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PREFACE

This report is submitted in fulfillment of a contract with A/C
Pipe Producers Association for the study of the "Economic Implications and
Health Effects Associated with Aggressive Waters.' The report describes a
survey of municipal water supply systems and the analysis of the results ob-
tained from the survey, and presents a discussion of the health effects
associated with aggressive waters.

This report has been written by Dr. Michael J. Davis and Dr. Betty
LaRue Herndon, who prepared Chapter 5 on the health effects of corrosive
waters. Project leaders during the course of the project were Dr. Davis and
Mr. E. Patrick Shea. Substantial input to the study has also been provided

by Mr. Michael K. Suyder.

In addition to those mentioned above, numerous others have con-
tributed much to the report. Mr. Richard 0. Welch provided suggestions and
counsel on economic considerations throughout the course of the study.

Mr, Kenneth Walker carried out the literature search used to construct the
bibliography presented in the report as Appendix IV. Mr. Arthur Tippit
researched the cost information presented in Appendix II.

Dr. Thurston Larson, who was a consultant to the study, provided
many useful suggestions concerning the survey design and the analysis of
the results.

Finally, credit must be given to the many utilities who provided
the information used in this study, and to the state and federal agencies
and consulting firms who supplied us with much necessary additional infore

mation.

Questions concerning this report should be directed to the authors
or to Mr. Maury Schrag, Deputy Director of the Envirommental and Materials

Sciences Division.

Approved for:

MIDWEST RESEARCH INSTITUTE

MY S

M. P. Schrag, Deputy Directo
Environmental and Materials
Sciences Division
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EXECUTIVE SUMMARY

A study has been carried out to examine the extent to which con-
sumers are exposed to drinking water of a corrosive or aggressive nature,
and to estimate the economic impact of these waters on the utilities dis-
tributing them. An estimate has also been made of the national cost of
stabilizing waters found to be aggressive for utilities serving 50,000 or
more consumers. The potential health effects of aggressive waters them-
selves (particularly soft water) and the toxicants which may be released
from materials contacted by corrosive waters is also discussed.

The present study was based on a survey of public water supply
systems. All utilities serving 50,000 or more population which could be
identified were contacted. Similarly, a sample of the utilities in the
group serving between 10,000 and 50,000 people was also contacted. These
utilities were requested to provide information on their size, the charac=-
ter of the water they distributed, treatment processes used, and nature of
distribution system, as well as various cost data. 1In all, over 1,000
utilities were contacted, roughly 500 in each size group.

Responses were received from 47.4% (255 utilities) of the utili-
ties contacted in the larger size group. The response rate was 10.5% (54
utilities) for the smaller utilities. The difference in response rate is
partially due to the fact that larger utilities tend to provide a higher re-
sponse rate, but it is also largely the result of a thorough follow=-up of
the survey in the larger size group.

Because of the poor response rate and the relatively low quality
of the responses received, an analysis of the results from the smaller util=
ities was not made. All results described here refer to the 50,000 or more
served size group.

In -addition to the responses obtained directly from utilities,
secondary sources of information--primarily state agencies=--were used to
provide data on the utilities. Such secondary sources yielded information
on an additional 162 utilities (30.1% of the size group)s The utilities
that were not characterized are generally smaller than average for the
group. The utilities for which information was obtained serve over 93%
of the population in the utility size group studied.

Using the information obtained on the quality of water distributed
by the utilities, the portion of the population exposed to waters of vary-
ing degrees of aggressiveness was determined. About 70% of the. population
studied is exposed to water which has a negative Langlier Saturation Index
(LSI) when it enters the distribution system. This indicates that the water
is at least mildly aggressive. About 30% of the population is exposed to
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water with an LSI below -1.0 before dist "bution; about 10% drinks water
that has an LSI less than =-2.0 when it enters the distribution system. This
water can be considered to be highly aggressive.

Among those utilities studied who distribute aggressive water
(LSI less than =0.5), about 26% report losses due to internal corrosion.
For those utilities whose water has an LSI above ~0.5, 13% report such losses.
For those utilities who distribute aggressive water and experience losses due
to internal corrosion (31 utilities), the average annual per capita cost of
such losses is estimated at $1.19, For those experiencing losses but which
have nonaggressive water (16 utilities), the annual per capita cost of the
losses is $0.58. These cost estimates are based on pipe replacement infor-
mation and reported losses to internal corrosion provided by the utilities.

A substantial fraction of the losses to internal corrosion ex~
perienced by utilities with aggressive water should be avoidable if the
water were properly stabilized chemically before it entered the distribu-
tion system. An estimate was made of the stabilization cost for each util=~
ity determined to be distributing aggressive water (as determined from the
survey and secondary sources). Such stabilization was carried out using
lime and carbon dioxide.

The costs for the individual utilities were combined to give a
national estimate of the cost of stabilization of aggressive waters for
utilities of the size group studied. For the 177 utilities involved (serv=-
ing 52.6 million population) the annual cost of stabilization is estimated
at $7.5 million or $0.14 per capita. This estimate assumes a minimum level
of stabilization. A very conservative approach to stabilization could triple
the costs, giving an annual per capita cost of $0.42. The influence of the
utilities not accounted for in the analysis is such that their addition
should not increase the above per capita costs more than $0.0l even under
what are considered to be conservative assumptions. These costs have not
included transportation costs for chemicals because of the difficulty in-
volved in estimating haul distances for the many utilities studied. Assum~
ing a rather arbitrary $20.00/ton (300-mile haul distance) as a transporta-
tion cost, the annual per capita cost of the two stabilization approaches
mentioned would increase to $0.18 and $0.57.

For utilities experiencing losses due to intermal corrosion and
which have aggressive water, the average ratio of the costs that could be
avoided by chemically stabilizing the water to the cost of stabilization is
estimated to be in the range of 3.8 to 4.8. Note that this is an average
ratio-~the value can vary substantially from utility to utility within the
group.
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Four utilities experiencing losses to internal corrosion were
considered as case studies. These utilities were selected to provide a
range of utility sizes, locations, and types of water distributed. Three
of the four utilities would probably benefit from a stabilization program
(the fourth already has one). However, three and possibly four of these
utilities also have a problem at least in part because of some of the
materials used in their distribution systems--poorly protected steel and
cast iron.

There are several useful programs of research which might be car-
ried out to further extend the above results. The first is simply a refine-
ment of the present study which would allow some data gaps to be filled and
which would allow improved or alternative stabilization costs to be determined.
The second program would involve a very careful sample survey of utilities
in this size group. The survey would be based on visiting and interviewing
the selected utilities., Such an approach should overcome some of the quale-
ity control problems associated with a mailed survey. The third program
is intended to go beyond the limits of information available to most util-
ities by actually carrying out experimental analyses for a small number of
utilities. A study of this type should clarify the extent to which util=-
ities are actually aware of their internal corrosion problems.

