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wherein are provided brief but sundry accountsof adverse 
effects and unhappy circumstances relating to mercury 

IN THE ENVIRONMENT, 

and also containing much matter to exercise the judgment and 
reflection of  the reader concerning the imperfections of our know- 
ledge, the wisdom of our regulations, and particularly the role o f  

THE HUMAN ELEMENT 

in the dissemination of mercury, and other grave and curious obser- 
vations which those readerswill like best who understand them most. 
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ABSTRACT 

a 

This review is directed toward an understanding of the uses, sources, distribution, and toxic effects of mercury, and the 

main emphasis is on man as the distributor and recipient of mercury in the environment. The societal flow of ~nercury is 

initially considered; the U.S. demand is divided into disqipative and potentially recyclal~le uses, and several inlportant 

externalities to  rnaterials operations are identified. ‘The main conclusion is that there is a need to pay more attention to the 

social implications o f  present use practices and to recycle much more effectively or develop alternatives to present nlercury 

technology. The principal man-made sources of environmental mercury in the U.S. are chlor.alkali plants, srrielting 

operations, and probably the burning of fossil fuels, whereas the principal riaturd sources are the land mass itself and 

geothermal processes. 

Mercury concentrations found in environmental materials are very difficult to assess, and a discussion of the problems 

encountered is provided. Data for “background” and “~mntamiiiatcd” situations in air, water, rocks, soils, iediments, 

s h i p ,  fossil fuels, plants, animals, foods, and man are drawn together and 1)riefly evaluated. In a consideration of the 

transfoxmation o f  mercury in the environment, it is concluded that mercury, in whatever form, is potentially exchangeable 

among the air, land, and water phase5, and that it represents :i unique pollutant because it is essentially iridestructibk. 

Swedish studies have indicated that “abnormal” concentrations of mercury in terrestrial animals appeared concomitantly 

with the introduction of alkylmercury seed dressings in agriculture during the I940’s, but  that nlercury levels in fish have 

steadily risen over the past 100 ycars in parallel with increased industrial activity. I t  has also been found that whatever the 

source and compound of mercury introduced into an aquatic system, essentially only the highly toxic mztliylmercury form 

is found in the flesh of fish. The formation of methylmercury appears to be promoted by bacterial processes occurring 

wirhin contaminated bot tom sediments, and such sediments can slowly releaw their mercury burden 3s methylmercury for 

many years to come. Thus, a major problem for the future is the decontamination of sediments even after overt pollution 

has ceased. 

Details are provided regarding the toxici ty of mercury and ils compounds. ,4lky~mercurials primarily affect 

neurological processes because of their ability to  CTOSS the bloodbrain barrier. and they appear to be several orders of 

magnitude more toxic than other mercnry compounds. Mercury vap(or ic intermediate between the alkylmercurials and 

other inercury compound5 in its effects, again because of its partial ability to cross biological membrane barriers arid enter 

cells. The exact mechanism whereby alkylniercurials affect neural cells is not understood, but  part of their pronoun‘ced 

toxicity ir due to their lengthy retention by the body. No effective antidote is presently available for these compounds. 

‘[‘he critcria for mercury levels are based almost enrirely on relatively short-term effects, and virtually no infornution is 

aVdiliibk on the long-term results of rub-ai:ute exposure to mercury. Nevertheless, tentative standards and glidelines have 

been set by  several organizations and U.S. Government agencies for mercury in air, drinking water, and food, and these are 

provided along with some background information. 

Finally, appendices ;ire included which consider aspects of the physical and chernicnl properties of mercury, evaluate 

analytical procedures used for mercury determination, discuss the chlor-alkali manufacturing process and procedures for 

reducing mercury losses, arid provide some present and future needs with respect to our understanding and dealing with 

mercury in the environment. 

vii 
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I .  FOREWORD 

i - 

A- 

Thtm it became apparent that we had a brand new ha1lg;irne. Consider an area like Silver Lake. It is located in the Green 
Mountain National Forest, atop a r r ~ o ~ ~ n t a i n  and accessible only by four-wheel drive vehicles or by pack trip. It : ins no 

indurtiy whatever -. but  it docs have mercury contamination. 

When Joe’s Pond in Danville, Vermont produces fish contaminated eight times beyond the level set by the FDA, w e u z  

warned tlzat the i w i e  is fur more c0lrzpZe.u than rue had supyored. Presently, fish from all bodies of water 20 acres or larger 

are being analyzed. In almost every case, the findings show substantial a m o ~ ~ n t s  of mercury poisoning. 

Vermont is riot a hesvily industrial &kite, and has none of the chemical industries identified a5 the prime polluJers. 'The 
orzhards discontinued usc of mercury years ago. So did most milk testing plants and paper processors. So wiicre does the 

mercury come from? 

What we have learned about mercury recently indicates that what we see and know &out pollution is not a:, 

- Senator W, Prauty (1) 

The surge of technological progress over recent years has provided many benefits for mankind and, 
albeit with sonie inequities, has  perlrlitted his number t o  grow? feed, clothe, and house themselv- Ls as never 

before. Technological progress set within the framework of an interacting environment has not been 

without mixed blessings, however, and we are just beginning to appreciate the potential effects of what 

Rene Ilubos has described as our “ability to modify the earth and shape it, thus determining the evolution 

of our own social life through a continuous act of creation.” Too often we have found that an advance i n  
one sector of our lives has led to difficulties in another sector; too often our consumer-oriented technulogy 

has produced environmental dangers which were not anticipated. However, in a world in which individuals 

and nations are competing for trade, goods, econornic security, arid even the essential elenients of humin 

life, it has become iinposSible to turn back [he clock to a simpler and perhaps less complicated time. 

Rather, we must place increased emphasis on our  scientific :~nd  legislative abilities to find and to enact 

judicious solutions for many of our present difficulties. 

Ihis review is directed toward an understanding of one of those stepchildren of our advancing 

civilization: mercury in the environinent. Its uses, sources, distribution, and toxic effects are presented, and 

the  tolerance limits wi th  which authorities have wrestled in order to  cope with mercury contamination are 

briefly discussed. The emphasis throughout is primarily on man as the distributor and recipient of mercury 

in the environment. In writing the review, we have attempted (perhaps with only partial success) to avoid 

most of the jargon and tunnel vision of  ihe specialist arid yet to refrain from handwringiiig over hirds, 

bunnies, and babies. The reader is assumed to be the intelligent layman, but appendices and refel-ences are 

provided to  enable a professional pursuit of specifics. As will be seen, knowledge and understanding of 

many matters is still rudimentary, but we hope that this suinniation will help partially reveal “the unknown 

and unseen” and serve as a guide for action by indicating those efforts which must be undertaken to  solve 

the problems. 

We are indebted to the Environmental Mutagen Information Center, Biology Division, for much of the 

information contained in this report, and to those many librarians and individuals, especially Azolene Vest, 

John Wassom, and Arietta Wyrick, who have helped us obtain the source materials. We have relied 

particu1;irly on tliz articles written by Berlin et a!. (2) ,  Greenspoon(3), Lafroth (3 ) ,  Sengran ( S ) ,  Smart (6 ) ,  
and members of the U.S. Geologic;il Survey (7). Finally we are grateful for the inany helpful comments and 

criticisms provided by John Gibbons (OKNL-NSF Environmental Program), John Gilbert (Biology 

Division), Irving Spiewak (Reactor Division), Richard Brown (Physics Department, St;ite University of New 

York at  t2lbany), and Anthony J. Smith (Tennessee Valley Authority at h4uscle Shoals, Alabama). 

frightening p e r h a p  as the unknown and unseen. 

. .  

The less time all of us  spend talking among our colleagues in endless conferences and meetings and the more time we 

rpend working with each other and the public, the better our prospects will he for a livable world. 

- Senator E. S. Mnskie (8) 
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2 .  SOCIETAL FLOW OF MERCURY IN THE U.S. DURING 1968 

'I'he quantity of mercury used each year in the world increased at a rate of about 1800 flasks per year 

for the ten-year period previous to 1968 (9) (a flask contains 76 Ib of mercury and is the standard 

commercial unit of trade). Most of this increase was due to the 1J.S. demand, which grew at a rate of 1600 

flasks per year over the same period (10) until in 1968 it represented about 30% of the world primary 

production of 257.000 flasks. 

In order to illustrate the sources, consumption, and factors which would enter into the recycle potential 

of tliis relatively large amount of valuable yet hazardous metal, a highly siinplified flow diagram for the 

U S .  in 1968 is provided in Fig. 1. The flows are given as percentages of the total demand of 7 5 , 4 0 0  flasks 

(3,l I ) .  The rectangular boxes in Fig. I represent processes, material manipulations or summations, and 

direct purchased inputs to or outputs from materials operations. The ovals, on the other hand, represent 

unpurchased inputs or unsalable outputs or residuals. Although by no means a complete set, they do  

represent an initial attempt to identify important externalities to the wrious materials manipulations which 

can have a significant effect on the flow and especially on recycle. For example, 3 23% depletion allowance 

and/or prospecting subsidies are unpurchased inputs to the U.S. mining operation which tend to keep the 

price of mercury produced from domestic virgin ore down and consequently have a negative effect on 

recyclc. Similarly, the effluents from the mining operation (tailings, overburden, mercury vapor and sulfur 

dioxide air pollution) are unsalable outputs, the cost of which is borne by society in general. The low 

import duty of about 3% [scheduled for further reduction extending into 1972 ( 3 1  again favors the use of 

mercury from low-priced foreign ore in preference to recycled material. Also involved is the 

economic-political issue of balance of payments deficit. which is an indirect cost to the importing 

opeiatioii. 

In 196S, then, the U.S. supply of mercury came from four soi.irces: 18% from recycled material; 36% 

from U S .  mining: 22%' from net imports: and 24% from releases from Government stockpiles." 'The U.S. 

demand for mercury has been broken down into recyclable and dissipative uses, which account for 74 and 

26%~ of the total respectively. Recyclable uses are defined as those for which it is technically feasible to 

recycle, whereas for dissipative uses it is not. 
'I'he major use of mercury is as a cathode in the electrolytic preparation of chlorine and caustic soda 

(see section 9C). Actual consumption in this manufacturing process i s  small for each unit, although large 

quantities are required for new installations (10% of 1968 demand). Because of the many plants now in 

operation, however, the requirement to replace losses has become a major use (13) (23% of 1968 demand. 

indicated as unpurchased output in Fig. 1). Mercury cells account for 30 to 35a'  of the present chlorine 

production, and the U S .  Department of Commerce has estiniated an annual 77h growth rate in chlorine 

production through 1974. with approximately 50% of the increased production capacity based on mercury 

cell technology ( 14). Technological innovations in a new make of mercury cell, however, will reportedly 

decrease the amount of needed start-up mercury by about 40% ( 1  5). Other potentially recyclable uses of 

mercury are for electrical apparatus (lamps, arc rectifiers, and particularly mercury battery cells), industrial 

and control instruments (switches, thermometers, barometers), and in general laboratory applications. 

The largest dissipative use of mercury is for antifouling and mildewproofing paints. Mercury compounds 

are also widely used in agriculture as a result of their broad antifungal capabilities. Many fungus diseases of 

seeds, bulbs, plants, and vegetation are controlled by mercury formulations (16) (Table I in ref. 6). Mercury 

- 

*I-he General Services Administration strategic stockpile is set a t  200,000 flasks, although this is expected to be 
reduced to 125,000 (12);  the Atomic Energy Commission stockpile quantity is classified, b u t  rcleaqec 3re made from time 
to time. 
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1. 

Pig. 1. Mercury flow through U.S. society ( 1 4 ) ~ ) .  

is extensively used in dental amalgams, for catalytic purposes, and, to a decreasing extent, for paper and 

pulp manufacture. Mercury compounds are also formulated into many of the over-the-counter cosmetics 

(creams and lotions, hair preparations, facial make-up) and patent medicines which are available. Some of 

the latter mercury-containing products are presently sold as ani acids, astringents, eye drops, laxatives, nasal 

sprays, skin antiseptics, contraceptives, vaginal douches and suppositories, and rectal suppositories (see ref. 

17 for an old listing of approximately 160 products). 

As a final consideration, it should be pointed out that the United States resources of mercury are about 

4.7% of the total world resources, based on ore which contains more than about 0.05% mercury (18). In 

1968, the ore produced in the U.S. contained 0.275% mercury by weight on the average (3). Fig. 2 gives the 

estimates of IJ.S. supply of virgin mercury as 3 function of price. The 0.05% ore can be mined economically 

at about $800 per flask. Even if the price per flask were $1500, however, U S .  resources would only bi: 

about 1,500,000 flasks. Assuming our yearly demand for mercury does not change ovef the next 30 years, 

and assuming 20% recycle, we will still require a total of 1,600,000 flasks of mercury froin virgin ore by the 

year 2000. The necessity of our dependence on foreign supply thus seems obvious unless we cun recycle 

much more efficiently or develop ulternutives to present mercury uses and practices. 

As examples of alternate technology (19), other processes, including the use of diaphragm cells, are 

available to replace those using mercury as a cathode in the electrolytic preparation of chlorint. and caustic 

soda. For other industrial and agricultural purposes, copper and numerous organic chernicals m:Ly be 

substituted for mercury compounds. For some dental uses metal powders, porcelain, and plastic riiaterials 

are preferred to mercury amalgams. .In the pharmaceutical field, sulfa drugs, iodine, arid various antiseptics, 

disinfectants, and contraceptives may be used instead of mercury chemicals. However, there are few 

satisfactory substitutes for those applications in electrical apparatus and in industrial and control 

instruments that depend on mercury's high specific gravity, fluidity at normal temperature, or electrical 

conductivity. 
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Fig. 2. Projected resources of mercury. Fro111 Grezn5poon (3) .  

3. SOURCES OF EWIRONMENTAL MERCURY 

A .  Man-Made 

Comniercial discharges of mercury into the environrnent call be deduced frorn data on use and 

inventory losses and are incorporated into the societal flow diagraIn (Fig. 1). By far the single largest source 

during 1968 was derived from inventory losses suffered by the chlor-all<ali plants (20). During the summer 

of 1970. however, lawsuit threats and tentative water standard? (“unpurchased inputs”) caused many of 

these manufacturers to reduce their discharge of mercury by a factor of I O  to 100. These reductions were 

lnonitored by the Department of Interior, which found that overall the level of nlercury emission dropped 

86%) from 287 Ib per day in July to 40 Ib per day in September (21). In this survey of 170 companies of all 

types that were “known to use mercury,” 79 were found to ernit no detectable mercury discllarges. while 

the remaining 50 firms (Table 1) were classified as polluters of rivers, strearns, and lakes. 

The societal flow diagram (Fig. 1) also indicates that of the mercury used in I968 for other potentially 

recyclable uses. such as electrical equipmeilt. measurement and control apparatus. and general laboratory 

use. 520 tons were recycled and 660 tons had an unknown disposition. Some of the latter went to increased 

inventories. but probably much of it (in batteries. fluorescent tubes. switches. etc.) ended up in landfills, 

dumps, and incinerators, and some of it was discovered in the survey by the Department of Interior (Table 
1). Known users of mercury which were not covered by this survey were laboratories (including hospitals). 

These institutions may be another but so far overlooked source of mercury pollution ( 2 2 ) .  

The dissipative uses of mercury listed i n  Fig. I include paints, agriculture, dental fillings, catalysts, 

paper and pulp manufacture, and pharmaceuticals. a total of 26% (745 tons) of the mercury demand in 
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1968. Mercury from these various uses enters the environment in a variety of ways and at different rates, 

and not all will produce the Same consequences. For example, although niercury-formulated paints 

constitute a considerable source, their release into the environment is rather slow and probably has a 

niinimnl effect. Dental amalganis also apparently have no measurable effect 011 the user (23). On the other 

hand, mercury catalysts e~nployed for acetaldehyde and vinyl chloride matiufacture and mercury 

formulations used as secd dressings have promoted serious consequences (sections 4Rii and 7Bii>, even 

iliough such usage represents a small percent of the total consumption. In February--~March 1970, hcjwever, 

the U.S. Department of Agriculture suspended 42 alkylinercury compounds from interstate conimerce, and, 

after subsequent litigation, a U.S. Court of Appeals upheld the suspension in November (24). Barring 

further appeals, the full environmental impact of these actions will not occur until the 197 1 growing 

season. 

Mercury compounds employed as slimicides in the pulp and paper industry have historically polluted 

lakes and rivers around tlie world, arid in several countries they are still extensively used. In the US.,  

fortunately, less toxic substitutes caused this use to decrease drastically in the early 1960’s so ihat it now 

amounts to well less than 1%) (14 tons in 1968) of the total demand. ‘This decreased use was spurred by a 

Food and Drug Administration ruling concerning paper products which come in contact with food (1 I), 

another “unpurchased input” which significmCly reduced pollutioii evert though it was not the purpose of 

the governmeot action in this case. 

Other man-made sources of environmental mercury not covered o r  adequately measured by societal 

flow considerations may be equally or even more important. This would include first of al l  such “unsalable 

outputs” a s  the mine tailings arid vapor released by the mining and smelting of mercury. Although these 

sources are difficult to quantify, nevertheless, high stream and Like water levels of mercury have been 

attributed t o  dump material and tailings (25,26). Also during the refining process, ore is heated to liberate 

mercury as a vapor, which is then collected iti condensers. Stack losses duritig the process should not exceed 

2-36,  sltliough mnch higher losses have occurred (27). A stack loss of 3x1 would mean that about 31 tons 

were emitted into the atniosphere from smelting during 1968. 

It is now well 6stahlished that ore deposits of heavy metals are generally surrounded by aureoles io 

which a notable enrichment in mercury has occurred (7,26). Although significant amounts of  mercury have 

occasionally been recovered as a by-product of tin, zinc, copper, and gold production (28,291, it would 

appear that considerable mercury generally escapes f r o m  stacks during the smelting of such metals (7). As 
ai1 example, zinc concentrates from Tennessee contain an average of 5-10 p p n ~  (parts per million) mercury 

(30); thus ;i single smelter handling 500 tons per day might emit daily as  rnt~ch as 10 11) mercury vapor. 

Another s o u m  of airborne mercury is the combustion of paper products and fossil fuels (31,32). The 

ground wood pulp used for paper nianufactuie exported by the US.,  Canada, Sweden, and Norway has 

been found at various times t o  contain high levels of mercury (6). At the recent International Conference 

on Environmental Mercury Coil tamination (33) ,  the question of niercury emission from the burning of 

fossil fuels was raised. The geriml coiisensus was that fly-ash froin cud-burning plants contained aegligible 

amounts of mercury, so that m y  mercury present in coal must be released to the atmosphere during the 

combustion process. The actual amounts of mercury in fossil fuels are quite variable (see section 4Aiv), but 

preliminary vdlues for U.S. coals average from 0.5 to 3.3 ppm mercury. Since about 550 rnilliot~ tons of 

coal is burned in the U.S. every year, such a level would correspond to an annual release o f  ;mywhere from 

275 to 1800 tons of mercury. No information is available on the mercury released duririg petroleum 

processing and oil burning. It  is clear, however, that even though the mercury content of fossil fuels may be 

low (which frequently it is not), the enormous amounts of these substances consuined and burned in tlie 

U S .  each year contribute a substantial amount to the environmental mercury burden. 
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B. Natural 

Mercury has a tendency to vaporize, so that the air over mercury ore deposits and precious metal or  

copper ore deposits generally contains elevated levels of mercury (7). Prospecting methods for these metals 

have even been developed which take advantage of this “natural” air pollution (34,35). Small amounts of 

mercury are also found over non-mineralized land areas (7). while insignificant amounts are found over the 

ocean ( 3 6 ) ;  this would suggest that the land area is a major source of airborne mercury. 

Rain washes mercury from the atmosphere, and calculations for the Swedish land mass have indicated 

that rain annually returns to the soil approximately 0.5 grams iiiercury per acre, which is about the same 

armunt as that contributed by the agricultural use of seed-dressing formulations (37). Most of the mercury 

deposited by rainfall apparently becomes bound to the upper several inches of soil. froin which it can again 

be released into the air. However. erosion of mercury-containing soil and leaching of soluble mercuric salts 

by rainfall can carry mercury to streams by runoff and groundwater discharge (7). 
Relatively high concentrations of mercury are likely to occur in underground waters because of the 

longer and more intimate contact with mineral grains atid other chemical factors. Oil field brines. hot 

springs, and geothermal stream fields have been associated with high mercury levels (7j. Hot vapors which 

stream up through fine-grained muds produce mud volcanoes or “mud pots” and deposit considerable 

quantities of mercury during condensation (7). Many tliertnal waters, such as Sulphur Bank, California, 

Amedce Springs, California, Steamboat Springs. Nevada, and Boiling Springs, Idaho, are depositing 

mercury-rich sediments (7). Sulphur Bank is the most remarkable of the four, having pioduced more than 

5,000 tons of mercury before mining operations ceased (38). The contribution of volcanic eruptions to 

environmental mercury are unknown, although this may represent a significant source (7). 

4. MERCURY LEVELS 

4 persistent problem in evaluating mercury levels has been the difficulty in handling, storage, and 

sampling of materials (see section 9B), and many values reported below may be inaccurate by as much as a 

factor of I O .  Also, in the data provided, no attempt has been made to distinguish the form of mercury 

present. Generally, however, air values refer to metallic mercury vapor, levels for animal tissues relate 

primarily to methylmercury-bonded niaterials. and values for other substances (water. earth materials, 

plants) refer to a variable mixture of me t a l k  and ionic mercury. 

