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FOREWORD

This toxicological profile is prepared in accordance with guidelines developed by the Agency for Toxic
Substances and Disease Registry (ATSDR) and the Environmental Protection Agency (EPA). The
original guidelines were published in the Federal Register on April 17, 1987. Each profile will be revised
and republished as necessary.

The ATSDR toxicological profile succinctly characterizes the toxicologic and adverse health effects
information for these toxic substances described therein. Each peer-reviewed profile identifies and
reviews the key literature that describes a substance's toxicologic properties. Other pertinent literature is
also presented, but is described in less detail than the key studies. The profile is not intended to be an
exhaustive document; however, more comprehensive sources of specialty information are referenced.

The focus of the profiles is on health and toxicologic information; therefore, each toxicological profile
begins with a relevance to public health discussion which would allow a public health professional to
make a real-time determination of whether the presence of a particular substance in the environment
poses a potential threat to human health. The adequacy of information to determine a substance's health
effects is described in a health effects summary. Data needs that are of significance to the protection of
public health are identified by ATSDR.

Each profile includes the following:

(A) The examination, summary, and interpretation of available toxicologic information and
epidemiologic evaluations on a toxic substance to ascertain the levels of significant
human exposure for the substance due to associated acute-, intermediate-, and chronic-
duration exposures;

(B) A determination of whether adequate information on the health effects of each substance
is available or in the process of development to determine levels of exposure that present
a significant risk to human health of acute, intermediate, and chronic health effects; and

© Where appropriate, identification of toxicologic testing needed to identify the types or
levels of exposure that may present significant risk of adverse health effects in humans.

The principal audiences for the toxicological profiles are health professionals at the Federal, State, and
local levels; interested private sector organizations and groups; and members of the public.

This profile reflects ATSDR’s assessment of all relevant toxicologic testing and information that has been
peer-reviewed. Staffs of the Centers for Disease Control and Prevention and other Federal scientists have
also reviewed the profile. In addition, this profile has been peer-reviewed by a nongovernmental panel
and was made available for public review. Final responsibility for the contents and views expressed in
this toxicological profile resides with ATSDR.

Christopher M. Reh, Ph.D.
Associate Director

Agency for Toxic Substances and Disease Registry
Centers for Disease Control and Prevention
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*Legislative Background

The toxicological profiles are developed under the Comprehensive Environmental Response,
Compensation, and Liability Act of 1980, as amended (CERCLA or Superfund). CERCLA section
104(i)(1) directs the Administrator of ATSDR to “...effectuate and implement the health related
authorities” of the statute. This includes the preparation of toxicological profiles for hazardous
substances most commonly found at facilities on the CERCLA National Priorities List (NPL) and that
pose the most significant potential threat to human health, as determined by ATSDR and the EPA
Section 104(i1)(3) of CERCLA, as amended, directs the Administrator of ATSDR to prepare a
toxicological profile for each substance on the list. In addition, ATSDR has the authority to prepare
toxicological profiles for substances not found at sites on the NPL, in an effort to “...establish and
maintain inventory of literature, research, and studies on the health effects of toxic substances” under
CERCLA Section 104(i)(1)(B), to respond to requests for consultation under section 104(i)(4), and as
otherwise necessary to support the site-specific response actions conducted by ATSDR.



MERCURY

VERSION HISTORY

Date Description

October 2024 Final toxicological profile released

April 2022 Draft for public comment toxicological profile released
March 2013 Addendum to the toxicological profile released

March 1999 Final toxicological profile released

May 1994 Final toxicological profile released

December 1989

Final toxicological profile released



MERCURY vi

CONTRIBUTORS & REVIEWERS

CHEMICAL MANAGER TEAM

Rae T. Benedict, Ph.D. (Lead) Julie M. Klotzbach, Ph.D.
Breanna Alman, M.P.H Mario Citra, Ph.D.

Fahim Atif, Ph.D. Gary L. Diamond, Ph.D.
Franco Scinicariello, M.D., M.P.H. Deborah Herber, Ph.D.

Lisa Ingerman, Ph.D., D.A.B.T.
Connor McGuire, Ph.D.

Sara Nieman, M.S.

Sabah Tariq, M.S,

Kimberly Zaccaria, Ph.D., D.A.B.T.

ATSDR, Office of Innovation and Analytics, SRC, Inc., North Syracuse, NY
Toxicology Section, Atlanta, GA

REVIEWERS

Interagency Minimal Risk Level Workgroup:
Includes ATSDR; National Center for Environmental Health (NCEH); National Institute for
Occupational Safety and Health (NIOSH); U.S. Environmental Protection Agency (EPA), Center for
Public Health and environmental Assessment; EPA, Office of Water; National Toxicology Program
(NTP).

Additional reviews for science and/or policy:
ATSDR, Office of Community Health Hazard Assessment; ATSDR, Office of Capacity Development
and Applied Prevention Science; ATSDR, Office of Science; NCEH, Division of Laboratory Sciences;
NCEH, Division of Environmental Health Science and Practice; EPA, Office of Research and
Development; EPA, Office of Water.

PEER REVIEWERS

1. Harvey Clewell, Ph.D.; Principal Consultant; Ramboll US Consulting, Inc.; Monroe, Louisiana

2. William Pan, Ph.D.; The Elizabeth Brooks Reid and Whitelaw; Reid Associate Professor of
Population Studies; Durham, North Carolina

3. Kristine Vejrup, Ph.D.; Associate Professor; Norwegian Institute of Public Health; Division of
Occupational and Environmental Medicine; Lund University; Lund, Sweden

These experts collectively have knowledge of toxicology, chemistry, and/or health effects. All reviewers
were selected in conformity with Section 104(I)(13) of the Comprehensive Environmental Response,
Compensation, and Liability Act, as amended.