The health effects of corrosive water have been reviewed. The
major emphasis is on the cellular toxicity of trace elements as they exist
in corrosive water, particularly as they differ from the elements found in
normal high mineral water. These elements include beryllium, cadmium, cal=
cium, copper, lead, magnesium, manganese, vanadium, and zinc. Current sci-
entific theories on the health effects of the major corrosive water constit-
uents or contaminants are reviewed. Although circumstantial evidence is
strong, human epidemiological studies have not conclusively shown that the
trace elements leached from the environment by corrosive (aggressive) water
have deleterious cardiovascular effects.

Since corrosive water also dissolves the matrix of asbestos-cement
pipe and frees asbestos fibers, the-effects of ingested asbestos in man and
experimental animals were also reviewed. Although the exposure route differs
and, therefore, possible the effect, the review also covers the reports of
the high incidence of cancers in lung and abdominal tissue in individuals
who inhale asbestos fibers.

Data on the human effects of asbestos fibers swallowed in potable
water are still being collected. Animals, orally administered very high
doses of asbestos, have no shortened life spans, but have developed tumors.

What is kngwn concerning the health effects of corrosive waters
can be summarized as follows: (a) mechanisms exist by which cardiovascular
damage could occur as a result of trace element intake; (b) corrosive water
contains many metals, leached from the environment, at least four of which
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have been shown to be involved in facets of cardiovascular disease in ex=-
perimental animals; and (c) epidemiological studies worldwide have found
geographical correlation between corrosive water areas and cardiovascular

disease.

Conclusions

1. Rather aggressive water is commonly distributed by municipal
water supply systems. The portion of the U.Se. population (served by utili=
ties with 50,000 or more population served) exposed to water with an LSI
less than =-2.0, when it enters the distribution system, is in the range of
10.0 to 11.9% (11.3 to 13.4 million people). The portion of the population
exposed to water with an LSI less than -1.0 before distribution is in the
range 28.5 to 32.3% (32.3 to 36.5 million people). The population in the
first group can be considered to be exposed to water that is highly aggres-
sive when it enters the distribution system.

2. The portion of the population exposed to highly aggressive
waters is of the greatest interest and concern but the population (and num-
ber of utilities in the 50,000 and above size group) exposed to waters of
varying aggressiveness is also of interest. It has been determined that
approximately 70% of the utilities in the 50,000 and above size group dis-
tribute water that can be considered at least mildly aggressive (LSI less
than 0.0). These utilities serve about 70% of the population in this size
group.

3. Approximately 26% of the utilitries studied that distribute
aggressive water (LSI less than ~-0.5) report losses due to internal cor-
rosion. Among those who distribute nonaggressive water (LSI greater than
-0.5), about 13% report losses,

4, Based on survey results, a best estimate of .average annual
costs of internal corrosion to all the utilities studied is $0.91 per capita
for all those utilities reporting losses (47 utilities), and $1.19 per capita
for those utilities distributing water with an LSI less than -0.5 and
which report losses (31 utilities).

S. For those utilities reporting losses due to internal corrosion,
the average annual cost of chemically stabilizing the water is estimated at
$0.20 per capita, neglecting chemical transportation costs.

6% The average ratio of benefits (interngl corrosion preveﬁhed
by stabilization) to costs (cost of chemical stabilization) is in the range
of 3.8 to 4.8 for all those utilities reporting internal corrosion losses
and who distribute aggressive water in the size group studied (50,000 popu~
lation and above served).
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7. The annual national cost of chemical stabilization of aggres=-
sive waters for all utilities in the size group studied is estimated to be
$7,530,000, or $0.14 per capita. The total population involved is approxi=-
mately 52,600,000, (These estimates do not include chemical transportation
costs, which could increase total costs by as much as 20 to 30%. )

4 ‘ %
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CHAPTER 1

INTRODUCTION

1.1 Chemistry of Corrosive Waters

The aggressiveness (or corrosiveness) of water being distributed
by municipal water supply systems is of importance for two reasons: (a)
because of the possibility that the water may produce a deterioration of
the distribution system and (b) because of the possibility that there may
be adverse health impacts on those drinking the water. At present, it is
not possible to fully quantify the degree to which distribution systems and
the health of consumers are impacted by corrosive water. This study de-
scribes the results of a research program which has been carried out with
the goals of (a) assessing the extent of aggressive water in municipal water
supplies, (b) estimating the economic impact of such water on distribution
systems, and (c) discussing the potential for adverse health effects associ-
ated with corrosive waters.

Aggressive waters can destroy the materials used to construct the
pipe which transports the water., Such an attack has several impacts: the
pipe may be damaged structurally, the carrying capacity of the pipe may be
reduced, and the materials used in the comnstruction of the pipe may be re-
leased into the water and ingested by consumers. All of these factors are
potential causes for concern. Stabilization of the. water and proper mate-
rials selection in the distribution system can do much to eliminate the
problems of aggressive waters.

Corrosion* is usually thought of as a problem involving only
metals, However, corrosion of nonmetallic solids can also occur. Such an
attack is nonelectrochemical and depends only upon the extent to which the
water is saturated with the material in question. In the case of a non-
metallic solid, it is simply dissolved by the water.

For metals, the process is usually electrochemicale. The corrosion
may be thought of as occurring in many corrosion cells consisting of anodes
and cathodes. The anodes and cathodes are comnected by paths through the
water and (usually) through the corroding metal. These paths form a com-
plete electrical circuit. Oxidation occurs at the anode and reduction oc-
curs at the cathode. The anodic and cathodic areas may be very close to-
gether (i.e., a few molecules apart). 1In this case uniform corrosion
occurs, If the electrodes (anode and cathode) are farther apart, pitting
may occur, possibly along with tuberculation. Corrosion products may form

-
-

* For more details, see Larson (1971, 1975) or Camp (1963).
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on the surface of the pipe, producing a protective layer that tends to sta-
bilize the pipe surface. These products may be oxides, carbonates, or hy-
drated oxides of the metal. These substances may also form nodules (tuber-
culation) on the interior pipe surface and in so doing decrease the flow

rate in the pipe.

Concrete, cement mortar, and asbestos-cement will also corrode
in water. The corrosion of these materials is caused by the leaching of
cement into the water. With time, leaching will occur from the interior
of the pipe as material that is near the surface is dissolved. This leach-
ing will occur at a decreasing rate over a long period.

To protect against corrosion of pipe interiors, a barrier may be
set up between pipe and water. Commonly, cement-mortar linings, bituminous
seal coats, or other organic coatings are used for this purpose. Such pro-
tective coatings may be mechanically applied (e.g., cement linings or coat-
ings) or deposited chemically in situ (e.g., silicates or polyphosphates ).
In the latter category, calcium carbonate (GaCO3) deposition may also be
used for protection against corrosion. Merrill and Sanks (1977, 1978) have
discussed corrosion control using CaC0O; films.

