
ar sen I te 

Sodium 
arsenl to 

Arsen Ic 
trloxlde 

Sodium 
arsenl te 

FRESHWATER SPECIES 

lnwganlc Arsenlc(lll) 

Amen Ic 24,500 
tr loxlde 

1,800 

Sodium 
arsen I te 

5,278 

3.800 

Sodium 
ar sen I te 

Sodium 
arsenlte 

Sodium 
arsen I te 

Sod I urn 
arsenlte 

4,340 

1,044 

1,740 

812 

1,700 

874 

22,040 

97,000 

13,340 

24,500 

1,600 

4,432 

1,348 Johnson 6 Finley, 
1980 

812 Sanders & Cope, 1966 

1,700 Mount & Norberg, 1984 

874 Cal I, et al. 1963; 
Llma, et al. 1984 

22,040 

97,000 

13,340 

Sanders 6 Cope, 1968; 
Johnson 6 Finley, 1980 

Holcaobe, et al. 1983 

Johnson 6 Finley, 
1980 

Holconbe, et al. 1983 

Wount 6 Norberg, 1984 

Anderson, 1946 

Mount d Norberg, 1984 

Cal I, et al. 1983; 
Llaa, et al. 1984 

Sanders 6 Cope, 1966 
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Table 1. (Continued) 

LCSO 
or EC50 
(f&L)** 

14,960 

Spoclos Mean 
AC&Ii8 Value 

(rq/L)** 

14,960 

nethod~ 

n, M 

FT, M 

Rof w-once 

Cardwell, et al. 1976 

Chemlcrl 

SOdIUfU 
arsenl tcr 

Species 

Orook trout, 
Salve1 Iwo fontlnalls 

Goldflsh (Juvenllo), 
Carassl us auratus 

Fathead ml nnou , 
(Juvenl le) 
Plmephales prowtlas 

Fathead alnnm 
(Juvenile), 
Plmephales promelas 

Channel c&f I sh 
(f lnqerl Ing), 
lctalurus punctatus 

Channel cat f I sh 
(JuvenIleI; 
lctalurus punctatus 

Flaqflsh (fry), 
Jordanella florldae 

Flagtlsh (Juvenlls), 
Jordanel la f lorldae 

I3lueqlll, 
Lepomls macrochlrus 

Rlueglll, 
macroch I rus Lepanl s 

RIllsgIl I, 
Lepomls macrochlrus 

BluegIll, 
Lepomls macrochlrus 

Rlueglll (JuvenIleI, 
macrochlrus Lepoml s -- 

26,040 26,040 Cardrel I. et al. 1976 

15,660 Cardwel I, et al. 1976 

SodIUn 
arsenlte 

Sodium 
arsen I te 

SodlUll 
arsenl te 

14,100 14,860 Cal I, et al. 1983; 
Lima, et al. 1984 

15,022 Clemens 6 Sneed, 1959 s, u Sodlun 
ar sen I te 

Sodium 
arsenlte 

18,096 18,100 Cardrel I, et al. 1976 

28,130 Carduel I, et al. 1976 Fl, M 

FT. H 

s, u 

5, u 

s, u 

s, u 

FT, H 

Sodium 
arsen I te 

SodIUn 
ar sen I te 

14,400 20,130 Cal I, et al. 1983; 
Llma, et al. 1984 

15,370 lnglls 6 Oavls, 1972 Sodium 
arsenlte 

Sodium 
8r sen I te 

16,240 lnglls & Oavls, 1972 

15,486 lnglls 6 Davis, 1972 Sodium 
ar sen I te 

17,400 Johnson 6 Finley, 
1980 

41,760 41,760 Car-duel I, et al. 1976 

Sodium 
ar sen I te 

SodlUll 
arsenlte 
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Tsble I, Woetlnued) 

Speclos 

Cladoceren, 
Oaphn I a magna 

Cladocersn, 
magna Daphn I a 

Cladoceran, 
Osphnla pulex 

C I adoceran , 
Oaphn I a pulex 

Cladoceran, 
Bosmlna longlrostrls 

Ralnbou trout (2 mos), 
Salmo galrdnerl 

Fathead nlnnw 
(juvenile), 
Plmephales promelas 

HosqultofIsh, 
Gambusla attlnls 

AWlpod, 
Gammarus tasclatus 

Crayf I sh, 
Procambarus sp. 

Cut throat trout, 
Salvo clarki -- 

Goldf Ish, 
Carasslus auratus 

Method* 

s, Ii 

s, u 

s, M 

s, M 

s, M 

fl, H 

FT, M 

s, M 

s, u 

s, u 

s, u 

s, u 

lC50 
or EC50 

ChWcal trqh)fi* 

Inwqanlc ArsenlcfV) 

Speclor Mean 
Acuta VaIlI* 

(WI/l)** 

Sodium 
arsenate 

‘8,100”” - 

!iodIlUa 
arsenate 

7,400 7,400 

sodium 
arsenate 

3,600 

Sodlun 
arsenate 

49,600 l e4, 

sodium 
arsenate 

850 050 

Sodium 
arsenate**n*w 

Sodium 
arsenate 

10,600 10,800 

25,600 25,6GO 

sodlull 
arsenate 

49,000 49,000 

Monosodium Methanearsonate U4SMA) 