ATSDR scientists review peer reviewers’ comments and determine whether changes will be made to the
profile based on comments. The peer reviewers’ comments and responses to these comments are part of
the administrative record for this compound.

The listing of peer reviewers should not be understood to imply their approval of the profile's final
content. The responsibility for the content of this profile lies with ATSDR.



MERCURY vii

CONTENTS

DISCLAIMER ...ttt ettt bttt b bbbttt e st b e st b et et e st ebeneeanes il
FOREWORD ..ottt sttt et b bttt ettt ae st bt il
VERSION HISTORY ...ttt sttt v
CONTRIBUTORS & REVIEWERS ...ttt ettt st sttt vi
CONTENTS ...ttt ettt h e bt b ettt h e bbbttt ebeeb e e bt ettt ebeebeee vii
LIST OF FIGURES ..ottt sttt sttt a sttt ene e X
LIST OF TABLES ...ttt sttt X
CHAPTER 1. RELEVANCE TO PUBLIC HEALTH ....ccutiiiiiieeeee ettt 1
1.1  OVERVIEW AND U.S. EXPOSURES ... .ottt 1
1.2 SUMMARY OF HEALTH EFFECTS ..ottt 2
1.3 MINIMAL RISK LEVELS (MRLS) ..cuorttitiiiiiieiiintenceecen ettt e 12
CHAPTER 2. HEALTH EFFECTS ..ottt sttt sttt st 18
2.1 INTRODUCTION....ceetiiiitiirtenente ettt ettt ettt sttt ettt be et eaes 18
2.2 ACUTE POISONING IN HUMANS . ...ttt ettt 167
2.3 DEATH oottt ettt 168
2.4 BODY WEIGHT ..ottt ettt sttt sttt sbe ettt st naes 174
2.5 RESPIRATORY .ottt sttt sttt sae e 183
2.6 CARDIOVASCULAR ..ottt sttt sttt 190
2.7 GASTROINTESTINAL......coitititeieet ettt ettt st ettt sttt 221
2.8 HEMATOLOGICAL .....ciiiiitiitititieteee ettt sttt 224
2.9 MUSCULOSKELETAL ..ottt ettt ettt et e e ne e eseeees 233
2,10 HEPATIC ..ttt ettt sttt st 239
201 RENAL Lottt ettt sttt et e b bbbttt ebe i 253
212 DERMAL ..ottt ettt sttt sttt eae e 283
2,13 OCULAR ..ottt sttt st eae e 286
2.14 ENDOCRINE ..ottt ettt ettt ettt ettt ettt be et sbe et enees 288
2.15 IMMUNOLOGICAL ...ttt ettt sttt 304
2.16  NEUROLOGICAL......ccocciiiiiiiiitiieie ettt sttt 328
2.16.1 Neurodevelopmental Effects..........cccveiiiiiiiiiiiiiieeeee e 332
2.16.2 Neurological Effects in AdUltS .........ccocuiiioiiiiiiiicicce et 407
2.17 REPRODUCTIVE ..ottt sttt 448
2.18 DEVELOPMENTAL ..ottt ettt ettt ettt st be st be et et e 481
2,19 CANCER ...ttt et ettt ettt et b e e bttt b e et be et 513
220 GENOTOXICITY .otioteieiieitetinienenteteteie ettt sttt ettt sttt s ae ettt sae b sae e ennenees 520
2.21 GENERAL MECHANISMS OF ACTION ....ooiiiiiiiieieiieeee ettt 533

CHAPTER 3. TOXICOKINETICS, SUSCEPTIBLE POPULATIONS, BIOMARKERS,

CHEMICAL INTERACTIONS ...ttt 537

3.1 TOXICOKINETICS......coieieiieiieiett ettt ettt et st etesbeste et enseeseessenseeseessessesssensassesssansansens 537
311 ADSOTPLION . ...iiiiiiiitiieetie ettt e et e et e eeiteeebeeetbeestbeessseeessaeessseeasseeensseessseessseeassseensseesnseeenses 540
3,12 DISHIIDULION .ueeutiiiieiieiiie e cteeteete et et e et e et e stbestaessbeesbeesseessaeseesssessaesssessseasseessesssenssenssenns 550

TN G T Y (51 170 ) 13 s DO OO TSSOSO 565
3,14 EXCICLION .ocuuviiiiiiieiie ettt ettt ettt e e ettt e e v e et e e etaeestaeeenbeeetaeesebeeenseeesseeeaseasnseeesseesnsesenses 567
3.1.5  Physiologically Based Pharmacokinetic (PBPK)/Pharmacodynamic (PD) Models ........... 573

3.2  CHILDREN AND OTHER POPULATIONS THAT ARE UNUSUALLY
SUSCEPTIBLE ...ttt ettt et st st st st ene b e be e neennees 590



MERCURY viii

3.3 BIOMARKERS OF EXPOSURE AND EFFECT .......cccieoieiiiriieieiecieeteieeeeeee e 594
3.3.1  Biomarkers 0f EXPOSUIE.......ccuiiiiiiiiiiiiiiecie ettt ettt sveeeveeeaae e ebeeenreeeseseenens 595
3.3.2  Biomarkers Of EfFECE .......cviiiiiiiieieieciee ettt st st 601