The degree of corrosion in water distribution systems is a func=
tion of the character of the water, but it is also a function of the mate=-
rials used in the distribution system, and of flow conditions. The focus
of this study was on the impact of aggressive waters on distribution sys-
tems and how these waters may be stabilized to reduce corrosion. Water
quality aspects are therefore emphasized. That does not mean that the na-
ture of the distribution system is unimportant.

1.2 Corrosion Indices

A number of indices have been developed to estimate the corrosion
potential of water. One of the first and the most widely used is the
saturation index developed by Langlier (1936). The LSI expresses the po=-
tential of a water to either dissolve or precipitate CaCOze. The index is
defined as the difference between the measured pH of the water and the pH
at which CaC03 would be at saturation concentration:

LSI = pH pH

measured saturation

At pH values of interest in water supply systems, a positive value
of LSI indicates over~saturation and a negative value indicates an under-
saturation of CaC03. A value of zero indicates equilibrium.
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For the purpose this discussion, a sufficiently accurate ex~
pression for saturation index has been given by Larson and Buswell (1942):

_}KS ++
=1 -1 C - logjalk| + 9.30 +
pHsaturation o8 [KQ °8 [ : ] g[ ]

2.5V
1+ 5.3V + 5.5
where K.S = golubility constant for CaCOq

K, = second ionization constant for HyCO3
3 . . . .
ECa ] = the calcium concentration in mg/liter

[a1k]

the alkalinity in mg/liter as CaCOg

1 = ionic strength

This expression is valid for pHsaturation between about 6.5 and
9.5, Positive values of LSI indicate a tendency for the water to deposit
a protective CaCO3 layer on the pipe, and hence impede corrosion. Nega-~
tive values indicate a tendency to dissolve CaCQO; from the pipe's interior
and thus a tendency to be aggressive to the pipe. The index shows only
directional tendency and is not quantitative.

If one assumes typical wvalues for TDS and temperature, LSI may
be rewritten ass:

.*.*.
LSI = pHmeasured + log <[Ca ] [Alk]) + Constant

[Ca++j may be expressed as calcium hardness as CaCOj. If this is done,
the value of the constant for reasonably typical values of temperature
and TDS is 12,0, Subtracting the constant from the above expression gives

the Aggressiveness Index (AI).

AL = pHmeasured + log (AH)

where: A = alkalinity in mg/liter as CaCOj

H = calcium hardness in mg/liter as CaCO3
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This index is therefore seen to be a simplified vercion of the LSI. As
will be shown in this study, for practical assessment purposes, the two
indices can be used nearly interchangeably. However, if minor adjust-

ments due to temperature and dissolved solids are of concern, LSI should

be used.

For AL, the aggressiveness of a water may be placed in three
categories (AWWA, Specification C400, 1977):

1. Nonaggressive Al > 12.0
2. Moderately aggressive 10,0 < AT < 12
3. Highly aggressive AL < 10

These values correspond roughly to LSI values of above 0.0, be=~
tween =2.0 and 0.0, and below ~2.0, respectively.

A third index was developed by Ryznar (1944). It makes use of
the same parameters as does the LSI, but attempts to account for the effect
of pH, not just the difference between measured and saturation pH. The
Ryznar Stability Index (RSI) is given by:

RST =2 pHsaturation - pHmeasured

Values above 7.0 indicate a corrosive water while those below
that value indicate scale forming tendencies. The index seems most useful
in comparing waters of different composition.

Other indices have been suggested (see Dye and Tupeken (1971)
for a short discussion of some additional indices and experimental tests
related to determining the aggressiveness of a water).

These three indices were considered in the present study. They
are certainly not infallible guides to predicting corrosion in a water dis=
tribution system, as later discussion will demonstrate. However, the dis=-
cussion will also show that most utilities reporting losses due to internal
corrosion have aggressive water, as determined by these indices. However,
the converse is not true, as most utilities with Ytheoretically" aggressive
water did not report losses due to internal corrosion. This finding sug-
gests (a) that factors other than the degree of aggressiveness predicted by
these indices are important and (b) that water utilities may not be aware
of the nature and extent of losses due to internal corrcsiom.

&
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It is likely that the degree of “astruction of water supply dis=-
tribution systems is greater than that reported or recognized by the utili=
ties themselves. There probably are many situations in which other factors
are also involved., For example, a pipe may be corroded both externally and
internally. 1In this case, should the utility assign the loss to internal
or external causes? Also, the age of the pipe being replaced and the treat=-
ment history of the system have an effect on pipe replacement for which it
is difficult to account. Therefore, while an index cannot be expected to
be a perfect guide to predicting where corrosion problems will occur, it
should point out potential problem areas, and should be even more useful
if health effect considerations are included, since considerable loss of
material can occur without pipe failure.

Due to the economic importance of corrosion, the development of
a reliable '"universal index' would provide a very valuable tool. Such an
index has been the desire of many investigators since Langlier's early ef-
forts in the 1930s. However, the problem is a formidable one because of
the many factors involved. These include: pH, temperature, calcium con-
centration, alkalinity, heat transfer rate, dissolved oxygen and CO2 con-
centrations, metallurgical conditions in the distribution system, the
electrochemical reactions involved, the electrolytic cells caused by the
presence of dissimilar materials, flow velocity, contact time, etce The
problem is further compounded by the varying composition of distribution
system materials, and the corrosion chemistries inherent to each. It is
difficult to conceive of a single index which would accurately and simule
taneously predict, for example, corrosive attack on metallic and cementi-
tious piping materials. Since the system is so complex, the likelihood
that a reliable "universal index' will be developed is not large. To ex=
pect such an index to be even generally useful in predicting the release
of potentially toxic substances from distribution system materials seems
beyond the realm of practicality at this time.

1.3 Objectives of This Study

The present study was undertaken to accomplish three objectives:

1. To determine the U.S. population exposed to waters of vary-
ing degrees of aggressiveness.

2. To estimate the economic impact of aggressive waters on
municipal water supply systems, and also, to estimate the cost of chemi-
cally stabilizing aggressive waters to minimize such impact.

3. To assess the potential health effects of aggress{ve waters
themselves (particularly soft water), as well as the health effects associ=-
ated with toxicants released from materials in contact with aggressive
waters.

10
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1.4 Approach Used in This Study

There are on the order of 35,000 community water supply systems
in the United States. These range in size from those serving tens of in-
dividuals to those with millions of consumers. However, over 85% of the
population served by utilities is served by utilities having 10,000 or
more consumers. Similarly, about 64% of the population is served by utili-
ties with 50,000 or more consumers, Over 92% of the utilities serve less
than 10,000 people. Therefore, by focusing on the larger utilities, the
number to be studied is greatly reduced and a very substantial fraction of
the population is still involved. Small utilities also are likely to be
less prepared to provide information than larger utilities.