Monosodlull 
methanearsonate 

bkmosodflm 
nethanearsonate 

Monosod I urn 
mathanearsonate 

Monosod I urn 
met hanearsonate 

~16,010 >16,0tO 

506,GGO 506,000 

>16,010 >16,010 

4,970 4,978 

21 

Rat erenco 

Anderson, I946 

Bleslnger d 
Chrlstensen, 1972 

Jurewlcr d Bulkema, 
1980 

Passlno & Novak, 1984 

Passlno 6 Novak, 1984 

Hale, 1977 

OeFoe, 1982 

Jureuicz & Bulkema, 
1980 

Johnson 6 Finley, 
1980 

Anderson, et al. 1975 

Johnson 6 Finley, 
1980 

Johnson 6 Finley, 
1980 



Tablo 1, Wmtlnued) 

Speclos 

Fathead minnow, 
Plmephales pfomelas 

Channel catf Ish, 
lctalurus punctatus 

0Iueglll, 
Lebomls macrochlrus 

Smal Imouth bass 
(flngerllngl, 
Hlcropterus dolomleul 

Pol ychaste uorm, 
Naanthes arenaceodentata --- 

Blue mussel (embryo), 
Hyillus edulls 

Bay seal lop (JuvenIleI, 
Irradlans Arqopecten 

Pat I f t c oyster f tnbryo) , 
Crassostrea glgas -- 

Eastern oyster I larvae), 
Crassostrea vlrqlnlca 

Covp~, 
Acartla Claus t 

Hysld, 
Hysldopsls bahla 

AmphI@, 
Ampelisca abdlta 

LIZ50 
or EC50 

Mathada Chsrlcal ~rsnl** 

s, u Wonosod I urn 2,129 
methanearsonate 

s, u Monosod I urn 
methanearsonate 

l,403,000 

s, u Monosod I um 
methanearsonale 

1,921 

s, u Monosod lum 
methanearsonate 

414,000 

s, u 

R, U 

s, u 

s, u 

s, u 

m, u 

fT, M 

SALTWATER SPECIES 

lnorqanlc Arsenlc(lll) 

SOdlW 
arsealte 

10,120 

SodlUll 
arsenlte 

~3,000 

sodium 
arsenlte 

3,490 

Sodium 
arsenlte 

326 326 Martln, et al. 1981 

SOdlUm 
ar sen I te 

7,500 7,500 Calabrese, et al. 
1973 

sodium 
ar sen I te 

508 508 Gentlle, 1981 

Sod lua 
arsenl te 

1,740 1,740 Lussler, et al. 
Manuscr I pt 

SodIUn 
arsenl te 

8,000 

Spocl*s man 
Acuto Value 

(ldl)@fi 

2, I29 

Rmf~ronca 

Johnson (L Finley, 
1980 

I ,403,ooo Anderson, et al. 1975 

1,921 Johnson L Finley, 
1980 

414,000 Anderson, at al. 1975 

IO, 120 Scott and Pesch, 1981 

>J ,000 Martln, et al. 1981 

3,490 Nelson, et al. 1976 

Scott, et al. 
Manuscript 
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Tablo 1. (ccJmtlnuod) 

Species 

Amp h I pod, 
hmpel\sca abdlta 

Dungeness crab (zoea) , 
Cancer mag I ster 

Sheepshead minnow, 
Cyprlnodon varlegatus 

Atlantic sl Iverslde, 
Menldla menldla 

Fourspine stlckleback, 
Apeltes quadracur 

Mysld, 
_Mysidopsls bahla 

Amph I pod, 
Ampel lsca abdlta 

AmphI@, 
Ampellsca abdlta 

Method’ 

fl, M 

s, u 

s, u 

s, u 

FT, W 

Chemical 

SOdIvl 
arsenlte 

SodIUn 
arsen I te 

SodIUm 
ar sen I te 

SodlUn 
arson I te 

Sodluln 
ar sen I to 

LC50 Spaclos Mean 
oc EC50 Acut. Value 
(rqAlg” (rsAlmn 

6,460 8,227 

232 232 

Rmf l rancm 

Scott, et al. 
Manuscr I pt 

Martln, et al. I981 

12,700 12,700 Cardln, 1982 

16,033 16,033 

14,953 

Cardln, 1982 

14,953 Cardln, 1982 

lnorqanlc Arsenic(V) 

Sodium 
arsenate 

2,319 2,319 Gent1 le, 1981 

Sodiun 
arsenate 

5,110 Scott, et al. 
Manuscr I pt 

Sodium 
arsenate 

4,160 4.61 I Scott, et al. 
Manuscr I pt 

* S = static, R = renewal, FT - flow-through, U - unmeasured, M = measured. 

Y* Results are expressed as arsenic, not as the chemical. 

*I* Not used In calculations. 

I’*. No Species Mean Acute Value calculated because acute values are too divergent for this species. 

***“Wale conflrmed that compound tested was Na2HAs04, not NaAs02. 
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Tablo 2. Chronic Toxlclty of Arsenic to Aquatlc Animals 

Spocln 

Cladoceran, 
Daphn I a magna 

Fathead q lnnou, 
Plmephales promelas 

Flagf Ish, 
Jordanella florldao 

Fathead mlnnou, 
Plmephaler pronelss 

Hysld, 
Hysldopslr bahla 

Llmlts 
Test+ Chemical lug/L )‘i* Ret uence 

FRESHWATER SPECIES 

tnwganlc ArsenIcfIll) 

LC SOdIUU 633 .O- I, 320 914.1 
arson I te 

as Sodium 
arsenlte 

2,130-4,300 3,026 

ELS Sodium 
arsenlte 

2,130-4,120 2,%2 

InorganIc ArsenlcfV) 

ELS sod rum 
arsenate 

530-I ,500 891.6 DeFoe, 1982 

Cal I, et al. 1983; 
LlIna. et al. 1984 

Cal I, et al. 1983; 
Lima, et al. 1984 

Cal I, et al. 1983; 
Lha, et al. 1964 

SALTWATER SPECIES 

Inorgsnlc Arsenlc(lll) 

LC SOdlWH 
or sen I te 

631-f ,270 895.2 Lussler, et al. 
Manuscript 

# LC = life cycle or partial Ilfe cycle, ELS = early life stage. 

l %sults are expressed as arsenic, not as the chemical. 