A. Etivironmental 

i. Air. Data on atmospheric mercury levels collected on clear days by the U.S. Geological Survey are 

given in Table 2 (7). Concentrations in air over non-mineralized areas varied from 0.003 to 0.009 pg/m3 

(micrograms per cubic meter of air. approximately equivalent to parts per billion), while those over copper, 

precious metal, and mercury mines were considerably higher, ranging up to 20 /1g/rn3 at ground level. 

Concentrations found over oceans generally measure less than 0.00 1 p g h 3  (35). The land surface sources 

of airborne mercury are apparently subject to metcorological controls; i.e., mercury release into the air i s  a 

function of barometric pressure, time of day. and season (7j. with the latter two primarily being 

temperature functions. Immediately after a rainfall, mercury concenti-ations are negligible, even near ore 

deposits (7). 

Air over urban industrial areas contains rnei-cury levels higher than background, and several 

measurements (39.40) have indicated average values of 0.01 (Chicago, Illinois), 0.10 (Cincinnati. Ohio), and 

0.17 (Charleston, West Virginia) pg/m3. Concentrations of 1 ~- 14  p g ] m 3  have been cited for New York Ciiy 
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(41). Some of the most careful recent measurements have been made at a continuous monitoring station 

located on the wesl side of Sail Francisco Bay in California (36). During days in which southwesterly winds 

brought air in from over the Pacific, levels averaged 0.002 pg/ni3 (Fig. 3a) or even less if breezes were 

strong enougl~. Soutlieasterly winds coming from over generally non-industrial l a d  masses contajnetl higher 

concenlrations (Fig. 3b),  whereas northeasterly winds from industrial areas provided high and erratic 

readings, averaging 0.OOX yg/m3 Init  with peaks over 0.020 pg/tn3 (Fig. 3c). Mercury rapidly adsorlis o11to 

most surfaces, and iiii~ch of tbe atmospheric mercury reported above has been found to be associated with 

dust and nthei particulate matter. 

Air concentrations of 100 pg/ni3 01- larger have been reported within industrial buildings such as 

chlor-alkali plants (2,42), workshops for thermometers and the repair of direct current meters (43,44)? and, 

jr i  ihe past, around work stations in the hat-felt industry (45,461. Concentrations io  mines niay riinge up to 

20,000 pug/ni3 and in the air of ore processing plants up to 970 pg/n13 (47). 

ii. Water. Sea water contains anywhere from 0.03 to 2.0 ppb (parts per billion) mercury, depending on 

arw,  depth, and the analyst (48 - -53) .  In a generally accepted study of P:icific waters (50,51), riiercury 

concentrations were found to increase from surface values around 0.10 ppb to 0.15-0.27 PptJ at greatzr 

depths. 'The depletion of mercury in surface waters was attributed t G  its uptake by plankton and 

subsequent conveyance to depths by the biological activities of the marine food web. In an area seriously 

affected by pollution (Minaniata Ray, Japan), values ranged from 1.6 to 3.6 ppb (54). Oceanic mercury is 
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generally present as an anionic complex (tlgCl4’-), which does not have as pronounced a tendency to bind 

to particulate substances and subsequently settle o u t  as do  mercury compounds found in freshwater 

situations (26). 
Norindl ground water is considered to contain 0.02 -0.07 ppb mercury (48,55). Data on surface waters 

in 3 1 states of the U.S. were collected during the summer of 1970 by the Geological Survey in cooperation 

with the Federal Water Quality Administration and are presented in Table 3 ( 7 ) .  Of the total samples from 

73 areas. 34 contained less than the detectable (0.1 ppb) limit. Of the remainder. 27 samples contained 

0.1 - 1 .O ppb, 10 samples ranged from 1 .0 to 5.0 ppb. and only two sa~nples contained inore than 5.0 ppb. 

The fact that many of the sarnplcs were taken in areas of suspected mercury contamination would indicate 

that mercury concentrations in surface waters generally do not exceed “tolerable” Iin~its (5  ppb) except 

perhaps in the immediate vicinity of waste outfalls. Other r jvm draining basins having worked or unworked 

mercury deposits are known to have mercury levels exceeding 5 pph (25,50). and values typically range 

from I O  to 80 ppb (25). Mercury was generally found associated with suspended particles, however, and 

levels were found to decrease markedly downstream from the deposit. 

Rain, which serves to scrub mercury from the air, contains about 0 .2  ppb mercury (48). Hot spring 

waters have frequently been shown to deposit mercury-rich sediments even tliouglt water level5 :ire not 

particularly high. ’4s examples, the waters of Sulphur Bank and Ainedee Springs in California contain 1.5 

and 2 ppb. respectively ( ‘ 7 ) .  The chemistry of a particular water body plays a n  important role in the 

leaching of mercury- arid its compounds and their subsequent solubility (7.16). Notably high levels (6-400 

ppm) liavc been found i r i  brines associated with petroleum or from geotherinal wells (57.58). 
In general. i t  would seem that the concentration of mercury in water is a poor indication of 

contamination, since both the solubility of mercury and many of its compounds (particularly mercuric 

sulfide) is low and sorption to particulates with subsequent settling out is the general rule. On the other 

hand, the influence on overlying water of various kinds of bedrock which iiaturally coritain minute amounts 

of mercury has not been sufficiently studied, and for the mornent there is no evidencc to prove or disprove 

that mercury levels in large water bodies may be influenced by such factors. This is still thought to be a 

distinct possibility in lake areas overlying mineralizatioil, clay sediments, or black shale (3h) .  

iii .  Mocks, soils, sediments, and sludges. The average concentration of mercury in the earth‘s crust is 

only about 0.07 ppm (59). It is therefore less abundant than such metals as plalirium, uranium. and silver, 

but since it can be found in highly concentrated ores. i t  is more readily obtainable (77). ‘The enorrnous 

amount of data on the relative mercury contents of various earth materials has been recently gathered 

together and published by the U.S. Geological Survey ( 7 ) .  Mercury concentrations in broad categories of 

rocks range froiii 0.01 to 20 ppm. Igneous rocks (those fornied by melting and cooling) generally contain 

less than 0.70 ppm and average 0.1 0 ppm. Sedimentary rocks deposited by physical. chemical, and 

biological processes generally average less than 0.1 0 ppm arid seldom exceed 0.20 pprn except for 

organic-rich shales, which may reach concentrations of I O  ppm or more. The general picture is complicated 

by the fact that certain areas of the world (notably the Donets Basin. Kerch-Taman area. and Crimea. 

U.S.S.R..) show extremely high mercury levels in nearly all rocks analyzed ( 100 times normal contents or 

more). The Colorado Plateau area in the US. is soniewhat siniilar in this respect (7). 

Available analyses on natural soils are provided in Table 4. Background levels in inany soils appcar to 

range under 0.10 ppni except in areas of mineralization, the anomalous Russian areas previously indicated, 

and some English garden soils. The actual content of mercury in soils is influenced by a variety of natural 

and artificial factors. Soils with a high humus content will teiid to bind and retain mercury inore avidly 

(60). Pollution from smelters ( 3 2 )  and from the agricultural use of nierciiri;ils also occurs. As examples of 

the latter. rice paddy field soils where organic mercury compounds are applied as dusts contain elevated 
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levels of mercury ( G l ) ,  and 2.6 ppm rnercury was found in soil treated once with mercuric oxide to control 

potato root eelworm (62). 
Because of iriercury’s tendency to adsorb readily onto a variety of materials, particulate matter 

suspended in water and bottom sediments of streanis are more likely to contain higher concentrations of 

merciiry than tlie water itself, whatever the source may be. Sediments immediately downstream of ore 

deposits or contaminated industri;il discharges may contain from 0.2 to  200 ppm mercury (7). 
Concentrations recently found by the Federal Water Quality Admiriistraiion in sediments around Lake Erie 

as well as otlier places are presented in Table 5 .  It has become apparent that literally tons of mercury have 

accumulated in river and lake sediments within the U S .  

As a final note of discouragement to those who have urged the agricultural use of sludge from sewage 

treatment plants, such materials also appear to be frequently contaminated with mercury. Several sets of 

(lata from Sweden indicate concentrations up to 120 ppm (63) and from 0.8 to  nearly 40 ppm (64), with 

high levels being associated with urbanized industrial areas. Comparable findings have been made i n  

Michigan ( 3 3 ) ,  although testing in  this case was performed on mud samples below sewage outfalls. The 

mercury concentration in marine sediments near the Los Angeles sewer outfall I u s  also been recently found 

to be as niuch as fortyfold higher (0.82 ppin) Ihan presumably uncontaminated sediments further away 

(0,03 ppn)  (65). Some of the contaminating mercury may be derived fi-om the trickling seals, flowmeters, 

and switches that many of the sewage plants use ( 3 3 ) .  However, high mercury levels in  the air ovtlt- urban 

areas (seciion 4Ai) would suggest that much of the contamination is derived from industrial sources. 

iv. Fossil fuels. Ttiroughout eons of time, the products and residues of geochemical processes and the 

life cycles of c;oucitless terrestrial and q u a t i c  organisms have combined to yield the fossil fuel deposits 

upon which the world depends for much of its energy. The data on mercury levels in such products are 

meager sild unrepresentative, but what are available have been culled froin a variety of sources arid listed io 
Tahle 6. Valutls for moqt coal range all the way from 0.001 to 33.0 pprn; extraordinary values are again 

found for products of   he anomalous Russian areas. Thc data on petroleum products indicate that they tnay 

also occasionally contain high levels of mercury, with the Cymric crude oils from California (Sants Barbara 

area) ranging from 1.9 to 21 ppin. This would be in the range of eleinental mercury solubility in 

hydrocarbons (66). The iiatural gas from the Cymric field is also saturated with elemental mercury. Ouring 

t r a n s p r t  in thr: pipeline, however, mercury vapor evidently combines with hydrogen sulfide from the 

‘‘soi~r’’ gases of other fields and is precipitated i r i  the pipelines (7). 

8 .  Iliological 

i. Plants. All vegetable rnaterials naturally contain traces of mercury, the actual amount depending on 

the locality from which the sample was taken, its species, and other factors. In pome fruit, the background 

levels are norinally 0.04 ppm or less; in tonlatoes, up to  0,02 ppm; in potatoes, up to 0.01 ppm; and i n  

most wheat and barley, up to  0.08 ppm (h,h7,68). However, exceptional values (68,691 have been found 

for wheat from Japan (0.15 ppm)? France (0.25 ppm), arid Cmada (0.15-0.40 ppin). Kice from most p r t s  

of the world contains 0.01 5 ppm mercury or less (70), but higher values (68,69,71,72) have been found i n  

samples froin the 1J.S. (0.05 ppn),  Japan (0.06--0.24), and Cariatla (0.21 ppm). 

Plants take up and concentrate mercury to  a variable extenl. Marine algae, for instance, have been 

found to range froin 0.023 to 0.037 ppm (73), which is several hundred times the accepted concentration 

for sen water (50,Sl). Trees and shrubs growing near known cinnabar veins contain up to 3.5 ppm mercury 

(7). Rice lias also been shown to reflect the paddy field soil in which it grows; for example, i r i  an 
experimental study a well drained soil containing 0.3 ppm mercury grew rice containing 0.3 ppm, while a 

poorly drained soil containing 1.4 ppm yielded rice containing 0.8 p p n  (61). When a crop or foodstuff i s  
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treated with a mercury fungicide in accordance with good agricultural practice, residues of inercury will 

also range higher than “normal” but are generally not greater than tlie following examples: apples. 0.1 ppm: 

tomatoes, 0.1 ppm: potatoes, 0.05 ppin (6). It would thus appear that mercury concentrations in plant 

materials generally range from 0.10 ppri1 down to 0.01 ppin or even less, but higher Iwels have been found. 

and such levels may be caused hy natui-ally high concentrations of mercury in the soil or by the heavy 

application of mercury fungicides. 

Mercury residues in seed grains dry-dressed and liquid-dressed w i t h  fungicides according to standard 

procedures have been found to range from 7 3  to 34 ppm (74,75). Washing of the dressed grain only 

removed from 10 to 4091, so i t  appears that even when dust dressings are used appreciable amounts of 

mercury are absorbed into the seed coat. Such dressed grain would thus be particularly hazardous if it ever 

found its way directly into human food sources or if eaten by wild animal populations after planting. 

i i .  Animals and animal materials. “Background” levels of mercury for animals and animal materials are 

difficult to assess, particularly for terrestrial samples, sincc the agricultuxal use of mercury products is so 

widespread and completely uncontaminated food sources are rare. Neverthcless. a literature survey suggests 

that normal values for eggs and the flesh of birds and animals are generally less than 0.02 ppm (69.76,77). 
Marine fish have mercury concentmtions usually below 0.1 0 ppni and nearly always below 0.1 S pprn 

(76,78,79), whereas mercury levels of 0.20 ppin or less are assumed to be normal for fresh water fish 

(4,3 1 J O ) .  The higher background levels found for fish when compared to other animals or fruits and 

vegetables is due to the marked ability of fish to accumulate mercury (48,8 1 ) (see section 6C). 

* * * * *  

About 1955, ornithologists in various parts of Sweden observed a decrease in populations of some 

seed-eating arid predatory birds. In 1958, attention was drawn to the fact that birds found dead and sent 

for exainination to the state veterinary medical institute liad remarkably high residues of mercury ( 4  -200 

ppi11) in their livers and kidneys (82). In  quick succession, studies on shot and trapped birds also revealed 

remarkable levels (1-53 ppni), with S l %  in one sample of 200 normal seed-eating birds having more than 2 

pplii mercury in their livers (6,53); high residues of mercury were found in dead, dying, or trapped birds in 

other European countries during the early 1960’s (84-86); seed-eating rodents and predatory animals 

(foxes) in Sweden were observed to contain levels of mercury up to 2.0 ppiii (80,873: true herbivores 

(field-mons, deer, horses, rabbits). on the other tiand. generally had levels ranging from 0.006 to 0.055 pprn 

(88). The conclusion drawn was that large numbers of seed-eating arid predatory animals displayed 

symptoms arid indications of mercury intoxication, and ;I source of mercury at tlie time was attributed to 

the use of mercury-containing compounds as seed-dressing in agricultui-e (53). 

During tlie subsequent debate concerning the effects of mercury cornpounds from agricultural sources, 

analyses indicating mercury levels up to 0.8 ppin in Swedish fish were also made available (4,80), and 

elevated levels in fish from other Scandinavian countries were also obseived (88-  -00). I t  then hecarrie 

apparent that mercury contamination of the Swedish environmcnt was even more widespread than liad 

been previously believed. In order to assess the historical development of this contamination, neutron 

activation analyses for mercury content of bird feathers from museum specimens collected over the 

previous century were performed (80,9 1). These studies revealed that in birds witli a teriestrial food chain. 

a nearly constant level of mercury was maintained from the iniddle of the previous century until 1940. 

Subsequently. an increase in tlie mercury concentration of feathers occurred ainuunting to a t  least I O  to 20 

times the previous level. Shortly after 1940, liquid treatments for seed grain using alkylrnercury 

(methylmercury, ethylmercury) ingredients replaced dusting with other types of organic mercury 

compounds in inany of the developed nations (including Sweden) because of the reduced hazards and 
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inconvenience to operators dressing the grain with specially designed machines (6). The sin1ultuneous 

appearance of illcreased mercury accumulations in birds with a terrestrial food chain thus suggests tllat the 

alkylmercuIy seed-dressing agents are the main source of contarnitlation of tlle terrestrial environment. Jn 

contrast, fish-eating birds showed a gradual increase in mercury content since the 1)rc:vious century, 

suggesting that the rnercury contamination of water follows the general incre:lse in industrial activity. 

T'ypical data found for the goshawk (diet of insects, rodents, alid slrlall tjirds) and crested gre1)e (diet 

primarily of fish) itre provideci in Fig. il (80). 

As a fiitd nolc on lhe Swedish experience, methnxyethylrnercury colnpounds were substituted for 

alkyliTlercury compounds in seed-dressing formulatjons after Febrllary 1966, and tile reliltive arnount of 
dressed seed used foi- sowing was also reduced from 80% (prior to 1966) to  12% (15167). These cltanges 

apparently had no delelerious effect on crop yield (4). Tn 1966 and 1967, the mercury levels jtl the feathers 

of predatory birds with a text-estrial food chain abruptly dropped to levels about 50% above tl~ose typical 

for the previous century (go), and by 1969, population increases in several decimated species were tloted 

YEARS 

Fig. 4. Mercury levels in feathers of the crested grebe (closed circles) and goshawk (open circles) from Sweden during 
1840-196.5. The numbers of sainples arc indicatcd in parentlxeses. The ratio of rtiercury conterit in feathers relative to 
breast muscle is about 7: 1. D r m w  frorn dnta provided by Johllels and Westert1lark (80). 

................... ................ ...................... ........ - .......... .......... ....... 
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(64). The mercury contents of meats and eggs analyLed in 1967 -58 were also significantly lower than in 

1965 -66 (Fig. 5) (77). Fish, however, generally continued to inaintain high levels of mercury. 

* * e * *  

In 1967, a limited study of mercury residues in US. foods was conducted by the Food and Drug 

Administration as part of the Pesticide Total Diet Study (92). Six food classes were analyzed by neutron 

activation analysis, and the results indicated background levels of mercury in  the order of 0.002-0.050 

ppm. No further testing was performed i r i  this country until 1970. In 1960, followitlg warnings of 

significant rnercui-y pollution in the central provinces, studies were quietly initiated by the Canadian 

Wildlife Services to define the situation. Shortly thereafter, several commercial catches of fish (walleye, 

northern pike, bass, and jackfish) taken from Lake Winnipeg. Cedar Lake, Saskatchewan River, and Red 

River in the Province of Manitoba were detained by the Canadian Federal Department of Fisheries and 

Forcstries because they contained mercury residues ranging from 5 to 10 ppm (,5). A s  a result of concurrent 

testing by Ontario officials. the Canadian goveriimemt publicly embargoed all commercial fish taken from 

Lake Saint Clair effective March 23, 1970. Probably the most interesting revelation at this time. however. 

was the  depth of infoi-mation that had been developed in Canada on this matter over the previous 1 X-il1onth 

period, with apparently no awareness in this country as to the seriousness of the situation until mid-March 

1970. when the matter was made public (5). A flurry of analytical data on fish and wildlife populations 
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within the 17,s. subsequently found its way into magazirie articles, the popular press, and congressional 

testimony, indicating mercury levels up to  I 1  7 ppin in eagles from Minnesota and up to 4.4 ppni in fish 

collecied from the North Fork of the Wolston Kiver [Table 7). As a result of this i n f o r ~ ~ ~ ~ t i o n ,  restrictions 

on sport and commercial fishing have been placed on waters within at least I8 states iis of September, 1970 

(Table 8) (93). 

A systematic survey of wildlife and animal food products (including freshwater and marine fish) has 

been underway in Canada, and the initial results were made available in the sunime~ of 1970 (69). In t h i s  
study using neutron activatio ti analysis, elevated levels of mercury were found in several pheasants from 

Alberfa and iri pike, pickerel, and whitefisli from the Great Lakes area (Table 91, Avian products generally 

contained less than 0.05 ppm, and most fish (except those from heavily contaminated areas) averaged 0.2 
ppm or less, The levels of mercury found in fish were sornew1i:it lower than those found in other 

laboratories, and the expl;tnation given was that smaller fish were sampled for analysis. 

In the fall of 1970, the U S .  Food arid I : h g  Administration fould that canned tuna sold in the 1J.S. 

contained up to 1.2 ppm mercury (average 0.37 ppin) and that frozeti swordfish ranged from 0.18 to 2.4 

pprn (average 0.93 pprti) (94). Surprisingly high levels (25~--170 ppi~i)  we1-e also found in the livers of fur  

seals and sea lioiis off the western coast of North America (95,96). Even allowing for  analytical and 

methodological errors, these results on  large pelagic anjmals feeding at the top o f  the ocean food chain 

appear to be truly singular and so far unexplainable. 

As ;I footnote to the subject of mercury levels in fish, it has been observed that mercury is not removed 

by boiling o r  frying the fish; rather, since the fish loses water hy these processes, a corresponding increase in 

mercury level occurs (77,97). 

iii. Man. The scanty information coiicerriiiig mercury levels in various tissues of man (exclusive of 

blood arid tiair) laas been collected from several sources and i s  surnni:irized i n  Table 10. “Normal” subjects 

were generally selected on the basis of a high probability that they had had no unusual occupatiunal or 

therapeutic exposurc to  rnerzury, but this was never really cert;iio since the samples were autopsy 

specimens. ‘Tliere is a fairly wide spread of values, both among (issues and among analysts. In general, 

however, the highest levels were found in the kidney and liver, which are the two orgaiis primarily 

responsible for the elimination of niercury from the body (see section GD) .  Mzrcury levelz did not appcar to 

be a function of age (98), indicating that mercury does not accumulate in body tissues under normal 

circumstances. Also included in Table 10 are data concomitantly collected on  subjects known to  have been 

exposed Lo triercury. &ai11 the kidney and liver contained high vnlues, being anywhere from 2 to 50 tiin?$ 

t h a t  of the “controls.” Tissues derived from the brain (pituitary, o1factoi-y lobe) also appeared to 

accumulate mercury upon exposure. One study indicated that a known total exposure of up to 400 mg 
mercury had little itieasurable effect on tissue levels, whereas higlier exposures resulted in elevated levels 

Data on blood and hair derived from Scandinavian aiid Japanese Sources is summarized in Table 1 1 (4). 