The study, therefore, was limited to the larger utilities, rela-
tively speaking., It was our judgment that a utility size of 50,000 or
more consumers would be necessary if high quality data, as well as a high
rate of return from a survey, were to be expected. The results of the
study have borne out this judgment.

The data used in this study were collected by mailed questionnaires.
These questionnaires were designed to obtain information on the size of the
utility, the quality of its water, the treatment processes used, the nature
of the utility's distribution system, its operating expenses, and an esti-
mate of the impact of water related corrosion on the utility's system.

Two broad size groups of utilitites were considered: those serv-
ing between 10,000 and 50,000 people and those serving 50,000 and above.
The different number of utilitites involved in the two groups required that
they be treated in different ways. There are about 500 utilities in the
50,000 and above group, and over 2,000 utilities serving between 10,000 and
50,000 population. Resources allowed about 1,000 utilities to be contacted.
It was decided to survey all utilities serving 50,000 or more and to contact
a random sample in the 10,000 to 50,000 size group for exploratory reference
purposes. The sample size chosen was such that the total number of utilities
studied was about 1,000,

Utilities were identified using a list supplied by the U.S. En-
vironmental Protection Agency's Office of Drinking Water. This list had
substantial errors in it and a careful effort was made to screen out inap-
propriate entries and to correct and supplement the list as needed.

Chapter 2 describes the survey in detail and discusses the nature
of the response in the two size groups.

The returned questionnaires were processed to determine the dis~
tribution of population by aggressiveness of water supplied. The surveys
were also analyzed to estimate the economic impact of aggressive waters on
public water supply systems. The details of the analysis and the results
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obtained are discussed in Chapter 3. Chapter 4 presents results for four
utilities which are considered case studies, demonstrating the range of

internal corrosion problems experienced by utilities.

In addition to the data obtained from responses to the survey,
supplementary sources of data were also used. Such information allowed
nearly all utilities serving 50,000 or more people to be characterized

in terms of the quality of water distributed.

12
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CHAPTER 2

AGGRESSIVE WATER SURVEY

2.1 Background

To date the actual extent of aggressive waters in the United
States has not been firmly established. A common statement is that half
the water distributed in the United States is aggressive. Generally speak=
ing, there has been little effort to quantify nationally the number of
people exposed to waters of varying degrees of aggressiveness, and even
less effort to estimate economic losses associated with aggressive water.

Probably the best relevant study to date has been that by Millette
et al. (1979)., Their research was conducted in conjunction with a National
Center for Health Statistics (NCHS) study to investigate the relationships
between trace metals in drinking water and cardiovascular disease. NCHS con=-
tracted with the Bureau of Census to randomly select a representative sample
of individuals throughout the United States. The Bureau selected 35 geo-
graphically distributed areas, at random. Within each area utilities were
randomly selected. The total sample contained 130 utilities serving over
40 million people. Based on their sample, Millette et al. found the follow-
ing distribution of utilities by AI. Their analysis also showed that AI
gives results equivalent to LSI for determining if a water is aggressive.

Highly aggressive (Al < 10) 16.5% of utilities
Moderately aggressive (10 < AL < 12) 52% of utilities
Nonaggressive (AL 2 12) 31.5% of utilities

No results were presented on the distribution of population served
by degree of aggressiveness. (Population and utilities are distributed some-
what differently, as will be showm in Chapter 3.) It will be shown in Chap-
ter 3 that these results agree very closely with those obtained during the
present study.

Other studies have been considerably less useful in establishing
national exposure to aggressive waters. Most references refer to specific
utilities or in a nonquantified fashion to a geographical region. Such
sources establish the occurrence of substantial problems in large and small
utilities (e.g., the Seattle Corrosion Study by Kennedy Engineers (1976,
1978) or reports of problems in Philadelphia by Radziul and Jackson (1965)
and Radziul et al. (1965, 1967). s

Hudson and Gilcreas (1976) have made estimates of national costs
due to internal corrosion losses. Their estimates make use of relatively
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little firm data and in so doing indicate the lack of information available.
The data base used by Hudson and Gilcreas for estimating extent of aggres-
siveness was a U.S. Geological Survey study of the 100 largest cities in

the United States (Durfor and Becker, 1964).

With the exception of the recent work by Millette et al. (1979),
there appears to have been no serious attempt at quantifying the degree of
aggressiveness nationally. That study did not address the problem of how
population (rather than utilities) is distributed by degree of aggressive-
ness. There appears to have been no detailed attempt to appraise the eco-
nomic impact of aggressive waters on a national basis. The present study
was designed to supply relevant, national information in these areas.

2.2 Utilities Studied

Two groups of utilities were studied: those serving between
10,000 and 50,000 pecople and those serving 50,000 and above. These utili-
ties were identified using a computerized list supplied by the U,S. Environ=
mental Protection Agency (EPA), Office of Drinking Water. Based on EPA
data, there are 2,165 utilities in the 10,000 to 50,000 group and 587 utili=-
ties in the above 50,000 group. If one goes below 10,000 population served,
the number of utilities increases very rapidly. For example, there are
1,820 utilicies in the 5,000 to 10,000 size group alone. It seemed logical
that the smaller the utility, the less are the resources available for re=-
sponding to requests for information. Ten thousand population served was
picked as a rather arbitrary, but practical, cut-off point. Since the re-
sources available did not allow contacting all utilities serving above
10,000 people and since the response of the larger utilities was deemed
more important, two different approaches were used for the two groups stud-
ied.

Resources allowed about 1,000 utilities to be contacted, not all
of them more than once. It was decided to contact all utilities serving
above 50,000 population which could be identifieds A mailing to each of
these utilities was made. If no response was obtained to the first mailing,
ic was followed by a second mailing. Next, utilities in selected areas were
contacted by telephone if no responses were received from the second mail-
ing. Finally, an effort was made to obtain data from the states in which
the utilities are located, if no input was received directly from the utili-
ty. Such an overall approach was expensive and time consuming, but led to
a good response rate.

For the 10,000 to 50,000 growp a random sample of utilities was
selected. The sample was selected separately from each state, with the
states in which soft water is prevalent having twice the relative sample
size as the hard-water states. Only a single mailing was used and there
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was no follow-up on the utilities. As might be expected, the response was
relatively poor.

For both size groups only the 48 conterminous states were included.

The EPA mailing list used contained substantial errors. Prior to
sample selection in the 10,000 to 50,000 size group, a careful effort was
made to eliminate incorrect entries and redundancies. No additional data
sources were used. For the 50,000 and above group, the list was examined
very carefully and similar errors were eliminateds In addition, the list
was supplemented by other sources. It is expected that virtually all of
the largest utilities have been identified. However, there is considerable
chance that numerous smaller (e.ge, near 50,000 population) utilities may
have been omitted. This can occur for a number of reasons: errors in EPA's
list; recent growth of utilities into the 50,000 and above group; and in=-
creased difficulty of identifying the smaller utilities.