Acute-Chronic Ratlo 

SpuIos 
Acutm Value Chronic Vslw 

(uQA) tINA) Rotlo 

lnorgsnlc Arsenic(lll) 

Cl adoceran, 
Daphnla naqna 

4,340 914.1 4.748 
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Table 2. (CoMInued) 

Speclos 

Fathead mlnnou, 
Plmephales pro~lss 

Flagf Ish, 
Jordanolle florldse 

Wysld, 
Mysldopsls bahla 

Fathead mlanou, 
Plmephalos promelas 

Acute-Chronic Ratlo 

Acute Valw Chronic Value 
(us/L) CUQA) 

14,100 3,026 

14,400 2,962 

1,740 095.2 

Inorganic ArsenlcfV) 

25,600 891.6 

Ret 10 

4.660 

4.662 

1.944 

20.71 
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Table 3. Rsnkod Gonur Ikan Acuto Values rlth Spoclos Mean Acuto-Chronlc Rstlos 

Ranka 

I4 97,000 

I3 41,760 

I2 26,040 

11 24,500 

IO 22,040 

9 20,130 

8 18,100 

7 14,960 

6 14,860 

13,340 

2,444 

3 

Gnus Mean 
Acut. Vsluo 

(@Q/L) 

1,800 

species 

Sp0cl.s~ Spaclos Ma8n 
Amt. Valw AcuttChronlc 

(rgh) R&lo 

FRESHWATER SPECIES 

Inorganic Arsenlcflll) 

Midge, 
Tanytarsus dlsslnllls 

Bluegll I, 
Lepo*ls macrochlrus 

Goldf Ish. 
Carasslus auratus 

Snail, 
Aplexa hypnorur 

Stonef I y , 
Pteronarcys callfornlca 

flagflsh, 
Jordanalla tlorldae 

Channel cat f I sh, 
lctsfurus punctatus 

Brook trout, 
SalvelInus fontlnslls 

Fathead mlnnou, 
Plmephales prunelas 

Ralnbou trout, 
Salmo galrdnerl 

Cl aduceran, 
naqna Oaphn I a 

Cladocsrsn, 
Oaphnla Alex - 

Cl adoceran, 
Csrlodaphnla retlculsta 

91,000 

41,760 

26,040 

24,500 

22,040 

20,130 4.862 

18,100 

14,960 

14,860 4.660 

13,340 

4,432 4.740 

1,348 

1,800 
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Table 5. Wontlnued) 

Genus Mwn 
Acute Va I w 

Rank* ( ug/L 1 

2 1,175 

I a74 

\\ 16,030 

IO 

9 

B 

7 

6 

5 

4 

14,950 

12,700 

10,120 

0,227 

3,490 

x3,000 

1,740 

Species Mean Spo42Ies Mean 
Acuto Valw AcutcChmnIc 

SPaclM (pg/L) Ratlo 

Cladoceran, 
Slmocephalus serrulatus 

Clndoceran, 
Slmocephalus vetulus 

WhIpod, 
_Gammarus pseudollmnaeus 

SALTWATER SPECIES 

lnorqanlc Arsenlc(ltl) -- 

Atlantic sllversldn, 
Menldla menldla 

Foursplne stlckleback, 
llpeltes quadracue -- 

Sheepshead mlnnou, 
Qpr lnodon var log&us 

PoI ychaote *arm, 
Nsanthes arenaceodentata 

WhIp@j, 
Ampal lsca abdlta 

Boy scat lop, 
Argopectsn I rrad Inns 

Blue mussel , 
t4ytllus edulls 

W*/Sld, 
Hysldopsls bahla 

Bl2 

1,700 

874 

16,031 

14;953 

12,70@ 

10,120 

0,227 

3,490 

>3,000 

1,740 I .944 

2.7 



Tsblo S. (Continued) 

Genus Mew 
Acuto Valw 

Rank* (u&L) SpeClrs 

3 1,564 Pacl f Ic oyster, 
Crassostrea g lgas 

Eastern oyster, 
Crassostres vlrglnlcs 

2 508 Wepod, 
Acartla clausl 

I 232 Ounqeness crab, 
nag I star Cancer 

Spocloi Mann 
Acutm Valw 
&A) 

;26 

Spocles IMan 
Acute-Chran I c 

Ratlo 

7,500 

508 

232 

- 

l Ranked fraa most resl stent to most sensltlvo based on Genus bfesn Acute Value. 