3.4 INTERACTIONS WITH OTHER CHEMICALS .......ccoioiiieieieieeeteee e 601

CHAPTER 4. CHEMICAL AND PHYSICAL INFORMATION .......cooeviiriieiieeie et 603
4.1  CHEMICAL IDENTITY oottt ettt ettt st sttt st 603
4.2  PHYSICAL AND CHEMICAL PROPERTIES ......cccioieieiiieieeeceeteie et 605

CHAPTER 5. POTENTIAL FOR HUMAN EXPOSURE .......ccciociiiieiiciieeeeeceeeee e 610

5.1 OVERVIEW ..ottt ettt ettt ettt e besaa et e b e eseesse s e esaessesseansensesseassansens 610

5.2 PRODUCTION, IMPORT/EXPORT, USE, AND DISPOSAL .......cceeiiirieeieeeeeeee 612
52,1 PrOQUCHION c..veeviciiiciieciie st ete ettt ettt et et e esteesteesebessbessseesseesseessaesseesssesssesssesssesssessseassenns 612
IR 141070 ) 4 74 254 0T ) AU SRS PUURTRRRN 617
5.2.3 UL tieieii ettt ettt ettt a et a e et e st et e teene et e be st ent e teeatenteseententeeseeneennas 618
TR B ] oo 1Y Y S 621

5.3  RELEASES TO THE ENVIRONMENT .......cioitiitiieierieste ettt sneesenesene e 622
0 T8 N § OO SRPUURR PP 623
I T 1<) SO OO OO OO PTRPRURRRPON 629
5303 00l ettt ettt s et e bt ea e et e bt et e nteeneenean 631

54  ENVIRONMENTAL FATE .....ooioieieeeeteett ettt sttt besse e saaensanse s 632
5.4.1  Transport and Partitioning..........cceceeiieeiieeiiiieiiiecieeeiee et et sreeetreesreesreeeaeeeseseeseveeenees 634
5.4.2  Transformation and Degradation ..........c.cceccuiervierciieeiieeiieeeiee et ee e s enes 642

5.5 LEVELS IN THE ENVIRONMENT ........ccciiiitiitiiteit et eieeeesee e seeesenessnesnresnsaesseessaessaessaens 647
0 T8 N § USSP 649
552 WA ettt ettt et ettt e b e e bt e bt e eht e ettt et e e teebe e 653
5.5.3  Sediment and SO1l .....ccieiieiieiieiiecie e e et aesraesraeerre e 655
554  Other MEAIA ....coouviiiieiieiieieeiteteste ettt ettt ettt e st esaesatesabesnseenseeseeseesseesanesnsenns 658

5.6  GENERAL POPULATION EXPOSURE.......cccoooiiieiiieieeteteie ettt 679

5.7 POPULATIONS WITH POTENTIALLY HIGH EXPOSURES ........cccccveviiiieiieieieieienne 701

CHAPTER 6. ADEQUACY OF THE DATABASE ...ttt 702

6.1 INFORMATION ON HEALTH EFFECTS......cotiotieiecieciteeee ettt sire st sevesaveesne e 702

6.2 IDENTIFICATION OF DATA NEEDS ......cootioteoieieriecieste ettt ettt snse s e 702

6.3 ONGOING STUDIES.......oiottiieiete ettt ettt este st e e ste st estessesseessesseeseessessesssessessesssensansens 717

CHAPTER 7. REGULATIONS AND GUIDELINES ........oooiiieiieiieteiteeesee st se e ens 721
CHAPTER 8. REFERENCES ...ttt sttt st et b e st e e sse e st ensesaeeneensansens 725
APPENDICES

APPENDIX A. ATSDR MINIMAL RISK LEVEL WORKSHEETS .......c.coovooiiiiieieceecre e A-1

APPENDIX B. LITERATURE SEARCH FRAMEWORK FOR MERCURY .....c..ccceevrcriecrierieieennen, B-1

APPENDIX C. USER’S GUIDE ......ccoiiieieiieiieteiecteeeete ettt ettt ettt eae st e sssessassesssesessaensensenns C-1

APPENDIX D. QUICK REFERENCE FOR HEALTH CARE PROVIDERS ........ccooiiiirieeeeee D-1

APPENDIX E. GLOSSARY ittt ettt sttt st e bt et eebe et eeenes E-1

APPENDIX F. ACRONYMS, ABBREVIATIONS, AND SYMBOLS ......cccoiiiiiiiriiiiieeeeeeeeeen F-1



MERCURY ix

LIST OF FIGURES

1-1. Health Effects Found in Animals Following Inhalation Exposure to Elemental Mercury................... 9
1-2. Health Effects Found in Animals Following Oral Exposure to Inorganic Mercuric Salts ................. 10
1-3. Health Effects Found in Animals Following Oral Exposure to Organic Mercury ...........ccccceevenenee. 11
1-4. Summary of Sensitive Targets of Elemental Mercury — Inhalation ............ccoccovoieieninienenneceeee 12
1-5. Summary of Sensitive Targets of Inorganic Mercuric Salts — Oral...........ccccoviriniinininienineeee 13
1-6. Summary of Sensitive Targets of Organic Mercury — Oral...........ccccceeeviiiiiiieeiiieeiie e 14
2-1. Overview of the Number of Studies Examining Elemental Mercury Health Effects in

