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PREFACE

The chemicals featured in this volume are at the top of “List of Substances Discharged into the
Environment as a Result of Human Activities and Considered Hazardous to Sensitive Species
of Natural Resources.” The List was prepared over the period 1985-2003 by environmental
specialists of the U.S. Department of the Interior.

The metals, metalloids, organics, and radioactive substances chosen originated in wastes from
agricultural, industrial, military, domestic, mining, and municipal sources. Some of these com-
pounds were selected for inclusion because they had no known biological function and their
presence in tissues is associated with adverse effects on growth, development, reproduction,
and survival itself. Some have been incorporated into powerful biocides to control pestifer-
ous organisms and, inadvertently, impact-desirable species of nontarget organisms. Others are
highly prized by society, but the environmental consequences of extraction and refining them has
adversely impacted habitats of plants and wildlife, sometimes for more than a hundred years.
Several are essential to normal metabolism; however, insufficiency as well as excesses may be
fatal. Most occur in a variety of chemical forms, some of which are comparatively benign and
others extremely toxic. For each chemical or group of chemicals, basic information is presented
on its sources, uses, properties, concentrations in living organisms, lethal and sublethal effects,
identification of research opportunities, and proposed criteria to protect human health and natural
resources.

It is emphasized that all proposed criteria listed were recommended by local, regional,
national, and international regulatory agencies, as well as knowledgeable university and industrial
researchers. In general, regulatory agencies are required to periodically update all criteria incor-
porating the most recent scientific findings. Unfortunately, criteria — unlike legislatively mandated
standards — are not legally binding, although in certain extraordinary cases, such as massive dis-
charge of a chemical to the biosphere, regulatory agencies are known to impose financial and
other penalties. Ultimately, as chemical risk assessment predictions based on suitable databases
become increasingly reliable, standards will be established for individual chemicals, together with
adequate funds for enforcement, and stipulated penalties for violators.

This single volume compendium will provide a ready reference to professionals and students
concerned with ecotoxicological aspects of numerous chemical wastes.

Ronald Eisler
2nd July 2007

vii



This page intentionally left blank


gangadhar.b
This page intentionally left blank


ABOUT THE AUTHOR

Ronald Eisler received the B.A. degree from New York University in biology and chemistry, and
the M.S. and Ph.D degrees from the University of Washington in aquatic sciences and radioecology,
respectively. He retired as a senior research biologist in 2004 after a 45-year career with the U.S.
federal government, mainly with the U.S. Environmental Protection Agency in Rhode Island,
and the U.S. Department of the Interior in the Territory of Alaska, New Jersey, Washington,
D.C., and Maryland. He has held a number of special assignments and teaching appointments,
including senior science advisor to the American Fisheries Society, adjunct professor of zoology
at the American University in Washington, D.C., adjunct professor at the Graduate School of
Oceanography of the University of Rhode Island, and visiting professor of marine biology and
resident director of the Marine Biology Laboratory of Hebrew University in Eilat, Israel. Eisler is
the author of approximately 150 research publications on ecotoxicological aspects of contaminants
discharged into the environment as a result of human activities. In retirement, he continues to write
and consult.

iX



This page intentionally left blank


gangadhar.b
This page intentionally left blank


BOOKS BY RONALD EISLER

Mercury Hazards to Living Organisms, 2006. CRC Press, Boca Raton, Florida, 312 pp.

Biogeochemical, Health, and Ecotoxicological Perspectives on Gold and Gold Mining, 2004.
CRC Press, Boca Raton, Florida, 355 pp.

Handbook of Chemical Risk Assessment: Health Hazards to Humans, Plants, and Animals. Volume
1. Metals; Volume 2, Organics, Volume 3, Metalloids, Radiation, Cumulative Index to Chemicals
and Species, 2000. Lewis Publishers, Boca Raton, Florida, 1903 pp.

Trace Metal Concentrations in Marine Organisms, 1981. Pergamon Press, Elmsford, New York,
687 pp.

X1



This page intentionally left blank


gangadhar.b
This page intentionally left blank


LIST OF TABLES

1.1 Some properties of acrolein. 4
1.2 Proposed acrolein criteria for the protection of living resources and human health. 13
2.1 Proposed arsenic criteria for the protection of human health and selected natural 37
resources.
3.1 Some properties of atrazine. 46
4.1 Environmental sources of domestic boron. 61
4.2  Proposed boron criteria for the protection of natural resources and human health. 71
5.1 Cadmium burdens and residence times in the principal global reservoirs. 79

5.2 Proposed cadmium criteria for the protection of human health and natural resources. 88

6.1 Carbofuran and its degradation products, in mg/kg dry weight, in corn (Zea mays) 97
at silage stage (117 days) and at harvest (149 days) following application of
carbofuran (10%) granules at 5.41 kg/ha.

6.2 Effect of pH, soil type, and application rate on carbofuran degradation in soils. 99
7.1 Proposed chlordane criteria for protection of natural resources and human health. 125
8.1 Selected chlorpyrifos formulations and carriers. 130
8.2 Chemical and other properties of chlorpyrifos. 130
9.1 Maximum acceptable toxicant concentration (MATC) values for hexavalent and 144
trivalent chromium to aquatic life based on life cycle or partial life cycle
exposures.
9.2 Proposed chromium criteria for the protection of human health and natural 157
resources.

10.1 Proposed copper criteria for the protection of natural resources and human health. 192

11.1 Some properties of potassium cyanide, hydrogen cyanide, and sodium cyanide. 204

11.2 Proposed free cyanide criteria for the protection of living resources and 227
human health.

13.1 Selected properties of diflubenzuron. 246

14.1 Chemical and physical properties of 2,3,7,8-TCDD, also known as CAS 263
Registry No. 1746-01-6.

14.2 Proposed 2,3,7,8-TCDD criteria for the protection of natural resources and 275
human health.

15.1 Chemical and other properties of famphur. 281

16.1 Chemical and other properties of fenvalerate. 295

16.2 Proposed fenvalerate criteria for the protection of natural resources and 309

human health.

Xiii



List of Tables

17.1
17.2

18.1
18.2

19.1
19.2

21.1

22.1
22.2
223
224

23.1
232

24.1
24.2

25.1
25.2

253

254

26.1
26.2
26.3

27.1
27.2
27.3
274

28.1
28.2

29.1
30.1

31.1
31.2

Xiv

U.S. gold production by state: 1995 vs. 2000.
Single oral dose toxicity of sodium cyanide fatal to 50% of selected birds
and mammals.

Estimated amounts of lead in global reservoirs.
Proposed lead criteria for the protection of natural resources and human health.

Proposed mercury criteria for the protection of selected natural resources.
Proposed mercury criteria for the protection of human health.

Proposed molybdenum criteria for the protection of living resources and human
health.

Nickel chronology.

World mine production of nickel.

Inventory of nickel in various global environmental compartments.

Proposed nickel criteria for the protection of natural resources and human health.

Chemical and other properties of paraquat.
Proposed paraquat criteria for the protection of natural resources and human health.

Chemical and other properties of pentachlorophenol (PCP).
Proposed pentachlorophenol (PCP) criteria for the protection of natural resources
and human health.

Estimated PCB loads in the global environment.

Polychlorinated biphenyls (PCBs): isomeric group, PCB number, structure,
and octanol-water partition coefficients.

Proposed toxicity equivalency values (TEFs) relative to 2,3,7,8-TCDD of
non-ortho, mono-ortho, and di-ortho planar PCBs.

Proposed PCB criteria for the protection of natural resources and human health.

Some physical and chemical properties of selected PAHs.
Major sources of PAHs in atmospheric and aquatic environments.
Proposed PAH criteria for the protection of human health and aquatic life.

New units for use with radiation and radioactivity.

Radionuclide concentrations in selected samples from the Pacific Proving Ground.
Selected fission products in the Chernobyl reactor core, and their estimated escape
into the environment.

Recommended radiological criteria for the protection of human health.

Toxicity of selenium salts to selected aquatic species.
Proposed criteria for prevention of selenium deficiency and for protection against
selenosis.

Proposed silver criteria for the protection of natural resources and human health.
Some properties of sodium monofluoroacetate.

Total tin flux to the atmosphere and hydrosphere.

Toxicity of selected diorganotin and triorganotin compounds to zoeae of the
marine mud crab (Rithropanopeus harrisii) exposed from hatching to age
14 days.

320
359

380
397

484
488

529

534
535
548
564

576
586

592
602

608
609

614

639

650
651
669

683
693
697
724

746
754

779
789

815
818



List of Tables

31.3 Proposed organotin criteria for the protection of natural resources and human health. 825

32.1 Proposed toxaphene criteria for the protection of natural resources and 838
human health.

33.1 Some properties of zinc, zinc chloride, and zinc sulfate. 844

33.2 Proposed zinc criteria for the protection of natural resources and human health. 878

XV



This page intentionally left blank


gangadhar.b
This page intentionally left blank


1.1

3.1
6.1
7.1
8.1
11.1
12.1
13.1
14.1

15.1
16.1
20.1
23.1

23.2

24.1
24.2

25.1
25.2

26.1
26.2
26.3

26.4
27.1
27.2
27.3
27.4
27.5

27.6

LIST OF FIGURES

Proposed scheme for in vitro mammalian metabolism of acrolein and allyl
alcohol, a precursor of acrolein.

Structural formula of atrazine.

Structural formula of carbofuran.

Chemical structure of chlordane-related compounds.

Structures of chlorpyrifos and some of its metabolites.

Summary of lethal and sublethal effects of free cyanide on freshwater fish.
Structural formula of diazinon.

Generalized degradation pattern for diflubenzuron.

Upper: Numbering system used for identification of individual PCDD isomers.
Lower: The isomer 2,3,7,8-tetrachlorodibenzo-para-dioxin (2,3,7,8-TCDD).

Metabolic scheme for famphur in mammals.
Fenvalerate and its isomers.
Structural formula of mirex.

Structural formula of paraquat cation (upper) and of paraquat dichloride
salt (lower).

Proposed pathway of paraquat degradation by a bacterial isolate (upper)
and by ultraviolet (UV) irradiation (lower).

Structural formula of pentachlorophenol (PCP).
Some impurities found in technical grade pentachlorophenol (PCP).

Structure of biphenyl.
Planar polychlorinated biphenyls (PCBs) and their derivatives.

Nomenclature of PAHs.

Ring structures of representative noncarcinogenic PAHs.

Ring structures of representative tumorigenic, co-carcinogenic, and
carcinogenic PAHs.

The bay region dihydrodiol epoxide route of benzo[a]pyrene.

The spectrum of electromagnetic waves, showing relation between wavelength,
frequency, and energy.

The principal uranium-238 decay series, indicating major decay mode and
physical half-time of persistence.

The three still existing natural decay series.

Natural radiations in selected radiological domains.

Plutonium-239, -240 in environmental samples at Thule, Greenland, between
1970 and 1984, after a military accident in 1968.

Chernobyl air plume behavior and reported initial arrival times, of detectable
radioactivity.

47

96
112
131
219
234
247
262

282
296
504
574

579

591
593

608
616

646
648
649

654
679
681
682
684
689

698

Xvii



List of Figures

27.7  Acute radiation dose range fatal to 50% (30 days postexposure) 711
of various taxonomic groups.

27.8 Relation between diet, metabolism, and body weight with half-time retention of 713
longest-lived component of cesium-137.