T h e  i-atiti between the concentrations of mercury io blood cells and plasma seeins to be, qualitatively, a 

measure of mercury intoxication, whereas the mercury concentration in hair reflects the mercury 

concentrations in the body :it some time prior to sampling (4). Noritlal values of mercury concentraiion in 

hlood ant1 hair of Swedish adults who ha3 no kiiowo excessive exposure to mercury range up io 0.01 p p ~ n  

and about 1.35 ppm respectively. Values for normal adults from Finland, which also has a widespread 

contamination problem, were somewhat higher. Fish eaters show a definite elevation in mercury levels over 

control values, and there appears to be a linear relationship between fish consumption and the mercury 

concentration of blood (100). In severely contaminated individuals, values for mercury can aveiage as high 

as 2.4 and 500 ppm for blood cells arid hair, respectively [but see ;ilso section 7Ki(.3)]. 

(99). 
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A widescale study of mercury in the head hair o f  “normal” Canadians has also been performed, 

indicating values from 0.2 to 6.0 ppm with an average around 1.5-3.0 ppm (63,101). Analyses were 

additionally performed on fish eaters from areas near contaminated bodies of water (Kenora-Dryden, Lake 

Saint Clair) and indicated that 75‘L of such individuals had abnormally high concentrations of mercury (>6 

ppm) in their hair (69). Several who had consistently eaten fish at least once a week during the previous ten 

months had levels ranging from 50 to 100 ppm, whereas those who had consumed less than ten pounds of 

fish during this period (Le., less than one meal per two weeks) had essentially normal concentrations in 

their hair . 
Finally. in one brief report mercury level5 were measured in the blood of five randomly chosen pairs of 

mother and child at the birth of the child (100,102). The average mercury concentration in the  blood cells 

of the newborn child was found to be 28% above that of the mother. If the data for the children are plotted 

vs those for the mother, a relationship is obtained suggesting that both the relative and absolute 

accumulation of mercury from the mother-to-be into the human fetus may increase hazardously at higher 

mercury concentrations (Fig. 6). 

ORNL-DWG 70-15344 
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Fig. 6. Mercury content in the blood cells of the child vs that of the mother at the birth of the child. Dashed line has a 
rlope of 1 .  kcom Lofroth (4). ba-xd on data  of Tejnlng (102) 
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5, FORMS AND TRANSFORMATION OF MERCURY IN TIFIE. ENVIRONMENT 

The principal mercury compounds commercially discharged into the environinent and the  primary 

sources of these compounds are the following ( 1  03): 

( 1 )  Metallic mercury, Hg' (chlor-alkali and instrumeni plants); 

( 2 )  Inorganic dival-ent mercury, Hg2+ (chlor-alkali plants); 

( 3 )  Ptienylmercury, C 6  H5 -1Ig' (paints, pulp and paper plants); 

(4) Methylmercury , CH, -1Ig + (agriculture); 

(5) Metlmxyethylmercury, CH3 OCH,-CI-l, -fig' (agriculture). 

Countries in which methylmercury compounds were used as seed dressing agenf s have experienced a gerieral 

contan-iination of terresirial animals by mercury (Norway, Finland, Sweden before 1966), whereas those 

countries in which methoxyethylmercury compounds were used have not (Denmark, Sweden afler 1966). 

Tests have shown, i-noreover, that most of the mercury present in food products from contaminated 

countries i s  i n  the form of niel.hylrnercury (Table 12) (77). This led to  the initial assumption h t  

methylmercury compounds released into the environment were primarily responsible for the mercury 

contamination of plants and animals, whereas other mercury compounds were relatively innocuous. 

When fish specimens were also found with elevated levels of niercury, this mercury was initially 

assumed to be in the forins primarily released into industrial waters, i.e., jnorganic inorcury and 

plienylmercury (104). It was subsequently shown, however, that regardless oi thz nature of the mercury 

pollutant, essentially only niethylmercury is present in fish flesh (Table I 3) (7'7). The inevitable conclusion, 

therefore, is that transformation reactions between different compounds of mercury not (,illy must occur, 

but are of central significance (105). 

As an initial consideration for such transformations, llie geochemistry of metallic and inorganic 

mercury involves i i u n i e r ~ u ~  interconversions and transforinations ( 7 3 ) .  Siniply stated, mercury is 

gericrally present either as a variety of iiiorgariic or huniic complexes (which can iatercliange witb one 

anoi.lier) or as the relatively unioniLed and stable niercuric sulfide (€I$), the principal component of 

citinabar. Under oxidihng conditions, however, mercuric sulfide is gradually converted to mercuric sulfiitz 

(HgSOa), which dissociates much more readily and thus releases inorganic niercury into the web of 

geochemical interactions. Oxidizing conditions will dso promote thr: conversion of metallic rnercury @go) 
to inorganic mercury, particularly if there is material present (soil, alluvia, etc.) with which the resulting 

inorganic mercury can firmly bind. The mercuric compounds which rind their way to the earth's surface 

will generally degrade to metallic niercury and volatilize under the action of sunligtit (26). On the ottier 

hand, most of the mercury compounds which are washed into river and lake bottoms will, if anaerobic 

conditions prevail (Le,, hydrogen sulfide is present), be ult irnately converted into the insoluble mercuric 

SUI ficl e ,  
Into this general scheme must now be superimposed the recent and important discovery that 

decomposing fish atid sediments from a large number of lakes and rivers contain microorganistiis or 

biologically derived alkylating systems which are capable of forniing methylmercury and dime thylmercury 

from inorganic mercury, even under anacroliic conditions (Fig. 7) (1O4,1O6). Such transf'orinatitms would 

contribute to the release of mercury from sediments into water since methylmerc~ry has a lower hiriding 

affinity than inorganic niercury atid dimethylmercury i s  uncharged, volatile (bp = 91"C), and can be 

released into the atmosphere, However, both rnethyltnorcury and dirnethyltnercury would appear to be 

rapidly iaketi up and retained by larger aquatic organisms such as fish (see section hC). In solution, 

dime thyltnercury i s  rather unstable under acid condilioiis, and under such circum~taiices substantial 
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Fig. 7. ConcentPation of methylmercury in bottom sediment after addition of I O  (closed circles) or 100 (open circles) 
ppm inorganic mercury followed by variable times of incubation. I r o m  Jenwn and Jernelov (104). 

decomposition to methylmercury can occur (106). Whatever diniethyhiercury is released into the 

atmosphere is most likely converted to metallic mercury vapor together with rriethane and ethane. ‘I’he 

photolysis of dinietliylmercur-y has been a much studied reaction, being a classic tnetlrod used by chemists 

to generate ethyl and methyl radicals ( 107). The conversion of phenylmercuiy ;ind metlioxyetlrylmercury 

to other forms of mercury also occurs, although less information on such transformations i s  available (103). 

Certain bacteria, moreover, are apparently capable of converting just about all types of mercury compounds 

into metallic mercury vapor (108.109). 

The most important presently known steps by which inorganic mercury and some mercury-containing 

coinpounds drc interconverted in nature are thi.is summarized in Fig. 8. Some of the generalizations which 

emerge from this diagram and from what has previously been said are the following: 

( 1 )  mercury, in whatever form, is potentially exchangeable among the air. land, a i d  water phases; 

( 2 )  niercui-y- in whatever form and from whatever phase. is potentially capable of being taken up by 

( 3) in an aquatic system, methylriiercirry can be formed directly from inorganic mercury (Ilg”) under 

aquatic animals in the forin of inetliylmercury or dimethylmercury; 

anaerobic conditions; but 

(4) urider pernuzneiztly anaerobic conditions, mercury will teiid to accumul;rte in bottom sediments either 
ac HgS or Hg’. and little nietliylrnercury or dimethylmercury will be formed ( 1  10); 

(5) methylmercury and dimethylmercury can be formed indirectly from either HgS or Hg0 in the presence 
of oxygen or under oxidizing conditions ( 1  1 I ) ;  

(6) alkaline conditions will tend to promote the release of mercury from aquatic ecosystems via 
dime thylniercury . 
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Fig. 8. Some of the transformation pathways of mercury and ita compounds in nature, 

. .- 

More information is certainly needed on the interconvertibility of each of these steps; nevertheless, the 

overall equilibrium in nature teiids to  proceed towards the right, since the nielliylmercury and 

dimethylmercury compounds are not tightly bound to substrates, are water soluble or volatile, and 3re 

rapidly taken up by living organisms in which they are relatively stable. Assuming that the rate of 
conversion of inorganic mercury to methylmercury is the rate-determining step in the removal of iiiercury 

from contaminated bottom sediments, it has been calculated that this removal would norriially take from 

10 to 100 years unless the mercury is made inactive by its physical removal or by the elimination of its 

biological availability (103,112). 

6. TURNOVER, TRANSLOCATION, AND ACCUMULATION OF MERCURY 
IN PLANTS AND ANIMALS 

A. Plants 

In general, it has been found that various plants (carrots, potatoes, turnips, lettuce, beans) grown in soil 

treated with inorganic mercury compounds accumulated little or no mercury in the edible parts of the plant 

(6). Conflicting evidence has been obtained as to  whether or not the mercury from seeds dressed with 

methylmercury compounds eventually enters the growing plant and subsequent crop. I n  one investigation 

(6), the mercury level of wheat or barley was found to be 0.008-0.012 ppm whether or not they were 

grown from dressed grain. However, other studies have shown that mercury moved from the seed coating 

on rice grains up into the developing plant ( 1  13) and that the mercury content of harvested barley and oats 

was about 0.030 ppm when the seed corn was dressed, but only about 0.014 ppm when the seed corn was 

nondressed (1 14). Further indirect evidence that methylmercury dressings may translocate to other parts of 

the new plant are provided from data demonstrating that the average mercury content of eggs from hens 

fed grains grown from untreated seed and from methylniercury-treated seed were 0.012 and 0.027 ppm 

respectively (77). In the same experiment, eggs from liens fed on grains grown from rnethoxyethyl- 

mercury-treated seed contained 0.01 0 ppni, suggesting that different forms of mercury translocate to 

different extents. 



18 

When phenylinercury (PMA) compounds are applied to the foliage or bark of plants or trees, inost of 

the mercury penetrates beyond the reach of surface washing within a few days and subsequently 

translocates to other parts of the plant ( 1  IS), As a typical example of the problem. investigations (1  16) on 

apple trees receiving PMA cover sprays in late spring or early summer indicated that mercury residues in 

apples declined over a period of one month to approximately one third of the initial deposit. At this time, a 

large part of the residue was concentrated in a small portion of the apple a t  the calyx end. This stage was 

followed by a rapid accumulation of mercury in the fruit throughout the rernainder of the growing season, 

until at harvest the residues wrre greater than the initial deposit. Fruit bagged to prevent direct contact 

with the PMA spray also accumulated mercury. Further studies ( 1  17) showed that mercury moved into the 

fruit by translocation rather than volatilization and that there was little or no uptake by the roots. 

B. Aquatic Organisms Other than Fish 

Little information exists on the turnover and translocation of mercury in aquatic organisms other than 

fish. However, one study (80) has shown how the effluent from a paper and pulp mill can dramatically 

increase the mercury levels in various organisms downstream from the plant (Table 14). The accumulation 

of mercury may occur primarily by passive surface adsorption, as has been shown for marine diatoms ( I  18). 

or by a combination or surface adsorption with active metabolic uptake and ingestion of contaminated 

food organisms and debris, as is probably the case for animals such as insects. Regardless of the mechanism, 

~nercury accuinulated by lower aquatic organisms is ultimately passed on to animals at higher trophic levels 

such as fish. 

C. Fish 

Analyses made on fish caught above and below industrial outfalls are provided i n  Table 13 (77: see also 

ref. 1 19). These data demonstrate the effect that mercury discharge can have on fish and also indicate that 

whatever the natural or man-made source. mercury in fish muscle accumulates almost exclusively as 

rncthylniercury. The overall concentration factor from water to  pike can be as high as 3000 (32), but an 

absolute value for this factor will depend upon such considerations as tlie species, the length of exposure, 

and the age and size of the fish. Fish can accumulate methylmercury released from bottom sediments either 

directly from the surrounding water (81 , I  20) or  indirectly through the food chain (530).  
‘4s a typical example of subacute exposure to alkylmercury in tlie surrounding water, trout were placed 

for one hour in a water bath containing 0.1 25 p p n  ethylmercury and the mercury levels in various tissues 

followed thereafter ( 12 I ) .  The conditions of exposure represent the presently recommended procedure for 

the control of external bacterial and parasitic infections in fish. The major finding was that absorption in 

the gills first occurred, followed by successive peaks of mercury concentration in the blood ( 2  days) and 

liver (4 to 5 days). Levels in tlie kidney, however, rose slowly and were maintained at about 1.6 ppm even 

after 7 months (Fig. 9). Most of the mercury in the blood was associated with the cellular rather than the 

plasnia. fraction. Muscle tissue generally remained at a low level ( < O S  ppm). I n  the same study. it was 

found that salmon fed a 30 day diet of ethylmercury-treated fingerlings also accumulated large amounts of 

mercury (9.1 and 1.9 ppm in kidney and muscle, respectively). Uptake of mercury is thus riioi-e rapid in the 

liver and kidney than in muscle, and higher levels have been found in the former tissues if the total amount 

of mercury in the fish is increasing (1  22). 
Under stable environmental conditions involving the chronic exposure of the fish to very low levels of 

mercury. Iiowever, the amount of mercury in muscle tissue is greater than that in the liver or kidney (Table 

15)(80,122), In  one study, aimed at deterniining whether chronic mercury exposure produced an 
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Pig. 9. Abwrption and distribution of mercury in various tissues of trout following a 1-hour exposure to water 
containing 0.125 ypni ethylmercury phosphate (double log plot). Drawn from data provided by Rucker and Amend (121). 

accumulative effecf, ilie mercury content in the muscle of pike collected in three variously polluted waters 

was measured ;IS a functioti of fish weight, the latter being the best indication of age (80). The results 

showed that there was a linear relationship between the weight and age of the fish and the mercury content 

in axial musculature, except when tlie concentration was less than about 0.2 ppm (Fig. 10). Ttiis can be 

laken as an indication that there is a threshold level of mercury in {he environment, above which fish 

cannot eliniinate mercury frotn thejr muscle tissues faster than it is incorporated and above which 

accurriulation ihus occurs. 

I). Other Animals and Man 

Inorganic mercury compounds are all absorbed readily inlo the lungs arid gastrointestinal tract but 

poorly through the skin. After acute administration of inorganic mercury salts to animals ;jnd tnan, the 

highest level of niercury is found in the kidneys and the second highest in the liver. Elimination from brain, 

thyroid, and tcstis is slow, however, so nccurnulation of nierctiry in these organs with chronic exposure is 

possiblc (123,124). Organic niercury compounds may also enter the body by inhalation or oral ingestion 

and, i i i  addition, ai-e more readily absorbed through the skin than inorganic nla(erials. Once inside tile body, 

however, phenylrnercury and tnethoxyethylrnercury are degraded tu inorganic mercury (125-1 27). Thest. 

compounds t h i s  generally undergo the sane turnover patterns as inorganic mercury; Le., they disappear 

fairly rapidly from the blood and accumulate i n  the kidney prior to excretion. 'They are then excreted at a 

moderate rate as long as the dost. given is not hrge enough to injure the excretory organs. All of the above 

substances ixay be converted to ~riethylmercury within the body to ;L slight ex tent. As examples, liver 

hoinogeriatzs are able to form metliylmercury from inorganic mercury ( 1  28,129), and hens fed seeds 

treated with inorganic, me thoxpethyl-, or phenylnierciiry lay eggs containing methylmercury in the egg 

white (128). 
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Fig. IO.  Relation between mercury content of axial muscle and total weight in piker collected from three different 
lakes in Sweden. From Lofroth (4).  based on data of Johnels and Westernlark (80). 

Methyl- and ethylmercury (alkylmercury) compounds, on the other hand, are much inore stablc in the 

body and circulate for a long time unchanged in the blood (127,130). In the blood, 90';;: or more becomes 

associated svitli the blood cells rather tliaii the plasma as in the case of inorganic mercurials (127.1 31 -133). 

Because o f  the relatively low plasma concentration of alkylmercury compounds, they are taken up to a 

lesser extent by the kidneys, and there is little rise in urinary excretion with rising blood levels (131). Thus, 

the urinaty output of mercury is not a very useful index of exposure to alkylmercury coinpounds. 

Alkylinercurials also accumulate in various body tissues and particularly the brain to a much greater extent 

than other mercury cornpoundr (134,135) [more tlian 98% of the total mercury in the brain is i i i  the form 

of methylmercury ( 3 1 .  Once inside the brain, a redistribution of mercury to cortical regions in the 

cerebellar and calcarine cortex occurs concomitantly, after severe exposure, with tlie appearance of 

neurological syinptoins (4.1 36). The main route of excretion for alkylmercurials appears to be by means of 
the liver into the bile and thence to the feces: more than 90% can be resorbed again during passage through 

the gastrointestinal tract, however. so that considerable recirculation occurs and retention by the body is 

marked ( 1  36-~138) [see section 7D(?)]. 

Mercury vapor enters the body primarily through the respiratory tract, and its subsequent distribution 

pattern i s  intermediate between tlie alkylmercurials on the one hand and inorganic mercury. phenyl- 

mercury, and methoxyetliylmerciiry on the other. I t  is poorly soluble in plasma. where i t  is partly 

converted to inorganic mercury and subsequently excrcted through the kidneys ( 139). Because of i t s  lipid 

solubility and lack of charge, however. it can penetrate cell membranes to  some extent and becomes 

generally diffused throughout the body (1 39 --141), showing an affinity for brain and nervous tissue 

(140- l43), particularly in localized areas (123,131,142). It also accumulates to a considerable extent in 

the mucous membranes of the intestinal tract and in the salivary glands ( 17.3). 
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7. CRITERIA FOR EVALUATING MERCURY LEVELS 

Criteria are descriptive; they [are] an cxpressioii of the scientific knowledge of the . . . effects that can be expected to 

-. 13irmingham. Federal Government and Ai r  
and Ll’ater Pollution, 23 Business 1.awyer 467. 

occur wlianever the level of a pollutant reaches or exceeds a specific figure. 

“What do you know about thjs business?” the king said to Alice. 

”No thing,” wid Alice. 

“Nothing wlzurever?” persistcd the king. 

‘‘Nothing whatever,” said Alice. 

“That’s very important,” the king said, turning to the jury.  

- Carroll. Alice in Wonderland. 

A. ‘Toxicity to Aquatic Organisms 

Inforimtion on the lethal concentration of mercury conipoiiods found for various aquatic organisms 

has been collected from a nu~iiber of sources and is presented in Table 16 (7). While such information 

indicates that mercury compounds are remarkably toxic at relatively low concentrations, it unfortunately 

does oot help to define wbat maximal levels should be avoided in order to maintain a healthy aquatic 

ecosystem. For instance, a1 hough  60  ppb ethylmercury has been found lethal to  marine phytoplankton, as 

little as 0.1 - -  0.6 ppb alkylniercury introduced into sea water will produce a nieasiirable inhibi!ion of 

phoiosyntliesis and growth (144?145), and 1 ppb methylmercury or pheriylnicrcury will reduce 

photosynthesis by fresh water phytoplankton lo 40- 50% of control valuer (145). In another study, half of 

the goldfish (a very hardy fish) contiiiuuuusly exposed to a concentration of 820 ppb mercuric chloride died 

within seven days, yet an exposure for only two clays to 3 ppb mercuric chlor-ide produced a rneasui-able 

impairment io “learning” behavior (146). 

As an added difficulty, experjiiien ts done under laboratory conditions in order to determine ;i tolerance 

level for a given substance may no1 apply to natural situations where synergistic effects play a role. The 

presence of copper, for itwance, can apprecial)ly increase the toxic effects of mercury (147). Chronic 

exposures m u s t  also be considered, since a species may eventually dje in the stream because sublethal levels 

of mercury could interrupt its normal ability to feed or avoid predators. Even tbough the literature on 

chroiiic and synergistic exposure is inadequate, ii. is nevertheless appareti t that concentrations of mercury 

below the proposed drinking water quality standard of 5 ppb (see section 8B) can have 3 detrimental effect 

on aquatic organisms. 

B. Toxicity to Man 

i. Individual incidents. The medical literature is replete with examples of acute and chronic exposures 

of individuals tu mercury, bot11 intentional and unintentional. A few examples which indicate the variety of 

experiences are provided below: 

(1) (Ref. 148). A student nurse broke a clinical thermonieter and wounded her hand. ‘The healiiig of 

the wound was uneventful, but four years h te r  (lie lower lobe of her left lung was removed after repeated 

bronchitis a n d  pneumonia, and disseminated mercury emboli were Found in the pulmonary arteries. The 

patien1 died six years after the original injury from ernpyzrua following the removal of the remainder of the 

lung, in which an abscess had formed. 

(2) (Ref. 149). A 17-year-old farmer treated stored oats with a fungicide containing 1.5% mercury as 

methoxyethylinercury silicate. This work lasted for three hours and caused much dust. Abdominal pains, 
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diarrhea, and vomiting made him call a doctor seven days later. Among the symptoms were albuminuria 

with the prcscnce of 0.9% blood in the urine and a light pulmonary edema. Two years later, a control check 

revealed no edema. the cardiovascular system was intact, arid there was no neurological abnormality. Three 

years after spraying, the patient lost weight and became debilitated to the extent that he was unable to 
work. [IC also developed states of anxiety, rapid heart beat, headaches, insommia, and “tics” of the face, 

larynx, and pharynx. Urinary analysis for mercury a t  this time still showed a n  elevated level. 