I norganlc Arsenlcf I I I) 

Fresh rater 

Flnal Acute Value = 718.2 ug/L 

Cr I terlon Maxlnua Concentr8tlon - (718.2 NO/L) / 2 - 359.1 &L 

Flnsl Acute-Chronic Ratlo - 3.603 (see text) 

Flnal Chronic Value = (718.2 rq/L) / 3.803 - 188.9 rg/L 

Salt water 

Flnal Acute Value = 137.1 ug/L 

Cr I ter ion Maxlrm Concentration - (137.1 “g/L) / 2 - 68.55 r9/L 

Flnal Acute-Chronic Ratlo = 3.803 (see text) 

Flnal Chronic Value = (137.1 ,,g/L)./ 3.803 - 36.05 rg/L 
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fable 4. Toxlclty ot Arsenlc to Aqustlc Plants 

SpOClOS 

Alga, 
Cladophors sp. 

Al9a, 
SPlrcqYra sp. 

Alga, 
Zyqnema sp. 

Alga, 
Selenastrum caprlcornutum 

Alga, 
Selenastrum caprlcornutum 

Submerged plant, 
Potamogeton sp. 

Alga, Sodllmn 
Anklstrodesmus falcatus arsenate 

Alga, 
Scenedesmus obllquus 

SodlUll 
arsenate 

Alga, 
Chlamydomonas relnhardli 

Alga, 
Chlamydomonas relnhardil 

Alga, 
Sel enastrum capr lcornutum 

Aha, 
Selenastrum caprlcornutum 

Sodium 
arsenate 

Sodium 
arsenate 

Sod lum 
arsenate 

Sodium 
arsenate 

Chmlcsl Ettect 

FRESHWATER SPECIES 

lnorqanlc ArsenIctIll) 

Sodium 
arsen I te 

Sodium 
arsenlte 

Sodium 
arsenl te 

Sodium 
ar sen I te 

Sodium 
arsenl te 

100% kl I I In 
2 uks 

100s kill In 
2 wks 

100X kl I I In 
2 wks 

50s lnhlbltion of 
growth In 4 days 

all 

Sodium 951 kll I In 
arsen I te IM 

lnorganlc ArsenlcTV) 

l4-day EC50 

14-day EC50 

50s growth 
lnhlbltlon 

Decreased 
growth 

50% lnhlbltlon of 
growth In 4 days 

ali 

Result 
(llQR)fi 

2,320 

2,320 

2,320 

31,200 

>59,200 

2,320 

256 

48 

202,000 

2,620 

690 

>3,000 

Rotefonco 

Cowel I, 1965 

Couel I, 1965 

Cowel I, 1965 

Richter, 1982 

Richter, 1982 

Couell, I965 

Vocke, et al. 1980 

Vocke, et al. 1980 

Jurewlcz 6 Bulkems, 
1980 

Planas b Healey, 
1978 

Richter, 1982 

Richter, 1982 
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Table 4. (Comtlnued) 

Species 

Alga, 
Selenastrum caprlcornutua 

Alga, 
Heloslra granulate 

Alga, 
Ochranonas val Ieslaca 

Blue alga, 
Jflcrocystls aeruqlnoss 

Green alga, 
Scenedesmus qusdrlcauda 

Eurasian uaternlltoll, 
Wyrlophyllun splcatun 

Alga, 
Skeletonems costatua 

Alga, 
Skeletonema costatum 

Alga, Sodlun Reduced 
Thalassloslra aertlvalls arsenl te chlorophyll a 

Red alga, 
Champfa parvula 

Red alga, 
Champla parvula 

Red alga, 
Plumarla eleqans 

Chrlcal 

sodlun 
arsenate 

SOdIUn 
arsenate 

SodlUll 
arsenate 

SodlUn 
arsenate 

Sodllmn 
arsenate 

SadllJlIl 
arsenlts 

Sodlur 
arsen I te 

SodlUn 
arsen I te 

Sodlull 
arsen I te 

SodIm 
arsenlte 

Effect 

i4-day EC50 

Decreased 
grouth 

Decreased 
growth 

lnclplent 
lnhlbltlon 

lnclplent 
InhIbItIon 

W-day EC50 
(root uelqht) 

SALTWATER SPECIES 

Inorqanlc Arsenlc(llll 

Grouth 
lnhlbltlon 

50% decrease 
C-14 uptake 

Prevented maturb 
tlon of cystocarps 

Reduced female 
growth 

Arrested develop- 
ment of spore1 lngs 

Result 
(rqh)* 

30,761 

7s 

75 

ll.000 

4,700 

2,030 

20 

I9 

22 

95 

145 

577 

Reference 

Vocke, et al. 1980 

W;;as 6 Healey, 

Planas A tiealey, 
1978 

BrIngmann, 1975; 
BrIngmann 6 Kuhn, 1976, 
l978a, b 

BrIngmann 6 Kuhn, l977a, 
1978a,b, 1979, 198Ob 

Stanley, 1974 

Sanders, 1979 

Sanders, 1979 

iiol I Ibough, et al. 
1980 

Thursby A Steele, 1984 

Thursby & Steele, 1984 

Ebney, et al. I959 
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Table 4. mMltlnued) 

Species 

Alga, 
Tetraselnls chui 

Alga, 
Hymenomonas carterae 

Aha, 
Skeletonema cost&urn 

Alga, 
Skeletonema costatum 

Aha, 
Thalassloslra aestlvalls 

Alga, 
Tetraselmls chul 

Alga, 
Hymenomonas carterae 

Red alga, 
Chanpla parvule 

Chemical 

Sodium 
arsen I te 

Wlum 
arsenl te 

No growth 
lnhlbltlon 

No growth 
lnhlbltlon 

InorganIc ArsenlcWl 

SOdlUll 
arsenate 

Sodlwl 
arsenate 

Sodlln 
arsenate 

SodlUU 
arsenate 

Growth 
Inhlbl tlon 

50% decrease 
C-14 upiahe 

Reduced 
ch t orophy I I a 

No grouth 
lnhlbltlon 

SOdlUll 
arsenate 

Sodlull 
i3r senate 

hk growth 
lnhlbl tlon 

Reduced female 
grwth 

Result 
(r9R)' 

1,000 

Retwencs 

Bottlno, et al. 1978 

10,000 Bottlno, et al. 1978 

I3 Sanders, 1979 

,25 Sanders, 1979 

75 liol I Ibsugh, et al. 
1980 

1,000 Bottlno, at al. 1978 

150,ooo Bottlno, et al. 1978 

56 Thursby & Steele, 1984 

* Results are expressed as arsenic, not as the chemical. 