L0 F:1 o113 PSPPSR 33
2-2. Overview of the Number of Studies Examining Inorganic Mercuric Salts Health Effects in

L0 T2 0173 U TRTS 34
2-3. Overview of the Number of Studies Examining Organic Mercury Health Effects in

CRAPLET 2 .ottt e et e et e et e e bt e bt e ta e taeetbessbeasseasseasseasseesseesseessaeessessbessbeesbeanseesseenseenseas 35
2-4. Overview of the Number of Studies Examining Mercury Health Effects—Unspecified

General Population EXposure in Chapter 2 ...........occviiviiiiiiieiiie et esreesree e e sreeevaeeseveesnnee s 36
2-5. Levels of Significant Exposure to Elemental Mercury — Inhalation............ccccoooeevenininieninceennne. 45
2-6. Levels of Significant Exposure to Mercuric Oxide — Inhalation ............cccceeveeviiiniiieiciie e, 51
2-7. Levels of Significant Exposure to Inorganic Mercury Salts — Oral...........ccccoooiriiiinininieninieee 80
2-8. Levels of Significant Exposure to Organic Mercury — Oral..........cccccveeviieriieiciienieeeieeevee e 143
5-1. Number of NPL Sites with Mercury or Mercury Compound Contamination .............cc.ecveeveeveenen. 610
5-2. Temporal Atmospheric Emissions of Mercury from Facilities Required to Report to the

TOXICS REIEASE INVENTOTY ...icvviiviieiiieiicsiiesiecte et e et et ete et e e et estaestaesebessaessbessseesseesseesseesseesseens 628
5-3. Global Mercury Budget: Impact of Human Activities on the Mercury Cycle and the

Resulting Increase in Mercury Accumulated in Soils and OCeans...........ccceevveerieeecieeerieesciee e, 633
5-4. Transformation of Mercury in Air, Water, and Sediment ............ccccevverieriierireecieecreeieereeieeseeenieens 643
6-1. Summary of Existing Health Effects Studies on Elemental Mercury by Route and Endpoint......... 703
6-2. Summary of Existing Health Effects Studies on Inorganic Mercuric Salts by Route and

ENAPOINT ..ttt ettt e et e et e s et e et e et e eate et e e be e be e bt e s neeenteentesnteenteennean 704
6-3. Summary of Existing Health Effects Studies on Organic Mercury by Route and Endpoint............ 705
6-4. Summary of Existing Health Effects Studies on General Population Exposure to Mercury

(Unspecified Route and FOTM) ..........cooiiiiiiiiiiiiiecet ettt 706



MERCURY

LIST OF TABLES

1-1. Minimal Risk Levels (MRLs) for Elemental Mercury ...........ccccoeviereenienienienieeieee e
1-2. Minimal Risk Levels (MRLs) for Inorganic Mercury Salts ...........ccoceririenieneneeereeeeereeeeee
1-3. Minimal Risk Levels (MRLS) for Methylmercury ............ccoecuveeieeriiereenienieesiieeie e
2-1. Levels of Significant Exposure to Elemental Mercury — Inhalation.............cccoeeeieninceneneeneene.
2-2. Levels of Significant Exposure to Mercuric Oxide — Inhalation ..........ccecceveninienininenenineee.
2-3. Levels of Significant Exposure to Inorganic Mercury Salts — Oral..........cccoeevviieiiieccee e,
2-4. Levels of Significant Exposure to Organic Mercury — Oral..........coceviririeniiinnenieeeneeceee

2-5. Results of Epidemiological Studies Evaluating Exposure to Mercury (Predominant Mercury
Form Unknown) and Death in General Populations..............cccvevievierienienieniesie e e

2-6. Results of Epidemiological Studies Evaluating Body Weight Effects of Mercury Exposure
(Predominant Mercury Form Unknown) in General Populations ...........ccccoccveeeeiieiiieenieeeciie e,

2-7. Results of Epidemiological Studies Evaluating Exposure to Mercury (Predominant Mercury
Form Unknown) and Respiratory Effects in General Populations ..........cccccocevevveninenninincnncnnne

2-8. Results of Epidemiological Studies Evaluating Exposure to Elemental Mercury (Hg") and
Effects on Cardiovascular OULCOIMES. .......ooueeieriiriirierieeieeteteete ettt s

2-9. Effects on Blood Pressure in Rats Exposed to Mercuric Chloride via Drinking Water
EXPOSULE ...ttt ettt e ettt e e st e e e sttt e e s e abtee e s abteeesnbeeeeentaeeeeabeeeeenbeeeeenreas

2-10. Epidemiological Studies Evaluating Associations between Mercury and Blood Pressure
and Cardiac Function in Populations with High Fish Diets ........c.cccccceeviiiviieiciiiiieieeeee e,

2-11. Effects on Blood Pressure in Laboratory Animals Exposed to Methylmercuric Chloride via
OFal EXPOSUIE .....ieutieiieitieeiie ettt et ettt ettt et e st e st e et e e e et e e e e st eteesteesseesseasnsesnseenseenseenseenseans

2-12. Overview of Epidemiological Studies Evaluating Associations between Mercury
(Predominant Mercury Form Unknown) and Blood Pressure in General Populations ..................