27.9 Survival time and associated mode of death of selected mammals after whole body 719
doses of gamma radiation.

27.10 Relation between body weight and radiation-induced LD50 (30 days postexposure) 719
for selected mammals.

Xviii



CONTENTS

Preface . . . . . . vii
About the Author . . . . . . . . . iX
Books by Ronald Eisler . . . .. ... . ... xi
Listof Tables . . . . . . .. xiii
List Of FIQUTES . . . . . o o e e e e e e e e e e e e e e XVii
B I N0 1) [ ) + T 1
1.1 Introduction . . . . . ... . ... . e 1

1.2 Sourcesand USeS . . . . . . . .o e 1
12,1 SoUrces . . . ... 1

122 USeS . . o e 3

1.3 Environmental Chemistry . . . .. .. .. ... ... 3
1.3.1 Chemical Properties . .. ... ... ... ... ... 4

1.3.2  PersiStence . . . ... ..o it e 5

1.3.3  Metabolism. . . . . . .. oo 5

1.4 Lethal and Sublethal Effects . . . ... ..... . ... . . . . . . . . . . . ... 6
1.4.1 Terrestrial Plants and Invertebrates . . ... .................... 7

1.4.2  Aquatic OrganiSms . . . . . oottt t et e e e 8

1.4.3  Birds . . ... 9

144 Mammals . . . ... .. ... e 10

1.5 Recommendations . .. . .. ... ... it e 12

1.6 Summary . ... ... .. 14

- N T 11 (I 17
2.1 IntroduCtion . . . . ... . . i e 17

2.2 Sources, Fate,and Uses . . . . ... . i e 18

2.3 Chemical and Biochemical Properties . . . ... ............ .. .. .. ..... 20

2.4 Essentiality, Synergism, and Antagonism. . . . .. ...... ... .. ..., 23

2.5 Concentrations in Field Collections . . ... ... ... ... ... .. 24
2.5.1 Abiotic Materials . . . . .. ... . ... 25

2.5.2 Biological Samples . ........ ... .. ... 26

2.6 Lethal and Sublethal Effects . . .. ... ... ... . . . . . . . . . 28
2.6.1 Carcinogenesis, Mutagenesis, and Teratogenesis . ............... 28

2.6.2 Terrestrial Plants and Invertebrates . . ... .................... 29

2.6.3 AquaticBiota ........ .. ... 31

2.6.4  Birds . . ... 34

2.6.5 Mammals . . .. ... . . 34

2.7 Recommendations . . ... ... . . .. i 36

2.8 SUMMATY . . . .ot e 42

R T N 5 7 /1) 11 45
3.1 IntroduCtion . . . . ... . i it e 45

3.2  Environmental Chemistry . . . . . .. ... ... 45

3.3 Concentrations in Field Collections . .. ... ... ... ... ... .. 48

XiX



Contents

XX

3.4 Effects . ... 49
3.4.1 Terrestrial Plants and Invertebrates . . ....................... 49
342 AquaticPlants . . ... ... . 51
343 AquaticAnimals ... .. ... ... 53
344 Birds . ... 54
345 Mammals . . .. ... 54
3.5 Recommendations . . . ... .. .. ... 55
3.6 Summary . ... 56
207 50 1 59
4.1 IntroduCtion. . . .. ... ... ... e 59
4.2  Environmental Chemistry . . . . . ... .. . 59
42.1 Sourcesand Uses . . . . ... it 60
4.2.2 Chemical Properties . . ... .......... .. ., 61
423 Mode of ACtION . . . . . . ot 62
4.3  Concentrations in Field Collections . . ... . ....... .. ... . . . ... .. 64
4.3.1 Nonbiological Materials . ........... ... ..., 64
432 Plantsand Animals . . . ... ... ... ... 64
A4 Effects . . ..o e 65
4.4.1 Terrestrial Plants . . . . . ... ... .. .. 66
4.4.2 Terrestrial Invertebrates . . . . . . ... .. ... 67
443 AquaticOrganiSms . . . . . ..ot 67
444 BIrds . . ... e 68
445 Mammals . . . . . .. 69
4.5 RecommendationS . . ... ... . ... .. e 71
4.6 SUMMATY . . .ottt e e e e e e e 75
Cadmium . . .ottt it ittt ittt ie ettt eeeeeoosseeeeonnenneeanns 77
5.1 IntroduCtion . . . . ... .. . i e 77
5.2 Environmental Chemistry . . . . ... ... ... 77
5.3 Concentrations in Field Collections . . ... ... ... ... . ... 78
5.4 Lethal Effects . ... ... ... e 81
5.5 Sublethal Effects . ... . ... . . . . . . 82
5.6 Bioaccumulation . . ... ... ... 85
5.7 Teratogenesis, Mutagenesis, and Carcinogenesis . . . . . ................. 87
5.8 Recommendations . ... ... ... .. ... 87
5.9  Summary . ... e 93
Carbofuran . .........iiiiiiiiiieeeeeeeeieeeeeeeeeeeeeennnnnnans 95
6.1 Introduction . . . . . . ... . . . 95
6.2 Chemical Properties and Persistence. . . . ... ... .. ... ... .. .. ..... 96
6.3 Lethal Effects . . ... ... ... e 99
6.3.1 AquaticAnimals . ....... ... .. 100
6.3.2 Aquatic and Terrestrial Plants . . . .. .......... .. .. .. ... ..... 100
6.3.3 Terrestrial Invertebrates . . . . . ... ... . ... ... 101
6.3.4 Birdsand Mammals . . ... ... ... .. ... 101
6.4 Sublethal Effects . . ... .. ... e 103
6.4.1 Terrestrial Invertebrates . . . . .. .. ... . ... .. 104
6.4.2 AquaticBiota ........ .. ... 104



Contents

6.43 Birds . .. ... 106

6.44 Mammals . .. ... ... 106

6.5 Recommendations . . ...... ... ... ... 108
6.6 SUMMATY . . . . ..t e 109
Chlordane . . ..........0iiiiiiiiiiiineeneenornoneenrnnsonssnsss 111
7.1 Introduction. . . ... ... ... . 111
7.2 Chemical and Biochemical Properties . . .. .. ....... ... .. ... ....... 111
T3 USS . ot et e 115
7.4  Concentrations in Field Collections . .. .......... ... ... ... ....... 115
7.4.1 AbioticMaterials . .. ... ... 115

7.42 Terrestrial Crops . . . . o o oottt 116

7.43 Aquatic Invertebrates .. ... ... ... ... 116

744 Fishes ... ... 117

7.4.5 AmphibiansandReptiles . . . ... ... ... ... 118

TA4.6 Birds . ... . 118

747 Mammals . . ... .. 119

7.5 Lethal and Sublethal Effects . . ... ....... ... ... ... .. ... .. ... ... 120
7.5.1 Terrestrial Invertebrates . . . .. ... .. ... . 120

7.5.2 AquaticBiota ....... ... 121

7.5.3 Amphibiansand Reptiles . . . . ... ... ... 122

754 Birds . ... 122

7.5.5 Mammals . . ... 123

7.6 Recommendations . . ... ... ... ... ...t 125
T Summary . ... 127
Chlorpyrifos. . .« v vt i ittt it ittt it ieseeoeantsssonssnsonssnsss 129
8.1 Introduction. . . ... ... ... 129
8.2 Environmental Chemistry . . . . .. ... ... . 129
8.3 Laboratory Investigations . . . . . .. ... .. 132
8.3.1 Aquatic OrganiSms . . . . . .ot v vttt et e 132

8.3.2 Birdsand Mammals . . ... .......... . .. . ... . 133

8.4 Field Investigations . . . . . . .. ..t 134
8.5 Recommendations . ...... ... ... .. ... 135
8.6 Summary . ... ... 135
Chromium . .. ..o ittt ittt ittt ittt teneesesnsnosnsnsans 137
9.1 Introduction. . . ... ... .. ..ttt 137
9.2 Environmental Chemistry . . . . . .. ... ... 137
9.3 Concentrations in Field Collections . . ............ ... .. ... ....... 140
9.4 Beneficial and Protective Properties . . . .. .. ... .. ... ... .. .. ... .. 141
9.5 Lethal Effects . ... ... .. .. e 142
9.5.1 Aquatic Organisms . . . . . ..o vttt 142

9.5.2 Terrestrial Invertebrates . . . .. ... ... .. ... . 143

953 MammalsandBirds . .. ... ... .. 143

9.6 Sublethal Effects ... ... .. ... . . . 145
9.6.1 Aquatic Organisms: Freshwater .. ........... ... ... ... ... 145
9.6.1.1 Bacteria .. ... ... ... ... 145

9.6.1.2  Algae and Macrophytes . . . .. ..................... 145

XX1



Contents

9.6.1.3 Invertebrates . ... ... ... ... ... 146

9.6.14 Fishes ... ... ... .. . 146

9.6.2 Aquatic Organisms: Marine . . . ... ....... ..., 147
9.6.2.1 Algae and Macrophytes . . . .. .......... .. .. ....... 147

9.6.22 Mollusks .. ... . . 148

9.6.23 Nematodes . ... ... ... 149

0.6.2.4  Crustaceans . .. ... .. ..o vt 149

9.6.25 Annelids. . ... ... ... ... 150

9.6.2.6 Echinoderms . ............ ... ... ... .. .. 151

9.6.277 Fishes ... ... ... 151

9.6.3 Birds ... ... 151

9.6.4 Mammals . . ... ... .. 152

9.7 FieldInvestigations . . . . . ... ...t 154
9.8 Recommendations . ........... ... ... 156
9.9 Summary . ... ... 156
10 CopPper . .i v vttt i ittt tonseeseessossssnssssosssnsonssnsons 161
10.1  IntroduCtion . . . . ... .ttt e e e e 161
10.2  Sources and USES . . . .. ..ot v ittt 161
10.2.1  SOUICES . . . o oot 162

10.2.2  USBS .« o v et e e e 162

10.3  Chemical and Biochemical Properties . . . .. ........ ... .. ... ... .... 164
10.3.1 Chemical Properties . .......... ... ... .. . . .. ... 164

10.3.2  Metabolism . . . ... ... 166
10.3.2.1 Aquatic OrganiSms . . . . . ... ..ottt 166

10322 Mammals .. ... ... 167

10.3.3  INteractions . . . . . ... ..o vt v ittt et 169
10.3.3.1  Aluminum. . . ... ... 169

10332 Cadmium . ......... .0t 169

10333 Tron . ... 170

10.3.3.4  Manganese . . .. ... .o ittt e 170

10335 Molybdenum . . .. ... ... ... .. .. ... 170

10.3.3.6  ZINC. .o oot 170

10.3.3.7 Other Inorganics . ........... ... ... ... .. 171

10.3.3.8 Organic Compounds . . . . ...................... 171

10.4 Carcinogenicity, Mutagenicity, and Teratogenicity . . . . ... ... .. ........ 172
10.4.1  CarcinogeniCity . . .. . .. ..o v ittt e 172

10.4.2  MutageniCity . . ... ..o vttt 172

10.4.3  TeratogeniCity . . . .. .. .. oottt e 173

10.5 Concentrations in Field Collections .. ................. ... ....... 173
10.5.1 Abiotic Materials . .. .. .. ... ... ... 174