**Highest concentration that would not have kll led a slgnlf lcant number of ccl Is In flve days. 
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Tablm 5. Bloaccumulstlon ot hsenlc by Aquatic Org#rlws 

Ourst Ion Bl-ntratlon 
flssuo Chalcal (days) Fector’ Retuenco 

FRESHWATER SPECIES 

Inorganic ArsenIcfill) 

Spmclos 

Snail, 
Stagnicola emsrglnats 

Snail, 
Hel isoma campanutatum 

Cladoceran, 
Mgne Daphn I a 

Stonef ly, 
Pteronarcys dorsata 

Ralnbou trout, 
Salmo galrdnerl 

BluegIl I, 
Lepomis mactochlrus 

Snal I, 
Staqnicola emarqinata 

Snail, 
Hel Iscow campanulatum 

Cladoceran, 
Daphnla magna 

Amph ipod, 
Ganrnrarus pseudollmnaeus 

Stonef ly, 
Pteronarcys dorsata 

RaInbar trout, 
Salmo gairdnerl 

Fathead minnow, 
Pllaephales promelas 

Whole body 

whole body 

-10 body 

Whole body 

tile body 

Whole body 

Whole body 

Whole body 

Whole body 

lJhole body 

Mole body 

Whole body 

CJhole body 

Arsenic 
trloxide 

28 

Arsenic 
tr loxlde 

28 

ksen Ic 
trloxlde 

21 

Arsenic 
tr loxlde 

28 

Arsenic 
trioxlde 

28 

Arsenic 
trloxlde 

28 

I norqanlc ArsenlcfV) 

Arsenic 
pen tox ide 

28 

Arsen Ic 
pentoxlde 

28 

ksen ic 
pentoxlde 

21 

ksenlc 
pentoxlde 

28 

Arsenic 
pentoxlde 

28 

Arsen Ic 
pentox Ide 

28 

hsen Ic 
pentoxide 

30 

3 

I7 

IO 

9 

0 

4 

Spehar. et al. 1980 

Spehar, et al. 1980 

Spehar, et al. I980 

Spehar, et al. 1980 

Spehar, et al. 1980 

Barrous, et al. 1980 

Spehar, at al. 1980 

Spehar, et al. 1980 

Spehar, et al. 1980 

Spshar, et al. I980 

Spehar, et al . I980 

Spehar, et al. 1980 

OeFoe, 1982 
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Table 5. (Contlnwl) 

Spmcles Tissue 

Herb, 
Hydrophlla lacustris 

Whole body 

Water hyacinth, 
Elchhwnla crasslpes 

Whole body 

Al I lgator weed, Whole body 
Al ternsnthera_ phl Ioxeroides 

nuckroed, 
Lemna minor _I_-- 

Snail, 
Staqnlcola emarqinata 

Snali , 
Stagnlcoia emarglnata 

Snail, 
campanui atum Hel I scma 

Snail, 
I-@ I I soma caRlpanu I atum 

Cladoceran, 
Daphnla magna 

C I adocer an, 
magna Daphn I a 

Amph 1 pod, 
Gammarus pseudo1 lmnaeus 

AmphIpod, 
Gammarus pseudollmnaeus 

Stonef ly, 
Pteronarcys dorssta 

Stonef I y, 
Pteronarcys dorsata 

Whole bcdy 

Whole body 

Whole body 

Whole body 

Whole body 

Who 

8 body 

Durst Ion 
Chwlcal (days) 

Organ I c Arsen ic Compounds 

Monosod I wn 
methanearsonate 

MorMxorl I um 
methanaersonate 

Monosod I um 
methsnearsonate 

Monosod I urn 
methanearsonate 

Dlsodlwn methyl 
arsenate 

sod Ium dlmethyl 
arsenate 

Dlsodlun methyl 
arsenate 

Sodium dlnethyl 
arsenate 

Dlsodlum methyl 
arsenate 

Sodium dlmethyl 
arsenate 

Olsodium methyl 
arsenate 

Sod lum dlmethyi 
arsenate 

Olsodlum methyl 
arsenate 

Sodium dimethyl 
arsenate 

42 

42 

42 

42 

28 

28 

28 

28 

21 

21 

28 

28 

28 

28 

Bloconcentrstlom 
Factor8 

2 

2 

3 

5 

3 

2 

4 

5 

4 

4 

0 

0 

9 

7 

Rsf l rence 

Anderson, et al. 
1900 

Anderson, et al. 
1980 

Anderson, et al. 
1900 

Anderson, et al. 
1980 

Spehar, et al. 1960 

Spehar, et al. 1980 

Spehar, at al. 1980 

Spehar, et al. 1980 

Spehar, et al. t980 

Spehar, et al. I980 

Spehar, et al . 1980 

Spehar, et al . 1980 

Spehar, et al. 1980 

Spehar, et al. 1980 



Tablm 5. Kontlnuod~ 

Speclms 

Ralnbou trout, 
Sal00 qslrdnerl 

Ralnbou trout, 
Salmo qalrdnerl 

Esstern oyster, 
Crassostrea vlrqlnlca 

Tissue 

mole body 

Chalcal 

Dlsodlum methyl 
arsenate 

Durstlon 
(days) 