( 3 )  (Ref. 150). In September 1969, a granary in New Mexico gave away floor sweepings, and a 

custodial worker collected some 3000 pounds to  feed his hogs. About three weeks after he began feeding 

the seeds, he noticed that a number of the hogs appeared sick. He subsequently butchered the largest one 

that appeared well and began feeding the meat to his family. About three months later, three of his children 

developed impaired vision and eventually became comatosz. Urine analyses (1 5 I ) revealed high inerciiry 

contents, and hair samples (69) from two of the children contained 1,397 and 7,436 ppm mercury (these 

being the highest levels ever measured in a human). Six months later, two of the children were still blind 

(one in a coma). and the third appeared to be recovering, although with some impairment of vision. Checks 

revealed that the seed at the granary had been treated with Panogen, a methylmercury formulation. 

i i .  Epidemiological incidents. Examples of community poisonings i n  which mercury has been found as 

the causative agent have been reported in Iraq (1  52). Pakistan ( 1  53), Japan (1 54,155). Guatemala ( I  ,[56). 

and what is now Yugoslavia (157). In the latter case a community of 000 inhabitants along with cows and 

dornestic animals developed muscular tremors and other symptoms of mercury intoxication following a fire 

in a ~ i ~ e r c u r y  mine. Probably many other incidents involving mercury posioning have occurred, but either 

iiiercuiy was )lot identified as the causative agent or the general malaise of the population never reached 

alarming proportions. Details for two of the incidents are provided: 

( 1 )  (Ref. 152). In 1956, many cases of mercury poisoning were observed in the north of Iraq, and more 

than 100 cases (14 fatal) were adniitted to Mosul Hospital. In 1960. many farmers from the central part of 

Iraq were also affected, and 221 patients were admitted to one hospital in Baghdad alone. There were many 

deaths; 23, bodies seemed to  have been examined in the Medical-Legal Institute in Baghdad, and large 

amounts of mercury were found in the organs (average level in the liver was 65.8 -1 18.5 ppm). AI1 the 

poisonings apparently occurred from eating dressed wheat, and patients admitted that they had been 

warned against eating the wheat. Some of the patients had washed it to rid if of the poison. however, and 

wheil they noticed that nothing happened to fowls that consumed it for a few days, they started eating it 

also, sometimes mixed with larger amounts of untreated wheat or maize. People who had eaten the dressed 

wheat and remained well for some days or weeks set an unfortunate exarnple to others who did not hesitate 

to consunie the dressed wheat in the form of bread. The product responsible in all cases was Granosan hl. a 

fungicide containing 7.7% ethylmercuryp-toluenesulfonanilide. Cases of neural lesions were found in all 

grades of severity. Symptoms usually appeared within one or two months after eating the treated wheat, 

sometimes longer, but occasionally in as short a time as a few days, depending on the amount consumed. 
(2) (Refs. 154,155). In Minamata. Japan. an acetaldehyde and vinyl chloride plant discharged large 

quantities of mercuric chloride and methylmercury from 1950 until 1960, when equipment for waste water 

treatment was installed. The effluent was channeled to the Minaniata River and Minamata Bay. From 1953 

to  1960, 1 1  1 persons living around the Minamata River and Bay areas were reported poisoned after having 

eaten fish and shellfish caught i n  the contaminated area, and 41 died. Twenty.five ou t  of forty affected 

families ate fish arid shellfish daily (158). Among the 1 1  I were 19 congenitally defective babies born of 

motliers who had eaten the contaminated food. Clinical features observed were lack of motor coordination, 

constriction of visual fields, and difficulty articulating wurds; pathological findings were regressive changes 

in the cerebellum and cerebral cortices. 
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During 1965 in Niigata, Japan, 26 cases of nierciiry poisoning and 5 deaths were also officially 

documented under similar circumstances, although in a Japanese report of the Niigata incident, details are 

given which show that at least 120 persoils had one or more of the following symptonis associated with 

high rnercury concentrations in the blood: numbness in the distal parts of the extremities; numbness 

aroutid the inotith; constriction of the visual fields. Severely ii ffected persons and their fainilies consutned 

fish from mercury-contaminated water with a frequency of 0.5 to  3 times a day, and the fish seem to have 

contained 5 to 20 pprn mercury. In both the Minamata and Niigata incidents, the iriercury compound 

involved was methylmercury, since this was the form of mercury found in fish flesh. From data derived 

from the Niigata incident, it has bee11 calculated that consumption of 1.5 mg mercury 3s nietl-iylnlercury 

per day (representing a daily diel of 250 g fish with 5 to 6 ppm mercury as methylmercury) is probably 

lethal ( 1  00). 

iii. Industrial incidents (2). Numerous cases of industrial exposure to  inercurials with result ant toxic 

syrtiptoins have been reported, the most notorious being incideiits in the mining and hat-felt industries. 

However, the niost iiiforinative cases tiwe been those in which symptoms were related to  exposure. In an 

early study (45,46), syinpt{.)rns of mercury poisoning in the hat-felt industry were observed only among 

workers who had been exposed to  air mercury levels above 100 pg/m3. In a thermometer workshop, one 

case of inercurialisni and eight suspected cases wete found among 120 workers exposed to inerciiry 

concentrations around 100 pg/m3 (43). However, seven cases of mercury poisoning with pronounced 

tremor were found among 91 workers in a chlor-alkali plant, where mercury levels in the air were generally 

t)elow 100 pg/in3 (42). Evidence from the IJ.S.S.K. indicates that increased excitability of the central and 

autonomic nervous systems toge thex with slight anemia and hypothyroidism occurred among workers 

exposed to as lii tle ;IS 10--30 pg/m3 (2). In a careful investigation conceniitig the chlor-alkali industry (21, 
time-weighted average exposure levels were calculated for 642 workers, and the maximum average exposure 

found was 270 pg/ni3. The majority of workers were exposed to less than 50 pg/in3. There was a very 

strong correlation between weight and ;Ippetite loss and the air-rnercury levels. There was also a significant 

posilive correlation between the prevalence of certain other neural comp1ic:itions and exposure, with the 

increase of symptonis being apparent above average coricentrations of 100 pg/m3. All of  the above 

incidents rercr ali-nos(. exclusively to exposure to metallic mercury vapor. 

In one study of 100 workers exposed to phenylniercurial coinpounds (with some adnijxture of 

inorganic mercury salts) in the air, concentrations of mercury in the working environment weie found to  be 

alroosl always greater than 290 pg/m3, with one third of the workers exposed to  concentrations up  to 

5,100 pg/m3 (132,159j. In another irivestigation, 26 subjects were found to have been exposed up lo 6 

years to 250--3,200 pg/1n3 pheny-lrnercuric pyrocatechin (1 60). No evidence of poisoning was observed in 

ei [her case, so aerosols and vapors containing phenyl- and itwrganic niercurials must be considerably less 

toxic than vapors of metallic niercury. 

Industrial exposure to  alkyhriercurials is relatively infrequent, with m o s t  cases involving laboratory 

workers or those preparing and handling dressed seed for agricultural use. A survey of reports appearing in 

the medical literat lire has been prepared (1 55), but no inforination is provided on exposure levels. In these 

incidents, the typical, generally irreversible symptoms (see section 7Biv) of alkylmercury poisoning were 

notcd, with many cases terminating in death. 

iv. hfedical observations (2). Acute occupational exposures to high concentrations of inorganic salts of 

mercury are rare. Clinical manifestations, such as those which occur with accidental or suicidal intake of 

inorganic salts, are acute gasfrointeritis wiih abdoniinal paiii, nausea, vomiting, bloody diarrhea, and severe 

kidney injury leading to anuria with uremia. Acute exposure to high concentrations of mercury vapor tnay 

give rise to  syniptoms o f  pulmonary irritation and soriietimes involvernent of the central nervoiis system. 

- 
s 

- -  
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Chronic exposure to inorganic mercury is also uncommon. In the case of chronic exposure to mercury 

vapor. symptoms and signs involving the central nervous system are most commonly seen, the principal 

features being tremors and psychological disturbances. Symptoms related to  the mouth. such as gingivitis. 

stomatitis, and excessive salivation. may occur along with a number of nonspecific symptoms such as loss of 

appetite, weight loss, anemia. and muscular weakness. Intoxication from mercury vapor or from absorption 

of mercuric salts may be due, in both cases, to the action of the mercui-ic ion. Metallic mercury is able to 

diffuse much more extensively into the blood cells and various tissues than inorganic mercury, but once 

distributed, most of it is oxidized to the mercui-ic forin (139.1 61). 

Acute exposures to phenylmercurials have been rare, and what information exists suggests that 

piimarily kidney damage occurs (162). No conclusive evidence of systemic toxic effects in man after 

long-term exposure to  phenylmercurials has been published, but an irritant effect on the skin has been 

observed (1 63). In a few reported cases from exposure to rnetlioxyethylnierciii-y compounds, the symptoms 

have been loss of appetite, diarrhea. weight loss, fatigue, and kidney darnage with albuminuiia and 

occasionally 3 nephrotic syndrome ( 1  49,164). The syr i~pton~s are probably due to inorganic mercury, since 

both pheny-lniercury and methoxyethylmercury are rapidly converted to inorganic mercury in the body ( 2 ) .  

No cases of damage in children born to mothers exposed to inorganic mercury, phenylmercury, or 

inethoxycthylii~ercuiy compounds have been reported. In animal experiments, mercuric mercury was found 

to concentrate in the placenta. which acted as a barrier for ahsorplion into the fetus (134). 

Symptoms of methyl- and ethylmercury poisoning Inlay occur weeks to months after acute exposure to 

toxic concentrations. The symptomatology of acute and chronic poisoning from both compounds is similar, 

including numbness and tingling of the lips or hands and feet, ataxia, disturbances of speech. concentric 

constriction of the visual fields, impairment of hearing, and emotional disturbances (165 -167). With severe 

intoxication the symptoms are irreversible, indicating a thieshold level of brain damage has been surpassed 

In infants born to mothers with exposure to  methylmercury. the syniptoins are somewhat different. 

Most children have mental retardation and cerebral palsy with convulsions. 'These effects are even found in 

infants born of asymptomatic mothers (168,169). Thus. alkylnicrcurials not only can pass the blood brain 

halrier but also the placental barrier (102.1 34.1 70), and fetal intoxication is possihle for as long as 3-4 

years after the mother is poisoned (1 70). 

(4). 

C. Biological Studies 

Although considerable biological research has been done on the effects of mercury compounds in both 

intact animals and in vitro systems, the toxic effects of mercury remain essentially unexplained, particularly 

with reference to its mode of action on nerve cells, fibers, or synapses. All mercury compounds are 

cytotoxic to cells in culture, with organic mercury compounds being an order of magnitude more effective 

than inorganic mercury compounds ( I  71). Mercuric ions can interact with sulflhydryl groups of proteins, 

however. thus interfering with enzymes and producing changes in membrane permeability (1 72). A 

methylmercury concentration equivalent to 20 ppm interferes with detoxification enzymes in  rat liver 

preparaiims, and carcinogenic N-oxygenated metabolites accumulate because of a reduced capacity for 

complete oxidative deniethylatiori ( 1  73). Metallic mercury has been shown to be both carcinogenic ( 1  ~74) 

and to enhance the effect of other carcinogens (175), whereas inorganic mercury has not (176). Any 

number of mercury compounds will produce chromosomal abnormalities in various cells, along with genetic 

arid teratogenic effects (see ref. 175). As little as 0.25 ppni methylmerciiry in the food of Drosopliila can 

induce the formation of extra chromosomes in offspring (1  77 . 179). Both phenyl- and methylmercury 

conipounds have been found to be the most potent known inhibitors of spindle formation during mitosis 



25 

(178, I80,181), with effective levels being comparable to those found for niethylniercury in the blood cells 

of Swedish control populations (I 36,152); inorganic mercury i? about 200 times less dctive in t h k  respect, 

although in all sucli coniparisons this Factor may partially represent a diffeience in cell penetration of the 

two types of compounds. 

D. Determination of an Allowable Daily Intake (ADI) for Mercury 

The form of mercury to which the public IS most gencially exposed is methylmercuiy present in foods 

An aitempt has bcen made io defiiie the i i i d x i n i ~ ~ i i  An1 of mercury as methylnieicuryin mdn (182). Two 
estinuttes have been rnade based on the scanty evidence available 

In a study of persons with a high intake of Swedish fish contaminated to varying degrees with 
inethylinercury, it c v x  calculated that one subject consumed approximately 150 grains of fish p r  day, 
with an average mercury concentration of 6.7 ppm fresh weight; this is equivalent to  1 .O mg mercury 
ingested per day (100). A mercury level of 1.2 ppm in red blood cells was found in this individual, 
which is about half that found as average for several groups with symptoms of mercury poisoning (see 
Table 1 1). Thorough clinical invcsl.igation revealed no other signs or symptom of illness or physical 
impairment. A daily consumption of 1.0 mg mercury pel day 1Iius reptesents the highest intake ever 
calculated for an asymptomatic person. Rased on this one individual then, an intake of methylmercury 
equivalent to  1.0 rng mercury per day can be considered a “no effect dose” in man. Calculation of  a 
safety factor o f  10, which seems to  be customary for “uniiitentiond food additives,” would yield an 
AD1 of 0.10 nig mercury. 

The ~iiet:ibolisrn aiid retention of [z O 3  krg] methylmercury nitrate has secently beeti studied in three 
adult rnale subjects (137:138,183). Each took 3 I*Ci of the isotope orally, and essentially complete 
absorption occurred. Measurements matle with a whole-body counter over a seven-month period and 
corrected for isotope decay indicated a physiological half life in the body of 70---74 days, equivalent to 
a daily excretion of 1% of the body burden (Fig. 11). Similar resu1t.s are obtained if the ingested 
I2 O 3  Hg] methylmercury is covalently bound to food proteins (100,184). Radioactivity was also 
measured over differcnt parts of the body by rciritillatiorr scaiiliing and was found to be mainly 
localized over the liver area, with 10---20%, located in  1Iie head (Fig. 17). The aniouiit of mercury in the 
braiii of an adult man which caiises toxicity has been calculated to be 12 iiig (1 36,182). If this amount 
of mercury in the brain is assumed to represent 10-20% of the body burden, the latter would be 
60--. 120 mg. With a daily excretion of 1 3 ,  the dose of methylmercury needed to maintaiii equi1il)rJuru 
would be equivalent to 0.6-1.2 mg mercury per day. If one accepts this as a minimum toxic chronic 
dose to adult man and applies a safely factor of 10, one oblains an AD1 of 0.06-0.12 mg mercury. 

The above values should simply be taken as the best present estiiilates and need considerable 

reevaluation in the futuie. It is not cledr, for instance, if the relative concentration and tultiover of 

metliylmercury in the brain after chronic exposure can be adequatzly inferred from expeiiments in which 

the isotope was “pulsed.” Also, t k w  estirnutes lire on& based or1 neurological dysfinction us nn end point 

clnd do not take into consideratioti possible teratogenic OY carcinogenic effects, c?uumcige to the gmetic 

nzcchnnisms, or very long term effects which would enhance seiiescence. 

E. Economic and Social Costs of Mercury Pollution 

- Considerations to tlur point have involved physical, chemicd, arid biological aspects o f  mercury in the 

environment. As pait of any evaluation of mercury pollution and the standards which will serve as 

guidelines for the release of mercury into tlie environment, economic and social factors must alro be taken 

into consideration. Such factors are even more difficiili to measure and quantify than biological exposures 

and eifecrs; but they are, in fact, presenily being incurred in many a l a ?  of the IJ.S. (see fable 8 )  and intist 

”I 
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TIME AFTER INTAKE (days1 

Fig. 11. Whole body retention of 2031Zg after a single oral intake of [203€~g]methylmercluy nitrate by three (aa--s) 
human volunteers (semilog plot). From Aberg e t  af. (183). 

2500 

2000 

1500 
c .- 
E 

m 
3;- c 
c 
3 0 

4000 

500 

0 

ORNL-DWG 74-452 

a 

a *  

a a 

a a s  0 

a *a  
D 

REGION 

Fig. 12. Step-scanning profile of volunteer (Fig. 1 l b )  43 days after intake of ['03Hg] methylmercury nitrate. Borders 
between anatomical regions are: A ,  skiill cap: R ,  plane beneath tragus at one fourth distance between tragus and jugular 
notch: C, jugular notch:D, umbilicus; E,  ischial tuberosity; F ,  knze. From Aberg e l  a[. (183). 
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be balanced against possible biological hazards in order to eslablish equitable standards. No attempt will be 

made here to evaluate these costs; rather, they are simply enumerated in order to  appreciate the scope of 

the piobleni ( 5 ) :  

(1) Cost to manufacturer to meet standards, whether realistic or arbitrary, for their effluents; 

(2) Cost of added enforcement, regulation, inspection, and control, and of holding inveritoiies pending 

(3) Cost of subsidies (currently under consideration by state governments, for example) to compensate 

(4) Cost of health care and loss of labor income attributable to  tnoibidity caused by mercury poisoning; 

(5) Loss of income to  states resulting from a reduced denldnd for commercial and sport fishing licenses; 

(6) Loss of revenue5 for comniercial fishermen and those whose livelihood is linked to  the recreational 
facilities of impounded or suspect areas (although these businessmen are relatively few io number, the 
loss to them as individuals is absolute and catastrophic); 

(7) Loss to  processors, distributors, and retailers of all types of fish due t o  reduced sales volume and to 
promotional expenses incurred while dissociating their product? from suspect specimens; 

(8) Loss to  the consuming public in that their range of choice is effectively reduced by fear of a whole cl 
of food products. 

decision; 

businessmen hurt  from either the commercial or sport fish bans; 

In all of these cases, the losc to  each level and sector of the economy has a “multiplier” impact on niany 

other sectors. It is far too early to anticipate what the net longer-term economic atid social c~~isec~uences  of 

the mercury pollution problem will be. 

8. EXISTING STANDARDS ANI) TOLERANCE LIMITS 

Standards are prescriptive; they prescribe pollulant levels that cannot legally be exceeded. They arc established in the 

light not only of applicable criteria but also of such additional factors as technological feasibility, the costs involved and 

the titne required to achieve the goals established by the criteria. 

-- Birminghan. Federal Government and Air 

and Water Pollution, 23 Business Lawyer 467. 

A. Air 

No official standard for mercury presently exists in the U.S. Over the past five years, the American 

Conference of Governmental and Industrial Hygienists has recommended as threshold limit values a 

time-weighted average concentration of 100 pg/m3 for nietallic vapor and inorganic compounds, and 10 

pg/m3 for organic mercury compounds during working conditions. These values are derived from studies 

performed in the Itat-felt industry on the effects of metallic mercury vapor [(45,46); see section 7Biiil and 

from an assumption that organic ~nercurials are more rapidly absorbed lhrough the respiratory tract. Notice 

has been served, however, that ACGIH intends to change the recommended threshold limit values to  10 

pg/m” for alkylmercurials and 50 pg/m3 for all other forms of mercury (185). 

After a careful consideration of the available evidence, an international symposium convened in 

Stockholni in 1968 recommended that the “maximum allowable concentration’’ (MAC) values for mercury 

should be set at 100 pg mercury/ni3 for inorganic, phenyl-, and nietlioxyethylmercui-y salts, 50 pg/m3 for 

mercury vapor, and 10 pg niercury/m3 for alkylmercury compounds, and further advised that wonieii of 

child-hearing age should not have any exposure to the alkylmercurials (2 ) .  MAC values were defined as 

‘‘that average concentration in the air wliich causes no signs or symptoms of illness or physical impairment 
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in all but hypersensitive workers during their working day on a continuing basis, as judged by the most 

sensitive internationally accepted tests.” 

In the U.S.S.R. the permissible limits have been stated to  be 10 pg/m3 for inorganic mercury and 5 

pg/m3 for alkylmercui-y compounds (2). These values are considered as ceilifig vdues which should never be 

exceeded even for brief exposure. The recommended safe level of merciiry vapor adopted by the U.K. is 

100 p g h 3  and by Germany is I pg/m3 ( I  86). 

B. Water 

Up until 1970, drinking water standards of the U.S. Public Health Service and the World Health 

Organi~ation did not include liniits for mei-cury (1 8’7,188). In the spring of 1970. in response to inquiries 

received from health authorities, water utilities, and the American LVater Works Association. the Bureau of 

Water Hygiene of the U.S. Public Health Service tentatively proposed a standard of 5 ppb for rncrcury in 

drinking water (183). This is the same standard that has been customarily quoted by various officials in this 

country for a number of years and that was officially set by Russian authorities nearly 20 years ago 

(190,191). No detailed reasoning was given by the Russian authorities for the adoption of the 5 ppb value. 

and it pi-obably represents a balance of the recognized toxic effects of mercury and a desire to have “ m o ”  

levels on the one hand with the lirnitatjons of routine analyses for mercury at the time. The limit of 5 ppb 

is considered by the Bureau of Water Hygiene “to contain a reasonably safety factor for the protection of 

human health in consideration of degree of exposure, routes of entry, metabolic rate aiid excretion rate of 

the heavy metal” (1 89). 

Although the U.S. Food and Drug Administration has seized on occasion mercury-treated seed grains 

whrch were diverted by irresponsible persons into food channels, there arc presently no estahlished 

tolerances o r  standards in the U.S. for mercury residues in any food products (92) .  

In 1966 the World Health Organization recommended that  the ADJ for organic inercurials in food be 

zero and set the “practical residue limit” as 0.03 t o  0.05 pprn ( 1  92). A “practical residue limit” was defined 

as that level of residue which is “found in foods from background and natural environrnental 

contamination” and which should not be exceeded. 