10.5.2  Terrestrial Plants and Invertebrates . . . .. ................... 175

10.5.3  Aquatic OrganiSms . . .. ... ...ttt e 175

10.5.4 Amphibiansand Reptiles . ... ........ .. ... ... .. .. .. ... 178

1055 Birds .. .ot 178

10.5.6  Mammals . ... ... ... .. e 179

10.6  Copper Deficiency Effects . .. ........ ... . .. .. . . . . . 180
10.6.1 Terrestrial Plants and Invertebrates . . . ... .................. 180

10.6.2  Aquatic OrganiSms . . .. ... ... ...ttt 180

10.6.3 Birdsand Mammals . .............. ... .. .. . ... 180

XXii



Contents

11

12

10.7 Lethal and Sublethal Effects . . ... ... ... ... . . . . . . . . . . ... ... .. 182
10.7.1 Terrestrial Plants and Invertebrates . . . . . ... ................ 183

10.7.2  Aquatic OrganiSms . . .. ... ... ...ttt 184
10.7.2.1  Plants. . . ... ... 184

10.7.2.2 Cnidarians . ... . ... ... i 184

10.7.2.3 Mollusks .. ... ... 184

10.7.24  Arthropods .. ........ ... .. .. . 185

10.7.2.5 Annelids .. ... ..... . . . . . .. 186

10.7.2.6 Fishes ... ... ... . . . . . 187

10.7.2.7 Integrated Studies. . ... ......... .. ... .. ... .... 188

10.7.3  Birds . . . .. 189

10.7.4 Mammals . ... ... .. e 189

10.8 Proposed Criteria and Recommendations . . . .. ..................... 191
109 Summary. . . ... 198
Cyanide . . .. oot ittt i ittt ntonseeseonssesssnssnssnsonsonssnsos 201
11.1  IntroduCtion . . . . .. . . it e e e 201
11.2 Chemical Properties . . ... ... ... ... . . 203
11.3  Mode of Action . ... ... ... . . e 205
11.4 Clinical Features . . . . . . . . . . e e 207
11.5  Antidotes . . . . . . . e 208
11.6  Sourcesand USeS . . . . .. ... .. e 209
11.7 Concentrations in Field Collections . . ... .. ... ... . ... 213
11.8 Persistence in Water, Soil, and Air . . . .. .. .. . i 214
11.9 Lethal and Sublethal Effects . . ... ... ... ... . . . . . . . . . ... 215
11.9.1 Terrestrial Flora and Invertebrates . . ... ... ................ 215

11.9.2  Aquatic Organisms . . ... ... ... ..t 217

11.93  Birds ... .. 220

11.9.4 Mammals . ... ... .. e 222

11.10 Recommendations . . . . . . . .. . ittt e e 227
III1 Summary . . . ..o 231
D324 11 L1 1 233
12,1 IntroduCtion . . . . . . . . i it e 233
12.2  Environmental Chemistry . . . ... ... ... 234
123 Lethal Effects . . . . . . . . o e 235
12.3.1  Aquatic OrganiSms . . . .. ... ...ttt 235

1232 Birds . ... . 236

12.3.3  Mammals . . .. ... e 237

12.3.4 Terrestrial Invertebrates . . . .. ... .. ... ... ... . . . . ... ... . 237

12.4  Sublethal Effects . . . . . .. .. . . . . 237
12.4.1  Aquatic OrganiSms . . . .. ... ..ot vi ittt 237

1242 Birds . .. oo 239

1243 Mammals . ... ... .. ... e 239

12.4.4 Terrestrial Invertebrates . . . ... . ... ... .. .. ... ... 240

12.5 Recommendations . . . . . . ... ot ittt 241
12.6 SUMMATY . . . ..ot e e 242



Contents

13 Diflubenzuron . ..... ... ittt ittt teeeennneenonononnonaooaananes 245
13.1 IntroduCtion . . . . . . . . i v it e e 245
13.2  Environmental Chemistry . . . . .. ... ... .. 245

13.2.1 Chemical and Biochemical Properties . . . .. ................. 246
13.2.2 Persistencein Soiland Water . .......... .. ... . . ... ... ... 247
13,3 USES & v v vt e e e 248
13.4 Lethal and Sublethal Effects . . ... ... ... ... . . . . . . . . . ... ... ... .. 249
13.4.1 Terrestrial Plants . . . . . . . ... . . .. ... e 249
13.4.2 Terrestrial Invertebrates . . . .. ... .. ... .. ... .. . . ... ... 250
13.4.3 Aquatic Organisms: Laboratory Studies . . . . ................. 251
13.4.4 Aquatic Organisms: Field Studies . . . .. .................... 253
1345 Birds ... oo 254
13.4.6 Mammals . .. ... ... .. e 255
13.5 Recommendations . . . . . . ...ttt it 257
13.6 Summary. . . ... 258

14 DioXiNS ...ttt ittt ittt ittt eeeeeeeeeeennososonosnannnasanananes 261
14.1 IntroduCtion . . . . . . . . i it e 261
14.2  Environmental Chemistry . . . . .. ... ... . . e 262
14.3 Concentrations in Field Collections . . ... ... ... ... . ... . 264
14.4 Lethal and Sublethal Effects . . ... ... ... ... . .. . . . . . . . . . ... 268

14.4.1 Terrestrial Plants and Invertebrates . . . ... ... ............... 268
1442 Aquatic OrganiSms . . .. .. ... ...ttt 268
14.4.3  Birds . .. . . . 270
1444 Mammals . ... ... .. .. 271
14.5 RecommendationsS . . . . . . . . . . .. i 274
14.6 SUMMATY . . . . .ot e 278

15 Famphur .. ..o ittt ettt ittt e enosnocenssssonssnsonssnssns 279
15.1 Introduction . . . . . . . . . . 279
152 USES . o ot e e 279
15.3 Chemistry and Metabolism . . . .. ... ... . .. 280
15.4 Lethal and Sublethal Effects . .. ... ... ... ... . . . . . . . . .. ... .. ... 283

15.4.1 Terrestrial Invertebrates . . .. ... ... ... .. .. ... ... ... ... 283
15.4.2 Aquatic Organisms . . .. ... ... ..., 285
1543 Birds . ... . 286
15.4.4 Mammals . .. ... ... .. e 288
15.5 Recommendations . . . . . .. ... . ittt 289
156 Summary. . .. ...t e 290

16 Fenvalerate . ........uiiiiitiineeeeenoneeeeeonoseeeeonneeesonnns 293
16.1  IntroduCtion . . . . . . . . . ottt 293
16.2 Environmental Chemistry . . . .. ... ... ... 294

16.2.1 Chemical Properties . .......... ... .. ... ... 294
16.2.2  USES . v o v vt e e e 294
16.2.3  PersiStence . . .. . .o v ittt 297
16.3 Mode of ACtion . . ... . .o 299
16.3.1 Typesof Pyrethroids . .. ....... ... .. ... .. . .. . .. ... .... 299
16.3.2 Sodium Gating Kinetics . . .. ......... ... .. .. 299

XX1V



Contents

17

16.4

17.3

17.4

17.5

17.6

16.3.3 Metabolism . . . . . . . ... 300
16.3.4 Mutagenicity, Teratogenicity, and Carcinogenicity . . . . . ... ... ... 301
Effects . ... . . 302
16.4.1 Terrestrial Plants and Invertebrates . . . .. ... ................ 303
16.4.2 Aquatic OrganiSms . . . ... ... ..ottt 304
16.4.3 Birds . . ..o 306
16.4.4 Mammals . ... ... .. ... 307
RecommendationsS . . . . . . . ..o vt 308
SUMMATY . . . .o 311
...................................................... 313
Introduction . . . . . ... . .. 313
Geology, Sources, and Production . .. .......... ... . ... ... ... ..., 314
1721 Geology . .. oot 314
17.2.2 Sources and Production . ............ .. .. ... . . ... ... ... 316

17.2.2.1 Asiaand Environs ................ . ... .. ... .. 317

17222 Canada. . ... ..... ... e 317

17223 EBurope . .. ... ... 317

17.2.2.4  Republic of South Africa(RSA) . ........ ... ... ... 318

17225 SouthAmerica. ... .. ..... . . ... 318

17226 United States . . . . .. . ..ot 318
USES .« . ot 320
1731 Jewelry . . . oo 320
1732 CoINage . . .. oottt 321
17.3.3 EIeCtroniCs . . . . . . . ittt e e e e 321
1734 Radiogold . ... ... .. 321
1735 Medicine . . . . . . . e 322
1736 Dentistry . . . . oo ottt 324
17377 Others. . . . ..o e 324
Properties . .. ... .. 324
17.4.1 Physical Properties . ... .......... ..., 324
17.4.2 Chemical Properties . .......... ... . ... 325
17.4.3 Biochemical Properties . .......... ... ... ... ... ... ..... 327
Gold Concentrations in Field Collections . . . . .. ... .. ... ........... 330
17.5.1 Abiotic Materials . ... .. ... ... . .. 330
1752 Plants . . . . ... . e 332
17.5.3 Animals . .. ... . . 332
Gold Effects on Plants and Animals . . ... ........... .. ... .. .. .... 333
17.6.1 Aquatic OrganiSms . . . ... ... ...ttt 333

17.6.1.1 MonovalentGold . . ... ....................... 333

17.6.1.2 TrivalentGold . . . ... ... .. ... ... 333
17.6.2 Laboratory Mammals . ............. ... ... .. ... .. ... 334

17.6.2.1 MetallicGold . ......... ... . . . ... ... 334

17.6.22 MonovalentGold . . .. ...... .. ... . . ... .. . . ... 335

17.6.2.3 Trivalent Gold . . . ....... ... ... . ... . . . ... ... 338
17.6.3 Accumulation. . ... ...... ... ... 339

17.6.3.1 Microorganisms, Fungi, and Higher Plants . .......... 339

17.6.3.2 Aquatic Macrofauna . .. ............. ... ... .... 342

17.6.3.3 Animal Fibrous Proteins . . ..................... 342

XXV



Contents

17.7

17.8

17.9

18 Lead

18.6

XXVi

Health Risksof Gold Mliners . . .. ........... ... ... 342
1771 Australia . ... ... 342
1772 North America . ... ... .. ...t 343
1773 South America . . . ... ..t 344
1774 BEUrope . .. ... ... 344
17.7.5 Africa . . ... 345
Human Sensitivityto Gold . . . ... ... . .. 348
17.8.1 Hypersensitivity . . .. ... ... 348
17.8.2 Teratogenicity and Carcinogenicity . ...................... 350
17.83 Dental ASPects . . . . ..ot 350
Gold Mine Wastes . . . . .. .ttt 351
17.9.1 AcidMine Drainage . .......... ... ... .. .. 351
1792 Tallings. . .. ... .. 352
1793 AISENIC . . . .o oot 352
17.9.4 Mercury Hazards from Gold Mining . . . ... ................. 352
17.9.5 Cyanide Hazards to Plants and Animals from Gold Mining
and Related Water Issues . .. .......... ... ... ... ... ...... 353
17.9.5.1 History of Cyanide Use in Gold Mining . . ........... 353
17.9.5.2 Cyanide Hazards: Aquatic Ecosystems . . . .. ......... 356
179.5.3 Cyanide Hazards: Birds . . . . .................... 358
17.9.5.4 Cyanide Hazards: Mammals . . . .. ................ 360
17.9.5.5 Cyanide Hazards: Terrestrial Flora. . . . .. ........... 361
17.9.5.6 Cyanide Mitigation and Research Needs . . . .. ........ 361
17.9.5.7 Proposed Cyanide Criteria for the Protection of
Natural Resources and Human Health ... ........... 362
17.9.5.8 Water Management Issues . ..................... 362
17959 PitLakes ....... ... 364
17.9.5.10 Water Quality and Management Research Needs . .. .. .. 365
Recommendations . . . . ... ... .. .. 365
SUMMAry . . . .o 368
...................................................... 371
Introduction . . . . ... .. L 371
Sourcesand Uses . . ........ .. 373
Chemical Properties . ... .. .. ... ... ... . 374
Mode of Action . .. .... .. ... 376
Concentrations in Field Collections . ............. ... .. ... ..... 379
18.5.1 Abiotic Materials . ............ ... ... ... 379
18.5.2 Fungi, Mosses, and Lichens . ........... ... ... ........ 381
18.53 Terrestrial Plants . . . ... ... ... .. .. L 381
18.5.4 Terrestrial Invertebrates . . ... ......... ... ... ... . ... ..... 382
185.5 AquaticBiota........ ... ... ... 382
18.5.6 Amphibiansand Reptiles . . ... ....... .. ... ... .. .. .. ... 383
18.5.7 Birds .. ..o 383
185.8 Mammals . ... ... .. ... 386
Lethal and Sublethal Effects . .. ......... .. .. ... .. ... .. ... .. ... 387
18.6.1 Terrestrial Plants and Invertebrates . . . . .. .................. 388
18.6.2 AquaticBiota . ...... ... .. . .. .. 389
18.6.3 Amphibiansand Reptiles . ............ .. ... ... .. .. .. .. 392