In all, 538 utilities (somewhat less than the number on the EPA
list) were identified in the 50,000 and above group. Results describing
these utilities and their response will be presented below.

Table 2-1 lists the number of utilities identified and the size
of the survey mailing by state for the 10,000 to 50,000 size groups Sur=
veys were mailed to 387% of the utilities in soft-water states and 19% of
the utilities in hard-water areas. These values were chosen to give a total
of about 500 utilities surveyed in the size group and to give twice the em~
phasis to soft-water areas as compared with hard-water areas.

2.3 Survey Methodology

The utilities were asked to complete the survey form shown in
Figure 2-1. The questionnaire asked for information in several different
categories and formed the basis for the analysis conducted in this study.

15
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TABLE 2-1

SAMPLE SELECTION FOR THE
10,000-50,000 SIZE GROUP

Number of Utilities Number of Utilities to Whom
State Identified Surveys Were Mailed
AL 36 14
AZ 15 3
AR 21 8
CA 234 44
co 23 4
CT 36 14
DE 2 1
FL 110 21
GA 45 17
ID 11 2
IL 145 27
IN 51 10
IA 25 5
KS 25 5
KY 28 5
LA 42 8
ME 19 7
MD 17 6
MA 90 34
ML 86 16
MN 51 10
MS 28 11
MO 39 7
MI 6 1
NE 14 3
NV 4 1
NH 14 5
NJ 97 18
M 15 3
NY 120 23
NC 54 20
ND 5 1
O 95 18
OK 33 6
OR 41 15
PA 127 24
RI 9 3
SC 41 15
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TABLE 2-1 (concluded)

Number of titilities Number of Utilities to Whom
State Identified Surveys Were Mailed
SD 7 1
TN 43 9
TX 80 15
uT 19 4
VT 7 3
VA 35 13
WA 56 21
WV 11 2
Wl 42 8
WY 6 1
Totals 2,165 512
-
17
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i ‘ SURVEY ON IMPACT OF AGGRESSIVE
WATERS ON MUNICIPAL WATER SUPPLY SYSTEMS

Please answer as many questions as possible; skip those which you are un-~
able to answer or which you feel would involve ‘“e release of confidential informa-
tion.

1. 3BACKGROUND INFORMATION

Name of Utility

Address: Street

City State Zip

Telephone

Other D

Period for which data are given (check): Calendar year 1977 [:]
2

1f "other" is checked, please specify period:

Source(s) of wacer supply (e.g., river (name), wells (aumber), etc.)

Volume of wacter
L1

consumed (MGD) . | AJ .{7 IA#J

Number of treatment [:]::J
7

plants operated

Pcpulation served
(thousands) 3,fﬁ*l | |

oL ]
Length of discribution

system (miles) 39[::]::]::]::]
ot LT

what are your annual costs due to water-related
corrosion losses?

“hat are vour annual costs for proteccion from LA] I l I
wacer-relaced ccrrosion? 5

Name and title of person
completing survey (optional)

IZ, CHARACTER OF AW AND FINTISHED WATER

Raw Wacer

Parameter (sverage values)

Finished Water
(average values)

a8 WL
MR
L] 0

Alkalinicty (mg/{ as CaC03)
Total Hardness (mg/{ as CaCOs3)
Total Dissolved Solids (mg/f)
Calcium Concentration (mg/{)

. Magnesium Concentratfon (mg/f)

Temperature: Maximum (°F)

Minimum (°F)

Figure 2-1 - Survey Form Used
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III. TREATMENT USED

Iype of Treatment

Sedimentation
Filtration
Activated Carbon
Ion Exchange
Lime-soda

Dual Media
Chlorination

Qther
(please specify)

Check
Process(es) Volume of Water Treated
Used by This Process (MGD) Year Installed

W«
55D

|

R

[ ]
L]
Il

| sl

l
|

45

L 1.
| [ ]
117,

£6

l
|
L

.
[

Please estimate the quantity of each of the following chemicals used:

(Units:
Lime:
Soda ash:
COZ: .
Alum:
iv.

NATURE OF INSTALLED PIPE

i1b/million gallons treated)

S rovrseceroeess, [T T,
LT LT svsesces comvons, [T T,
LT rrsomsees:
COTT o
16 *

L
)gl[::[:]E:I::}o

Hinnn

(please specify

- Type of Pipe
Other
Asbestos-
Steel Cast-lron Cement Concrete Plastic (specify)

Portion of system which
uses this material (%) 2

al

| s NN

L

Typical diameter (in.) ”l I

L]

L1 LL0

ol ]

wl L]

0010

First year installed {
g N

<

IR EREENENEE

Amount of pipe of this

type replaced annually,aszl ' 141 ﬂl , l I—1 gl,l l l 'lol 1 I l ] ul;J ' l }AZL—l ! IAJ

on average (miles)

Portion of replacement
due only to internal

o L1 LT L

HPEERREE

L]

corrosion (%)
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V. COSTS

Please estimate the following treatment costs:

Operating Cost (§/year) l
9

I
1
Capital Replacement Cost (§/year) ﬁl AJ
l

| |
L
I
I

~

Maintenance Cost ($/year)

9

|
l
|
l

L

l
| |
| |
1

Depreciation Cost ($/year) 73

Please estimate the following costs for your distribution system:

IHEEN
LT
HEEE

Capital replacement cost (§/year) &6[i41 ‘

Operation and maintenance cost (labor —{V!J
and materials) ($/year) 14

l
l
Depreciation cost ($/year) 22‘ ‘ l 4]

Please estimate the following:

Water-related corrosion costs for metering | I
equipment {($/year) 0

W -rel d i ts £ t
acer-relaced corzosion costs forstemge W LI T 1T 11|

Thank you for your cooperation in this survey. Please return this form to:

Midwest Research Imstitute
425 Volker Boulevard
Kansas City, Missouri 64110

in the enclosed, self-addressed envelope, Please add any comments or clarifica-
tions below or on the reverse side.

@
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The areas for which information was requested were:
1. General identification of the utility;

2, Size of the utility;

3. Character of raw and finished water distributed;
4, Types of treatment used;

5. Nature of pipe installed and pipe replaced; and
6. Costs

- Treatment costs
- Distribution costs
~ Internal corrosion related costs

A cover letter explaining the purposes of the survey was sent
with each questionnaire. For those utilities in the 50,000 and above group,
an annual report was also requested. The annual reports were found to be
very useful in supplementing the information provided on the questionnaire,
particularly when the utility did not respond to most questions.

Sometime after the first questiomnaire had been mailed, a second
questionnaire was mailed to the nonrespondent utilities in the 50,000 and
above served group. This second mailing roughly doubled the response rate.
After a second waiting period, all nonresponding utilities in the 50,000
and above group in soft-water states were contacted by telephone. Many
surveys were completed over the telephone and some utilities provided fur-
ther data by mail., Finally, after the telephone survey was nearly complete,
data were requested from states in an attempt to provide water quality in=-
formation for the utilities which had provided no data.