28 

*hole body Sod lwn dlaethyl 
arsenate 

28 

Soft parts 

SALTWATER SPECIES 

Inorqsnlc Arssnlc(lll) 

Sodlun II2 
arson I te 

Bloconcantrmtlon 
Factor* Rot uonco 

0 Spehar, et al. 1980 

0 Spehsr, et al, 1980 

350 Zsrooqlan 8 Hoffman, 
1982 

*Results are based on arsenic, not the chsnlcsl. 
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Tablo 6. Othw Osta an Effects of Arsenic on Aquetlc Organisms 

sPocles 

Green alga, %dIUn 
Scenedesmus quadrlcauda arson I te 

Dactet la, 
EscherTchls cot1 

SQdlW 
arsenl te 

Protozoan, 
Hlcroroqm heterostana 

SodlUa 
arsenl to 

Rotlter, 
funldentlfledl 

SOdIUar 
arsen I te 

Rotlter, 
(unldentltlcd) 

Sodium 
arsenl te 

Cladoceran, 
magna Daphn I a 

Cladoceran, 
Daphn I a magna 

Cladoceran, 
Daphn l a maqns 

Cladoceran, 
Oaphn I a maqna 

Cladcceran, 
(unldentlt led) 

Sodium 
srsenlts 

Sodium 
arsenl te 

Sodium 
arsenl te 

sodium 
arsenlte 

SodlUll 
ar sen I te 

Cladoceran, 
Iunldentl fled) 

SCUllUrn 
8r sen I te 

copepd ladul t3, 
(unldentlf led) 

Sodium 
srsenl te 

Copep~, 
(unldentlf led) 

!hdlUfll 
8r sen I te 

Che-lcsl Duration 

FRESHWATER SPECIES 

Inorqanlc Arsenlc(lll1 

96 hr 

28 hrs 

1 wk 

I6 wks 

26 hrs 

48 hrs 

40 hrs 

48 hrs 

I wk 

16 wks 

I6 wks 

1 wk 

Result 
(WI/L)* Refrrmco 

lnclpl ent 
lnhlbltlon 

Inclplent 
Inhlbltlon 

35 ,ooO- 
46,000”’ 

290,000 

lnclplent 
lnhlbitlon 

5,000 

Sign1 f lcant pop* 
latlon reduction 

2,320 

Reduced population 6WNL” 
(monthly treatments) 

EC50 
(Iwwblllratlon~ 

EC50 

EC50 ( ted) 

EC50 

Slgnltlcant pop- 
ulatlon reduction 

Reduced population 
Tone treatment) 

Reduced populstlon 
(weekly treatments) 

Slgnitlcant popu- 
latlon reduction 

3,770 

1,500 

4,630 

4,600”” 

2,320 

690 

Rr I txjnann 4 Kuhn, 
l959a.b 

;;9yann b Kuhn, 

Rr I ngmann 6 Kuhn, \959b 

Cowel I, 1965 

G I I derhus, 1966 

Crosby II Tucker, 1966 

Cal I, et al. 1993; 
Lima, et ST. 1984 

Call, et al. 1983; 
Lima, et al. 1984 

BrIngmann 6 Kuhn, i959a,b 

Cawel I, 1965 

61 I derhus, 1966 

6!JOpNwp G I I derhus, 1966 

2,320 Couell, 1965 
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Tablo 6. (Contlnwd) 

Result 
t&L,* 

%I 

SPeclOS 

Awhfpod, 
Gammarus pseudo1 Inseus -- 

Awhlpod, 
Hyalells knIckerbockerI 

Wf ly. 
Cal I Ibaetls sp. 