Contents

18.6.4  Birds . ... ... 392

18.6.5 Mammals . ... ... ... ... 394

187 Recommendations . ... ........ ... ... 396
18.8  Summary . . ... ...t 405
19 MEICUTY .« vt vttt tv et entonsonssesssssssssenssnssnssnsonssnsons 407
19.1  Introduction . ... ... ... .. ..t 407
19.2  Mercury Usesand Sources . . . .. ... oottt 409
19.2.1 0 USES. .ottt 410

1922 SOUICES. . . o vt 411
19.2.2.1 Natural Sources . . ........ .. .. .. ... .. .. .... 411

19.2.22  Anthropogenic Sources .. .................... 412

193 Properties . . . . ..o vt 415
19.3.1  Physical Properties . ... ...... ... .. .. .. 415

19.3.2  Chemical Properties . ... ......... .. .. ... .. ... ... .... 415

19.3.3  Biological Properties . . . .. ........ .. .. . 417

19.3.4  Biochemical Properties . . .......... ... ... ... . . ... ... 418

19.3.5  Mercury Transport and Speciation . . . .................... 419

19.3.6  Mercury Measurement . . . . .. ... 421

19.4  Mercury Poisoning and Treatment . . . . .. ....... ... ... ... ....... 421
19.4.1  Poisoning . ......... ... .. 421
19.4.1.1  Elemental Mercury . . .. ..................... 421

19.4.1.2  Inorganic Mercurials . . . . ......... ... ... ..... 422

19.4.1.2.1 Mercuric Mercury . .. .............. 422

19.4.1.2.2 Mercurous Mercury . . .............. 423

19.4.1.3  Organomercurials . . . .. ....... ... ... ........ 423

19.42 Mercury Treatment . . . . .. ... v it 424

19.5 Mercury Concentrations in Abiotic Materials. . . . ................... 425
19.5.1 0 Alr. oo 426

1952 Coal. ... o 426

19.53  Sediments . . .. ... .. 426

19.54  SewageSludge . . .. ... .. . 427

1955 Snowandlce......... .. ... ... 427

1956 Soils ..o 427

1957 Water . .. .ot 428

19.6  Mercury Concentrations in Plants and Animals .. ................... 428
19.6.1  Algae and Macrophytes . ... ........... ... . .. . .. . .. ... 429

19.6.2  Invertebrates . ... .. ... .. ...t 430

19.6.3  Elasmobranchs and Bony Fishes . ... .................... 430

19.64 Amphibiansand Reptiles . .. ... ... ... ... . . L ... 434

19.6.5 Birds . ... ... 435

19.6.6  Humans ... ... .. ... ... 439

19.6.7 OtherMammals . .. ........ ... .. .. .. ... ... 440

19.6.8 Integrated Collections . ... .......... .. ..., 443

19.7  Lethal Effectsof Mercurials . . . . ........ .. ... . .. .. . . ... 443
19.7.1  Aquatic Organisms . . ... ... ..., 443
19.7.1.1 Invertebrates .............. .. ... .. ... ..... 443

19.7.1.2  Vertebrates . ............ ... 444

19.7.2  Terrestrial Invertebrates . . . .. ... ... ... . L L. 445

1973  Reptiles . ... ... 445



Contents

19.8

19.9

19.10

19.11

19.12

20 Mirex
20.1
20.2
20.3

XX Viii

1974 Birds ... ... 445

19.7.5 Mammals . . ... ... .. 446

Sublethal Effects . .. .. ... .. .. .. . . . 447

19.8.1  Carcinogenicity, Genotoxicity, and Teratogenicity . . . . .. ....... 447

19.8.1.1  Carcinogenicity . .. .. .. .. ... ... 448

19.8.1.2  GenotoxicCity . . ... ... ...t 448

19.8.1.3  TeratogeniCity . ... ... .. .. ..o, 448

19.8.2  Bacteria and Other Microorganisms . . .. .. ................ 449

19.83  Terrestrial Plants. . . . .. .. ... ... . .. . . 450

19.8.4  Terrestrial Invertebrates . . . .. .......... .. ... ... 450

19.8.5 AquaticPlants .. ...... .. .. ... .. 451

19.8.6 AquaticAnimals. ... .......... ... .. 451

19.8.6.1 Invertebrates . . .. ....... ... .. .. ... .. 452

19.8.6.1.1 Planarians . ..................... 452

19.8.6.1.2 Coelenterates . ................... 452

19.8.6.1.3 Mollusks . ...................... 452

19.8.6.1.4 Crustaceans . .................... 453

19.8.6.1.5 Annelids ....................... 455

19.8.6.1.6 Echinoderms .................... 455

19.8.6.2  Vertebrates . .......... ... ..., 455

19.8.6.2.1 Fishes .. ........ ... ... .. ...... 455

19.8.6.2.2 Amphibians . .............. .. .. .. 459

19.8.7  Birds .. ... 459

19.8.8 Mammals .. ....... ... 462

MiInamata . . . . ..o i e e 466

19.9.1 Minamata Disease . ........... ... ... 467

19.9.1.1 HumanHealth . . . ........ ... .. ... ... .... 467

19.9.1.2  Natural Resources . ........................ 470

1992 Mitigation . . . . . ..ot 471

Mercury Hazards from Gold Mining . .. ........ ... .. .. ... ....... 472

19.10.1  HIStOry . . o vt e 473

19.10.2 Brazil . ... ... 475

19.10.2.1 Mercury Sources and Release Rates . . . .. ... ...... 475

19.10.2.2 Mercury Concentrations in Abiotic Materials and Biota . 477

19.10.2.3 Mitigation . . . . ... ... e 480

19.10.3 The United States . . . . ....... ..., 481
Proposed Mercury Criteria for the Protection of Natural Resources

and HumanHealth . . .. ... ... .. ... ... . . 484

19.11.1 Agricultural Crops . . . . . . oot 492

19.11.2 AquaticLife . ....... ... . . . . 493

19.11.3  Birds . ..ot 494

19.11.4 Mammals . .. ... ... 494

19.11.5 HumanHealth . ... ... ... ... .. ... ... ... .. . ... ... 495

SUMMATY . . . o 497

..................................................... 503

Introduction . . ... ... ... ... 503

Chemical Properties . . ... ... . 503

Lethal Effects . . ... ... ... . 504

20.3.1  Aquatic OrganiSms . . . . ... .o vttt 504

20.3.2 Birdsand Mammals ... ............ .. .. .. .. ... 505



Contents

21

22

20.4  Sublethal Effects . . . .. .. . . . . 505
20.4.1  Aquatic OrganisSms . . . ... ... ...ttt 505
2042 BIrds . ... 506
20.4.3  Mammals . . . ... 506
20.5 Bioaccumulation . ... .. ... .. 507
20.5.1  Aquatic OrganiSms . . . . . ..o v ittt 507
20.5.2 Birdsand Mammals . ... ..... ... ... ... ... 508
20.6  Mirex in the Southeastern U.S. . . . . . ... . ... .. . . . . ... 509
207 Mirexinthe GreatLakes . . . . ... ... ... .. . ... . . 511
20.8  Mirex in Other Geographic Areas . ... ....... .. .. ... .. ... ....... 513
20.9  RecommendationsS . . . . . . .. .. v i ittt 514
20.10  Summary . . ... .. 516
Molybdenum . . .......ctiitiiineenernereessntonsonssnsonssess 517
21,1 IntroducCtion . . . . ... .. it e 517
21.2  Environmental Chemistry . . ... ... ... ... .. ... ... 517
21.2.1 Sourcesand Uses . . . ... it e 518
21.2.2  Chemical Properties . ........... ... ... ... . . ... 518
21.2.3 Modeof Action . ... ...... .. 519
21.3  Concentrations in Field Collections . . . . . .. ... ... . ... . 520
21.3.1 Nonbiological Samples . ........... ... . ... ... .. ... .. 520
21.3.2 Biological Samples . . .. ........ ... ... 521
21.4  Effects . . . . . o o e 522
21.4.1 Terrestrial Plants. . . . ... ... ... ... . . . 522
21.4.2  Terrestrial Invertebrates . . .. ... ... ... .. ... ... . .. ..... 523
21.43  Aquatic Organisms . . . . .. ..cv vt vttt 523
21.4.4  Birds . ... 525
2145 Mammals ... ... .. ... e 525
21.5  Recommendations . . . . . .. ... v i it i e 528
21.6 SUmMmary . . . ... ... 531
NiCKEl . ittt it ittt ittt ittt ittt teennoeeeaeaeeeeeeeeeeeeenns 533
22,1 IntroduCtion . . .. .. . ..o i it e 533
222 Sources and Uses . . . . . ..o e 534
22.2.1 Sources . . . ... e 535
2222 USES . o it e 536
223 PrOperties . . . .o vt i e 537
22.3.1  Physical and Chemical Properties . ...................... 537
2232 MetaboliSm . . . . . .. e 538
2233  INEractionsS . . . . . . v vt i it e e 541
22.4  Carcinogenicity, Mutagenicity, and Teratogenicity . .................. 542
22.4.1  CarcinogeniCity . . . . . ... .t v ittt 543
2242 MutageniCity . . . .. ..ot v 546
2243 TeratogeniCity . .. .. .. ..ot u i 546
22.5 Concentrations in Field Collections . . . . ... ... .. .. ... ... 548
22.5.1 Abiotic Materials . ..... ... .. . ... ... 549
22.5.2  Terrestrial Plants and Invertebrates . . . . ... ................ 550
2253  Aquatic OrganiSms . . . ... ... ...ttt 551
2254 Amphibians . . .. .. 551
2255  Birds ... 552