The survey of the 10,000 to 50,000 size group was ended after the
first mailing.

As a result of the response to the first mailing, several ambi=-
guities in the survey form were discovered. These were corrected in the
second mailing. The form shown in Figure 2-l1 is the corrected version.
The ambiguities involved the volume of water produced by the utility and
the extent of internal corrosion. On the first survey, the question
"yolume of Water Treated'" was asked. Some of those utilities buying their
water and not treating responded with an answer of '"0," even though the
cover letter requested that they complete the pertinent parts of the form
even if they purchased their water. On the second mailing "Treated'" was
changed to '"Consumed." An ambiguity concerning sources of corrosion was
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eliminated by adding the modifier 'Water-related' or "Internal" to all
references to corrosion.

Due to the ambiguous wording on internal corrosion on the first
questionnaire, a number of utilities experiencing external corrosion prob-
lems responded, indicating they had losses due to corrosion. All utilities
which responded to the first mailing indicating they were experiencing cor=
rosion losses were contacted again by telephone to clarify the nature of
their corrosion problems.

2.4 Survey Results

Table 2-2 illustrates the response obtained from the 50,000 and
above group based on the two mailings and the telephone follow-up. Table
2-2 shows results by state and by source, i.e., data obtained directly from
the utility or from secondary sources. Overall, 538 utilities were identi-
fied. Two hundred fifty-five of these responded to the survey. Another
162 were characterized using state departments of health or other sources
for information.* A 47% direct response was obtained; a total of 77.5% of
all identified utilities was characterized at least in terms of quality of
water distributed. Since most utilities not characterized have consider-
ably less than the average population for the group, the total population
included is much above 77.5%, actually 93.3% of the total population identi-
fied.

In an effort to estimate the total population in the size group,
and to determine the influence of an incomplete response, the utilities not
characterized (Column 6 of Table 2-2) were analyzed. The results are shown
in Table 2-3, This table shows the population served by the missing utili~
ties. It also shows that a substantial number of the "missing'" utilities
already had their population accounted for in the population served by one
of the utilities characterized and, in that sense, were not really missed
at all. (There is no double counting since the population given in Table
2-3 is only for utilities contributing additional population.) Table 2-4
shows an estimate of total population in the 50,000 and above group for
those utilities identified.

The number of utilities given in Table 2-4 is different from the
number given in Table 2-2 for two reasons: (a) as indicated in Table 2-3,
a number of utilities effectively serve zero population because of double
counting and (b) some of the utilities in the 538 identified actually serve
populations less than 50,000, These were removed from the size group and
are not included in the analysis for the groupe Four hundred eighty-seven
represents the best estimate of utilities (primary source only) éerving
above 50,000 population.

* Secondary sources of data are given in Appendix V.
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TABLE 2-2

SURVEY RESPONSE
(50,000 and Above Group)

(1) ) 3 4) (5) (6)
Utilities
Characterized
Number of Responses From Utilities Not
Utilities Supplementary  Characterized
State TIdentified Positive Negative/Incomplete  Sources (2H)-(3)-(5)
AL 9 3 - 5 1
AZ 6 4 - 1 1
AR 5 3 - 2 0
CA 78 22 8 4 52
co 8 5 - 1 2
CT 10 3 - 6 1
DE 3 2 - 0 1
DC 1 1 - 0 0]
FL 28 13 1 8 7
GA 12 8 - 3 1
ID 1 1 - 0 0
IL 27 12 - 6 9
IN 11 5 - 4 2
TA 7 4 - 3 0
KS 5 4 1 1 0
KY 6 1 1 4 1
LA 9 1 - 8 0
ME 1 1 - 0 0
MD 7 5 - 0 2
MA 21 16 - 4 1
ML 25 8 - 7 10
MN 6 3 - 3 0
MS 3 2 - 1 0
MO 9 4 - 5 0
MT 3 3 - 0 0
NE 2 2 - 0 (0]
NV 3 3 - 0 0
NH 1 1 - 0 0
NJ 22 6 - 15 1
NM 1 0 - 1 0
NY 38 10 - 23 5
NC 11 8 - 1 2
S ND 3 1 - 0 2
OH 26 16 - 3 7
OK 4 1 - 3 0
OR 3 2 - 1 0
23
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TABLE 2-2 (CONCLUDED) ()

Utilities
M @) (3) “) Characterized ®
Number of Responses From Utilities Not
Utilities Supplementary Characterized

State TIdentified Positive Negative/Incomplete Sources (2)-(3)-(5)
PA 31 18 2 6 7

RI 5 4 - 0 1

SC 5 5 - 0 0

SD 2 2 -~ 0 0

TN 6 4 2 0

TX 30 9 1 21 0

UT 5 3 - 0 2

VA 14 12 - 1 1

WA 9 8 - 0 1

wv 5 1 - 4 0

WL 10 4 - 5 1

WY L 2L - 0 0
Totals 538 255 14 162 121

(100%) " (47.4%) (30.1%) (22.5%)
. €
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TABLE 2-3

UTILITIES NOT CHARACTERIZED

Number of Utilities Total Population Served®/
State Not Characterized By These Utilities
AL lé/(O) 0
AZ 110,000
CcA 22/(47) 4,226,000
co 2 110,000
CT 1 60,000
DE 1 75,000
FL 7 645,000
GA 1 56,000
IL 92/ (0) 0
IN 2 130,000
KY 1 50,000
MD 2 228,000
MA 1 67,000
MI 102/ (0 0
NJ 1 73,000
NY sa/ (3) 277,000
NC 2 120,000
ND 2 110,000
OH 7_?_/ (5) 270,000
PA 7 522,000
RI 1 55,000
UT 2 120,000
VA 1 158,000
WA 1 50,000
WI 1 51,000
Totals 121 (92) 7,563,000

a/ Some or all of these utilities are served by a source that has already been
characterized and whose population includes the population of the utility.
(In addition, in California, the population served by three utilities is
unknown). The number in parenthesis is the number of utilities contributing
additional population (no double count) and corresponds to the population
served in Column 3.

2/ The populatlon served is estimated using data supplied by the U.S. EPA s Office
of Drlnklng Water (except for Virginia, which is estimated using AWWA data).
The data are typically 1973 values.
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TABLE 2~/

POPULATION IN THE 50,000 AND ABQVE GROUP

Population Number of Utilities
Based on survey responses 105,536,000 395
and supplementary sources
Missing utilities
California 4,226,000 47
All others 3,337,000 45
Total 113, 099, 000 487

As shown in Table 2-4, data were obtained to characterize, at
least partially, 395 out of 487 utilities (81.1%). These 395 utilities
serve 93.3% of the identified population.