2-13. Epidemiological Studies Evaluating Associations between Mercury (Predominant Mercury
Form Unknown) and Cardiovascular Disease and Mortality due to Cardiovascular Disease
1N General POPUIALIONS .....cc.oouiiiiriiiiiiinieiteeete ettt ettt st

2-14. Results of Epidemiological Studies Evaluating Exposure to Elemental Mercury (Hg") and
HematologiCal EFFECTS .....c.iecvieiieiieiecie ettt sttt eteesseesnaesseesnsesnnas

2-15. Hematological Effects in Rodents Orally Exposed to Mercuric Chloride............cccceecvvevveeennennee.

2-16. Results of Epidemiological Studies Evaluating Exposure to Mercury (Predominant
Mercury Form Unknown) and Hematological Effects in General Populations...........c..cccccvenneeee.



MERCURY Xi

2-17.

2-18.

2-19.

2-20.

2-21.

2-22.

2-23.

2-24.

2-25.

2-26.

2-27.

2-28.

2-29.

2-30.

2-31.

2-32.

2-33.

2-34.

2-35.

2-36.

Results of Epidemiological Studies Evaluating Exposure to Mercury (Predominant
Mercury Form Unknown) and Musculoskeletal Effects in General Populations..............cc........... 236

Hepatic Clinical Chemistry in Rodents Orally Exposed to Mercuric Chloride...........ccccceeuenuenneee. 243

Results of Epidemiological Studies Evaluating Exposure to Mercury (Predominant
Mercury Form Unknown) and Hepatic Serum Enzymes in General Populations.............cc..c........ 247

Results of Epidemiological Studies Evaluating Exposure to Mercury (Predominant
Mercury Form Unknown) and Dyslipidemia in General Populations...........ccccccveevivierieencieennnenns 249

Results of Epidemiological Studies Evaluating Exposure to Elemental Mercury (Hg") and

RENAL EFTECLS ...eiiiiiieciiece et ettt et ettt e st e st e st e st e eateeabeebeenbeenseenaeas 257
Kidney Lesions in Rats Orally Exposed to Mercuric Chloride ..........cccovvevierieiciiniinieeiecieeienn, 264
Kidney Lesions in Mice Orally Exposed to Mercuric Chloride ...........ccoceevienieniiniiniinieeieeee, 265
Relative Kidney Weight and Clinical Chemistry in Rats Orally Exposed to Mercuric

CRIOTIAC ...ttt et b e s a et e bt e bt et e s bt e bt et e sb e e st et e sbe e st ebeebeeneenee 268
Kidney Weight and Clinical Chemistry in Mice Orally Exposed to Mercuric Chloride................ 271
Urinalysis in Rats Orally Exposed to Mercuric Chloride............ccvevierieriieniieniieeieeieeieeieeieeiens 273
Kidney Lesions in Animals Orally Exposed to Organic Mercury........ccocceeceeeeerieniesieeseeenieeneenn 276

Results of Epidemiological Studies Evaluating Associations between Mercury
(Predominant Mercury Form Unknown) and Renal Effects in General Populations..................... 278

Results of Epidemiological Studies Evaluating Exposure to Elemental Mercury (Hg") and
Effects on Thyroid HOTINONES .......cccuoiiiiiiiiiiieieeeee ettt 291

Thyroid Function and Hormone Levels in Female Rats and Mice Orally Exposed to
INOTZAanic METCUIY SAILS ....cccviiiiiiieiieiie ettt ettt sre e st eseeesebesebeeebeesseesbeesaesseessaessnesssensnas 293

Corticosterone levels and Adrenal Gland Weight in Rodents Orally Exposed to Mercuric
CRIOTIAC ...ttt sttt sttt bttt b e eat et sb e eat et she e e et e sbeeneenee 294

Overview of Epidemiological Studies Evaluating Associations between Mercury
(Predominant Mercury Form Unknown) and Thyroid Hormones in General Populations............. 298

Overview of Epidemiological Studies Evaluating Associations between Mercury Exposure
(Predominant Mercury Form Unknown) Glucose Homeostasis in General Populations............... 301

Results of Epidemiological Studies Evaluating Exposure to Elemental Mercury (Hg") and
IMMUNOIOGICAL ETECLS ...vviieviieiiiiieiiecie ettt sb e re e ste e sraeseaenenenenas 307

Results of Epidemiological Studies Evaluating Immunological Effects in Populations with
| Fed 0 2 ] 1 U USRS 311

Functional Immune Assays in Rodents Orally Exposed to Methylmercury During
LD TS 1070) 10T o L PP 315



MERCURY Xii

2-37.

2-38.

2-39.

2-40.

2-41.

2-42.

2-43.

2-44.

2-45.

2-46.

2-47.

2-48.

2-49.

2-50.

2-51.

2-52.

2-53.

2-54.