Contents

22.5.6  Mammals . ... ... 552

22.5.77 Integrated Studies . . . . ... .. ... 553

22.6  Nickel Deficiency Effects .. ... ... .. .. .. . . . 554
22.6.1 BacteriaandPlants . . ... ... ... ... .. ... ... 554

22.6.2  Birds . ... 555

22.6.3  Mammals . ... ... . 555

227 Lethal and Sublethal Effects . . . .. ... ... ... .. . . . . . . .. . ... ...... 556
22.7.1  Terrestrial Plants and Invertebrates . . . . ... ................ 556

22.77.2  AQquatic OrganiSms . . . . . ..o v it ettt 557

22773 Birds ... 558

2274  Mammals . ... ... e 558

22.8  Proposed Criteria and Recommendations . . ....................... 563
22,9  SUMMATIY . . ...t 570
23 Paraquat . ... .ot i ittt it et et et it 573
23.1  IntroducCtion . . .. .. . .. . i i e 573
232 USES ottt e 574
23.3  Concentrations in Field Collections . . . . . .. ... ... ... 574
23.4  Environmental Chemistry . . ... ...... ... .. ... ... 575
23.4.1  Chemical Properties . .. ............ .. .. ... 575

2342 Mode of ACtion . .. ... ... e 575

2343 FateinSoilsand Water .. ......... .. .. . ... . ... ... 578

23.5 Lethal and Sublethal Effects . . . ... .. ... ... .. . . . . . . .. ... 579
23.5.1  Terrestrial Plants and Invertebrates . . . . .. ... ... ........... 580

23.5.2  Aquatic OrganiSms . . ... ... ...ttt 582

23.53  BIrds ... 583

23.5.4 Mammals . ... ... e 584

23.6 Recommendations . . . ... ... . ...t 585
2377 SUMMALY . . ..ttt e e 588
24 Pentachlorophenol . ............0iitiiiiiieeienrinnronronsonsonsos 589
24.1  IntroduCtion . . .. .. . . . o it e 589
242 Environmental Chemistry . .. ........ ... .. .. ... i, 590
24.2.1 Sourcesand Uses . ... ... ... ... .. 590

2422 PrOPerties . . .. ..o vt e 591

2423  Fate . . .. 593

24.3  Concentrations in Field Collections . . . ... ...... ... ... .. 595
24.4  Effects . . . . 596
24.4.1  Terrestrial Plants and Invertebrates . . . . .. ... .............. 596

2442 AquaticBiota.......... ... ... 597

2443  Birds . ... 599

24.4.4  Mammals . ... ... 599

24.5 Recommendations . . . . .. ... ... 601
246 SUMMATY . . .ottt e e e e e e e e e e 606
25 Polychlorinated Biphenyls . .......... ... ... i, 607
25.1  Introduction . . . ... . ... . . e 607
252 Sourcesand USeS . . . . . . . ... 607

XXX



Contents

26

27

25.3  Chemical and Biochemical Properties . .......................... 608
25.3.1  Physical Properties . . ............. ... . ... 612
25.3.2  Toxic Equivalency Factors . . ... ... ... .. .. ... ... ... ... 613
25.3.3  Structure-Function Relations . ......................... 614
25.3.4  Quantitation. . . . . ... .. u ittt 615
25.4  Concentrations in Field Collections . . . .. ....... ... ... ... ... .... 620
25.4.1 Nonbiological Materials . . ... ........ ... .. .. ... ... .. .. 620
254.2  Marine Mammals . . .. ... ... ... 623
25.4.3  Other Aquatic Organisms . . . . .. ... ...ttt 625
2544  Reptiles ... .. 630
2545  Birds . ... 630
25.4.6  Terrestrial Mammals . .. ... ... ... . ... . ... 632
25.5 Lethal and Sublethal Effects . . .. ....... ... ... ... ... ... ......... 634
25.5.1  Aquatic OrganiSms . . ... ... ...ttt 634
2552 Birds . ... 636
2553  Mammals ... ... ... 637
25.6 Recommendations . ... ... ... ... ... 639
2577 SUMMArY . . ..o o e 643
Polycyclic Aromatic Hydrocarbons . . ... ......0iiiiii e ronsennns 645
26.1  Introduction . ... .. ... ... ..t 645
26.2  Environmental Chemistry, Sources,and Fate . . . ... ................. 646
26.2.1  Properties . . . .. ... u i 646
26.2.2  SOUICES . . o v it e e e e 647
2023 Fate .. ... 651
26.3  Concentrations in Field Collections . . . .. ........ ... ... ... ... .... 654
26.3.1 Nonbiological Samples . .. .......... .. ... . .. .. ... .. 655
26.3.2 Biological Samples . . .. ... ... 656
26.4 Lethal and Sublethal Effects. . . . .......... ... ... .. .. .. .. .. ... 659
26.4.1  Fungi . ... ... 659
26.4.2 Terrestrial Plants . . . . . ... ... . ... 659
2643 AquaticBiota. .. ...... ... .. 660
26.44  Amphibiansand Reptiles . ... ........ .. .. .. ... .. . ... 665
2645  Birds . ... 665
264.6 Mammals ... .. ... ... 666
26.5 Recommendations . ... ... ... ... ...ttt 669
26.6  SUMMAIY . . . ..ot 675
Radiation.........c.iiiiiiiiiiinieineneseseseressssosasnsans 677
27.1  IntroduCtion . .. .. ... ..t 677
27.2  Physical Properties of Radiation . .. ........ ... ... ... .. .. .. ... 678
27.2.1  Electromagnetic Spectrum . . . ... .. ... ... ..ttt 679
2722 Radionuclides . .......... ... ... 679
27.2.3  Linear Energy Transfer . ............ .. .. .. ... ... .... 680
27.24  New Units of Measurement . . ......................... 680
273  Sources and Uses . . . .. ..ttt e 680
27.3.1  Natural Radioactivity . ............ .. .. ... ..., 681
27.3.2  Anthropogenic Radioactivity . . . .. .......... ... . ... ..... 683
2733 DISPErSION . . . o vttt e 687



Contents

27.4  Radionuclide Concentrations in Field Collections . . . ... .............. 688
27.4.1 Abiotic Materials . .. .. ... ... ... e 688

27.4.2 Aquatic Ecosystems . .......... ... ... ... 688

2743  Birds . ... 690

2744  Mammals . .. ... .. e 691

27.5 Case HiStories . . . . . . . . oo e 692
27.5.1 Pacific Proving Grounds . ........... ... .. .. ... .. ... .. 693

2752 Chernobyl . . ... .. .. 696
27.5.2.1 Local Effects . . .. ...... .. ... . . ... .. ..... 698

275211 AcuteEffects .. .................. 699

27.5.2.1.2 Latent Effects: Humans ............. 700

27.5.2.1.3 Latent Effects: Plants and Animals . . . . .. 701

27.5.22 Nonlocal Effects . ........... ... ... ........ 704

27.5.22.1 Soil and Vegetation . . .............. 704

27.522.2 AquaticLife..................... 705

27.5223 Wildlife............ ... .. ...... 706

275224 DomesticAnimals................. 708

27.6  Effects: Nonionizing Radiations . ... ......... ... ... ... ... ... .... 709
27.7  Effects: Ionizing Radiations . . . . ........ .. .. ... .. .. . . ... 711
27.7.1  Terrestrial Plants and Invertebrates . . . . ... ................ 713

27.77.2 Aquatic Organisms . . .. ... ... v ittt 714

27.7.3 Amphibiansand Reptiles . ... ........ .. .. ... .. .. .. ... 717

2774  Birds . .. ... e 717

27775 Mammals . ... ... 718
27.7.5.1 Survival . .. ... 718

277752 Carcinogenicity . .. .. .. .. .. ... 719

2777.53  MutageniCity . . . ..o .o 721

27754  Organand Tissue Damage . ................... 721

27.7.5.5 Behavior. . ... ... ... . . ... ... 722

27.7.5.6  Absorption and Assimilation. . ... .............. 722

27.8  Proposed Criteria and Recommendations . ... ..................... 723
27.9  Summary . .. ... e 730
28 Selenium . ... ... ...ttt ettt et et e 737
28.1  Introduction . . . ... .. ... . e 737
28.2  Environmental Chemistry . .. .......... .. .. ..., 738
28.3  Concentrations in Field Collections . . . . ... ... ... .. ... . 740
28.4  Deficiency and Protective Effects . .. ... ... ... . ... ... . .. . . . ... 743
28.5 Lethal Effects . . . ... . . . . . 745
28.5.1  Aquatic OrganiSms . . . . .. ..cv v vttt 745

2852 Mammalsand Birds ... ....... ... ... ... 747

28.6  Sublethal and Latent Effects . . . .. ... ... .. ... . . . . . . ... ... ... ... 749
28.6.1  Aquatic OrganiSms . . .. .. ... vt vttt 749

28.6.2  Terrestrial Invertebrates . . . ... ... ... . . ... .. . ... ... 751

28.6.3  Birds . ... 752

28.6.4  Mammals . .. ... ... e 752

287 Recommendations . . . .. ... ... ...t e 753
28.8  Summary . . ... 759

XXXii



Contents

29

30

31

I T =) 761
20.1  IntroducCtion . . .. .. . .. i it e 761
292  Sources and Uses . . . . . . .o 761
202.1  SOUICES. . . . ot 761
2022 USES . o it e 763
203 Properties . . . .o vt i e 764
29.3.1  Physical and Chemical Properties . ...................... 764
29.3.2  MetaboliSm . . . . . .. e 766
29.4  Concentrations in Field Collections . . . ... ........ . ... .. . ...... 769
29.4.1 Abiotic Materials . ... ... ... . ... 769
2942 Plantsand Animals . . .. ... ... ... . . . ... .. 770
29.5 Lethal and Sublethal Effects . . . .. ..... ... ... ... . . .. .. .. . . ...... 772
29.5.1  Terrestrial Vegetation. . . . ......... .. .. ... .. .. ... 772
2952  Aquatic Organisms . . .. .. ..couv vt vt 772
2953 Birdsand Mammals . ......... ... .. . . . ... . . . ... 776
29.6  Recommendations . . . . ... ... .ottt e 778
207 SUMMATY . . .ottt e 781
Sodium Monofluoroacetate . ...........ououuieeeeeeeeeeeeeeeeeeenns 783
30.1  Introduction . . . ... .. ... ... 783
302 USES o vttt 784
30.2.1 DomesticUSe . . ..... ... 784
30.2.2 NondomesticUse . ... ... ... 786
30.3  Environmental Chemistry . .. ........ ... .. .. ... 788
30.3.1 Chemical Properties .. ............ ... .. ... 789
30.3.2  PersiStence . . . . ... 790
30.3.3  MetaboliSm . . . . o o e 791
30.3.4 ANUAOLES . . . . .o 793
30.4 Lethal and Sublethal Effects . . . .. ... ... ... ... . . . . . . ... ... 795
30.4.1 Terrestrial Plants and Invertebrates . . . . ... ................ 795
30.42  Aquatic OrganiSms . . . .. ... ..ottt 797
30.4.3 Amphibiansand Reptiles . ... ....... ... ... .. .. .. .. ... 798
3044 BIrds ... .., 798
30.4.5 Mammals . ... ... 801
30.5 Recommendations . . . ... ... ... 805
30.6  SUMMATY . . .o vttt e e e e e 807
3 1 809
31,1 Introduction . . . ... . .. . i e 809
31.2  Chemical and Biochemical Properties . .......................... 810
3121 InorganicTin . .. ... ... ... 810
31.2.2  Organotins . . ... ..ot ittt e 811
31.3  Sourcesand Uses . . . . . ... e 813
31.4  Concentrations in Field Collections . . . . . .. ... ... ... . 815
31.4.1 Abiotic Materials . ........... . .. ... .. 815
31.42 Biological Samples . . . .......... .. ... .. . 816
31.5  Effects . . ..o e 817
31.5.1 Aquatic Organisms . . .. ... .o v ittt 817
31.52  BIrds ..o 821