A considerable bias is present in the direct response to the sure
vey. These data provide the best quality response and form the entire basis
for cost estimates. Since a bias is present, that is, since the sample ob-
tained is not a random one, the information obtained for the responding
utilities cannot be extrapolated statistically to the nonresponding utili-
ties. Geographically, considerable bias was introduced by the heavy re-
sponse from soft-water areas produced by the telephone follow-up. The

A areas telephoned responded at a rate of about twice the other areas. 1In
terms of size, a considerable bias was also present, with the smaller utili-
ties not responding at the same rate as the larger ones. Table 2-5 shows
the estimated total number of utilities by size interval, and the number of
utilities responding to the survey. The response rate is also shown graph~
ically in Figure 2-2. Note the general increase in response in the inter-
val 50,000 to 100,000 population served. With two exceptions, the response
rate stays roughly constant (between about 60 and 70%) from 100,000 to
1,000,000 population served. The largest utilities gave a lower response
rate than average.

It was anticipated that the smaller utilities would not respond
as well as larger ones. Figure 2-2 bears this out. The very largest utili=-
ties probably did not respond as well because of the greater complexity of
their systems and the larger effort involved.

o £ The response from utilities %erving less than 50,000 was consid~
erably less encouraging than that for the large utilities. Of the 512 utila
ities contacted, 54 provided responses containing some information, 7 re-
plied but gave no useful information, and 1 refused to accept the question-
naire. Therefore, the positive response rate was 10.5% (54 utilities) and
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Interval
(Thousands Served)

TABLE 2-5

RESPONSE BY SIZE INTERVAL

Total Estimated

Number of Utilities

50-
60—
70~
80~
90-
100-
120~
140-
160-
180~
200-
400~
600-

Totals

[ S

60
70
80
90
100
120
140
160
180
200
400
600
800

800-1000
Above 1000

78
58
38
35
23
44
23
27
22
21
54
26
14
8
16

487

27

Total Utilities Percent
Responding Responding
22 28
19 33
18 47
19 54
14 61
29 66
15 65
13 48
13 59
14 67
27 50
18 69

9 64
6 75
_6 38
242 50
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the total response rate was 11.9% (61 utilities), Because of the very low
response rate, the poor (relative to the group of larger utilities) quality
of the responses obtained, and the geographical bias in the response, the
results obtained for the group of smaller utilities studied were not ana=-

lyzed.

2.5 Supplementary Data Sources

Supplementary data were obtained from a number of sources: state
agencies, American Water Works Association data, and U.Se. Geological Survey
data. A bibliography of secondary sources can be found in Appendix V.
Table 2-6 summarizes the states providing data.

The supplementary data consist of water quality information and
some utility size information. They are useful in estimating the extent

of aggressive waters in water supply systems.
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TABLE 2-6

STATE SOURCES OF DATA

State Reports or Data Obtained (21)

Alabama
Arkansas
Colorado
Connecticut
Florida
Illinois
Iowa

Kansas
Kentucky
Louisiana
Massachusetts
Michigan
Minnesota
Missouri
Nebraska
New Jersey
New York
Oklahoma
South Dakota
Texas
Wisconsin

State Reports Ordered But Not Received (2)

c/

Indiana =
Tennessee

States Contacted, But Relevant Reports Not Available (12)

Arizona

California

Delaware

Georgia

Maryland

Mississippi

North Carolina

Ohio &
s Oregon .

Pennsylvania .

Virginia

Washington

West Virginia
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TABLE 2-6 (CONCLUDED)

States Not Contacted (12)

Idaho 2/
Maine2

Montana &/

Nevada 2/

New Hampshirei/

New Mexico (1 utility missing)
North Dakota (2 utilities missing)
Rhode Island (1 utility missing)
South Carolina (1 utility missing)
Utah (2 utilities missing)

Vermont b

Wyoming a/

a/ 1007% response to survey.
E/ No utilities serving above 50,000 population.

¢/ Received too late for use in studye

o

“
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CHAPTER 3

ANALYSIS OF RESULTS

3.1 Introduction

This chapter presents the results obtained from the analysis of
the information collected as described in Chapter 2. Four problems were
considered:

le The extent of occurrence of aggressive water in public
water supply systems of the sizes studied;

2. The cost of internal corrosion to the utilities studied;

3. The cost of chemically stabilizing aggressive waters dis-
tributed by utilities of the sizes studied;

4. The ratio of benefits to costs associated with chemically
stabilizing aggressive waterse

These problems are considered, in turn, in the following four sections.

32 Occurrence of Aggressive Water in Distribution Systems

The results obtained from the survey and those collected from
the secondary sources were analyzed to determine the population using
waters having varying degrees of aggressiveness when it entered the dis-
tribution systeme The number of utilities distributing such water was
also determined. Tables 3~1 and 3-2 tabulate the resultss Data are
presented for the survey alone, for the supplementary sources alone, and
with the two combinede. The data are also displayed in Figures 3-1 through
3~6.

Results have been presented for those utilities for which suf-
ficient data were available to determine the LSI®: 388 utilities serv-
ing a combined population of 103.5 million. There are an additional 9.5
million people served by 99 utilities for which an LSI cannot be determined.
These additional utilities are generally smaller than average for the size
group considerede They are distributed throughout the United States; how=
ever, about half (47) are in California. The locations of the utilities
which could not be characterized were given in Chapter 2. Table 3-3
describes the location of seven utilities partially characterized which
were included in the survey on supplementary data groupse.

% See Appendix III for a discussion concerning the calculation of LSI.
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TABLE 3-1

POPULATION EXPOSED BY DEGREE OF AGGRESSIVENESS
OF WATER ENTERING DISTRIBUTION SYSTEM

Langlier Saturation Index
Below ~3.0 - -2.0 - -1.0 - 0 - Above
-3.0 ~2.0 -1.0 0.0 1.0 1.0 Total

Survey Results

Population 2,743 3.362 6.766 20.715 18.354 4.483 56.423
in millions

Percent in 4.86 5.96 11.99 36.71 32.53 7.95 100.0
Interval
Supplementary
Sources
Population 1 gq9 3.466 14.144 20.041 7.252 0.514 47.026

in millions

Percent in 3.42 7.37 30.08 42.62 15.42 1.09 100.0
Interval

Total-All Sources

Population

in millions 4.352 6.828 20.911 40.756 25.606 4,997 103.449

Percent in 4.20 6.60 '20.21 39.40 24.75 4.83 100.0
Interval
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TABLE 5-.