Functional Immune Assays in Laboratory Animals Orally Exposed to Methylmercury

DUring Adulthiood. .........coouiiiiiieie et et e et e stb e e s be e et e e etaeeenbaeenbeeenees 318
Immune Organ Weight and Cellularity in Rodents Orally Exposed to Methylmercury ................ 320
Results of Epidemiological Studies Evaluating Exposure to Mercury (Predominant

Mercury Form Unknown) and Immunological Effects in General Populations............ccccccveeneeee. 322
Results of Skin Patch Tests to Mercury Compounds in General Populations...........cc.cceeeeereennnene 327

Results of Epidemiological Studies Evaluating Exposure to Elemental Mercury (Hg") in
Populations with Mercury Amalgam Dental Restorations and Neurodevelopmental Effects........ 334

Results of Epidemiological Studies Evaluating Exposure to Methylmercury and
Neurodevelopmental Effects—Prospective Birth Cohorts in the Seychelle Islands....................... 344

Results of Epidemiological Studies Evaluating Exposure to Methylmercury and
Neurodevelopmental Effects—Prospective Birth Cohort in the Faroe Islands ..........c.ccccuveeuneeenee. 356

Results of Epidemiological Studies Evaluating Exposure to Methylmercury and
Neurodevelopmental Effects—Prospective Birth Cohort in the Nunavik Region of Arctic
CANAAEA ...ttt et s h ettt b et b et b bbbt e enee 364

Results of Epidemiological Studies Evaluating Exposure to Methylmercury and
Neurodevelopmental Effects—Amazonian River Basin Studies .........cccceeeevievienienienieeieeen, 367

Neurodevelopmental Effects in Male and Female Primates Following Oral Exposure to

Methylmercury COMPOUNAS ........ccveriirierierieeiteeteesttesteesseesteeseestessseesseenseesseeseessaesseesseesssesssesnses 373
Neurobehavioral Effects in Rodents Following Acute-Duration Oral Exposure to

Methylmercury Compounds During Development ...........c.ccvevverierieiciiiieeieeie e eseesieesenesenas 375
Neurobehavioral Effects in Rodents Following Intermediate-Duration Oral Exposure to
Methylmercury Compounds During Development ...........cccooocviiieiiieniieniieeciee e 377
Dose-Response Data for Sensitive and Consistently Observed Neurobehavioral Effects in

Rodents following Oral Exposure to Methylmercury During Development............cccccceceeviennnee. 380
Results of Epidemiological Studies Evaluating General Population Exposure to Mercury
(Predominant Mercury Form Unknown) and Neurodevelopmental Effects ...........ccccoccecvenenennee. 389
Results of Epidemiological Studies Evaluating Exposure to Elemental Mercury (Hg") and
B0 (o) (oA o1 B 5 i 15T -SSR 408
Results of Epidemiological Studies Evaluating Exposure to Methylmercury or

Ethylmercury and Neurological Effects in AdUlts..........ccccvevierieriinieniinie e 428
Neurological Effects in Primates Following Oral Exposure to Methylmercury Compounds ........ 436

Neurobehavioral and Neurophysiological Effects in Rodents Following Adult Oral
Exposure to Methylmercury COmMPOUNS.........c.eevviervieiiieriieieeiieseeseeseeseesaesnesressreesseesseessaesses 437



MERCURY

2-55.

2-56.

2-57.

2-58.

2-59.

2-60.

2-61.

2-62.

2-63.

2-64.

2-65.

2-66.

2-67.

2-68.

2-69.

2-70.

2-71.

2-72.

Dose-Response Data for Sensitive Neurobehavioral Effects in Mice following Acute-
Duration Oral Exposure t0 MethylmerCury ...........cccveiciiiiiiiiniie ettt

Results of Epidemiological Studies Evaluating General Population Exposure to Mercury
(Predominant Mercury Form Unknown) and Neurological Effects ..........ccocooveeveniniicncncncnnns

Results of Epidemiological Studies Evaluating Exposure to Elemental Mercury (Hg") and
ReProduCtiVE EECLS ....vieiieiieiieiicieesee ettt ettt st e eesse e saessaessaennnennnas

Reproductive Function in Rodents Orally Exposed to Mercuric Chloride when Both Sexes
N Ll 21401 1< IS

Reproductive Function in Male Rodents Orally Exposed to Mercuric Chloride Prior to
Mating to UnexXposed FEMALES ........ccceeeviiiiiiieiiieciie ettt et sre et eeteeesereesbeeetaeeebeeenneeenes

Reproductive Function in Female Rodents Orally Exposed to Mercuric Chloride Prior to
Mating to UneXpoSed Males. .........cocuiriiriiriiiiiiiiiiieiteteseetee ettt ettt st nre e

Sperm Parameters and Male Reproductive Hormones in Male Rodents Orally Exposed to
METCUTIC CRIOTIAR ..ottt ettt b e et e e sbe et et saeeneene

Epidemiological Studies Evaluating Associations between Mercury and Reproductive
Effects in Populations with High Fish DIEts ........ccccccieviiiriiiiiiiiesiesiecee e

Reproductive Function in Male Rodents Orally Exposed to Methylmercuric Chloride via
Gavage Prior to Mating to Unexposed Females..........ccoocviiriiiiiiiiiiiicieceeeeeecee e

Reproductive Function in Female Laboratory Animals Orally Exposed to Methylmercury
COMPOUNGS....c.eviiiieiieeiiieeiie et et e et e e steeebe e ettt estbeesabeeestaeessseessseeassseesssaesssseessseessseeasseeesseensseennses

Sperm Parameters in Male Laboratory Animals Orally Exposed to Methylmercury
COMIPOUINAS ...ttt ettt ettt et et et et esteesttesteeeateembeenteenseenseenseeseesseeeseasnsesnseenseenseenseenseans

Overview of Epidemiological Studies Evaluating Associations between Mercury
(Predominant Mercury Form Unknown) and Reproductive Effects in General Populations.........