By late 1966, it had become apparent to Swedish authorities t h a t  “background” levels in fish were 

considerably higher than 0.02 to 0.05 ppm and that a number of  fish from Swedish waters contained 

residues hgher  than 1 .O ppin. An official toxicological evaluation was therefore made and puhlished in 
1967 (193). The argument in this evaluation was that in the Minamata incident in Japan [see section 

7Bii(2)]. affected persons atc, generally daily, fish and shellfish with an average mercury content of 50 ppni 

and that according to Japanese pharmacological experience a decrease in mercury intake by a factor of IO.  

Le.. fish containing 5 ppm, should prevent poisoning. A relatively low safely fdctor of 5 was adopted, and 

the proposed limit was thus set at 1 pprn. It has been subsequently pointed out, however, that the 

toxicological evaluation contained a serious error, in that the Japanese data for rnei-cury content of fish 

were based on dry weight analyses, whereas determiiiations in other countries (including Sweden) are based 

on the wet (“as ~-eceived”) weight of samples (4). Since the normal water content of fish is about 80% a 

recalculation of the data yields a final proposed limit of 0.2 ppin. leaving aside any appraisal of the 

methodology or other assumptions used in the official toxicological evaluation. Sweden has been reluctant 

to adopt this lower standard, however, since it would involve banning o f  probably most fishing areas in 

Sweden (182); rather it has recommended that fish containing bctween 0.2 and 1.0 pprn mercury not be 

consumed more than oilce a week. 
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The 1J.S. Food and Drug Administration has recently set an “interim guideline” of 0.5 ppm after taking 

this error and the average consiirnption of fish i t1 the U.S. into consideration (92) [the average consumption 

of fish in Sweden is about four times the U.S. average (194)]. At the time this guideline was proposed, 

however, analysts for FDA were using an analytical method which was unreliable for fish samples 

containing less than 0.5 pprn (92), and this consideration was also a factor which entered into the proposed 

interim guideline [more recent methods used by these scientists can now detect 0.01 ppm in fish (1 89)] . 
The Federal Food, Drug, and Cometic  Act ernpowcrs the FDA to take regulatory action against any food 

product, either imported or in interstate cornnierce, wliicli is found to contain an aniount of adulterant 

equal to or greater than that specified by the interim guideline. 

9. APPENDICES 

A. Some Physical and Chemical Properties of Mercury (195) 

Several physical propex ties of metallic mercury are summarized in Table 17 (196). Those properties 

which have been found particularly useful to  industry and scieiice are its conductivity, uniforni thermal 

expansion: high deiisity and  surface tension, and liquidity at ordinary temperatures. A~notlier important 

property of metallic rnercury is its ability to  dissolve many metals to fortn amalgams. 

With a n  atomic number of 80, the c~uarituni shells of mercury are filled through 6s, which, according tu 

tlie*.)ry, can contain only two electrons. Removal of thesz to form ;I cation exposes a shell containing 18 

electrons, which is an inert gas cot~figiiratioti. Hence, mercury never shows a valeiicy greater than two, i s  
surprisingly volatile, and, except for the noble gases, is the oiily element having a vapor which is monatomic 

at room temperature (197). 

The saturation concentration of mercury in air  car1 be calculated from i t s  vapor pressure and i s  provided 

as a function of temperature in Fig. 13 (27). It should be noted that at rooni temperature (20---24”C) the 

saturc+tion concentration of mercury in air is 130-1 80 Limes greater than the presently recommended 

ACGlliii threshold limit value for exposure to man. Hence, it is conceivable that mercury vapor in the 

environmental air could reach a concentration lhai would be harmful and even fatal (27). 

Metallic mercury is regarded as virtually insoluble in wnter, yet ; i n  anomaly is evidenced when attempts 

are made to  measure its solubility. At room lkiuperature in  deaerated water its solubility is 20 --30 pprii; at 

the same teniperature but with ihe water saturated with oxygen, it is xoiirid 40,000 Ii1)i-ri. Probably neither 

value represents solubility, but rather a measure of the iiiability of mercury to maintain nobility ii1 an 

increasingly hostile environment. The increase in apparent solii1)ility is caused in part by the oxidation of 
mercury to mercuric oxide; with subscquent hydrolysis to the relatively soluble mercuric hydroxide. 

Metallic mercury is not oxidized by dry air at room tcmperature, however, and i s  inert toward most 

gases except the halogens, hydrogen sulfide, and sulfur vapor, which combine directly with it even at roo111 

tcinperaturc. 11) fact, sulfur ‘powder has been recommended as a ineans of rendering spilled mercury less 

toxic;, since it coats the metal with I3gS (196). 

Mercury forms two series o f  salts, traditionally considered as being univalent and bivalent. However, it 

has been shown that the “univalen1” compounds contain the group EJg, ’+ (or ‘Hg---I-Ig’), with two mercury 

atoms covalently bound to each other, so this series is actually hivalent also ( 1  98). Univalent (mercurous) 

salts, except the nitrate, are mostly insoluble, arid the bivalent (mercuric) series is mostly soluble, except 

the iodide and sulfide. The extreme insolubility of the sulfide (solubility product of 4 X 10 -’ ’) is perhaps 

furtunate, as it has promoted the deposition of rnillions of tons of mercury in the sulfide form (cinnabar). 

If the compound were soluble, rain and weathering might have distributed the mercury ttirougliout the 

planet i n  sufficient concentrations to be poisonous, and life :is we know it might have been impossible 

( 197). 
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Fig. 13. Saturation concentration of mercury in air us temperature. From Stahl(27). 

The standard electrode potentials at 25°C of the inorganic mercury couples are (199,200): 

2 Hgo Ilg,’.‘ + 2e- (-0.79 volts) 

(-0.85 volts) 

Ilg, ’+ 2 Wg” + 2e- (-0.92 volts). 

Hgo + Hg2+ t 2e- 

Such potentials are a measure of thermodynamic susceptibility to oxidation, and the significant feature of 

the mercury couples indicated is that all the potentials are so close in magnitude. rhus, practically any 

oxidizing agent which is able to  oxidize mercury (Hg’) to  mercurous ion (Hg2”) is also able to  oxidize 

mercury to  mercuric ion (Hg2+) or mercurous to mercuric ion. Conversely, almost any agent that can reduce 

mercuric to  mercurous ion can also reduce either mercuric or mercurous ion to  mercury. 
A very impoi tant chemical transformation of mercury involves the electron exchange reaction: 

Hg, 2+ + I-Ig2+ + Hgo . 

The degree of disproportionation will depend upon the solubility or amount of dissociation of the mercuric 

compound formed and the extent to which metallic mercury enters or leaves the system. Divalent mercury 

also forms a large number of complexes of the general type M2 [Hg(X),], where M can be a variety of 
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cations and X can be represented by halides or cyanide. Complexes with I-Ig---S bonds are also quite 

numevous. Most mercuric complexes do not have fnercuroiis analogs, however, since such complexes readily 

disproportionate into the corresponding mercuric complex and metallic mercury (1 96). 
The above considerations thus partially set the stage for at1 understanding of the geochemical migration 

of mercury through the environment as it passes through a welter of complexes, compounds, oxidation 

states, and phases. The final setting to  the stage involves another important property of mercury alluded to 

before, naniely its pronounced tendency to form covalent instead of ionic bonds. Thus it tias a remarkable 

ability among metals t o  form compoiinds with organic radicals, normally linking covalently to  a carbon 

atoni. 'The replacernent of hydrogen atoms in organic compounds with mercury is almost as easy as 

bromination or nitration, and the number of compounds which can be formed in this way is exceedingly 

large. 

Organic mercury compounds can be conveniently classified into two types, RHgX atid R,IIg, where R 

is an organic radical and X an inorganic radical. RHgX compounds i n  general are crystalline solids whose 

properties depend upon the nature of X. When X is chlorine, bromine, iodine, cyanide, thiocyanide, or 

hydroxyl, the compound is a covalent non-polar substance more soluble in organic liquids than in water. 

When X is a sulfate, nitrate, phosphate, or perchlorate radical, the substance is salt-like, that is, ionic. K,Hg 
compounds are non-polar, volatile, toxic liquids or low-melting solids. All are thernially unstable and 

light-sensitive. 

B. Andytical Methodology for Environmental Mercury 

'The sampling and determination of mercury in the enviroiiriient present some extremely clialleriging 

problems. These relate riot only to the variety of sample matrices and to ihe very low quantities of mercury 

that are encountered, but also to the recognized volatility of mercury compounds and to their tendency to  

adsorb on particles and surfaces. These latter characteristics place great importance upon the sampling, 

sample handing, and chemical treatnieot portions of the analytical scheme. Obviously, even the most 

sensilive arid sophisticated measurenieiit technique is to 110 avail i f  mercury is lost prior to the 

measurement. One of the purposes of this discussion is to consider these important aspects of the mercury 

analysis question. A brief evaluation of several analytical measurement techniques along with the 

me thodology for estimating organic-bound mercury is also given, and references are included to further 

background material. 

i. Sampling and sample treatment. Because of  its volatility, mercury in trace amounts i s  likely to be 

found almost anywhere. Care must be taken to  prevent contamination of samples by traces of mercury 

from the reagents, labware, or even the air of the laboratory. Labware should be well rinsed with nitric acid 

and water before use. The great tendency of mercury to adsorb on glass is well known. Adsorption on silica 

is weak, but Pyrex ware is generally thought t o  be suitable for most work (201). However, this idea is being 

questioned increasingly because of the extreme sensitivities of present detection methods, and because of 
the very small niercury concentrations that are encountered. A recent study (202) of mercury losses from 

acidified M €iIgC12 solutions on ten different materials suggests that Pyrex, polycarbonate, 

arid Teflon are the best materials for storing and handling mercury, but there are significant losses with time 

on all these materials, even ai the ZO-4 M level. 'The analytical implications of these findings are Iwofold. 

First, suitable nlaterials for sample collection and treatment must be selected. Second, samples must be 

analyted quickly after they are collected. It should be emphasized that considerable uncertainty surrounds 

this question of mercury loss. Filtration and acidification of the samples are frequently recommeiided in 

the literature as hedges against mercury loss (203), but such treatments themselves may alter the sample. 

and 
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The determination of organic-bound mercury usually requires decomposition of the organic material. 

The number of organic-bound mercury compounds that can be quantitatively decomposed to yield inercui-y 

metal. without preliminary oxidation of the organic material, is limited (204). Cornbustioii is problematical 

due to the volatility of mercury and its compounds, and hence the usual procedure involves a wet 

oxidation. Many different oxidizing agents (including nitric acid, perchloric acid, hydrogen peroxide, 

aiuinoniuin persulfate, potassium permanganate. potassium chlorate. and chlorine) have been used under a 

variety of conditions for this purpose (204). There is no consensus about the relative merits of these agents. 

The procedures are tedious, time-consuming, and orten do not liberate all the mercury in tlie sample. For 

analysis of such environmentally based materials as water, sludge, mud, and fish, the permanganate-sulfuric 

acid digestion technique appears to be used most frequently (205.206). I t  must be emphasized that 

recovery of a “spike” of an inorganic mercury compound is not conclusive evidence that organic-bound 

mercury is quantitatively liberated in a wet oxidation treatment. Neither is recovery of a spike of a type o f  

organornercury- compound that differs from that in tlie sample. Such experiments simply indicate that the 

procedure may work, not that the procedure does work. 

ii. Analytical methods for determining mercury. ( I )  Spectrcrpliotometric dithizorie viietizod. Several 

methods have been proposed for the colorimetric determination of trace levels of mercury. and these have 

been discussed in detail in the reference literature (201,107). Generally, the selectivity of these methods is 

not great. The diplienylthiocarbazone (dithizone) method is probably the most widely used colorimetric 

procedure. It involves reaction of Hg,2+ or Hg2+ with excess dithizone in a fairly acid (1 N H N 0 3  or 

H, SO4) solution to form colored complexes that are soluble in carbon tetrachloride o r  chloroform. The 

absorbance of the complex itself i s  measured at 490 nm, or alternatively the decrease in dithizonc 

absorbance at  610 nm is measured. These procedures can be used to determine 0.5 to 50 ppm mercury by 

suitable choice of sample size. Relative errors are gencrally 3-4% Copper. silver: gold, palladium, arid 

plalinum(I1) interfere in trace amounts. Lead, zinc. nickel, and cobalt interfere if present in large aniounts. 

‘The usc of masking reagents can significantly decrease these interferences (201). Addilion of acetic acid to 

the aqueous mercury solution prior to extraction is often recommended as a precaulion against 

pliotocherriical decomposition of the organic solution of mercury dithizonate. 

The dithizone procedure finds greatest utility for routine analysis of dissolved or aqueous samples that 

contain fairly large (for “trace”) concentrations of mercury. It  presumes that mercury is present in 

inorganic form, but some organomercuric conipounds are also extracted and detected (203). The pi-ocedure 

therefore cannot be used to distinguish inorganic from organic-bound mercury, nor can it be assumed to 

give total mercury in organic-based samples wihhout some preliminary treatment that insures decomposition 

of organic materials. 

(2)  Atomic nbrorption spectrophometiy. The determination of mercury by conventional flame 

emission or absorption spectrometry is not widely used, primarily because there i s  ail unconventional 

technique that affords superior sensitivity. This so-called flameless or cold-vapor technique (208-2 1 1 ) is 

being adopted to such an extent that it may soon become the standard method. It involves chemical 

reduction of mercury in the sample to nietallic mercury, volatilization of the mercury into :I 

long-path-length ahsorption tube, and measurement of the absorption of the 253.7 nm mercury resonance 

line by the entrained mercury vapor. This procedure is both sensitive (the detection limit is 0.2 ppb) and 

rapid. There are few metallic interferences, and about. ten minutes per determination is required. ‘The 

procedures are usually designed to avoid strong anionic inercuiy complexes, which might hinder the 

reduction and volatilization of  mercury. However, the fact is sometimes overlooked that many organic 

substances absorb in the ultraviolet region and that such absorption can constitute a significant error in the 

analysis. A rather simple correctioii for the type of error has been proposed (21 2), but is not often utilized. 
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Because of the inherent simplicity and sensitivity of this flarrieless atomic absorption technique, it is 

being adopled widely for deterniining total mercury in rnany types of samples (203,206,211,213). Again, 

the prime assuniplion and limitation is that mercury in the sample is present as or is converted to an 

inorganic, unbound form a n d  hence can be rediiced and volatilized. 

(3) Neiitrorz activutirin urzalysis. Mercury, like many other elemcnts, can he delermined with great 

sensi tivity by neutron activation analysis. This technique involves exposing a sample to a source of 

neutrons, during which time a stable isotope of niercury may capture a neutron 10 produce a radioactive 

nuclide (21 4). 
The basic equation o f  activation analysis, 

A =Nfu[l - exp(-o.G93t/t,/,)] , 

states that the induced radioactivity (A)  equals the product of the number of target mercury atoms (N), the 

neutron flux m, the neutron cross section (a), a measure of the probability of capture, and an exponential 

term involving the irradiation time ( t )  and tlie half-life (t l  of the radionuclide producl. .The latter 

decays, eniittiiig characteristic gainma rays whose energy can be measured by use of a NaI(r1) or Ge(1.i) 

detector. 

Hg(t, ,, = 67 hr)  and O 3  Hg(t, ,2 = 

47 dj. A short  irradiation produces primarily ' 7Wg, but some 2 0 3 H g  is also fornied; as the irradiation time 

is increased and/or the decay time OF the irradiatcd sanlple increases, the ratio of "O"IJg to ' 'Hg hecomes 

greatcr. The use of 97Hg gives greater sensitivity (215); thus, ideally one woulcl irradiaix for a short period 

:ind determine mercury throirgh measurernent of  the 7Hg direcily. However, when the total mercury 

present is at thc few-microgram level, the gamma rays from 7€ig may be obscured by gamma rays from 

more abriridan t elements presenl. Then a chetnical separation must be made: inactive mercury carrier (a Few 

mg) is added, uiercury precipitated or extracted, the isolated mercury firaction i s  counted, and the total 

yield Lhrongh the procedure calculiited (216). 

Advantages of the neutron activation method include high sensitivity, freedom from chance 

contamination since there is no treatment of sample prior to irradiation, independence of the cliernical 
form of the element sought, the possibility of nondestructive deterniiriation when mercury is above 1 p g  or 

in a tion-interfering tnedium such as water, and tiigli and unequivocal specificity. Furthermore, with flux 

of 10" n/cniz/sec, mercury can be determined at levels as low as 1 nanugrani. Disadvantages are that 

neutron activat,ion analysis i s  nut adaptable to  field use and that large numbers of samples require special 

irradiation facililies and data handling. The technique IequiIes miniiml working Lime (but not elapsed time) 

when radiochemical separations are not required. Neutron activation analysis i s  particularly useful for 

special and referee analyses. 

( 4 )  X-my Jluoresctwce. Recent developments in instrumentation and sources have made x-ray 

fluorescence analysis attractive f o r  examination of environniental type sarnples (71 7). The method requires 

a soiirce of low-energy photons, which are used to excite the characteristic x-rays of the element sought. 

Ideally one uses a monochromatic x-ray source with energy just greater t.hati the x-ray energy of tlie sought 

element; either L or K x-rays can be excited and used, but because of absorption prohleins the higher 

energy of K x-rays makes them more suitable for use. 'The characteristic x-rays emitted by th- e 1 ements in 

tke sample are then sorted and measured using a solid-state Ce(Li) or Si detector coupled to a multidianriel 

analyzer. The exciting source may be an x-ray tube (with slits or other arrangernerit to single out a 

particular wavelength), or an isotopic source. The latter has the advantages of portability and relative 

cheapness (2 18). 

Two radioactive niercuty nuclides are produced by activation: 



Mercury K x-rays have an energy of about 63 kev; mercury 1, x-rays are about 10 kev. Where samples 

are uniform and rather thin, L x-rays can be used; for sludges, soils, residues, etc., it is better to excite arld 

measure K x-rays. Positive identification is made through precise energy measurement (resolution of less 

than 1 kev is possible). By calibration with known standards and integration of observed x-ray peaks, 

quantitative values can be obtained. The sensitivity of K x-ray fllrorescence for determination of mercury is 

to  some extent a function of the matrix and the other elements present. These interferences can be 

minimized by narrowing the energy range of the exciting radiation. A s  the exciting energy approaches the 

absorption edge of the characteristic x-ray of interest, background as seen by the detector is reduced, and 

sensitivity and selectivity- are improved. By changing this wavelength (either through use of a 

monochromator in conventional dispersive x-ray production or through change of target in radioisotope 

excitation) the focus can be changed from one element to another. In  analyzing water it has been found 

advantageous to  separate and concentrate the metals in question: one way of doing this is by use of ion 

exchange paper. By use of  this technique and excitation by an x-ray emission spectrograph, for example, 1 
p g  of mercury has been determincd in color additives (219). At ORNL these results have been duplicated 

using ion exchange paper to concentrate mercury from water solution (220); a radioisotope source was used 

to produce strontium K x-rays, which excited mercury 1, x-rays. 

For field use a radioisotope-excited source would be desirable because of its portability and non-power 

requirements. For excitation of mercury L x-rays a source of 2 4  Am (59.6 kev) could be used. To excite K 

x-rays of mercury, Cd (87.7 kev) and ’ 7Co (1  22 kev) have been used. The sensitivity of the method for 

mercury is somewhat a linear [unction of source strength; thus increasing the intensity of exciting x-rays 

should enable one t o  detect smaller quantities of mercury. It seems possible that under optimum conditions 

a lower limit for mercuf-y of 0. I pg could be reached. If so, the x-ray fluorescence method appears highly 

suitable for rapid exainination of many samples containing 0.1 pg or more of mercury. It is especially 

adaptable to “yes or no” situations where one is intercsted in establishing that samples are below a 

particular level of concentration. 
(5) The determination of orgaizomercury species. Relatively little work has been done on the 

determination of organic-bound mercury itself, either in toto or as specific compounds, although there is a 

growing interest in such measurements. Gas-liquid chromatography possesses the necessary resolving power 

and detector sensitivity to  attack these analytical problems, and it is the method that has received greatest 

attention to date (129,22 1 -224). ‘Phin-layer chromatography has also been suggested for this type of 

analysis. However, the basic problem here is to separate the organomercurials from their matrix 

reproducibly (preferably quantitatively), without alteration, and in large enough amounts to permit 

quantitative detection. Multiple-pass solvent extraction and reextraction is used invariably as the initial 

step. Extraction of both the organomercurials and their dithizonates has been studied (22 1,222). The 

extracted group of compounds is then separated into individual species by gas-liquid chromatography (using 

an electron capture detector) or by thin-layer chromatography (using visual indication). Recoveries are of  
the order of 70 -90%. Gas-liquid chromatography is superior to thin-layer chromatography for quantitative 

analysis. 

These proposed procedures have not  yet been used widely. They are sufficiently lengthy and 

complicated that they discourage routine use. The most recent results (224) indicate, however, that 

extraction of the dithizonates with alkalirle cysteine in propan-2-01, washing with ether, and then 

reextracting with ether yields a solution that can be chromatographed with a polyethylene glycol succinate 

on Chromosorb G column. Methyl-, ethyl-, alkoxyethyl-, tolyl-, and phenylmercury can be resolved and 

determined. As little as 0.05 nanograms of the alkyl compound can be detected. These results indicate that 

the chromatographic approach t o  this problem is a sound one, and that greatly improved procedures are 

likely to be forthcoming as research in this area increases. Such studies are clearly warranted. 



