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... and all the water that was in the Nile turned to blood. And the fish in the Nile died, and the Nile became foul, so tha tthe Egyptians could not drink water from the Nile. And all the Eqyptians dug round about the Nile for water to drink, for they could not drink the water of the Nile.
- The Bible, Exodus 7:21 



1. Historical Notes on Water Supply

The quest for pure water began in prehistoric times. Recorded knowledge of water treatment is found in Sanskrit medical lore and in Egyptian inscriptions. Pictures of apparatus to clarify liquids (both water and wine) have been found on Egyptian walls dating back to the fifteenth century B.C. Boiling of water, the use of wick siphons, filtration through porous vessels, and even filtration wit sand and gravel, as means to purify water are methods that have been prescribed for thousands of years. In his writings on public hygiene, Hippocrates (460 - 354 B.C.) directed attention principally to the importance of water in the maintenance of health, but he also prescribed that rain water should be boiled and strained. The cloth bag that he recommended for straining became known in later times as "Hippocrates' sleeve". 

Public water supplies, already developed in ancient times, assumed added importance with the progressive increase in urbanization. But though they were clearly beneficial in distributing water of uniform quality, large numbers of people ran the risk of having adverse effects when the water was unsafe to drink. Evidence that drinking water problems are not just a problem today may be found in passages from the Bible quoted above, describing the plagues. 

While many of the ancient cultures had high standards of sanitation, these were somehow lost during the Middle Ages. During that time the outbreak of (waterborne) diseases were mostly thought to be acts of God, in response to sin, and the only treatment was thought to be penitence. 

The first clear proof that public water supplies could be a source of infection for humans was based on careful epidemiological studies of cholera in the city of London by Dr. John Snow in 1854 (Snow, 1985). Although Snow's study of the contaminated Broad Street pump is the most famous, his definitive work concerned the spread of cholera through water supplied by the Southwark Company and the Lambeth Company. The former obtained its water from the Thames at Batttersea, in the middle of London in an area almost certainly polluted with sewage, whereas the Lambeth Company obtained its water considerably upstream on the Thames, above the major sources of pollution. In one particular area served by these two companies, containing about 300,000 residents, the pipes of both companies were laid in the streets, and houses were connected to one or the other sources of supply. Snow's examination of the statistics of cholera deaths gave striking results. Those houses served by the Lambeth Company had a low incidence of cholera, lower than the average population of London as a whole, whereas those served by the Southwark Company had a very high incidence. As the socioeconomic conditions, climate, soil, and all other factors were identical for the populations served by the two companies, Snow concluded that the water supply was transmitting the cholera agent. Snow's study, a classic in the field of epidemiology, is even more impressive when it is realized that at the time he was working, the germ theory of disease had not yet been established. 

During the 17th to the early 19th century a number of improvements in water supply were made, most of these related to improvements in filtration to remove the turbidity of waters. During this same period, the germ theory of disease became firmly established as a result of research by Louis Pasteur, Robert Koch, and others, and in 1884 Koch isolated the causal agent of cholera, Vibrio cholera. 



2. Importance of Water Filtration

In 1892, a study of cholera by Koch in the German cities of Hamburg and Altona provided some of the best evidence of the importance of water filtration for protection against this disease (Koch, 1894). The cities of Hamburg and Altona both received their water from the Elbe River, but Altona used filtration, since its water was taken from the Elbe below the city of Hamburg and hence was more grossly contaminated. Hamburg and Altona are contiguous cities, and in some places the border between the two follows a contorted course. Koch traced the incidence of cholera in the 1892 epidemic through these two cities, with special attention directed to the contiguous areas. In such areas it was assumed that climate, soil, and other factors would be identical, the principal variable being the source of water. The results of this study were clear-cut: Altona, even with an inferior (i.e., more contaminated) water source, had a markedly lower incidence of cholera than Hamburg. Since by this time it was well established that cholera was caused by intestinal bacteria excreted in large numbers in the feces, it was concluded that the role of filtration was to remove the contaminating bacteria from the water. 
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	Figure 1: A Modern Water Treatment Facility



In the United States, cholera was not a problem after the mid-19th century; the water-borne disease of particular concern was typhoid fever. In England, William Budd had shown by the mid-nineteenth century that typhoid fever was a contagious disease, and the causal agent was isolated and identified by Eberth in 1880 and Gaffky in 1884 (Wilson and Miles, 1957). Although the causal agent, now called Salmonella typhi, is transmitted in a variety of ways, one of the most significant is by drinking water. 