Results of Epidemiological Studies Evaluating Exposure to Elemental Mercury (Hg") and
Developmental EffECtS ......cccuiiiiiiiiiiicie ettt st e bbb e sb et e e ra e sraessaeserenenas

Epidemiological Studies Evaluating Associations between Mercury and Developmental
Effects in Populations with High Maternal Fish Diets ..........cccccoevviiiiiiiinciiieciiecieeceeeee e

Pre- and Postnatal Survival in Rats Following Gestation-Only Exposure to Methylmercury
COMIPOUINAS ...ttt ettt ettt et et et e e sttesttesaeeeateeateeabeenseenseenseeseesseesneasnsesnseenseenseenseenseans

Pre- and Postnatal Survival in Mice Following Gestation-Only or Gestation plus Lactation
Exposure to Methylmercury COmMPOUNAS........cccereeuierieriirierienieeteieeteeee sttt

Malformations and Variations in Rats Following Gestation-Only Exposure to
Methylmercury COMPOUNGS.......ccverierieiieirieieeteesteesteesteesreesteessaessressseesseesseesseessessseesssesssesssensnes

Malformations and Variations in Mice Following Gestation-Only Exposure to
Methylmercury COMPOUNGS ........c.eeeivieiiiieiieecieeereeeieeeteeesveeeteeesteeeeveeseseeessaeessaeessseesssesessseensns

xiii



MERCURY Xiv

2-73.

2-74.

2-75.

2-76.

2-77.

2-78.

2-79.

2-80.

2-81.

2-82.

2-83.

3-1.

3-2.

4-1.

4-2.

5-1.

5-2.

5-3.

5-6.

5-7.

5-8.

Body Weight and Length Effects in Rats Following Gestation or Gestation Plus Lactation
Exposure to Methylmercury COmMPOUNGS.........ccvierviiiiieiiiieeieeereeeieeeseeeereesveeeseeeeseveesseeeeneenes 499

Body Weight Effects in Mice Following Gestation-Only Exposure to Methylmercury
COMIPOUINAS ...ttt ettt ettt et et et et e e steesttesaeeeatesmbeenteenseenseeseesseesseesseesnsesnseenseanseenseenseens 502

Overview of Epidemiological Studies Evaluating Associations between Mercury
(Predominant Mercury Form Unknown) and Anthropometric Measures in Newborns in
General POPULALIONS. ....coouiiiiiiit ettt ettt ettt ettt e st esae e et esnteenteenbeenseeneenseens 504

Overview of Epidemiological Studies Evaluating Associations between Mercury
(Predominant Mercury Form Unknown) and Postnatal Growth in General Populations............... 510

Overview of Epidemiological Studies Evaluating Associations between Mercury
(Predominant Mercury Form Unknown) and Congenital Defects in General Populations............ 512

Results of Epidemiological Studies Evaluating Exposure to Mercury (Predominant

Mercury Form Unknown) and Cancer in General Populations............cccceevvevienieenieenieseesvesnenenn. 517
Genotoxicity of Elemental Mercury in Epidemiological Studies............cccceverienininnienenenieenne. 521
Genotoxicity of Inorganic Mercury Salts /nn Vitro StUdIes ........c.ccccveeeeiieeciieiiiieie e 523
Genotoxicity of Inorganic Mercury Salts /n Vivo Animal Studies..........ccccoeeveeneniniienencnieee. 525
GenotoxicCity of OrganiC METCUIY J7 Vi1 .......ccccuveeevieciieciie ettt eiveesebee e s 528
Genotoxicity of Organic Mercury Following /1 Vivo EXpOSUIE .........ccoceeviniiienininieiciceeee 529
Whole-Body Retention and Excretion of Mercuric Chloride in Human Subjects...........ccccccveennee.. 544
Summary of Estimates of Gastrointestinal Absorption in Mice and Rats .........ccccoceeceevireicencnenne 546
Chemical Identity of Selected Inorganic and Organic Mercury Compounds...........cccceevveieeieennen. 603
Physical and Chemical Properties of Selected Inorganic and Organic Mercury Compounds.......... 606
Facilities that Produce, Process, or Use Elemental Mercury ..........ccoeeueeieeieeieesieeneeneeseeseeeeeee 614
Facilities that Produce, Process, or Use Mercury Compounds............cceeeveeeveevieerieeneeneeneesnesnenenes 615

Cumulative Worldwide Man-made Releases of Mercury to Air, Land, and Water Until 2010 ....... 623

. Releases to the Environment from Facilities that Produce, Process, or Use Elemental

1Y (<3 (01 PSSR 624
. Releases to the Environment from Facilities that Produce, Process, or Use Mercury

L7070 00701416 KOTSRS 625

Global Anthropogenic Emissions of Mercury to the Atmosphere by Sector ..........ccceccveevveiieenieenen. 629

Mercury Deposition Data from the Mercury Deposition Network for North America.................... 631

Bioconcentration of Various Mercury Compounds by Freshwater and Saltwater Organisms......... 638



MERCURY

5-9. Mercury Concentrations Found in Fish ..........ccccooiiiiiiiiiii e

5-10.

5-12.

5-13.

5-14.

5-15.

5-16.

5-17.

5-18.

5-19.

5-20.

5-21.

5-22.

5-23.

5-24.

5-25.

5-26.

Comparison of the Biomagnification of Methylmercury and Inorganic Mercury in a
Freshwater Food Chain (Little ROCK Lake) .......c...covuiiiiiiiiiiiiieiiceieeeee e e

. Lowest Limit of Detection Based on Standards ...........cccoeeeeeeeeeieieeeieiieeeieeieeeeeeeeeeeeeeeeeeeeeeeeeeseseeeeees

Summary of Environmental Levels of Mercury Worldwide .........c.cccoeeverieniinieniieniecieeeeeeeee,
Mercury Levels in Water, Soil, and Air at National Priorities List (NPL) Sites ........cccccevveevrennnne.