A snisll amount of polarographic work has been done with the organomercurials (225 227). While 
satisfactory polarographic procedures for these compounds may be developed, tlie methods are not likely 

to have the sensitivity that is needed for handling environmental samples. The polarographic procedures will 

be useful priinarily as supplemeiitary and referee methods. 

Recently, an emission spectrophotometric device (228) was described that utdrzed a radiofrequency 

helium plasma to  deterrnirie mercury in water. The device is rather simple, subject to few interfeiences, and 

quite sensitive. The most promising chaiacteristic, however, is that it responds to  combmed and elemental 

mercury in the same sample. It is likely that this appioach could be developed into a rather inexpensive and 

rapid method for determining organicinoiganic mercury ratio, niethylrnercur y, dnnethylmercury, and the 

singificant aryl mercury compounds. 

C. The Mercury Cell Chlor-Alkali Process 

Approximately 30% of the 1J.S. supply of chlorine comes from mercury cells, with most of the halance 

being produced by the so-called diaphragm electrolytic  ell, which does not use mercury (13). In recent 

years, the trend in new construction has greatly favored the mercury cell, presuinably because o f  the higher 

grade NaOFI product, which is highly concentrated and is essentially free o f  chloride impurities. The total 

chlorine capacity of mercury cells in the U.S. is about 8000 tons 1x1 day from about 35 installations 

around the country, with plant capacities ranging from 20 t o  about 700 tons per day. The average cell 

requires about 1500 Ib of mercury per ton of daily chlorine capacity, and in 1969 the average loss uf 

mercury was about 0.5 It) per ton of chlorine produced. However, this loss can apparently be decreased by 

one to two orders of magnitude by proper plant manltgement. As we shall see below, some of t h i s  
inatiageinent involves intertial recycling of streams which were formerly considered wastes. 

Clilor-alkali plants are largely captive, i.e., either the chlorine or the NaOi-I is sold within the company. 

About 50% of  the chlorine goes to the plastics industry. Other major uses include bleaching (pulp and paper 

industry, textile industry), sewage treatrnent, and as a component of many chemicals including pesticides. 

Alkali users with captive plants include the aluminum industry, which is the biggest user, as well as the 

glass, paper, petroleum, and detergeni industries. With the exception of the photographic industry, wliich 

requires mercury-free alkali, the direct output of the mercury cell process is satisfrictory for niost users. On 

the other hand, the direct output o f  the diaphragni cells (only 11--12% NaOH) may require both 

concentration and chloride renioval f o r  some purposes. Still, the diaphragm cell often competes favorably 

wit11 1lie mercury cell. 

The power consumption of the nieicury cells i s  about 4300 kwhr per ton of chlorine, compared to an 

average of 3200 kwhr per ton for the diaphragm cells. The total power consumption for the chlorine 

industry is 3.9 X I O 6  kw, or 1.5% of the power consumptjon of the country. 

Before going into the mercury effluent problem, a brief description of  the process is in order. A 
schematic representation of a rnercui-y cell chlor-alkali plant is shown in Fig. 14. It should be pointed out 

that there are several different varieties or conirnercid mercury cells, including De Nora (SO% of total), 

IJhdc (20%), Sauve (lo%), Maihieson (lo%), and others (105%). R e  schenntic only represents a general idea 

of what any specific operation would be like. A circulating sodium chloride solution (in some cases 

ium chloride is used) is electrolyzed in the cell in which mercury serves as tlie cathode; the mode is 
usually graphite. Sodium ions react with the rncrcury to form an amalgam, and chlorine gas is produced at 

the anode. The mercury flows through the cell, picking up sodium on the wdy, and is pumped to  a 

regeneration cell, where the arnalgani is rilixed with water and f o r m  cine half of a selfshorted electrolytic 

cell, with iron serving as the other electrode. The regeneration cell removes sodium from the amalgam arid 
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Fig. 14. Flow diagram for the chlor-alkali mercury cell process showing potentia). sources of mercury effluents. 

produces NaOH (-50% solution) and hydrogen ear;. The regenerated mercury is then returned to  the 

mercury cell, and the process is repeated. The brine solution leaves the mercury cell and is vacuum 

de-chlorinated and then purged with air to  remove the last of the chlorine. The solution is then saturated 

with salt. This is followed by a purificatiorl step, in which various impurities from the newly added salt are 

precipitated. ‘[he brine is then passed through a filter and back to the mercury cell. 

The principal sources of loss as estimated for Swedish and U.S. plants are given in ‘Table 18 (229,230). 

The range of values provided for the Swedish plants (229) is indicative of process variations. For example, 

the amount of mercury lost in the sludge from the brine purification process depends significantly on the 

particular impurities in the makeup salt. Rock salt tends to lead to large losses, whereas the losses are 

relaiively small if salt from vacuum evaporation is used. Thus, a significant saving in mercury can be 

accomplished by using the proper salt. Unfortunately, the losses estimated in Table 18 for a number of U.S. 

plants (230) are not in particularly good agreement with the Swedish data. However, a recent Hungarian 

study (231) using isotopic tracers would tend t o  corroborate the Swedish data in that most of the mercury 

wds found to escape to the hydrogen gas condensors. 

Thus, the most significant recycle step which can be made in the process is to return the condensate 

from the hydrogen stream condensers to the regeneration cell makeup water. Another improvernent would 

be to use the mercury cell wash arid cooling water as part of the regeneration cell 1-makeup water. Floor 

sweepings and anode deposits can also be recovered. The mercury in the sludges from the brine purification 

step, as well as in the filtrates of the brine and NaOH filters, could potentially be recovered, but at the 
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present time d good percentage of this nieicury is probably being deposited in settling ponds or in larrdfills. 

Ilow difficult it is to recover the mercury from such deposits is an open question 

D. Some Recommendations for Further Work 

“Would you tell me, please, which way I ought to walk from liere?” 

“That depends a g o d  deal on wIizre you want to get to,” said the Cat. 

“I dou’t much care where - ” said Alice. 
“llien it docsn’t much matter which way you walk,” said the Cat. 

“ ~-~ so long as i get sonie\vhere,” Alicc added as an explanation. 

“Oh, you’re stire Io do that,” said the Cat, “if you only walk long enough.” 

- -  Carroll. Alice in Wonderland. 

i. Economic and social factors related to mercury usage. We do not have a detailcd inventory of 

mercury flow through 1J.S. society. This is particularly needed with respect to recycle flow, since for the 

present we only know that some of it comes from batteries, electrical apparal.us, scrapped niechanical aJld 

coritrol devices, unused dental annlgam, and sludges from electrolytic processes in which mercury is used as 

a catalyst (3). Specific data do not appear to be available either through the Department of the Interior 

(Bureau of Mines) or elsewhere in the Federal Governnient, so we need to  obtain this information by 

contacting the processors, scrap dealers, and representative industries. Perhaps what is zttfinzutely requircd is 
an accountability system for mercury and other persisterit, toxic substances similar to the nile used by the 

Acomic Energy Coviniissiorz for fissiouznlile materials. 

Jri our brief discussion of the societal flow of mercury (section 2), we mentioned several iniportani 

externalities wliich impinge upon niaterials operations. Such factors also need further consideration in 

much greater detail. A begioniug has been inade by an economic analysis of the mercury industry prepared 

for the U S  General Services Adminislxation (232). However, the priniary emphasis of this study was on 

price determinants and the development of an econometric rrlodel; several of its conclusions were that 

exploration is not an important deternunant of mercury supply and that there is some responsiveness of  
demand to price after a one-year lag, but merculy clernand on [he wliole is not very elastic. Future sindies 

are needed which plnce parlicrrlar e r n p h i s  both on the socicrl costs of present icse practices arid ivi those 

factors (prospecling subsidies, tariff regulations, market needs, etc. ) which would upj7ly to recycle potePilid 

mid to alternate use and materials techuiology. 

Ei.  Research in analytical measurements. There is a rnajor necessity for research into the tecliniques for 

sampling, snmple storage, and sample preparation. Triz oiiject of this research would be to zsrablish which 

of the many methods in use are valid, a n d  to devise new and/or improved techniques where they are 

needed. Reliability and validity in analytical nieasuremenls are fundamental; yet sophisticated detection 

schemes a n d  equipment are worthless if the sample integrity itself is not maintained. We need the answers 

to  such questions as: How to collect (lie sample? What type container? Flow long can i t  be stored and under 

what conditions? How can inhomogeneities be miniinizcd? How should results be based (dry, wet, as 

received)? Which oxidation procedures really work? Is freeze-drying an xceptable practice? Are there 

alterriatives to we! oxidation? 

Research is also needed into ways and means for rapid, preferably portable, and non-destrucj ive analysis 

of total mercury. X-ray fluorescence, with both conventional arid radioisotope-excited sources, should be 

explored. Neutron activation analysis with il. portable neutron soiirce (25  ’CY) also offers promise, 

particularly as a ‘“mapping” technique. 

Analytical techniques for determining organomercurials, individually and as a group, need improvernernt 

(particularly for methylmercury, because of its toxicity and prevalence). Studies into.separatioii procedures 
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for these compounds in toto should be accelerated; advances in the separations schemes are needed much 

more than for the quantitation portions of the procedures. There is also a need for simple and rapid 

insti-umental methods for determining organic-to-inorganic mercury ratio, or total-mercury-to-methyl- 

mercury, or perhaps total mercury and percent methylmercury, so that these determinations can be 

madc widely and routinely. brolysis  techniquis should be explored; the helium plasma emission 

spectrometry approach appears to be especially promising, and its development should be expedited. 

Closely related to  the above work is a need for the development of standards of representative types 

that could be widely circulated. Some work is underway already on this problem at several laboratories, 

including those of the- International Atomic Energy Agency and the Water Quality Office on the U.S. 

Environmental Protection Agency. ‘l’his work should be accelerated, and a program of correlative analyses 

should be initiated. Standards of  fish, sediments, particulates, etc., should be developed, and they should 

contain both organic and inorganic mercury compounds in meaningful quantities. These could do much to 

minimize discrepancies among various procedures and laboratories. 

iii. Restitution of mercury-polluted lakes and streams. Mercury introduced by industrial effluents into 

water systems is primarily incorporated into bottom sediments, and these sediments may subsequently 

exchange their mercury load with the overlying water for a period of 10-100 years (112). At the recent 

conference on mercury pollution held at  Ann Arbor ( 3 3 ) ,  it was revealed that mercury contamination 

remains biologically active today in a Swedish lake into which mercury dumpage was stopped 25 years ago. 

Similarly, in the U S . ,  mercury-contaminated sediments of a lake in Wisconsin are still active 12-15 years 

after mercury emissions from a pulp and paper mill were halted. On the other hand, mercury-contaminated 

sediments in another Swedish lake have been naturally deactivated by being covered with several decimeters 

of deposits during the ten years following the curtailment of pollution. The point is that some lakes may be 

closed indefinitely to  commercial and sport fishing unless artificial nieans can be found to decontaminate 

them. Some of the methods which have been suggested for tllis purpose are listed in Table 19, along with 

the advantages and disadvantages. All such processes, together with their economic costs and biological 

effects, need further investigation. It will also be important to  screen a given deactivation method through a 

nimber of simulated sets of possible aquatic conditions. Thus, one must consider aerobic and anaerobic 

environments as well as p1-I and the type of food chain involved. 

iv. Evaluation and elimination of atmospheric mercury pollution. Considerable mercury vapor 

emanation can occur during the smelting of mercury as well as other ores and concentrates. Mercury vapor 

is also apparently emitted during the burning of fossil fuels, and a preliminary estimate indicates that as 

much as 1800 tons of mercury may be released annually in the U.S. from coal burning alone (section 3A). 

However, more detailed information is needed on mercury emissions from all such processes in order to 

evaluate adequately the seriousness of  the problem. Mercury vapor released into the atmosphere is 

effectively brought back to earth by rain, yet it would subsequently contarninate the aquatic environment 

to  a more serious extent than the terrestrial. The assumption made here is that it would not be directly 

incorporated into the food chain of terrestrial animals, as are alkylmercury seed dressings, but rather would 

eventually migrate by hydrogeochemical and other processes to river and lake hottoms and municipal 

sewage-treatment plants. The validity of this assumption also needs corroboration. 

However, the ultimate need, pending confirination of a serious problerrl, is for methods which would 

remove dissolved mercury from petroleum and its products and mercury vapor from stack gases generated 

by smelters and coal-burning plants. Natural gases containing mercury vapor appear to be effectively 

decontaminated simply by mixing with “sour” gases containing hydrogen sulfide. A system operating on a 

similar principle and incorporating a filter to remove precipitated mercuric sulfide could perliaps be 

developcd for stack gases. 
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v. Meraury levels in water and fish. Mmy prisline lakes llave recently been found to  contain tlsii with 

elevated levels of mercury (1). Large pelagic oceanic fish such as tuna and swordfish have also been shown 

to contain high mercury concentrations (94). Neither of these findings is completely understood, and cve 

need to know \Vhether they have occurred by natural processes or lhe intervention of man. In this regard, it 

w o d d  be well worth performirig analyses on feathers of avian fisheaters taken from museum specimens 

collected over the past 100 years, similar to llie study which was done in Sweden (80). The kingfisher 

(fifegaceuyle ~ E C ~ J F I )  is probably a prime candidate for such a survey. At the same time, more informaticiti 

needs to be collected on the migratory behavior and feeding habits of the oceanic species along w j t h  a 

detailed analysis of their food chains. 

A preliminary sttidy has also indicated that there is a definite but unknown threshold level of niercury 

in aquatic ecosystems above which fish cannot eliminate mercury from their axial tnusculature faster tliaii it 

is incorporated (80) (Fig. 10). This needs docunientation in much greater detail, with particular at teiition 

to the relationship between water mercury levels and the accuinulatiori of mercury in fish. Water mercury 

levels in this case should be defined not only in terms of the ambient water content of various mercurinls, 

but also in terms of the potential for generation and turnover o f  mercury conipo~unds by the bottoin 

sediments of a given body of water. Such studies would help officials set realistic standards for industrial 

effluents. 

vi. Genetic and long-term effects of mercury exposure. Cy1 ological investigations on plant arid animal 

cells have shown that mercury cornpounds give rise to  chronrosonie breakage and act as inhibitors of the 

mitotic spindle mechanism, with the result that polyploidy or abnormal distribution of siiigle chroinosomes 

occuIs. As spindle inhibitors, methyl- and phenylmercury compounds are more potent than any other 

substances known, including colchicine (2). Such preliminary observations tvadd imply that both an 
increased genetic load of mutations within living populations and long-term effects such as carcinogenesis 

may be influenced by mercury in the environment. Much more basic information is thus needed to sharpen 

our unclerstandiog of these matters. Sources of this information would range from binding studies of 

nierctity with DNA (233) to  cytological studies on sufficiently large groups of subjects exposed pxticuhrly 

to dkylmercury compounds (234). Further investigations should also be undertaker1 on the various 

mercury cornpounds used in pesticides and pharnnaceuticals, w i t h  immediate attention given to compounds 

of the latter group which are now used as constituents of many contraceptives. Test systems are available 

for both in vitru and in vivo analyses, and in order to  select the most appropriate procedure to use in these 

evaluations, the Environmental Mutagen Society (235) should be consulted. Because of the relative lack of 

information, a carcinogenesis testing program for tnercurials also needs to be initiated. 

vii. Site and mode of actio11 of methylmercury. More knowledge is required concerning the distribution 

of mercury in the body, and in particular within ihe central nervous system. Its mode of action uti nerve 

cells, fibers, or synapses is esseii tially unknown. Methylmercury levels in several organs, particularly the 

liver, would appear t o  be higher aftel- exposure than in the brain (183) (Fig. 12), and yet the brain is the 

first organ which is affected by increasing levels o f  methylmercury. With severe intoxication the symptoms 

are irreversible, indicating a threshold level of brain darnage has been surpassed. These observations would 

imply that the brain is susceptible because methylmercury destroys cells, and neural tissue (unlike liver) is 

non-regenerative. A thorough study is thus needed on the mechanism by which methylmercury enters cells 

and can initiate cell death. It is generally assucned that mercury and methylmercury act by blocking 
sulfhydryl groups of enzymes (236),  yet such a niechanism is an imdequate explanation for the effect of 

niethylmercury on neural tissue (237). Furthermore, mercury is capable of combining with phosphoryl 

groups in cell membranes (238) and with other organic ligands of enzyme systems such as amino 

and ciirboxyl groups (236,239). It is also known from bacterial studies that once mercury enters the cell, 
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very small amounts will promote the breakdown of ribonucleic acid (210). Thus, primary emphasis should 

be placed on dytiainic mercury distribution studies by cell fractionation (241) and electron microscopic 

techniqiues which aim to define the intracellular action site. Finally, since i t  i s  obvious that the apparent 

health of a person exposed to methylinercury does not exclude the possibility that his residual brain 

capacity has been lowered, histopathological and psychological studies of possible brain cell damage in 

suitable animals exposed to sublethal doses of methylmercury are also needed (4). 

viii. A protective agent for methylmercury poisoning. A variety of substances, probably acting in 

different ways, have been found to reduce the toxicity or promote the excretion of inorganic mercury. 

These have included maleate (242,243), penicillamine (243,244), 2,3-dimercaptopropanol or BAL (243_), 

and most recently spironolactone (245). Treatment with BAL has been the most widely used therapeutic 

procedure for mercury poisoning. Unfortunately, however, none of these substances have been shown to be 

effective against methylmercury poisoning, and there is evidence that BAL may even promote the passage 

of phenyl- and methylmercury into the brain (245). One of the most urgent needs, therefore, is an antidote 

to block the action o f  methylmercury, and support should be given to any efforts along this line. Most 

likely, however, an effective protective agent will not be found until more is known about the site and 

mode of action of methylmercury. 
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8. General 

A recent review (3) of the technological aspects of mercury sources and uses is ptovided in the 1970 
edition of “Mineral Facts and Vrol)lenis,” and rn~icli of the gcological iriforrnation has bceu put together 
and evalualed by the U.S. Geological Survey (7) and the Geological Survzy of Canada (26). The Swedish 
experience is reviewed in the monograph on “Methylrnercury” by 1.hfoi-th (4) and various chapters (77, 80. 
103, 136, L82.j of the book “Chemical Fallout,” whereas details of the Japanzse experience are covered by 
review articles (154, 158) and a book (I  5 5 )  put out by a Kumamolo University study group. Much of the 
agricultural literature is discussed by Smart (6), while St:iIil (27) has written a review specificdly directed at 
the air pollutioo aspects of mercury and its compounds. The toxicological informa tion has been evaluated 
by an international committee of experts (21, and references to many basic biological studies arc providetl 
in Malling et a[. (1 75). A comprehensive ?40-page, three-vulume index/bibliography (“~Environrnental 
Aspects of Mercury Usage”) with over 15,000 entries and listing inore than 2,000 articlcs has been recently 
prepared by the Dow Chemical Company (Dow Ecology Council, c /o  R .  .J. Mch’auglit, 2020 Dow Center, 
Midland, Micfiigan 48640). 
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Table 1 .  Known mercury dischargers in the United States 

(as of September 1970) 
...... __-____..~.__ ..... __.____~ ..... .__ _ _ - ~  .... _____~ 

Rcrnarks Receiving waters Name and address 
~--.. ...... __ 
Allied Chemical Co.. 

Allied Chemical Co., 
Moundsville, W.Va. 

Buffalo, N.Y. 

Buffalo River to Lake 

Ohio River 
Erie 

Discharged 0.66 Ib/day o n  July 27. 

Discharged 3,7 Ib/day oh July 15. 
Reduced load to  0.5-1.0 Ib/day on 
.4ug. 28. (Company value.) 

Discharged 4.4 Ib/day on  July 14. Allied Chemical Co., 
Solvay, New York 

Aluminuin Co. of America, 
Point Comfort, Texas 

Onondaga Lake 

Early analyses not available. Sediment 
analyses indicate previously higher discharges. 
On July 29 to  l u g .  2, 1.45 - ~ 1 . 3 6  lb/day 
were discharged. 

Discharged 0.10 Ib/day on Ang. 13. 

Discharged 0.06 Ib/day o n  Aug. 11. 

L a v a a  Bay 

Buckeye Cellulose, 
Memphis, Tenn. 

hlcmphia, Tcnn. 
Buckman Labs., 

Wolf Rivcr to 
Mississippi River 

Lateral sewer to Wolf 
River interceptor to 
Mississippi River 

Nan Connah Creck 
to Mississippi River 

Black River to Lake 
Ontario 

Diacharged 0.09 Ib/day o n  Aug. 14. Chaprnan Chem. Co., 
Meinphi\, Tenn. 

Chesbrough-Ponds. 
Inc., Faichney Inst., 
LVatertovm, N.Y. 

Detrcx Chem. Ind., 
Ashtabula. Ohio? 

On rlug. 5.  1.50 Ib/day of mercury 
were bcing discharged. (Subject to further 
investization.) 

Discharged 2-60 Ib/day in Mar.-Apr. 
and 3.0 Ib/day on  June 3-6. Rcduced 
load to 1.48 Ib/day on  Ju ly  14. 

Discharged 13.2 Ib/day on  &lay 15. 
Reduced h i d  to  1.72-6.0 Ib/day o n  
July 18-27. O n  Sept. 1, discharge 
reduced to 1-2 Ib/day and expects to 
reach less than 0.5 Ib/day by Oct. 15. 
(Company value.) 

Reduced load to  3.03 Ib/day on  Aug. 21. 

Reduced load to 3.25 Ib/day o n  July 15. 

Discharged 29.1 Ib/day on  July 14. 

Discharged 8.6 Ib/day o n  May 7. 