Mayf ly (nymph), 
Caenls dlnlnuts 

Heyt ly (nyRlph), 
Caenls dlmlnuta 

Coho salmon, 
Oncorhvnchus klsutch 

Ra inbox trout 
(embryo, I arval , 
Salmo qalrdnerl 

Ra I nbou trout 
(embryo, I arva) , 
Salmo qalrdnerl 

Ralnbou trout, 
Salmo qalrdnerl 

Ralnbou trout (Juvenl le) , 
Salmo qslrdnerl 

Ralnbou trout, 
Salmo qalrdnerl 

Ralnbou trout, 
Salmo qalrdnerl 

Brook trout, 
Salvellnus tontlnalls 

Goldflsh (JuvenIleI, 
Carasslus auratus 

Chalcal 

ksenfc 
trloxlde 

Durat Ion 

7 days 

5 days 

5 days 

5 days 

5 days 

5 A0 

28 days 

Ettut 

60s mortsllty 

Roferuwo 

Spehar, et al. 1960 

70s mortal I ty 4,469 Swber 6 Meehean, 
1931 

Arsenic 
trloxlde 

Arsenlc 
trloxlde 

94s mortal I ty 4,469 Surbor 6 Meeheen, 
1931 

251 mortal I ty ksen Ic 
trloxlds 

2,234 Surber 6 Msehean, 
1931 

Sur bur A Meehean, 
1931 

Nichols, 1981; 
Nichols, et al. 1984 

Blrge, et al. 1980; 
Blrqo, et al. 1981 

62% mortal lty 5,958 hsenlc 
trloxlde 

Arsenic 
tr lox lde 

Physlolqlcsl 
sl brat Ions 

ES0 (death and 
detornltyl 

300 

Sodium 
arsenlte 

550 

sodlull 
arsen I te 

Afsenlc 
trloxlde 

20 days EC10 I34 Blrge, et al. 1980; 
Blrqe, l t al. 1981 

144 hrs 

21 days 

4 wks 

2 wkr 

262 hrs 

336 hrs 

LC50 13,300 01x0~1 6 Sprague, 1981 

ksenlc 
tr loxlde 

Oecrease In tat 
weight galn 

Decrease In 
hematocrlt 

Oecresse In 
welqht qaln 

LC50 

1,000 Speyer, 1974; 
Speyer d Leduc, 1975 

OladlmeJI, et al. 1984a 5odllm 
arsenl te 

30,000 
s4*w 

10,440 

Sodluo 
arson I tm 

Sodlua 
arsenlte 

OladlmeJl, et al. 1984~1 

Cardwel I, at al. 1976 

SodIUn 
arsenlte 

LC50 10,610 Cardwel I, et al. 1976 
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Tablo 6. (c4xltl*uedd) 

SP0Cl.S 

Goldflsh (embryo, larva), 
Carasslus auretus 

Spottall shiner, 
Notropls hudsonlus 

Fathead mlnnou lJuvenlle1, 
Plmephales promelas 

Fathead minnow (adult), 
Plmephales prowlas 

Fathead mlnnou, 
Plmephales promelas 

Blueglll IJuvenlleI, 
Lepmlr macrochlrus 

BluegIll ladlIlt), 
Lepunis macrochlrus 

0luegllI (Juvenile), 
macrochlrus Lepanls 

BluegIll Olngerllng), 
Lepanls wcrochlrus 

Largemouth bass 
I embryo, larva), 
Mlcropterus salmoldes 

Narrow-mouthed toad 
(embryo, I arva) , 
Gastrophryne carol I nens I s 

Harbl ed salamander 
(embryo, larva), 
Ambystama 2acun 

Chalcel 

SC&IUD 
arsenlte 

sodium 
ar sen I te 

Sodium 
arsenlts 

Sodlul 
arrenl te 

Arsen Ic 
trlault lde 

sodium 
arsenl te 

sodlun 
arsenlte 

Sodlun 
arsenlte 

SadIUm 
arsenlte 

lpelletlzedI 

SodIlU4 
arrwtIte 

SOdIUn 
ar sen I te 

sodlunr 
arsenlte 

Duretlcm 

7 days 

72 hrs 

336 hrs 

96 hrs 

16 wks 

I6 wks 

336 hrs 

48 hrs 

8 days 

7 days 

8 days 

Effect -- 

EC50 (death end 
deform1 tyl 

IX50 

LC50 

502 reduction In 
AChE In vitro -- 

LC50 

Reduced surv lval 
(one treahnentl 

HIstopathologlcal 
al terat Ions 
lueekl y treatments) 

LC50 

LC50 

ET.30 (death and 
deforml ty) 

EC50 (death and 
deform1 ty) 

EC50 ldeath and 
deformlty) 

Aesul t 
(rsA)* 

490 

27,000 

IO, 556 

2,400 

82,400 

690 

Roformco 

Blrge, 1978 

Doschettl A 
McLoughl In, 1957 

Carduel I, et al. I976 

Olson 4 Chrlstensen, 
1900 

Curtls, et al. 1979; 
Curtls a Ward, 1961 

Gl lderhus, I966 

69D**** G I I derhus, 1966 

18,328 Cardwall, et al. 1976 

290 

42, too 

40 

4,450 

Hughes 4 Davis, I967 

Dirge, et al. 1970 

Blrge, 1978 

Dirge, et al. 1978 
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Tablo 6. (ContInuedI. 

sPeclos 

Bacteria, 
Proteus x. 

Racterla, 
Escherlchla toll 

Bacteria, 
F lavobacterlum s&. 

Bacterls, 
Coryftebact er I urn x. 

Bacteria, 
Pseudownas x. 

Bacteria, 
Pseudomonas putlds 

Protozoan, 
Entosl phon sulcatum 

Protozoan, 
Chilunonas parameclun 

Protozoan, 
Uronem perduer I 

C ladocsran, 
magna Daphnla 

Cladoceran, 
Oaphnl a magna 

Cladoceran, 
magna Oaphnl a 

Cladoceran, 
Oaphnl a mragna 

Fathead mlnnorr (adult), 
Plmephales praamlas 

Chmlcaf 

Sodlun 
arsenate 

Sod1 um 
uf send ts 

Sod1 um 
srsenate 

Sodium 
arsenate 

Sodlwa 
arsenate 

Sodium 
arsenate 

Sod\ um 
arsenate 

Sodlun 
arsenate 

Sodlun 
arsenate 

Sodlua 
arsenate 

Scdlum 
arsenate 

Sodllnl 
arsenate 

Sodlun 
arsenate 

Sodium 
arsenate 

Duration Effect 

lnorqanlc ArsenlcIVl 

48 hrs 

48 hrs 

48 hrS 

48 hrs 

4e hrs 

I6 hrs 

72 hrs 

48 hrs 

20 hrs 

24 hrs 

I6 hrs 

3 rks 

3 ukS 

BCF - 0.22-0.24 Sharlatpanahl, et al. 
1962 

BCF = 0.30 Shari atpanahl , et al. 
1962 

BCF l 0.21-0.25 Sharlatpanahl, et al. 
1962 

BCF - 0.25-0.X3 Shsrlatpanahl, et al. 
1962 

DCF * 0.30-0.34 !3;;letpanahl, et al. 