Experiments on water filtration were carried out in the United States during the late 1880's and early 1890's, notably by the Massachusetts State Board of Health experiment station established in 1887 at the city of Lawrence. At this station the treatment of water as well as sewage was considered by an interdisciplinary group that included engineers, chemists, and biologists. A leader in this work was W.T. Sedgwick, a professor at the Massachusetts Institute of Technology, and M.I.T.'s influence in water supply research remained strong throughout the first quarter of the twentieth century. One important technological advance which made water filtration adaptable to even rather turbid sources of water was the use of chemical/coagulation filtration processes, patented about 1884 by the brothers J.W. and I.S. Hyatt. 

While the Lawrence experiments were going on, an epidemic of typhoid swept through the city, hitting especially hard at those parts that were using the Merrimac River as its water supply. As a result, the city of Lawrence built a sand filter, and its use led to a marked reduction in the typhoid river incidence. As reported by Hazen (1907), the death rate from typhoid fever in Lawrence dropped 79 percent when the five year periods before and after the introduction of the filter were compared. 



3. Chlorination: The Most Significant Advance in Water Treatment

Although a reading of Hazen's 1907 book might lead one to conclude that excellent water quality had been well established by filtration, the most important technological advance in water treatment was yet to come. The introduction of chlorination after 1908 provided a cheap, reproducible method of ensuring the bacteriological quality of water. Chlorination today is one of the major factors ensuring the safety of our drinking water. 

Calcium hypochlorite was manufactured industrially for use as a bleaching powder and was used in paper mills and textile industries. It was a cheap chemical, and hence readily adaptable to sue on the large scope necessary for drinking water. The first practical demonstration in the United States of its use in water supply was at the filter plant of the Chicago Stock Yards, where it was introduced by Johnson in the fall of 1908 (Johnson, 1913). 

The use of chlorination in an urban water supply was introduced in Jersey City, New Jersey, in the latter part of 1908. The circumstances surrounding the Jersey City case are of some interest from a historical point of view and will be briefly reviewed. Jersey City received its water from a private company which used a large reservoir at Boonton, an impoundment of the Rockaway River. The water was supplied to the city unfiltered, although some settling took place in the reservoir. Several years before 1908 the city raised the contention that the water being supplied was not at all times pure and wholesome for drinking, as was required by the terms of its contract with the private company. At certain times of the year, the water in the reservoir became polluted as a result of sewage influx from communities on the river above the reservoir. Rather than undergo the expense of a filtration plant, or attempt to control the sewage influx from the various communities, the private company chose to introduce a chlorination system. The results were dramatic: a marked drop in total bacterial count was obtained and at a cost far lower than any other procedure. After many months of operation, further testimony before the court was held, to determine whether the company was meeting its contract, and the court decided that the evidence was favorable to the company. As stated by the court examiner: "I do therefore find and report that this device [chlorination] is capable of rendering the water delivered to Jersey City pure and wholesome for the purposes for which it is intended and is effective in removing from the water those dangerous germs which were deemed by the decree to possibly exist therein at certain times." 

The dramatic effect that chlorination had on water supply problems is well illustrated by comparing the first and second editions of Hazen's book (1907 and 1914). In the first edition, barely any mention of disinfection is made (merely a remark about ozone being too expensive) but in the second edition, Hazen was enthusiastic about the advantages of chlorination. As he says, chlorination could be used "at a cost so low that it could be used in any public waterworks plant where it was required or advantageous ... When the advantages to be obtained by this simple and inexpensive treatment became realized, as a result of the publicity given by the Jersey City experience, the use of the process extended with unprecedented rapidity, until at the present (1914) the greater part of the water supplied in cities in the United States is treated in this way or by some substitute and equivalent method." 

Interestingly from the point of view of the present report, the introduction of chlorination also changed markedly the established ideas about water quality standards: "The use of methods of disinfection has changed these standards radically. By their use it has been found possible to remove most of the remaining bacteria so that the water supplied can be as easily and certainly held within one-tenth of one percent of those in the raw water, as it formerly could be held within one percent ... Even today the limit has not been reached. It may be admitted that the time will come when a still higher degree of bacterial efficiency will be required. Present conditions do not seem to demand it, but we must expect that in some time in the future, conditions will arise which will make it necessary. When additional purification is required, it can be furnished" (Hazen, 1914). 

The importance of Hazen's book is that Hazen was a major consulting engineer for a wide variety of water works, and was very influential in recommending treatment methods. Chlorination was introduced at about the time that adequate methods of bacteriological examination of water had developed, permitting an objective evaluation of the efficiency of treatment. This evaluation was not based on the incidence of typhoid fever directly, but was based on an indirect evaluation using bacterial or coliform counts. 