XXxiil



Contents

3153 Mammals . ... .. 822
31.54  Terrestrial Invertebrates . . .. ... ............ .. ... ... ... 824

31.6 Recommendations . ... ... ... ... ...ttt 824
317 Summary . ... 827
32 Toxaphene . ........outiiiiiieneeeeenossossntsnssnsonsonssess 829
32,1 Introduction . ... ... ... ... 829
32.2  Environmental Chemistry .. ... ... ... ... .. ... ... 830
32.3  Concentrations in Field Populations . . . . .. ...... ... ... .. ... ....... 832
324  Lethal Effects . . ... ... ... . .. e 834
32,5 Sublethal Effects . .. ...... .. .. . 835
32,6 Recommendations . .. ... .. ... ...ttt 837
3277 SUMMATY . o ottt e e e 839
33 ZINC ..ttt e i et e et i et i e 841
33,1 Introduction . ... ... ... .. .. 841
332 Sourcesand UseS . . . ... oottt 842
33.3  Chemical and Biochemical Properties . .......................... 843
33.3.1 Chemical Properties . .............. .. .. ... 843

3332 Metabolism . . ... ... 845
3333 INteractions . . . . . ...ttt 848
33331 Cadmium . ........ ..t 848

33332 COPPET - v v et 849

33333  Lead .. ..o 849

33334  Nickel . ... .. ... 850

33335  Others . ...t 850

33.4  Carcinogenicity, Mutagenicity, and Teratogenicity . .................. 851
33.4.1  CarcinOgeniCity . .. ... ..o v vttt 851
3342 MUtageniCity . . . . . .o it e 852
33.4.3  TeratogeniCity . . ... ... ..ottt 853
33.5 Concentrations in Field Collections . . .. .. ............ .. .. ....... 853
33.5.1 AbioticMaterials .. ......... ... .. ... . 853
33.5.2  Terrestrial Plants and Invertebrates . . . . .......... .. .. .. ... 854
33.53  Aquatic OrganiSms . . . ... ... v vt it 855
3354 Birds . ... 857
3355 Mammals . ... ... 858
33.6  Zinc Deficiency Effects . . . . ... ... ... .. . 860
33.6.1 Terrestrial Plants. . . . ........ ... ... .. ... ... 860

33.6.2  Aquatic Organisms . . .. ... ... vit ittt 860
33.63  Birds .. ... 861
33.64 Mammals .. ... ... ... 861
337 Lethal and Sublethal Effects . . . .. ....... .. .. .. ... ... .. ... ... 865
33.7.1  Terrestrial Plants and Invertebrates . . . ... ................. 865
3372 Aquatic OrganiSms . . . ... .. ..ottt 866
33.7.2.1  Algae and Macrophytes . . .. .................. 867

33722  Mollusks . ... ... 868

33723  Arthropods .. ....... ... 869

33724  Annelids . . ........ .. 871

33725 Echinoderms . ............. .. ... .. .. ...... 871

XXX1V



Contents

33726  Fishes ... .. ... . . ... 872

337277 Amphibians. ... ..... ... . 874

3373  BIrds ... 874

3374 Mammals . .. ... ... 875

33.8  RecommendationsS . . . .. ... ...ttt 877
339 Summary . ... 887
General IndexX . .....iiiii it ittt eteeeeeonneeeeoosnseeeesnnnnns 891
Species Index . . .. oo v vt ittt ittt i e it e et et et 933

XXXV



This page intentionally left blank


gangadhar.b
This page intentionally left blank


ACROLEIN?
Chapter 1

1.1 Introduction

Acrolein (CH,=CHCHO) is an aldehyde that
was first isolated in 1843 from the dry distil-
lation of fats and glycerol. It is now known
that acrolein is ubiquitous in the environment;
it is often present in trace amounts in foods
and as a component of smog, fuel combustion
products such as wood smoke, exhaust emis-
sions from internal combustion engines, and
cigarette smoke. Atmospheric concentrations
of acrolein over urban areas are between 2.0
and 7.0 wg/L; cigarette smoke, however con-
tains about 10,000 g of acrolein/L. Acrolein
is classified as a hazardous chemical because
of its reactivity and flammability. At low sub-
lethal concentrations, acrolein is widely known
for its acrid pungent odor and strong irritating
effects on mucous membranes of the eyes and
upper respiratory tract, its toxicity to cilia in
all organisms, and its interference with nucleic
acid synthesis in bacteria. In bulk, acrolein dur-
ing storage or transfer is potentially hazardous
if it becomes overheated or contaminated with
water. For example, in 1982, 17,000 residents
from Toft, Louisiana, were evacuated when
two large tanks of acrolein began to burn.
Acrolein enters the aquatic environment
from its use as an aquatic herbicide, indus-
trial discharges, and as a by-product of
the chlorination of organic compounds in
wastewater and drinking water treatment.

4All information in this chapter is referenced in the following
sources:

Eisler, R. 1994. Acrolein hazards to fish, wildlife, and inver-
tebrates: a synoptic review. U.S. Natl. Biol. Surv. Biol.
Rep. 23, 29 pp.

Eisler, R. 2000. Acrolein. Pages 739-766 in Handbook
of Chemical Risk Assessment: Health Hazards to
Humans, Plants, and Animals. Volume 2, Organics.
Lewis Publishers, Boca Raton, Florida.

Dilute solutions of acrolein kill undesir-
able plant life in irrigation streams and
ditches and have been used routinely in about
4000km of irrigation canals in southeast-
ern Australia to control submerged weeds,
including Potamogeton tricarinatus, Elodea
canadensis, and Vallisneria gigantia. Acrolein
has also been used for many years in channel
maintenance in the United States (especially
in western states), Canada, Egypt, Argentina,
Mexico, and Turkey. Unlike most other aquatic
herbicides, acrolein rapidly dissipates from
water by volatilization and degradation with-
out leaving phytotoxic residues. However,
acrolein provides only temporary control of
submerged weeds and also kills fish and other
aquatic life at recommended treatment con-
centrations. In one Montana stream, acrolein
killed all fish in a 4-km stretch after applica-
tion to control submerged weeds; some fish
deaths were recorded as far as 6.4 km down-
stream.

1.2 Sources and Uses

Acrolein enters the environment as a result of
normal metabolic processes; incomplete com-
bustion of coal, wood, plastics, tobacco, and
oil fuels; and industrial emissions. Acrolein
has been detected in smog, food, and water. It
is used extensively in chemical manufacture,
for control of fouling organisms, and as herbi-
cide to control submerged weeds in irrigation
canals.

1.2.1 Sources

Acrolein is ubiquitous in the environment as
a result of natural and anthropogenic sources.
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Sources of atmospheric acrolein include smog;
incomplete combustion of coal, wood, gaso-
line, plastics and fats; tobacco smoke; and
industrial emissions. The total amount of
acrolein released into the atmosphere is
unknown. In 1978, production losses of
acrolein by emission from the four main U.S.
plant locations were estimated at 34,682 kg;
however, the gaseous emission streams are
now either burned on emergence from the
exhaust stack or sent to a furnace to destroy
residual material. Acrolein is found in photo-
chemical smog and contributes to the smog’s
irritant capacity to the eye and respiratory path-
ways. Recorded maximum acrolein concentra-
tions in smog ranged from 12.0 to 14.0 pg/L
(0.025-0.032 mg/m?) in Los Angeles, between
1961 and 1963, and were 13.0png/L in
Hudson County, New Jersey. For humans,
exposure to atmospheric acrolein is great-
est in the vicinity of incompletely combusted
organic materials such as coal, wood, and
petrol; highest acrolein concentrations are
reported near forest fires and urban area fires.
The burning of southern pine (Pinus sp.),
for example, generates 22.0-121.0mg of
acrolein/kg of wood burned. Acrolein is also
in the smoke of burning plastic materials.
Air samples from more than 200 fires in
Boston, Massachusetts, contained greater than
3000.0 g acrolein/L (greater than 6.8 mg/m?)
in more than 10% of all samples; greater
than 3000.0 ug acrolein/L air is an imme-
diately hazardous concentration for human
life and health. Cigarette smoke in some
enclosed areas may account for as much as
12,400.0 pg of acrolein/L air. In the case of
an enclosed room of 30m> capacity, smok-
ing 5 cigarettes raises the air concentration to
about 50.0 g acrolein/L and 30 cigarettes to
380.0 pg/L.

Acrolein is also generated when animal
or vegetable fats are subjected to high
temperatures. Acrolein was detected aboard
submarines in trace concentrations as a degra-
dation product during the heating of lubrica-
tion oils and edible fats. Large amounts of
acrolein are generated from exhausts of inter-
nal combustion engines. Acrolein concentra-
tions of 10,000.0 Lg/L (23.0 mg/m>) have been
measured in nondiesel automobile exhausts,
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2900.0 pg/L in diesel engine emissions, and
2600.0-9600.0 wg/L in other internal com-
bustion engines. Acrolein concentrations in
air from several U.S. urban areas ranged
from a maximum of 10.0pg/L in 1960 to
1.8-3.4png/L in 1968; during this period,
the air in Tokyo had an average acrolein
concentration of 7.2pg/L. Urban acrolein
pollution is derived mainly from automo-
bile exhaust and incomplete burning of
refuse. Acrolein is formed during normal
metabolic degradation of spermine and sper-
midine, glycerol, allyl formate, allyl alco-
hol, and cyclophosphamide. Acrolein was
also in spores from the wheat stem fun-
gus (Puccinia graminis) of infected wheat
(Triticum aestivum); acrolein was the major
chemical factor that normally induced infec-
tion processes in Puccinia.

Acrolein has been detected in effluent water
streams from industrial and municipal sources.
Municipal effluents from Dayton, Ohio, for
example, contained between 20.0 and 200.0 g
acrolein/LL in 6 of 11 analyzed samples.
Acrolein is also a component of many foods,
and processing may increase the acrolein con-
tent. Acrolein has been identified in raw turkey,
potatoes, onions, coffee grounds, raw cocoa
beans, alcoholic beverages, hops, white bread,
sugarcane molasses, souring salted pork, and
cooked bluefin tuna (Thunnus thynnus).