lnclptent 
lnhlbltion 

lO,OOO BrIngmann 6 Kuhn, 1976, 
1977a, 1979, 1980b 

lnclplent 
lnhlbltlon 

4,800 
8,900 

Brlngnann, 1978; 
8rIngmann 4 Kuhn, 1979, 
1980b, I981 

I ncl plent 
Inhlbltlon 

45 ,ooo Bringiuann, et al. 1980, 
1981 

lncl plant 
lnhlbl tlon 

LC50 

I44 ,ooo f3rIngmann 6 Kuhn, l9BOa, 
45,000 1961 

17,OOO Bringmann 6 Kuhn, l977b 

EC50 
(\l#lobl Ilzatlon) 

12,500 Anderson, 1944 

LC50 2,850 81 esl nger b 
Chrl stensen, 1972 

Reproduct I ve 
Impairment 

520 6\eslnger 6 
Chr Istensen, I912 

50s reduction In 
AChE In vitro -- 

262,500 Olson 6 ChrIstensen, 
1980 

Result 
W/L)* t R*f erenco 



Tsblo 6. Eantlnuod) 

Channel catf Ish, 
&talurus punctatus 

Channel catflsh, 
lctalurus punctatus 

Green sunf Ish (Juvenllo), 
Lepomlr cyanel lus 

Green sunf I sh, 
Lepomls cyanel lus 

Green sunf lsh, 
Lepomls cyanel lus 

Green sunf Ish, 
Leponls cyanel lus 

Green sunf I sh, 
cyanellus Lepomls 

Green sun f I sh, 
&epomls cyansl lus 

Green sunf I sh, 
Lepomls cyanel lus 

Green sunf I sh, 
Lepomlr cyanellus 

Pol ychaete worm, Sodium 
Nereis dlverslcolor arsenlte 

Mud snail, 
Nassarls obsoletus 

sodilJln 
arsenlte 

Chenlcal 

Lead 
arsenate 

SodIUm 
arsenate 

Sodlun 
arsenate 

Sodium 
arsenate 

sodlun 
arsenate 

sodium 
arsenate 

Sodlltm 
arsenate 

Sodium 
arsenate 

SodIUnr 
arsenate 

Sodium 
arsenate 

Duration 

96 hrs 

6 mos 

39 hi-s 

2 wks 

678 hrr 

210 hrs 

I24 hrs 

527 hrs 

209 hrs 

2 WIG 

Effmct 

LCSO 

Result 
_(usn. 

>22,000 

UI trastructural 
changes In liver 

LTSO 

15,000 

40,000 

Rofwencs 

Johnson 6 Finley, 
I960 

E;;nson & Smlth, 

Sorenson, l976a 

Ultrastructural 
changes In liver 

LTSO (10 C) 

31,700 Sorenson, l976b 

60,000 Sorenson, 1976~ 

LT50 (20 C) 60,000 Sorenson, 1976~ 

LT50 (30 C) 60,000 Sorenson, 1976~ 

LT50 (20 Cl Sorenson, 1976~ 

LT50 00 C) Sorenson, 1976~ 

Arsenic lncluslon 
In liver nucleus 

30,000 

30,000 

60,000 

,14,500 

>2,000 

Sorenson, et al. 1982 

SALTWATER SPEC l ES 

Inorganlc Arsenlc(lll) 

192 hrs LC50 

72 hrs O2 consumption 
rate depressed and 
abnormal behav lor 

Bryan, 1976 

;a;nnes I Thurberg 
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Tablo 6. Wontlnued) 

Species 

Bay seal lop (JuvenIleI, 
Arqopecten lrradlans 

Wh I te shr Imp 
(JuvenIleI, 
Penaeus setlferus 

Plnk salmon, Arsenic 
Oncorhynchus qorbuscha tr loxlde 

Plnk salmon, 
Oncorhynchus gorbuscha 

f Ink salmon, 
OncorhVnchus qorbuscha 

Chum salmon, 
Oncorhynchus keta 

Chemlcaf 

SodIuCn 
arsen I te 

Durat Ion 

4 days 

Effect 

BCF-I5 

Result 
(rsh)* 

Rfsen Ic 
trlsul f Ide 

96 hrs LC50 24,700 

% hrs LCIOO 12,367 

ksenlc 
tr loxlde 

7 days LCIOO 7,195 

ksenlc 
trloxlde 

IO days LC54 3,787 

Arsen Ic 
tr loxlde 

48 In-s LC50 8,330 

Inorganic Arsenic(V) 

Natural phytopl ankton 
populstlons 

Sodium 
arsenate 

4 days Reduced 
blaass 

75 

Ref wonco 

Nelson, l t al. 1976 

Curtls, at al. 1979 

HOI land, et al. 1960 

Holland, et al. 1960 

tiol land, ot al. I960 

Alderdlce 6 Brett, 
1957 

Holllbaugh, et al. 
1960 

4 Results are expressed as arsenic, not as ttm chemical. 

*(I In rlvar water. 

NUB Measured concentration after I6 reeks was 2,200 &L. 

**** Measured concentration after 16 weeks was 9,040 ug/L. 

l **a*Concentratlon In rig/g In dlet. 
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