Atmospheric Mercury Network (AMN) Average Gaseous Elemental Mercury
Concentrations, 2012—2022 .......cooviueiieeeeeeeeeeeeee et e e e e e e e e e e e e e e e e e e e — e e eeseaeaaaaees

Summary of Concentrations of Dissolved Total Mercury (ug/L) Measured in Surface
Water and Groundwater Across the United States ........ceccvereerierierieiienieeie e e eseeseee e

Summary of Concentrations of Total Mercury (ng/g) Measured in Soil and Sediment
ACTOSS the UNIted STATES....ccviitiiiieiierie ittt ettt e sbe e st

Mercury Concentrations in Food from the FDA Total Diet Study 20062013 .........ccccevvivvirennne

Trends in Mercury Concentrations Based on Fish Data Aggregated by State from 1988 to
2005 ettt a bttt n et h et h et et en £ eR e bt ekt b et et ent e Rt eneeb e te b et enteneeneetens

Mercury Levels in 50 Species of Fish Obtained at Two Sites Along the Florida Reef Tract
from April 2012 to December 2013 ......ccoieiiiiieierieeie ettt reesrae s taesere b e eereenraenras

Mercury Concentrations (mg/kg) for Largemouth Bass Collected in Various States
Throughout the United States (1990—1995) ....ccuviiiiiiiieee e

Mercury Concentrations (mg/kg) for Channel Catfish Collected in Various States
Throughout the United States (1990—1995) ......uoriiiiiiieieeeeee e

Combined Data on Mercury Concentrations in Selected Fish Species Sampled in the
INOTTREAST ...ttt sttt ettt

Total Mercury Concentrations in Tissues of Marine Mammals in Alaska and Canada
(ME/KE, WEE WEIZNE) ...oeviiieiiiiiiie ettt ste et e e e v e e re et eta e saestaessaessaesssessseesseesseesseesseesseens

Geometric Mean and Selected Percentiles of Total Mercury Blood Concentrations (in
ug/L) for the U.S. Population from the National Health and Nutrition
Examination Survey (NHANES) 2003-2010.......c.ccoiteviieriierrieriieriesieseesresneereeveesneesseesseesseesses

Geometric Mean and Selected Percentiles of Total Mercury Blood Concentrations
(in pg/L) for the U.S. Population from the National Health and Nutrition
Examination Survey (NHANES) 201 1-2018.....ccuooiiiiieeeeeeeeeeee et

Geometric Mean and Selected Percentiles of Inorganic Mercury Blood Concentrations (in
ug/L) for the U.S. Population from the National Health and Nutrition
Examination Survey (NHANES) 2003-2010.......c.ccciievrieriierrieiierieerieieeseesnesneenessneeseesseesseessens

XV



MERCURY

5-27.

5-28.

5-29.

5-30.

5-31.

5-32.

5-33.

6-1. Ongoing Studies on Mercury Sponsored by the National Institutes of Health (NIH)

7-1. Regulations and Guidelines Applicable to Mercury (Hg)

Geometric Mean and Selected Percentiles of Inorganic Mercury Blood Concentrations
(in pg/L) for the U.S. Population from the National Health and Nutrition

Examination Survey (NHANES) 2011-2018........c.ccoiieviiriieiieieenieree e ere e eveereereesseeseeeeas

Geometric Mean and Selected Percentiles of Ethyl Mercury Blood Concentrations
(in pg/L) for the U.S. Population from the National Health and Nutrition

Examination Survey (NHANES) 2011-2018.......c.ccoierieiieriieieerieree e see e sreeve e esneesseeeees

Geometric Mean and Selected Percentiles of Methylmercury Blood Concentrations
(in pg/L) for the U.S. Population from the National Health and Nutrition

Examination Survey (NHANES) 2011-2018.......c.ccoiierieeiieiieniieriereesee e e e sve e eseesseenenes

Geometric Mean and Selected Percentiles of Total Mercury Urinary Concentrations (in
ug/L) for the U.S. Population from the National Health and Nutrition

Examination Survey (NHANES) 2003—2010.......cccciterierrieriieriienieneeneesee e eresveeseesseesseenenes

Geometric Mean and Selected Percentiles of Total Mercury Urinary Concentrations
(in pg/L) for the U.S. Population from the National Health and Nutrition

Examination Survey (NHANES) 2011-2018........c.ccoieiieriieiienienieree e ste e eresve e eseesseenenes

Geometric Mean and Selected Percentiles of Total Mercury Creatinine Corrected Urinary
Concentrations (ug/g of Creatinine) for the U.S. Population from the

National Health and Nutrition Examination Survey (NHANES) 2003-2010..........cccccvvvvrennnne

Geometric Mean and Selected Percentiles of Total Mercury Creatinine Corrected Urinary
Concentrations (ug/g of Creatinine) for the U.S. Population from the

National Health and Nutrition Examination Survey (NHANES) 2011-2018.........ccceccveveenene

xvi



	DISCLAIMER
	FOREWORD
	VERSION HISTORY
	CONTRIBUTORS & REVIEWERS
	CONTENTS
	LIST OF FIGURES
	LIST OF TABLES