Occupational exposure to acrolein may
occur during its production and isolation as
a chemical intermediate or during the manu-
facture of acrylic acid, acrylic acid esters, and
methionine. Other sources of acrolein in the
workplace include emissions from rubber vul-
canization plants, welding of metals treated
with anticorrosion primers, and pitch-cooking
plants; and skin contact during herbicidal
applications for aquatic weed control, and from
its use as a slimicide in paper and paper-
board manufacture. Acute acrolein poisoning
from occupational exposure is improbable.
However, the risks of poisoning are signif-
icant in certain industries including welding
of fat and oil cauldrons, smelting work and
foundry operations, printing plants, linoleum
and oil cloth factories, manufacture of insula-
tors, tin plating of sheet iron, and processing
of linseed oil.
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1.2.2 Uses

Since its discovery in 1843, acrolein has been
known to polymerize readily in the presence
of many chemicals, and since 1947 it has been
used safely in a wide variety of commercial
applications. Acrolein is presently produced
by the catalytic oxidation of propylene for the
manufacture of methionine, glutaraldehyde,
1,2,6-hexane thiol, and other chemicals. The
largest quantity of acrolein produced by this
process is converted directly to acrylic acid
and acrylic acid esters. In 1975, global pro-
duction of acrolein was 59,000 metric tons; in
1980, this value was 102,000 tons — including
47,600 tons produced by the United States. In
1983, about 250,000 tons (about 550 million
pounds) of acrolein were produced, and 92%
were converted to acrylic acid, 5% to methio-
nine, and 3% used as an aquatic herbicide.
Acrolein copolymers are used in photography,
in textile treatment, in the paper industry, as
builders in laundry and dishwater detergents,
and as coatings for aluminum and steel pan-
els. Acrolein is used to scavenge sulfides from
oil-field floodwater systems, to cross-link pro-
tein collagen in the leather tanning industry,
and to fixate tissue of histological samples.
The use of acrolein as a military poison gas
has been advocated because of its lacrimatory
and blistering properties; during World War I
(1914-18) the French used acrolein —under the
name of Papite — in hand grenades because of
its irritating effect on the respiratory airways
and the ocular mucosae.

Acrolein has been used since 1960 to control
submerged aquatic weeds in irrigation sys-
tems in the United States, Australia, and other
countries where open channels distribute water
for crop production. Acrolein — as Magnacide
H herbicide — is applied directly into agri-
cultural irrigation systems at 1.0-15.0 mg/L.
Water in treated canals is required by the
Magnacide H label to be held for 6 days before
discharge into receiving waters. Acrolein is
preferable to sodium arsenite for herbicidal
control of submerged weeds because arseni-
cals are persistent (up to 1 year), and the
high arsenic concentrations that are attained
in water may be hazardous to humans and
livestock. Acrolein is extremely effective in

killing submerged weeds that are difficult to
control with other herbicides. Acrolein has also
been used as a herbicide in ponds, drains, and
other water bodies. In Australia, the concentra-
tion of acrolein in irrigation canals to control
various species of Elodea, Potamogeton, and
Vallisneria is usually less than 15,000.0 pg/L.
In general, acrolein has a low order of toxi-
city to terrestrial plants. Most field and gar-
den crops can tolerate water with as much
as 15,000.0 ng acrolein/L. without serious
adverse effects. Acrolein, as discussed later,
has comparatively low persistence and low
accumulation in aquatic ecosystems. One
disadvantage of its use as a herbicide is
its pungent, irritating odor. Also, at rec-
ommended treatment concentrations, acrolein
kills fish and other aquatic organisms; there-
fore, acrolein should be used only in aquatic
systems where these resources are considered
expendable.

Acrolein has been used to control bacte-
ria, fungi, algae, and mollusks in cooling
water systems: 1500.0 pg/L killed as much
as 95% of the target species in a once-
through treatment. Acrolein has been applied
directly to the marine environment to con-
trol the growth and settlement of mussels
(Mytilus edulis), and other fouling organ-
isms in cooling water systems of coastal
steam electric station power plants. Mussels
in marine cooling water systems are con-
trolled with 600.0 pg acrolein/L for 8 h daily
for 3 days or with 700.0 wg/L for 3 h daily for
2 weeks. Acrolein prevents growth of microor-
ganisms in liquid fuels such as jet fuels, in
feed lines of subsurface wastewater injectors,
and in water conduits of paper manufacturing
plants.

1.3 Environmental Chemistry

Acrolein, the simplest member of the class of
unsaturated aldehydes, has a pungent, irritating
odor. It is volatile, flammable, and explosive,
and requires elaborate and specific conditions
for storage and use. The half-time persistence
of acrolein in freshwater is usually less than
50h; in seawater it is less than 20h, and
in the atmosphere less than 3 h. Biochemical
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and toxic effects of acrolein are caused by
its rapid and essentially irreversible reaction
with sulfhydryl compounds to form a stable
thiol ether; however, many compounds can
mitigate or block its toxicity. Acrolein is even-
tually metabolized to acrylic acid and glyc-
eraldehyde; glycidaldehyde — an intermediate
metabolite with mutagenic and carcinogenic
properties — has been produced in vitro but not
in vivo.

1.3.1 Chemical Properties

Acrolein is soluble in water and in many
organic solvents including ethanol, acetone,
and ether (Table 1.1). Acrolein is a highly reac-
tive molecule with two reactive centers: one at
the carbon—carbon double bond, and the other
at the aldehydic group. Acrolein is extremely
volatile, flammable, and explosive (Table 1.1),
especially in sunlight or in the presence of
alkali or strong acid. A potential hazard in

handling acrolein is its rapid exothermic poly-
merization caused by the use of insufficient
hydroquinone inhibitor or lack of strict control
of pH. Commercial acrolein should be main-
tained at pH 6.0, contain less than 3% water,
and 0.1-0.25% hydroquinone as a polymer-
ization inhibitor. A typical commercial sam-
ple contains about 97% acrolein, 0.5% other
carbonyls, and 2.5% water. The addition of
hydroquinone (0.1-0.25%) prevents the vinyl
polymerization of acrolein, and controlling the
pH between 5 and 6 by acetic acid increases
stability of commercial acrolein by preventing
aldol condensation. Elaborate and specific con-
ditions are now prescribed for the storage of
acrolein and include vents and safety valves,
construction materials, fire control, spills, and
waste disposal. Commercial acrolein is stored
and shipped under a blanket of oxygen-free
inert gas.

Spectrophotometric  determination  with
4-hexyl-resorcinol and a fluorometric method
with m-aminophenol are the most commonly

Table 1.1. Some properties of acrolein.
Variable Datum
CHEMICAL NAME 2-Propenal
CAS NUMBER 107-02-8
STRUCTURAL FORMULA CH,=CHCHO
MOLECULAR WEIGHT 56.06
SPECIFIC GRAVITY 0.8427-0.8442
PHYSICAL STATE Colorless or yellow liquid at 25°C
ODOR Pungent, irritating
BOILING POINT 52.5-53.5°C
MELTING POINT —86.95°C
SOLUBILITY
Water 206.0-208.0 g/L
Organic solvents Miscible
LOG K,y 0.01
VAPOR PRESSURE 215-220 mm Hg at 20°C
EXPLOSIVE LIMITS OF VAPOR

AND AIR
Upper limit 31% acrolein

Lower limit

2.8% acrolein
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used procedures for the determination of
acrolein; however, gas chromatography and
high-performance liquid chromatography pro-
cedures are also used. Acrolein concentrations
in rainwater between 4.0 and 200.0 pg/L can
be measured rapidly (less than 80 min) with-
out interference from related compounds; the
method involves acrolein bromination and
analysis by gas chromatography with electron
capture detection. Water samples from poten-
tial acrolein treatment systems require the use
of water from that system, in preparing blanks,
controls, and standards; further, acrolein mea-
surements should be made at the anticipated
use concentrations.

1.3.2 Persistence

Degradation and evaporation seem to be
the major pathways for acrolein loss in
water; smaller amounts are lost through
absorption and uptake by aquatic organisms
and sediments. The half-time persistence of
acrolein in freshwater is 38h at pH 8.6,
and 50h at pH 6.6; degradation is more
rapid when initial acrolein concentrations
are less than 3000.0 pg/L. Acrolein has a
half-time persistence of 2.9-11.3h at ini-
tial nominal concentrations of 20.0pug/L,
and 27.1-27.8h at 101.0pg/L. At pH 5,
acrolein reacts by reversible hydrolysis to pro-
duce an equilibrium mixture with 92% beta-
hydroxypropionaldehyde and 8% acrolein;
in alkali, the primary reaction is consistent
with a polycondensation reaction. Microbial
degradation plays a major role in the trans-
formation of acrolein in aquatic systems.
In natural waters, acrolein degradation pro-
ceeds to carboxylic acid via a microbial path-
way; beta-hydroxypropionaldehyde is readily
biotransformed in about 17.4 days.

Acrolein is applied to irrigation canals to
control submerged aquatic weeds at greatly dif-
ferent time—concentration treatments.
Regardless of time—concentration regimens —
which vary from 100.0 ng/L for 48h in the
United States to 15,000.0 wg/L for several
hours in Australia — the daily decay-rate con-
stants are remarkably similar, ranging from
0.14 to 0.21, and are probably affected by

variations in weed density. In one case, acrolein
applied to the Columbia River at an average
initial concentration of 125.0 pg/L. degraded
to 25.0ng/L after 48h in samples greater
than 65km from the application point —
a loss of 80%. High initial concentrations,
50,000.0-160,000.0 g/L, of acrolein in natu-
ral waters degraded 57-80% in 192 h, suggest-
ing that high concentrations can alter the rate
of hydrolysis. In seawater, the half-time per-
sistence of acrolein was less than 20 h. In pho-
tochemical smog, acrolein is comparatively
unstable and not likely to persist; the dominant
removal mechanism involves hydroxide attack
on acrolein, and the atmospheric half-life per-
sistence is 2-3 h under these conditions.

1.3.3 Metabolism

Biochemical and toxic effects of acrolein are
probably caused by its reaction with criti-
cal protein and nonprotein sulfhydryl groups.
The reaction of acrolein with sulfhydryl com-
pounds is rapid and essentially irreversible,
resulting in the formation of a stable thiol
ether. Metabolism of acrolein is believed to
result in the formation of acrylic acid and
glyceraldehyde (Figure 1.1). The postulated
metabolites of acrolein can be oxidized to car-
bon dioxide. Acrylic acid does not seem to
represent a significant toxic hazard when com-
pared to the parent acrolein because at low
airborne concentrations of less than 1000.0 g
acrolein/L, the quantity of acrylic acid pro-
duced by metabolism is negligible. Thus,
metabolism to acrylic acid after inhalation
should be regarded as a detoxification path-
way. Conjugation of acrylic acid with glu-
tathione represents another elimination and
detoxification pathway. In vitro studies of
acrolein metabolism in mammals suggest that
acrolein exposures may result in exposure to
glycidaldehyde, an intermediate in acrolein
metabolism (Figure 1.1). The major toxic
effects of acrolein exposure — including irri-
tation, ciliastasis, and hypersensitivity — are
probably either due to the parent acrolein or
to the reaction of glycidaldehyde with cell
proteins. Glycidaldehyde is a potent muta-
gen and carcinogen; however, no evidence is
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© CH,—CH — CHO
CH, = CHCHO H,C CHCHO — | |
Acrolein Glycidaldehyde OH  OH
y Glyceraldehyde

o
CH, = CHCH,OH

> H,C
Allyl alcohol

Figure 1.1.

CH, = CHCOOCH
Acrylic acid

T

CHCH,0OH ——> H,C —CH —CH,
Glycidol

Glycerol

Proposed scheme for in vitro mammalian metabolism of acrolein and allyl alcohol, a precursor

of acrolein.

available showing that acrolein can produce
glycidaldehyde in vivo. Acrolein is more toxic
when inhaled than when taken orally. Inhala-
tion of acrolein decreased the concentrations
of protein and nonprotein sulthydryl groups
in nasal mucosal tissue. Acrolein is highly
reactive towards thiol groups and rapidly con-
jugates with glutathione and cysteine. When
glutathione is depleted, acrolein potentiates the
nasal toxicity of formaldehyde to rats.