Ditch to  Lake Erie 

Houston Ship Channel Diamond Shamrock 
Chem. Co., 
D c a  Park, Texas 

Dianiond Shamrock, 

Diamond Shamrock, 
I~elaware City, Dela.* 

Muscle Shoals, Ala." 

Delaware River 

Pond Creek to 
1 ennessee River 

Mississippi River Company estimated earlier loqses to be 40-50 
Ib/day. Discharged 3.2 Ib/day on May 18. 
On July 15, mercury was not detected. 

of concentrated waste. 

to 6.7 Ib/day on .4ug. 7.  

O n  Aug. 5, found to he discharging a small amount 

Discharged 29.2 Ib/day on Ju ly  17. Reduced load 

Dow Chem. Co., 
Plaquemine, La. 

GarrettCallahan Co., 
Millbrae, Calif. 

General Aniline & 
Film Corp., Linden, 
New Jersey T 

General Electric ('hem. 
Frod. Plant, 
Cleveland, Ohio 

General Electric Co., 
Edniore, Michigan 

General Mercury Corp., 
1 empe, Arizona 

Gcorgia Pacific. 
Bellingham, Wash. 

Goodrich Chein. Co., 
Calvert City, K y .  

I-lill Air Force Base, 
Ogden. Utah 

Hooker Electrochem.. 
Niagara Valls, N.Y. 

Millbrae STP to  San 

Arthur Kill 
1:ranclsco Bay 

Lake Frie Discharged 0.003 Ib/day on Aug. 20. 

Cedar Lake to 
Pine River 

Ground water 
(via leach field) 

Puget Sound 

Discharged 0.002 lb/day on Aug. 3-4. 

On Aup. 14, found to be discharging ii m a l l  amount 
of concentrated waste (equiv. to 0.001 Ib/day). 

Discharged 10.5 Ib/day on July 14. Reduced load 
to 0.17 Ib/day o n  Aug. 10-12. 

Company claims reductions prior to July 14. On 
Ju ly  14, 0.05 Ib/day of mercury was discharged. 

Discharged 0.005 Ib/day on Aug. 6. 

Tennessee River 

North Davia Co. 

Niagara Fall\ 
SI'P 

Sewei- system and 
Niagara River 

Discharged 1.34 Ib/day on  July 23. Company will 
report improverncnt (Sept. 18 reporting date). 



Table 1.  (continued) 

Inttmutional Mining 
Ipi Cheni. Co., 
Orrington, Maine" 

Mallinckrodt Chern., 
Evie. Pa. 

t- 

Monochem. Inc., 
Geismar, La. 

Monsatito Cheni. Co., 
'Tcsas City, rexas 

NASA, Lewis Research 
Center, 
Cleveland, Ohio 

NOSCO Plastics, 
Erie? Pa. 

Olin Mathieson 
Chem. Corp., 
Augusta, Ga." 

Olin Mathieson Chem., 
Charleston, Tenn, 

O h  Mathieson Chrm., 
McIntosh, Alabama 

Olin 5lathicson Chern., 
Niagara Falls, N.Y." 

O h  Mathieson Cheiii., 
Saltsville, Virginia 

+ 

- 
Oxford Paper Co., 
K uniford, Maine* 

Porinwalt Chcni. Co.. 
Calvert City, Ky." 

l'ioncer Paint <PL 
Varnish Co., 
I'ucson, A r i ~ o n a  

PPG Industries: 
Lake Ciiarles, La, 

PPG Iridusirje-s, 
Natiiuni, W.Vd. 

Quicksi1vi.r Prod., 
Sari F'rancisco, 
Calif. 

Ashtabula, Ohio 
Reactive Metals, Inc., 

R i g e l  Paper Co., 
Riegelwood, N.C . 

Stauffijr Chem. Co., 
Axiv, Alabaiiis 

Tenncco Chein. Co., 

Wwtinghou se, 
Pa sade na, Texav 

Fairniont, N.Va. 

Penobscot River 

City of  Erie STP to 
Lake Erie 

Mississippi River 

Galveston Bay 

Rocky River 

City of Erie STP to 

Savannah River 
Lske Erie 

Hiwassee River 

Tombigbee River 

Ni'gara River 

North Fork, Holston 
River 

Androscoggin River 

I ennessec River 

Santa Cruz River 

Bayou d'lnde 

Ohio River 

City of San Francisco 
S 7 P  to San Francisco 
E ily 

West Branch, Fields 
Brook, to  Fields Brook 
to Ashlahula, River 

Cape Fear River 

Mobile River 

Hourton Ship Channel 

hfonongahela River 

Ihscharged 2.65 Ib/tiay on July 14, Reduced load to 
0.22 on Aug. 19. (Company vdluc.) 

Calculated to be discharging 0.051 Ib/day on  July 28 
(load determjned by subtracting NOSCO Plastics 
load froin combined NOSCO-Mallinckrodt load). 

Ditcliarged 0.91 Ib/day on July 18. O n  Sept. 2, 
load less than 0.25 Ib/day. (Company report.) 

Discharged 0.45 lb/clay on Aug. 1.  

Early analyses not available. Sediment analyses 
indicate previously higher discharges. On July 21, 
0.02 Ib/day was discharged. 

Discharged 0.002 Ib/day on  July 28. 

Discharged 12.9 Ib/day on May 20. Rcduced load 
to 0.51 lb/day on July 14. 

1)ischdrged 2.2 lb/day on July 16. Reduced loitd to 

State issued statement that dischacges were substaiitialiy 
1.0 tb/day on Awgo. 26. (Company value.) 

reduced Ju ly  13. On July 14,O. 12 ih/day of 
mercury wils discharged. 

11.38 - - O . X j  Ib/day on Aug. 12Ll6 .  (i'orrrpany values.) 

indicate previously higher discharge. 011 Aug. 12, 
0.5s lb/day was discharged. 

h u g .  15. 

Discharged 26.6 Ihlday on July 14. Rtxluced load to 

Early a ~ i a l y ~ e ~  not availabk. Sedinlcnt analyses 

Discharged 26.2 Ib/d:iy o n  July 14. Plant dowd 

Discharged 1.54 lb/day o n  July 14. 

Dixharped 0.006 lb/day on Aug. 21 22 

Dircharged 25.5 Ih/day on July 20. On Sept. 1 ,  
no mercury being d i s c h q e d ;  using a tzrnporary 
lagoon. Permanent facilities are to reduce loading 
to less than 0.05 lb/day by Sipt. 30. (('onipany 
report.) 

Discharged 4.0 lb/day on July 15. Reduced load to 
0.5-1.0 Ib/day on  Aug. 28. (Company value.) 

On ..lug. 5, found to be discharging a m a l l  amount 
of concentrated waste (equiv. to 0.004 Ib/day). 

Dischargcd 0.199 ibiday o n  Aug. 3-4. 

Discharged 6.32 lb/day 011 July 17. Rcduced load 

State issued statement that discliarger were 
to 0.59 Ib/day on  Aug. 10. (Company value.) 

suhstantially reduced July 13. On July 14, 0.07 
Ib/day of mercury was discharged. 

Discharged approx. 1.0 Ib/day on Map 19. Reduced 
load to 0.02-0.15 lb/day on  July 17-21. 

Early analyses not avajlable. Sediment analyses 
indicate previously higher discharges. On July 15, 
0.19 Ib/day was discharged. 



l'able 1 "  (continued) 
____ ~ ~. -- 

Receiving waters Remarks 
____ .~_ .___ ._____~___ . .__ . .___~  

Name and address 
~ . _ _ _ _ _ ^  

Wcy erhacu ser Co., 
Longview, Wash.* 

\YilEams Gold Refining Co., 
Buffalo , N .Y .  

Woodbridge Chem.. 
Woodbridge, N.J.  Hackensack River Ib/day mercury. (Subject to further investigation) 

\Vyandotte Chcm.. 
Geismar. La. to 0.91 Ib/day on July 18. 

Wyandotte Cheni.. Wisconsin River Early analyses not available. Sediment analyses 

Port Edwards, Wis. indicate previously higher discharges. On July 
27,0.08 lb/day was discharged. 

Discharged 11--74 Ib/day from hlar. 27 to Apr. 10. 
Reduced load to 0.35-0.50 Ib/d;iy July 22-24. 

Columbia River 

City of  Buffalo S IF' 
to  Niagara River 

Berrys Creek to 

Mississippi River 

Discharged 15.1 Ib/day o n  J u l y  14. Reduction to 

Discharged 0.001 lb/day on  July 30. 

Sample of a discharge on  Aug. 1 2  indicated 2.08 

Discharged I .70 lb/day on  hlay 19. Reduced load 

approx. 1.0 Ib/day by Aug. 17. (Company value.) 

Wyandotte Chem., Detroit River 
Wyandotte, Mich.t 

________ ___I_______- ______I___.__ 

*b'irms subject to Federal suit under 1899 Refuse Act. 
?Firms subject to State action. 
%Firms subject to 180day  notice abatement action under Federal Water Pollution Control Act. 

Table 2. Maximum mercury concentration in air measured 
at scattered mineralized and nonmineralized areas 

of the western United States 
~ .__  ~ _ _ . _  ~- __ 

3 1  !,faximum i3g concentration (pg/m ) __ Sample location I_____. 

Ground surface 400 feet above the ground2 
__ ..... ___ ...-...._____.___...._I.____ _x_..-..-- 

Mercury mines 

Ord mine, Maratzal M t n ~ ,  Ari7. 
Silver Cloud mine, Battle Mtn.. Nev. 
Dome Rock Mtns.. Ariz. 

Cerro Colorado Mtns., Ariz. 
Cortez gold mine, Crescent Valley, Nev. 
Coeur d'Alene mining district, Wallace, Idaho 
San Xavier. Ai-iz. 

Silver Bell mine, Ariz. 
Esperanza mine. Ariz. 
Vekol Mtns., Ariz. 
Ajo mine, .4riz. 
Mission mine, Ariz. 
'Twin Buttes mine, Ariz. 
Pima mine, Rriz. 
Safford. Ariz. 

20.000 (50) 
2.000 (50) 
0.128 (6) 

Base and precious metal mines 

1.500 ( 5 )  
0.1 80 (60) 
0.068 (40) 

Porphyry copper mines 

0.020 

Uninineralized areas 

0.108 (4) 
0.024 (8) 
0.057 (20) 

0.024 (2) 
0.055 (4) 

0.025 ( 3 )  

0.053 ( 3 )  
0.032 ( 3 )  
0.032 (4) 
0.030 (3) 
0.024 (3)  
0.022 (3) 
0.013 (3) 
0,007 ( 2 )  

Blythe, Calif. 0.009 (20) 

0.004 (2) Gila Bend, Calif. 
Salton Sea, Calif. 0.004 (2)  
Arivaca, .4riz. 0.003 (2) 

_.__.___ __ - __ __ ~ ~. .__.__ __~__ 
:Number of measurements shown in parentheses. 

Samples taken from single-engine aircraft. 
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Tahle 3. Mercury in selected rivers of the United States, 1970 

(detection limit 0.1 ppb) 

__ -... ..... __ ____.__ __ ..... 

1 ime sample 

collected 
l___l____ 

Source and Location 

Mo.-day Hour 
_I_------..----- -- .... l__.ll ..... __. . 

Gold Creek at Juneau, Alaska 

Colorado Rivcr near Yuma, Ariz. 

Welton Mohawk Drain near Yuma ,  A r k  

Quachitn River downstream frurn Camden, Ark. 

S t. t'rmcis River at Marked Tree, Ark. 

Santa Ana River below Prada Dam near Riverside, C'alif. 

South Platte River at Henderson, Colo. 

Blue River upstream of Dillon Reservoir, Colo. 

French Creek near Ureckenridgc, C O ~ O ,  
Animas River a l  Silverton, Colo. 

Cement Creek at Silverton, Colo. 

Red Mountain Creek near Ouray, Cob .  

Red Mountah  Creek at l ronton,  Colo. 

Nuuanu Stream near Honolulu, Hawaii 

Iionolii Stream ncar Papaikou, Hawaii 

North Fork KaukonaRua near Wahiawa, Hawaii 

Ohio River near Grand Chain, 111. 

Floyd River a t  Sioux City, Iowa 

Kansas Rivcr dowustrcam from ropeka, Kan?. 

iMissirsippi River near Hickman, Ky. 

h1ertini:ick River above Lowell, hhss. 

Wolf Creek near Ccdar Lake, Mich. 

Unnanicd tributary to  Wolf Creek ncar Edniore, Mich. 

Rainy River at International Falls, Minn. 

St .  Louis River at Scanlon, Minn. 

P e a l  River at Byram, Miss. 

Pascagoula River at Merrill, Miss. 

Yellowstone River near Hillings, Mont. 

Missouri River near Great Falls, Mont. 

Missouri River near St. Louis, Mirsouri 

Missouri River at Hermann, Mivsouri 

Salt Creek near Lincoln, Neb. 

Las Vegas Wash a t  1-lendcrson, Nev. 

Pcrnigewassel River at Woodstock, N.11. 

Canadian River near Glenrio, N. Mex. 

Hudson River downstream from Poughkeepsie, N.Y. 

Hoosic River near North Pownal, Vt. in Rennsselacr County, N.Y. 

Wappinger Creek near Wappingers, Falls, N.Y. 

Delaware River at Port Jervis, N.Y. 

Beaver Kill at C o o k  Falls, N.Y. 

Deer River nt'ar Helena, N.Y. 

Raquette River at Raymondvillr, N.Y. 

Oswzgatchie River a t  Gouverrieur, N.Y. 

Orwegaatcliie Riper at Gouverrieur, N.Y. 

Black Riwr a t  Wdtertown, N.Y. 

Black River near Watertown, N.Y. 

- 

6-10 

6-18 

6-19 

6-1 8 
6-19 

6-29 

5-19 

6-22 

6-22 

6-22 

6-2 2 

6-22 

6-22 

6-8 

6 -8 
6-1 1 

6-26 

6-9 

5-19 

6-25 

6-8 

6-7 

6-7 

5-14 

6-8 

6-17 

6-9 

5-14 

5-1R 
6 ? 3  

6-14 

6-24 

5-1 4 

6 8  
6-10 

4-7 

4-7 

4-2 3 

4-23 

4-34 

5 -5 

5 -5 

S-6 

6-1 6 

5.6 

5-6 

1350 

0900 

1000 

1410 

0930 

I405 

1800 

1040 

1645 

1130 

10.30 

1100 

1100 

1000 
12'15 

101s 

1445 

1500 

1500 

1730 

1330 

1030 

0915 

1700 

1100 

1045 

1420 

1320 

0735 

0915 

0800 

1200 

101s 

1155 

Mercury 

(in ppb) 

1_1_..-_ 

<o. 1 

<o. 1 
<:0.1 

<0.1 

0.1 

c0.1 

0.3 

<0.1 

<0.1 

0.1 

4 . 1  

17.0 

c0.1 

.6 

< O . l  

0.4 

0. I 

0.2 

3.5 

<o. 1 

1.2 

in. 1 

0.1 

<0. 1 
<O. l  

0.1 

3.0 

<o. 1 

4 . 1  

2.8 

0.2 

0.5 

<o. 1 

3.1 

<o. 1 

0.1 
0.1 

4 . 1  

CO.l 

0.1 

<o. 1 

0.2 

0.7 

1.2 

<0.1 
<o. 1 
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Source and Location 

__.__....I__. __ ~. 

Lake Champlain near Whitehall, N.Y. 

Lake Champlain near Ticonderoga. N.Y. 

Lake Champlain near Crown Point, N.Y. 

Raquette River at Massna, N.Y. 

Raquettc River a t  Raymondville. N.Y. 
Raquette River at Potsdam, N.Y. 

Oswcgatchie River below Natul-al D a n ,  St. Lawrence County, N.Y 

Oswegatchie River at Hailsboro, N.Y. 

Chemung River near Wellsbuq. N.Y. 

Sucquehanna River at Johnson City, N.Y. 

Maumee River at Antwerp, Ohio 

Scioto River near Chillicothe, Ohio 

Great Miami River near Miamisburg, Ohio 

North Canadian River near Harwh, Okla. 

North Canadian River near Oklahoma City, Okla. 

Whitewood Creek near Vale, S. Dak. 

Paper Mill Creek near Herty, Tex. 

San Antonio River near F,lmendorf, Tex. 

Blackwater River a t  Franklin, Va. 

Jackson River near Covington, Va. 

Bailey Crcek near Ilopewell, Va. 

Snohomish River near Monroe, Wash. 

North Branch Potomac River near Barnum. W.V. 

Wisconsin River a t  Wisconsin Rapids, Wis. 

Wisconsin River near Nekoosa. Wis. 

North Platte River near Casper, Wyo. 

Bighorn River a t  liane, Wyo. 
__.I_ .... -~ __ 

Time sample 

collected 

Mo.-day Hour 

6-1 6 

6-16 

6-16 

6-16 

6-16 

7 -5 
7-6 

6-10 

6-25 

6-1 I 

6-30 

6-30 

5-22 

6-9 

6-1 1 

6-15 

6-16 

6-18 

7-1 

6-3 

6-10 

6-10 

6-23 

6-30 
- .~ 

rab!? 4. Analysis of soils for mercury in ppm 

0840 

0910 

0950 

1130 

1230 

1015 

1330 

1215 

1115 

1815 

1000 

1345 

1100 

1015 

1100 

0930 

0820 

0945 

1050 

1600 

1300 

1230 

1215 

1600 

Area 

__ 
Nevada, 'I e u \ .  Cdif'oriiia 

1liiininerslired X C I S ,  Californis 

17rcinciscm 1,orm;ition. California 

Uninineralizcd area$. Britirh Colurnhia 

Near iiiineralization, British Co!uinhi;i 

Very near niiiicrdization, British ('oluml)is 

t.ngl,ind 

tngiand I topmil.;) 

Germall). 

Sweden ( topwi ls )  

Africa (topwils) 

European lJ.S.S.K. 

1)onetc B d \ i n  

Uonels Bawi 

Kerch Peninruls 

Kercii- 1 m i : i r i  d r e d  

Viet h'am 

Average 

<O. 1 

10 .1  

0.1 

<O. 1 

<o. 1 

0.1 

<O. 1 

0.2 

0.2 

0.1 

6.0 

<O. 1 

0.9 

1.1 

0.1 

<O.  1 

0.1 

<0. 1 

1.1 

<0. 1 

0.4 

(0.1 

1.2 

0.9 

2.4 

0.1 

<0.1 

Ref. 

27 3 

14 

I 3 0  

24 8 

264 

0.02 0.04 
0.04 0.06 

0.10 0.20 

0.01 (0.05 

0.05 2.50 
0.25 ?.SO 
0.01 0.06 

0.25 15 .oo 
0.03 0.19 
0.02 0.93 

0.04 5 .XO 
<0.05 10.00 

0.10 2.40 
d l 1 0  3.00 

11.24 I .9i) 
0.02 I .oo 

36 

24 7 

36 

248 

24 8 

24 R 

24 9 

2S(J 
48  

0.07 60 

0 . 0 2  60 

-. 7 i  1 
0.30 252 

I 3 0  253  

254 
255 

0 . 3 0  25 1 
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Table 5 .  Mercury levels in water sediments 
. . . . . . . . . . . . . . . . . . . . . . .  - _  b 

Body of water Area Level (ppm) Refcrencr ........ ...... ___ _. __ ........ ~ . . ~  .. -_ 
St. Clair River-Lake St. Clair U.S. Side T r : m  20 ,. 

* Upper Detioit River 

Lower Detroit Rive1 

Upstream from Rouge River (U.S. side) Up to 1.4 20 

Downstream from Rouge Rivcr (U.S. side) IJp tu 2.0 20 

Within mile downstream of 

Further dowristream to  Lake Erie 

Wyaridotte Chemical 

Detroit River (main channel) Between Grassy Island and 

East side of Fighting Island 

Near river's mouth 

Grosse Island 

Wrstcrn Lake Eric 

Eastern b k e  Erie 

- 
Black Rivcr 

Ashtabfila River 

Near moilth of Detroit Rivcr 

Along Michigm Qore 

Laplaisawe Ray 

Near West Sister Island 

0-15 miles east of Detroit River 
(5 miles from Ontario shore) 

Peke Island viciiiity 

Offbhoie from Clevrlnnd harbor 

Mouth of  Grand River 

Offqhore from Eacterly '3 I P 

Presque Idc Bay 

5.4 86.0 20 

Trace -26 0 20 

4.4 20 

1.2 

0.6 

20 

20 

1.0-2.1 20 

0 20 

Up to 0.8 20 

1.6-2.1 20 

1.3-2.1 20 

20 0 

2.4 20 

2.0 20 

4.0 20 

1.1 20 

>1.0 20 

>1.0 20 

Buffalo River >1.0 20 

Missouri River Up to 32 I 
Wisconsin River Up to 560 256 

........ . ........... ............... 
_I_ ___ ~ .-.._.........I_- 

Tahle 6. Analyses of fossil fuels for mercury in ppm 
.. ........ ...__ -..........-I_ - 

S;implc and source 
Number Range 

of samples 
analyzed 

.........I_ ........... 
Min. Max. 

Average Ref. 

. ....... 
Coal, Ohio 

Coal, [J.S.A. 

Coal (pit), Sweden 

Coal, Germany (bituminouc) 

Coal, Germany (anthracite) 

Coal, Donets Basin U.S.S.R. 

Coal, Donets Basin U.S.S.R. 

Coal, Donets Basin U.S.S.R. 

Coal, Donets Basin U.S.S.R. 

Coal, Donets Basin U.S.S.R. 
Coal, I h n e t s  Basin U.S.S.R. 