Soon after chlorination was introduced, it was possible to obtain from epidemiological evidence that cities chlorinating water had lowered incidences of typhoid fever. The incidence of typhoid fever in Philadelphia dropped sharply from the years 1880 to 1945. Filtration was introduced in 1906 and chlorination in 1913, and both led to marked reductions in the incidence of typhoid fever. Another dramatic example derives from observations at Wheeling, West Virginia in 1917-1918 (Gainey and Lord, 1952). The incidence of typhoid fever in Wheeling was 155-200 per 100,000 during these years. Chlorination was introduced in the latter part of 1918 with the result that during the first three months of 1919 only 7 cases were recorded. For three weeks during April 1919 chlorination was discontinued with the result that the number of cases increased to 21, or a 300 percent increase. Chlorination was continued thereafter, and only 11 cases were recorded for the last six months of the year. Other examples of this sort could be cited (Gainey and Lord, 1952). 

At present, the incidence of typhoid fever is so low in the United States that no useful information on the effectiveness of recent changes in water purification practices can be obtained from an examination of the statistics. During the years 1946-1970, there were 53 outbreaks of waterborne infectious disease due to typhoid, but there were 297 outbreaks due to other bacterial or viral agents (including 178 outbreaks of undetermined etiology (Craun and McCabe, 1973). Of the outbreaks, seventy-one percent resulted from contamination of private water systems, but most of the illness (83 percent) was associated with community water systems. During the period 1946-1960 there were 70 outbreaks of waterborne disease in communities served by public utilities (Weiber, et al., 1964), of which only six were typhoid fever. When data during this period for the number of outbreaks are examined, the incidence of typhoid is even lower -- 103 cases out of a total of 19,928 (or 0.5 percent). 



4. Some Second Thoughts on Chlorination

Studies conducted in the late 1970s demonstrated that chlorine reacts with organic compounds present in drinking water to produce a variety of organohalides. Prompted by the unknown health effects of organohalides, the USEPA initiated two nationwide surveys to determine the extent of contamination by these chemicals. The National Organics Reconnaissance Survey (NORS) by Symons in 1975 sampled both raw and finished water in 80 selected cities. The four organohalides chloroform, bromodichloromethane, dibromochloromethane, and bromoform were found in various concentrations. These four compounds are collectively known as trihalomethanes, or THM. Another nationwide survey, the National Organics Monitoring Survey (NOMS) in 1978 confirmed the previous results. Subsequent toxicological investigations implicated chloroform as a suspected carcinogen. These findings prompted the USEPA to establish in November of 1979 a maximum contaminant level of 100 micrograms/liter of THM in drinking water. To meet this requirement, many water facilities reduced the presence of organic precursors in water, or chose a disinfectant which does not produce high levels of THM. Chloramines are one of these disinfectants. Since chloramines are rather toxic to aquatic organisms, concern over potential health effects have arisen. 



5. Filtering Water through Activated Carbon

Granular activated carbon (GAC) has long been known as a substance that will absorb organic compounds from water. Filtering water through charcoal to obtain purity is mentioned in Sanskrit writings, and the storing of drinking water in charred wooden barrels aboard ships was known to ancient mariners. Modern use of GAC began in 1951 with attempts by the US Public Health Service to quantify the organics level by adsorption on GAC. After adsorption on carbon, the materials were desorbed using either chloroform or ethyl alcohol. This led to the so-called carbon alcohol extracts (CAE), or carbon chloroform extracts (CCE). Typically, 5000 gallons of water were sampled. In 1962 the USPHS decided to include a limit for organic chemicals in the Drinking Water Standards of 0.2 mg CCE/liter. In the years following, a more effective mini-sampler method was developed, and the 1969 Standards were set at 0.7 mg CCE/liter and 3.0 mg CAE/liter. They were never formally adapted, however. In 1978 the USEPA proposed a regulation that would have required certain water utilities to install GAC in their plants. The water industry strongly objected to it for a variety of reasons, and in 1981 the proposed regulations were withdrawn. At the moment there are about 60 water plants which use GAC. 



You may wish to view the references for sections 1 through 5.


6. Current Problems in the United States

In the past ten years, new concerns about health threats in the U.S. water supply have arisen. On the one hand, there has been a growing focus on the persistent developmental threats posed to children by lead contamination in drinking water from pipes and fixtures which contain the metal. Less common but much more dramatic are events such as the outbreak of Legionnaire's disease in Detroit, or the cryptosporidium incident which killed 100 people and affected several hundred thousand people in Milwaukee. The influence of pesticides on the drinking water supply is also a major concern, especially in rural areas. 