Acrolein is a metabolite of allyl alcohol
and cyclophosphamide, and these compounds
should be considered in acrolein metabolism
schemes. Allyl alcohol in the presence of
nicotinamide adenine dinucleotide phosphate
(NADPH) and liver or lung microsomes
degrades to acrolein, acrylic acid, and glycidol.

When added to water as an aquatic herbicide,
acrolein undergoes rapid decomposition, espe-
cially in the sunlight. At the same time, it reacts
rapidly with amines, alcohols, and mercaptans
of aquatic plants, destroying cell structure and
killing the plants. Mammals drinking acrolein-
contaminated water rapidly convert acrolein to
saturated alcohol compounds because of the
low pH in the upper portion of their gastroin-
testinal tracts; the primary breakdown product
is beta-propionaldehyde.

Many compounds including glutathione,
2-mercaptoethanol, beta-dimethylcysteamine,
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penicillamide, gamma-mercaptopropionylgly-
cine, and N-acetylcysteine mitigate or block
the toxic effects of acrolein. In frogs (Rana
Jjaponica), sulthydryl compounds reduce the
effects of acrolein on excitation—contraction
uncoupling in skeletal muscle. In mice, cys-
teine reduced the cytotoxic effects of acrolein
on tumor cells; in rabbits, cysteine miti-
gated acrolein-induced alveolar macrophage
calcium-dependent ATP-ase, phagocytosis,
and adhesiveness. In male rats, cysteine and
ascorbic acid antagonized the acute lethal
effects of orally administered acrolein, and
2-mercaptoethanol antagonized the inhibitory
effect of acrolein on liver DNA-polymerase.

1.4 Lethal and Sublethal Effects

Acrolein degrades quickly in soils and in
plant tissues regardless of mode of administra-
tion. Most terrestrial crop plants easily tolerate
25,000.0 pg of acrolein/L of irrigation water
and some can tolerate 70,000.0-80,000.0 pwg/L
without adverse effects. Terrestrial plants were
adversely affected at atmospheric concentra-
tions of 500.0 pg acrolein/L air, but this con-
centration exceeds the recommended value of
110.0 pg/L (0.25 mg/m?) air for protection of
human health in occupational settings.
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Adult fruit flies (Drosophila sp.) were com-
paratively resistant to acrolein and had low-
ered survival when reared in culture media
with greater than 3,700,000.0 ug acrolein/L.
At recommended concentrations for control
of nuisance submerged aquatic weeds (fre-
quently 100.0-1000.0 i g/L, often greater than
9600.0 wg/L), acrolein was lethal or harmful
to almost all aquatic vertebrates and inver-
tebrates tested in short-term exposures. The
most sensitive groups of tested aquatic organ-
isms in short-term assays were frog tadpoles
(dead at 7.0 pg/L), representative species of
fish (reduced survival at 14.0-62.0 pg/L), and
crustaceans (death or immobilization at 34.0-
80.0wg/L). Adverse effects of acrolein on
birds were observed at acute oral doses of
9100.0 pg/kg body weight (BW) (reduced sur-
vival), concentrations greater than 51.0 pg/kg
egg for egg injection (abnormal develop-
ment and reduced survival), and at greater
than 50,000.0 pwg/L air (respiratory tract
histopathology). In mammals, acrolein is a
strong cytotoxic and ciliostatic agent that is
irritating to mucous membranes of dermal,
ocular, gastrointestinal, and respiratory sys-
tems, and is systemically toxic by all routes
of exposure. Adverse effects of acrolein are
documented in sensitive species of mam-
mals under the following regimens: 50.0 pg/L
air for 1 min (increased blood pressure and
heart rate); 300.0 ug/L air for 10 min (ocu-
lar and nasal irritation); 500.0-1000.0 pg/L air
(repelled by odor); 660.0 pwg/L air for 24 days
(reduced survival); 8000.0-11,000.0 pg/L air
for 4-6h, or 875,000.0 ng/L air for 1 min
(death); dietary concentrations equivalent to
500.0 pg/kg BW for 102 weeks (decreased
survival); 850.0-6000.0 pg/kg BW by way of
intravenous injection (liver necrosis, embryo
resorption); and single oral doses between
4000.0 and 28,000.0 pLg/kg BW (death).

Acrolein was mutagenic to certain microor-
ganisms and to the fruit fly; mutagenicity may
be due, in part, to glycidaldehyde, an acrolein
metabolite. Injected into the amniotic fluid,
acrolein is teratogenic to rats; teratogenicity
may be due to acrylic acid, another acrolein
metabolite. There is limited evidence that
acrolein acts as a weak carcinogen and
tumor promoter. Acrolein interacts with other

chemicals, sometimes synergistically, addi-
tively, or antagonistically. Also, some chem-
icals normally contain acrolein as an impurity
or yield acrolein as a metabolite.

1.4.1 Terrestrial Plants and
Invertebrates

Most crop plants easily tolerate irrigation water
with 25,000.0 pg of acrolein/L and many tol-
erate 70,000.0-80,000.0 wg/L without adverse
effects — including corn (Zea mays), cotton
(Gossypium hirsutum), milo (Sorghum spp.),
squash (Cucurbita spp.), castor bean (Ricinus
communis), tomato (Lycopersicon esculen-
tum), alfalfa (Medicago sativa), and sugarcane
(Saccharum officinarum). Acrolein degrades
quickly in soils and plant tissues regardless
of mode of administration. Atmospheric con-
centrations of 500.0 pg acrolein/L and higher
were harmful to certain plants. Leaves of the
pinto bean (Phaseolus spp.) and morning glory
(Ipomoea spp.) developed brown foliar lesions
after exposure to 500.0 pug/L air for 4-7h;
damage was more severe if the plants were
moist during exposure. Leaves of the radish
(Raphanus spp.) developed lesions after expo-
sure to 1500.0 ug acrolein/L air for 6-7h;
however, leaves of the geranium (Germanium
spp.) and the tomato showed no adverse effects
after exposure to 1500.0 g/L air for 7 h.
Acrolein inhibits DNA, RNA, and pro-
tein synthesis in the bacterium Escherichia
coli, and this inhibition probably accounts
for its cytotoxic and inhibitory effects on
E. coli cell division. Acrolein is demonstrably
mutagenic to microorganisms and to larvae
of the fruit fly (Drosophila melanogaster).
Acrolein-induced mutagenicity — including
point mutations, sister chromatid exchanges,
and chromosome breakages — has been
observed in selected strains of bacteria
(E. coli, Salmonella typhimurium), yeast
(Saccharomyces cerevisiae), fruit fly lar-
vae, and cultured Chinese hamster ovary
cells. Acrolein’s mutagenicity may be due
to the metabolite glycidaldehyde: glycidalde-
hyde was mutagenic to bacteria and yeast
under controlled conditions. Studies with
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D. melanogaster show that acrolein is muta-
genic in the sex-linked recessive lethal
test when injected but not when fed.
Acrolein caused 2.2% sex-linked mutations
in D. melanogaster — the highest percent-
age recorded among several tested aldehy-
des. Early embryonic stages of fruit flies
were most sensitive to the mutagenic prop-
erties of acrolein, and sensitivity decreased
with increasing development to the point that
adults showed negligible mutagenic responses.
Adults of the fruit fly were generally resis-
tant to acrolein; mortality was 25% when the
culture medium contained 3,700,000.0 pg of
acrolein/L, 50% at 8,600,000.0 pg/L, and 75%
at 22,100,000.0 p.g/L.

1.4.2 Aquatic Organisms

Adverse effects of acrolein on sensitive groups
of aquatic organisms are documented at
concentrations —in pg acrolein/L medium — as
low as 7.0 for frog tadpoles (death), 14.0-62.0
for fish (death), 34.0-80.0 for crustaceans
(death, immobilization), 50.0 for oysters
(reduction in shell growth rate), 100.0-200.0
for freshwater algae (DNA and RNA reduc-
tion, photosynthesis inhibition), 151.0 for
gastropods (death), >151.0 for insects (death),
500.0-2000.0 for macrophytes (leaf cell dete-
rioration, death), 1250.0 for trematodes (death
of miracidia in 20 min), and 62,000.0 for bac-
teria (growth reduction). Aquatic vertebrates
were more sensitive than invertebrates, and
younger fish were more sensitive than older
fish. Aquatic insects do not avoid acrolein
at concentrations that repel fish. Freshwater
fishes and macroinvertebrates, when exposed
under static conditions to sublethal concen-
trations of “C-labeled acrolein, metabolize
acrolein so rapidly that neither acrolein nor
its major oxidative and reductive metabolites
(acrylic acid, allyl alcohol) were detected in
edible tissues within 24 h after dosing.

As a herbicide, acrolein is most effec-
tive in controlling dense accumulations of
submerged weeds in habitats where water
flow is rapid and uniform, such as irri-
gation canals and rapidly flowing streams.
Acrolein is lethal to various genera of
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submerged plants (Hydrodictyon, Spirogyra,
Potamogeton, Zannichellia, Cladophora,
Ceratophyllum, Elodea, Chara, Najas) at
1500.0-7500.0 pg/L. But some floating plants
(Pistia, Eichornia, Jussiaea) are more resis-
tant to acrolein than submerged plants and
require concentrations that are at least dou-
ble than those necessary for submerged forms.
Also, acrolein has little effect on emergent
aquatic macrophytes and should not be used
to control emergents. Acrolein is the only
herbicide now used in Australia for con-
trol of submerged aquatic weeds in larger
irrigation canals; effective plant control was
obtained at 9.6-28.8 mg/L for 3 h. In the United
States, the U.S. Bureau of Reclamation con-
trols aquatic algae and weeds at lower con-
centrations (0.1 mg/L) and longer exposures
(48h). In the Columbia River Basin in the
state of Washington, acrolein is used to control
submerged aquatic macrophytes at concentra-
tions of 0.1 mg/L for 48 h or 1.0 mg/L for 4-8 h
with applications every 3—5 weeks. Vegetation
destruction by acrolein is maximal 1 week after
application, and green filamentous algae are
usually the first plants to return after 1 month.
Biomass and species diversity were altered in
acrolein-treated phytoplankton populations in
Egyptian irrigation canals, 1 year after treat-
ment. Although acrolein is a powerful cyto-
toxic agent, its inhibitory effects at sublethal
concentrations on plant mitosis, nucleic acid
synthesis, and protein synthesis are considered
completely reversible.

Acrolein in concentrations sufficient to
control nuisance submerged aquatic weeds
may also kill snails, crayfish, shrimp, fish,
and toads. In one case, acrolein was used
to control Potamogeton and Chara in an
Ohio farm pond during June. Acrolein was
applied at 16,100.0 ng/L to a 0.1 ha por-
tion of the 0.7-ha pond. Within 1h of appli-
cation, many dead amphibian tadpoles and
small bluegills (Lepomis macrochirus) were
recovered. In 24h, Chara had turned white
and Potamogeton brown; both plant species
seemed dead; fish were swimming in the
treated area. In 72-96 h, several large dead
walleyes (Stizostedium vitreum) were found.
One week posttreatment, all algae and weeds
in the treated area were dead; weeds were
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