Coal, fhnets Basin U.S.S.R. 

. .i. r:uei oil: swedcll ... 
Crude oil, California 

Light petroleum, California 

'Tarry petroleurn, Caljfornia 

Tar, California 

36 0.07 

0.06 

11 0.001 

119 1 1 . 0  

4.5 

0.14 

206 0.05 

2.5 

756 0.02 

0.1 

13 0.1 

1.9 

33.0 

0.40 

0.02s 

2.7 

70.0 

300.0 

10.00 

6.5 

20.00 

7.0 
300.0 

21.0 

0.5 

3.3 

0.01 2 

11.1 

46.0 

1.10 

3.1 

46.0 

0.003 

100 

500 

1 .o 

33 

25 I 
64 

48 
258 

2.59 

260 

26 1 

262 

26 3 

264 

265 

64 

33,57 

7 

I 
I 

- ............ __ ......... ___ ....................... ............ __ . 
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Table 7. Mercury levels in animals from various areas in the  United States 

California 

Minnesota 

Wisconsin 

North Dakota 

Michigan 

St. Clair River and Lake St. Clair 

Lake Erie (western basin) 

Lake Erie (central basin) 

Lake Erie (eastern basin) 

Phea\ant u p  to 4.7 266 

Eagle (kidney) Up to 117 267 

Eagle (kidney) u p  to 7.9 267 

Shove 
Shove 
Pintail 
Pintail 

Malla1 
Mallar 
Teal 

ler 0.17 2.26 268 
ler (liver) 0.5 3 - 7.5 26 8 
I 0.04 -0.9 268 
I (liver) 0.23 ~ 2.9 268 

d 0.10-0.80 26 8 
d (liver) 0.773-1.4 268 

0.10 -0.18 268 

Walleye pikc 1.4-3.6 20 
Northern pike 0.6 20 
White bass 0.5 -0.8 20 
Yellow perch 0.3-1.7 20 
Coho salmon 0.2- 1.0 20 
Steelhead <0.15 20 
Sheepshead 0.2 20 
Gizzard shad 0 .2  20 
Channel catfish 0.3 - 1.8 20 
Carp 0.1-0.3 20 
Sucker 0.9 20 

Wdlleye pike 0.5-2.0 
Yellow perch 0.39 
Smelt 0.16 

Yellow perch 0.22 
Smelt 0.17 

Yellow perch 0.17 
Smelt 0.1 1 

5 
5 
5 
5 
5 

5 
5 

Lake Champlain Fish Up to 1.4 1 

Mississquoi River (Vt.) I ish u p  to 2.0 

Mobile River (Ala.) Fish >0.5 2 70 

Tombigbee River (Ala.) Fish >0.5 270 

Lake Calcasieu Crab 1.4 27 1 

Pickwick Lake Fish Up to 2.1 269 

1 

N. Fork of Holrton River (Va.) [:ish 0.94-4.4 269 

*Analyses performed on muscle tissue unless otherwise indicated. 



Table 8. State t'ishing restrictions because of mercury 
(as of September 1970) 

State 
Glome, warning. or catch 

rclease for sport fishery 
Closure, embargo, or warning 

to commercial fishery 

Alabama 

California 

Georgia 

Louisiana 

Michigan 

Mississippi 

New Hampshire 

New York 

North Carolina 

Ohio 

Pennsylvania 

South Carolina 

'renncsscc 

Texas 

Vermont 

Virginia 

Wcst Virginia 

Wisconsin 

Tombigbee R. up to Jackson 
Dams ~~ warning; Mobile R., 
'Tensaw R., Mobile-Tensaw 
systzm, Tennessee R. and 
impoundments - warning 

Danger warning (general) 

Savannah R., New Savannah 
Dam to Highway 12 ~ closed; 
Rrunswick Estuary - closed 

Calcasieu R. - warnirig 

Detroit R., L. St .  Clair, St.  Clair 
R. - -  catch and reteaye only; So. 
I,. Huron, Wkst I,. Erie -. take no 
walleye, drum, or white l m s  

Pickwick L. warning 

Merrimac R,, (Jonnecticut R. - 
danger warnings for pickerel, 
yellow perch, smallmouth b a ~ s  

I,. Charnptain, Frie, Ontario, 
Oswego R., Niagara R.: S t .  
Lawrence R. ~ danger warnings; 
I,. Onondaga - -  closed 

DanSer warning (general) 

L. Eric - -  wtrning released via 
news 

L. Erie ~ danger warning for 
walleye, drum, smallmouth ha%. 
whitc baqs 

Ssvannah R., Augusta to  coast 
dO%d 

Tennessee R., Pickwick I,, 
warning, catch and release 

L. Champlain, L. Memphremagog 
danger watniny 

N. Fork Holston R., below 
Saltsville . warning 

Ohio R. - danger warning 

Wixonnn R. - catch and release 
recoinmended, tio more than I 
mcal per week 

'Tombigbee R. - -  closed; Mobile 
R., Tensaw R., Mohile-'l'erisaw 
system, 'Tennessee R. and 
impoundments -. closed 

Brunswick Estuary - cloyed 

Detroit K., L= St. Clair, St. Clair 
R. - closed; So. L. Huron, West L. 
Erie - . ~  closed to walleye, drum, 
white bass. Embargo on spccies 
other than walleye, drum, white 
bass 

Pickwick L. ~ closed 

I.. Erie -- cloged to walleye. 
embargo on white bass 

Savannah R., August'L to coast -- 

closed 

Tennessee R., Pickwick L. - 
closed 

Oysters, 19,900 acres 
1-avaca f3ay - closed 

1,. Champlain, L. Merriphremagog - 
embargo on d e s  

Ohio R, - request t o  stop 
operations 
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Table 9. Analysi~ of Canadian birds, fish, and animal products for mercury in ppm 
___~__.___~ ..... ____ _ _ _  .... __..__.. _I_. ___ .... __ ...-- __.__ ... - 

Source Animal' 
Range 

Min. blax. 
___ ..... 

No. of wmples 
analyzed 

Ontaiio 

Albert a 

British Columbia 

Lake Nipwing 

Ihke Nipiqsing (Callender) 

Lake Nipissing (Sturgeon River) 

Lake Simcoe 

Lake Simcoe (Talbot River) 

I.ake Superior ('l'hunder Bay) 

Lake Ontario 

Like St. ('lair 

Lake Ei-ie 

Comniercial 

Commercial 

Pa1 t r idge 
Pheasant 

Partridge 
Pheasant 
Pheabant (liver) 

Pheaun t 
Pheassnt (liver) 

Pickerel 
Perch 

Walleye pike 

Walleye pike 

Walleye pike 
Whitefish 

Walleye pike 

Whit et? sh 

Northern pike 
White ti ch 
Herring 
Perch 
Bass 
Sheepshead 
Sucker 

Walleye pike 
Northern pike 
Pickerel 

Perch 

Chicken 
Chicken (liver) 
Chicken (egg) 
Turkey 

Halihut 
Haddock 
Mackerel 
Cod 
Sole 
l'lounder 
Crabrneat 

Oyster\ 
Sc;lllop:, 

5 
8 

6 
18 
2 

5 
3 

1 
1 

3 

3 

3 
1 

3 

6 

I 
1 
1 
1 
I 
1 
3 

6 
3 
3 

4 

12 
4 
1 
3 

2 
1 
1 
4 
1 

1 
2 
1 

7 - 

*Analyses performed on muscle tissue unles.; otherwise indicated. 

0.020 
0.008 

0.014 
0.004 
0.02 

0.004 
0.005 

0.13 

0.08 

0.08 

0.28 

0.03 

0.05 

0.22 
0.32 
0 , 5 8  

0.22 

0.025 
0.022 

0.01 2 

0.14 

0.03 

0.06 

0 009 

___ 

0.04 1 
0.042 

0.075 
0.460 
0.22 

0.020 
0.015 

0.20 

0.17 

0.38 

0.94 

0.40 

0.05 

1.54 
0.63 
0.66 

0.26 

0.06 1 
0.059 

0.033 

0.31 

0.08 

0.17 

0.012 

Average 

0.03 1 
0.019 

0.034 
0.046 
0.12 

0.00 8 
0.01 1 

0.42 
0.20 

0.17 

0.11 

0.18 
0.05 

0.62 

0.16 

0.21 
0.08 
0.09 
0.25 
0.07 
0.12 
0.05 

0.65 
0.33 
0.63 

0.24 

0.038 
0.046 
0.009 
0.022 

0.22 
0.06 
0.1 7 
0.05 
0.04 
0.12 
0. I6  
0.0 10 
0.068 



57 

History of 
subjects 

Ref. 

Table 10. Analysis of human tissues for iiiercury in ppm 
- 

Norms1 272 

Exposed' 

Normal 

Exposed2 

Normal 

Norma I 

Nor rnal 

212 

273 

273 

99 

99 

99 

274 

215 

98 

Liver 
Kidncy 
Thyroid 
Pituitary 
Olfactory lobc 
22 other 

Liver 
Kidney 
Thyroid 
Pituitary 
Olfactory lobe 
22 other 

Liver 
Kidney 

Liver 
Kidney 

Liver 
Kidney 
Spleen 

Liver 
Kidney 
Spleen 

Liver 
Kidney 
Spleen 

Liver 

Liver 
Kidney 
3 other 

Liver 
Kidney 
Brain 
Heart 
Splccn 
I,llng 
Pancreas 
Intestine (sin) 
Intestinc (1s) 
Muscle 

__ ...___........______ 

Rangc 

hlin. Mas .  
Average ~ ......- ~ ~ ..._ 

6 
6 
6 
4 
4 
6 

5 
5 
5 
4 
4 
5 

92 
92 

25 
25 

15 
15 
15 

14 
14 
14 

16 
16 
16 

5 

4 
11 
4 

29 
39 
21 
25 
22 
23 
20 
14 
13 
22 

0.006 
0.030 
0.005 
0,040 
0.006 
0 

0.06 1 
0.141 
0.029 
0.040 
0,132 
0 

<0.1 
<0.1 

1.1 
9.4 

0.015 

0.05 
<0.05 

<0.05 
<0.05 
<0.05 
<0.05 
<0.05 
<0.05 
<0.05 
c0.05 
<0.05 
<0.05 

0.1 18 
0.102 
0 094 
0.133 
0.087 
0.021 

0.460 
5.130 
0.354 
1.580 
0.480 
l . l S 0  

17.2 
1?7 

25.0 
275 

0.0'33 

0.30 
>0 50 

0.9 
26.3 

0.6 
0.7 
0.7 
1.0 
0.7 
0.4 
0.9 
1.0 

0.04 2 
0.063 
0 023 
0.079 
0.036 
0.007 

0.161 
1.307 
0.107 
0.496 
0.257 
0.074 

3.73 
2 0 . 5 ~  

3.43 

0 . 4 ~  

3 1.2 

2 9 d 3  

13.83 
152.93 

3.23 

<0.05 

0.30 
2.7.5 
0.10 
0.15 
0.05 
0.10 
0.05 
0.05 
0.10 
0.15 

~ 

'Am.ilgam woikers, ctc 
211irtoiy of Sxposure to rnerciiry diuret ic  
3V,~Iuc\ are bawd on dry weight, all other value> .ire Imed on frerh (wet) weight 
'Received 400 Ing niercilrq. or le\$ before death 
sRei .c ivd 400 mg mercury or iiioTe (svprage 4,692 mg) from 3 week5 to 40 inoncli., before death 
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Table 11. Daily mbahe of mercury and mercury concentrations in blood and hair of man 
_ _ _ - _ _ _ _ _ _ _ _ _ _ _  _ _ _ _ _ _ ~ _ _ _ _ _  _ _ _ _ _ _ _ _ _ _ -  

Mercury Daily Mercury in blood (ppm) 
intake ......______ in hair Ref. Case 

Plasma (PPm) Corpuscles 

4 normal persons (Sweden) 

83 normal persons (Sweden) 

3 nornlal persons (Finland) 

51 fish eaters (Sweden) 

21 fish eaters (Finland) 

20 fish eaters (Finland) 

S afflicted persons (Sweden) 

Minamata ~ diseaqed J a p a n w  

0.006 

IO 0.0 I O  

0.05 1 
44 0.058 

0.060 

0. I96 

201 2.59 

2.40 

~ . . _ _  

0.003 

0.002 

0.010 

0.008 

0.007 

0.029 

0.039 

2.30 

7.9 

17.3 

36.1 

500 

Table 12. Total mercury and nnethylniercury contents of Swedish foods in 1966 

Food\ 
Methylmercury 

___.. Total mercury 

(PPm) (ppm as H g )  7% of total Hg 

Meat (ox) 

?&at (poultry) 

Liver (pig) 

Liver (pig) 

t gg  yolk 

Egg yolk 

Egg white 

Egg white 

0.074 

0.023 

0.130 

0.096 

0.01 0 

0.010 

0.012 

0.025 

0.068 

0.017 

0.095 

0.075 

0.005 

0.009 

0.011 

0.024 

92 

74 

73 

78 

so 
90 

92 

96 

Tahle 13. Total mercuiy and methylmercury content in the axial musculature of 
fish caught upstream and downstream from industrial outfalls 

100 
276 

277 

27 8 

279 

277 

100 
280 

'I ype ot factory and 
mercury drschargcd 

Weight Locality Total mercury Percent 
Fish 

(kg) where caught ( p w )  methylmercury 

Papcr and pulp mill 
(phznylmercuric acetate) 

Chlor-alkali plant 
(inorganic and metallic 
mercury) 

~ 

Perch 0.064 
0.071 
0.10 
0.14 
0.12 
0.12 
0.19 
0.4 1 

Pikz 0.40 
0.59 
0.91 

Eelpout 0.24 
0.32 
0.32 
0.36 
0.4 2 

Perch 0.01 5 
0.01 7 
0.21 

Pike 0.40 

Pike-perch 0.37 
0.41 

0.035 
0.067 

Whi t e fj \h 

Upstream 
Upstream 
U p t r e a m  
Upstream 
Downstream 
Downstream 
Downstream 
Downstream 

0. I x 
0.20 
0.70 
0.42 
1.91 
2.18 
3.02 
2.81 

Upstream 0.55 
Downs t r ea in 3.13 
DownStredm 3.118 

Upstream 0.35 
Ups t r ea m 0.50 
Upstream 0.70 
Upstrcani 0.37 
Upstream OS3 

DoUmStredm 0.83 
Downstream 1.20 
Downstream 2.48 

Downstreain 1.81 

Doujnrtreain 2.39 
Downstream 2.05 

Downstream 1.40 
Downstream I . O t  

....... __ ___. - 

100 
91 
93  

100 
I O 0  
99 
86 
91 

98  
95 
92 

90 
93 
95 

100 
79 

94 
92 
86 

9$ 

94 
95 

IO0 
100 

__ 
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Table 14. Effect of a paper mill on the mercury content in aquatic orgmisms 

Organism Locality Mercury (pprn) 

Fountain niiiss (bonfinulis) 15 krn above mill 
Below mill 

Water lily 

Isopod (;1sdli ts)  

1 km above mill 
1 krri below mill 

Above mill 
Below inill 
Below mill 
Below mill  
Iiclow mill 

lt! krn above mill 
1 km above mill 
20 km below mill 

Caddis-fly larva (Trichoptera) 15 km above mill 
14 km above mill 
1 km below mill 
5 km helow mill 
6 km below mill 

15 km above niill 
17 kin 11elow mill 

20 km above mill 
1 kin above mill 
1 km below mill 
6 km below mill 

Stone-fly larva (Plecioptera) 

Alder-fly larva ( S f o h )  

0.08 
3.70 

0.02 
0.52 

0.02 
3.10 
2.60 
2.35 
4.40 

0.06 
0.06 
1.90 

0.05 
0.05 

17.00 
5.60 

10.70 

0.07 
2.40 

0.05 
0.05 
5.50 
4.80 

. 
'Table 15. Content of mercury in 
organs of pike specimen in ppm 

Organ Contsnt 

Heart mu-xle 
Axial muscle 
Liver 
Kidney 
Tntes tine 
Ovnry 
Epidermal finrays 
Glll 
Brain 
Spleen 
Scales 

1 .OO 
0.85 
0.78 
0.64 
0.6 1 
0.56 
0.39 
0.30 
0.29 
0.28 
0.10 
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Table 16. Lethal concentrations of mercury compou~ids 
for various aquatic organisms 

....... 
Lethal 

Orgm ism concentration 

(PPb) 

Mercury compound 

Bacteria: 
t'sc.hcizchiu coli 
Escliericliiu coli 
Escherichia coli 
Esc~iiericiiiu coli' 
Frcli cricii iu coli 

Phy t 01) Ian k to n : 
Marine iriixtuie 
Sc~c~r?cdrsr?lu s 
Setiedesiiziis 

Pro to zoa  : 
Alicxwegvia 
Alicroregrrm 

Z oopla II k to11 ' 
DupIitiia ~ I I J P Y  
Uaphriia iiiag!1a 

Uupliriia niugiiu 

Amphipod: 

Isopod: 

,llu,.iriogarnrnnrirs ;ni l i . i r izrs 

! ~ ~ ( , S o , S p ~ i l ' ; ~ o r i l U  oregorierisis 

Polyci~lis iiigra 
1,la two rill : 

Polycl1acte: 

&lo lIl.1 

llli~rcicrellu eriigmaticu 

Bivalve liirvae 
./1 iicfvalorhis ,~luhmrir.s 

1~i\11: 

S tickleb:ick 
Sticklehack 
Guppy 

GUPPY 
Shiner 
Eel 
Channel catfi\li 
('haiinel ciitfi41 
Kai nbow trout 
Rainbow trout 
Sal r i m  n 
Sallnon 

200 
200 
300 
300 
300 

6 0 
3 0 

150 

1 5 0  
160 

5 
20 

6 

IO0 

I5 

2 7 0  

1000 

21 
I000 

2 0 
7 0  
2 0 
2 0  

K O 0  
27 

580  
1 3 0 0  
2000 
9200 
20 
5 0 

Mercuric chloride 
Mercuric cyanide 
tthylniercuric bromide 
Phenylmercuric chloride 
E thylmercuric oxalate 

Ethylmercury phosphate 
Mercuric chloride 
Mercuric cyanide 

Mercuric chloride 
Mercuric cyanide 

Piienylniercuric acetate 
hlercuric cyanide 
Mercuric chloride 

Mercuric chloride 

Mercuric nitrate 

Mercuric chloride 

Mercuric nitrate 

Mercuric chloride 
Mercuric chloride 

Mercuric nitrate 
Mercuric chloride 
Mercuric nitrate 
Mercuric chloridc 
Etliylrneriury phosphate 
Mercuric chloride 
Phenylmercuric acctatc 
Ethylmercury pho.;pllate 
Pyridylinercuric acetiite 
Mercuric chloride 
Phenylmercuric. acefate 
Mercuric acelate 
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Table 14. Sources of mercury losses from the  chlor-alkali process 
---...-... __ .___... ~ 

U.S., __ Sweden 

Source of loss Grams mercury lost % of total ' of total 
per ton c ~ o r i n e  mercury mercury 

lost produced lost 

Hz gaq 2 10 
W2 condensate 25-75 
Atmosphere 15-25  
Brine sludge 2-50 
Wail1 WJ ter I O  
NaOH 0.4-20 
Sweepingc and dnode disposal 
Unknown 

- ~ 

4 5  1 
40  -45 
13-28 3 
4 26 47 
5-18 24 
1-11 1 

4 
20 

-~ 

Table 19. Schemes for decontamination of mercury-polluted lakes 

Method Advdntages Disadvan t a p  s Unknowns 
_...._._.I__ .. .......--. .__......~_..._______...._____I_ ........ ~ . .~  

Dredging Removes mercury entirely; 
possibility of mercury 
recovery 

llisposal of dredged material; Ancillary ecological effects; 
the process itself can per- 
haps release a large pulse 
of mercury; requires 
elaborate equipment 

May not b c  effective (lake 
turnover, erosivn, re- 
versible binding, etc.); 
mercury pulse 

cost 

Covering with inactive cldy 
or mercury-binding 
particulates (e.g., freshly 
groiind quartz, feldspar, 
etc.) 

Covering with iron pyrite 
and clay overburden 

Simplicity Cost; effectiveness 

Simplicity; works to put  
mercury in a more 
chemically inactive 
state; physically covers 
mercury sediments 

Works to put  mercury in 
chemically inactive state 

Same as for clay and 
particulates; introduc- 
tion of iron into lake 

Ancillary ecological effeL.ts; 
cost 

Rcacting with HzS to con- 
vert mencury to IIgS 

Difficulty Lo control ac- 
tion of this powerful 
reagent; difficult to 
direct the HzS directly 
to the right physical 
spot; the resulting IIgS 
is no t  physically covered 

Might cause air pollution: 
could spread mercury 
over wider area by re- 
leasing mercury from 
sediments 

Permanence? 

Ancillary ecological 
effects; cost; reaction 
time 

Raise pH of water Might use lime which 
ivould tend to cover 
mercury deposits 

AnciUary ecologic31 ef- 
fects; cost 

Plastic coatings Simplicily; avoids lake 
turnover or sediment 
migration problems 

Simplicity 

Ancillary ecological ef- 
fects: cost 

Amalgamation with 
aluminuni or other 
active nirtal 

Biological mining (e.g., 
with clams) 

Puts another riietal in the 
lake 

Ancillary ecological ef- 
fects; cost: effectiveness 

Minimum effect on  
ecology 

Could increase the speed 
of methylmercury 
conversion; might not  be 
possible for some ctreams 

Cost; rate of mining: 
effectiveness 
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