	Regulations
	Name of Contaminant
	Health Effects of Contaminant

	Inorgranic Chemicals
	Antimony
	Decreased longevity, Blood Effects

	
	Arsenic
	Dermal and nervous system toxicity effects

	
	Asbestos
	Lung Tumors/Cancer Risk

	
	Barium
	Circulatory System Effects

	
	Beryllium
	Bone/Lung Effects/Cancer Risk

	
	Cadmium
	Kidney Effects

	
	Chromium
	Liver/Kidney/Circulatory Effects

	
	Copper
	Gastrointestinal Effects

	
	Cyanide
	Spleen/Brain/Liver Effects 

	
	Fluoride
	Skeletal Effects

	
	Gross alpha Emitters
	Cancer Risk

	
	Gross beta Particle and Photon Emitters
	Cancer Risk

	
	Lead
	Cancer Risk, Kidney/Nervous System Effects. Highly toxic to infants

	
	Mercury (inorganic)
	Kidney/Central Nervous System Disorder

	
	Nickel
	Nervous System/Liver Effects

	
	Nitrate
	Methemoglobinemia (Blue Baby Syndrome)

	
	Nitrite
	Methemoglobinemia

	
	Radium 226 plus 226
	Cancer Risk

	
	Selenium
	Nervous System Effects

	
	Thallium
	Kidney/Liver/Brain/Intestine Effects

	Organic Chemicals
	
	

	
	2,3,7,8-TCDD (Dioxin)
	Cancer Risk

	
	2,4,5-TP (Silvex)
	Liver/Kidney Effects

	
	2,4-D
	Liver/Kidney Effects

	
	Acrylamide
	Cancer Risk/Nervous System Effects 

	
	Alachlor
	Cancer Risk

	
	Aldicarb
	Nervous System Effects

	
	Aldicarb Sulfone
	Nervous System Effects

	
	Aldicarb Sulfoxide
	Nervous System Effects

	
	Atrazine
	Liver/Kidney/Lung/Cardio. Effects/Cancer Risk

	
	Carbofuran
	Nervous/Reproductive System Effecrs

	
	Chlordane
	Cancer Risk

	
	Dalapon
	Kidney/Liver Effects

	
	Di(2-ethylhexyl)adipate
	Liver/Reproductive Effects

	
	Dibromochloropropane (DBCP)
	Cancer Risk

	
	Diethylhexyl Phthalate
	Cancer Risk

	
	Dinoseb
	Thyroid/Reproductive Organ Effects

	
	Diquat
	Ocular/Liver/Kidney/Gastrointestinal Effects

	
	Endothall
	Liver/Kidnet/Gastrointestinal/Reproductive Effects

	
	Endrin
	Liver/Kidney/Heart Effects

	
	Epichlorohydrin
	Cancer Risk

	
	Ethylene Dibromide (EDB)
	Cancer Risk

	
	Gylphosate
	Liver/Kidney Effects

	
	Heptachlor
	Cancer Risk

	
	Heptachlor Expoxide
	Cancer Risk

	
	Hexachlorobenzene 
	Cancer Risk

	
	Hexachlorocyclopentadiene (HEX) 
	Kidney/Stomach Effects

	
	Lindane
	Liver/Kidney/Nervous/Immune/Circulatory Effects

	
	Methoxychlor
	Liver/Kidney/Nervous/Developmental Effects

	
	Oxamyl (Vydate)
	Kidney Effects

	
	PAHs (Benzo(a)pyrene)
	Cancer Risk

	
	PCBs
	Cancer Risk

	
	Pentachlorophenol
	Cancer Risk

	
	Picloram
	Kidney/Liver Effects

	
	Simazine
	Cancer Risk

	
	Toxaphene
	Cancer Risk

	Volatile Organic Compounds
	
	

	
	1,1,1-Trichloroethane
	Nervous System Effects

	
	1,1,2-Trichloroethane
	Kidney/Liver Effects

	
	1,1-Dichloroethylene
	Liver/Kidney Effects

	
	1,2,4-Trichlorobenzene
	Liver/Kidney Effects

	
	1,2-Dichloroethane
	Cancer Risk

	
	1,2-Dichloropropane
	Cancer Risk

	
	Benezene
	Cancer Risk

	
	Carbon Tetrachloride
	Cancer Risk

	
	Chlorobenzene
	Nervous System and Liver Effects

	
	cis-1,2-Dischlorobenzene
	Liver/Kidney/Nervous /Circulatory Effects

	
	Dichloromethane
	Cancer Risk

	
	Ethylbenzene
	Liver/Kidney/Nervous System Effects

	
	othro-Dichlorobenzene
	Liver/Kidney/Blood Cells Effects

	
	para-Dichlorobenzen
	Cancer Risk

	
	Styrene
	Liver/Nervous System Effects

	
	Tetrachloroethylene (PCE)
	Cancer Risk

	
	Toluene
	Liver/Kidney/Nervous/Circulatory Effects

	
	Trans-1,2-Dichloroethylene
	Liver/Kidney/Nervous/ Circulatory Effects

	
	Trichloroethylene (TCE)
	Cancer Risk

	
	Vinyl Chloride
	Cancer Risk

	
	Xylenes (total)
	Liver/Kidney/Nervous System Effects


For more information, you should check out the EPA's web site on current drinking water concerns. If you are concerned about a specific drinking water quality issue, you can contact EPA's safe drinking water hotline. 