NUMBER OF UTILITIES BY DEGREE OF AGRESSIVENESS
OF WATER DISTRIBUTED

Langlier Saturation Index

Below Above
~3.0 -3.0 - -2.0 -2.0 - -1.0 ~-1.0 - 0.0 0.0 - 1.0 1.0 Total
Survey Results
Number of
utilities 17 21 31 86 65 19 239
Percent in
interval 7.11 8.79 12.97 36.00 27.20 7.95 100.0

Supplementary Sources

Number of 9 15 19 64 39 3 149
utilities

Percent in
interval " 6.04 10.07 12.75 42.95 26.17 2.01 100.0

Totals-All Sources

Number of
utilities 26 36 50 150 104 22 388

Percent in
interval 6.70 9.28 12.89 38.66 26.80 5.67 100.0
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Population = Survey Results
(Total Population = 56,423,100)
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Langlier Saturation [ndex

Figure 3-1 ~ Portion of Population by Degree of
Aggressiveness of Water Entering
Distribution System (Survey Result)
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Population - Supplementary Sources
(Total Population = 47,026,000)
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Langlier Saturation Index
Figure 3~2 - Portion of Population by Degree of
Aggressiveness of Water Entering
Distribution System (Supplementary
Sources)
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Population = All Sources
(Total Population = 103,449,100)
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Langlier Saturation Index

Figure 3-3 - Portion of Population by Degree of
Aggressiveness of Water Entering

e Distribution System (All Sources .
Combined) ¢
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Number of Utilities = Survey Results
(Total Utilities =239)
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Figure 3-4 - Portion of Utilities by Degree of
¢ Aggressgveness of Water Dis-
tributed (Survey Results)
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Number of Utilities ~ Supplementary Sources
(Total Utilities = 149)
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Langlier Saturation Index

Figure 3-5 - Portion of Utilities by Degree of
- Aggressiveness of Water Dis-
tributed (Supplementary Sources)
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Number of Utilities = All Sources
(Total Utilities =388)
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Langlier Saturation Index

Figure 3-6 - Portion of Utilities by Degree of
Aggressiveness of Water Dis-
tributed (All Sources Combined)
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The utilities in Table 3~3 and those in Table 2«3 can be grouped
roughly by expected values of LSI. Table 3-4 shows how these additional
data can be combined with the results of Tables 3-1 and 3-2 to place upper
limits on the population and utilities associated with rather aggressive
waterse In making the calculations in Table 3~4, utilities were assumed
to have as low a value of LSI as seemed possible, based on general results
for the state in which the utility is locatede.

In obtaining the results in Table 3~4 the following was assumed:

(1) All the utilities not characterized (see Table 2«3) in the
following states distribute water with an LSI less than -2,0: Connecticut,
Delaware, Florida, Georgia, Kentucky, Maryland, Maine, New Jersey, North
Carolina, Pennsylvania, Rhode Island, Virginia, and Washington.

(2) All utilities not characterized in New York distribute
water with an LSI less than -1.0, but greater than ~2.0.

(3) All utilities not characterized in the following states
distribute water with an LSI greater than -1.0: Arizona, California,
Colorado, Indiana, North Dakota, Ohio, Utah, and Wisconsine

(4) For the utilities with partial data given in Table 3-3,
all except the utility in California (LSIR0) were assumed to distribute
water with an LSI less than ~l1.0, but greater than =2.0.

With the possible exception of assumption (3) concerning California util=
ities, these seem to be very conservative assumptionse

It was assumed that the GCalifornia utilities involved had rather
stable water (LSI >-1.0)e Forty-seven utilities in California could not
be characterized in terms of water quality. These utilities represent
about one~half of all those in the UeSe which could not be characterized.
Therefore, the assumptions concerning these California utilities are the
most important of those made for any state.

Those utilities characterized in California serve about 9.6 mil~-
lion people and include virtually all of the large utilities in the state.
Of these, only two utilities, serving a combined population of about
130,000, distribute water with an LSI less than or equal to =1.0 (the
actual values are =1.,0 and ~l.l),

Those California utilities not characterized serve about 4.2
million people. Of these, 2.3 million are served by a combination of
water supplied by the Metropolitan Water District of Southern California
(MWDSC) and by wells. The water which MWDSG provides is stable and it
seems fair to assume that the well water in Southern California is alsoe.
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TABLE 3-3

UTILITY LOCATIONS -~ PARTIAL DATA

Number of Approximate
State Population Utilities LST
CA 200,000 1 ILSI~ 0
FL 380,000 2 -1 < LSIKO
NJ 130,000 2 LSI = =140
NY 169,000 1 ?
X 1,150,000 1 LSI & ~1.0
Total 2,029,000 7
TABLE 3-4

ESTABLISHING AN UPPER LIMIT ON POPULATION EXPOSED TO
WATER HAVING AGGRESSIVE CHARACTERISTICS WHEN IT ENTERS THE DISTRIBUTION SYSTEM

Population
Source in millions Number of utilities
For LSI< =2.0
Survey + supplementary 11.280 62
sources==complete quality data
Survey + supplementary 0 (est) 0 (est)
sources--inadequate quality data
Not characterized 2,159 (est) 27 (est)
Total 134439 87
For LSI <-1.0
Survey -+ supplementary 32.191 112
sources--complete quality data
Survey + supplementary 1,829 (est) 6 (est)
sources==-inadequate quality data
Not chkaracterized 2,436 (est) 30 (est)
Total 364456 148
>
. L 4
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An additional l.l million people are served b+ ottar uncharacterized utile
ities in Southern Californiae. Again, it seems reasonable to assume that
these utilities supply water with an LSI above ~l.0.

There are about 0.8 million people in Northern and Central
California served by utilities whose water cannot be characterizede The
major utilities in Northern California which could be characterized have
LSI's above -le.0s Since only two small California utilities were identified
which have an LSI of =l.0 or less, it seems fair to assume that no signifi=
cant factor of the 0«8 million is served by utilities whose water has an
LSI below =1.0.

If some of the California utilities which could not be character-
ized distribute aggressive water, then the totals in Table 3-4 will increase,
as will the percentages given in Table 3-5. Note that to obtain a 1% in-
crease in the "population exposed'" bounds in Table 3~5 requires a population
of 1413 millione Therefore, if one-half of the 0.8 million population
discussed in the preceding paragraph is served by utilities distributing
aggressive water (LSI<-1.0), the "percent population exposed" values in
Table 3«5 will increase by about 0.3%e The results obtained, therefore,
seem insensitive to any likely erroneous assumptions concerning California
utilitiese

TABLE 3=-5

ESTIMATED OCCURRENCE OF AGGRESSIVE WATERS

Percent Percent
Populatiog Utilities
Exposed™ Distributing
LSI <=2.0
Lower bound 10,0 12.7
Upper bound 11.9 1843
LSI < ~-1.0
Lower bound 2845 23.0
Upper bound 3262 3044

a/ Based on the ckaracter of the water when it enters the distribution

systeme
« .
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Based on a total population served of 113.1 millicn and 487 utile
ities, the fraction of the population and the number of utilities associ=
ated with an LSI less than =2,0% and an LSI less than =l.0 can be estimated,
The results from the survey and the supplementary sources place a reason=
able lower bound on the numbers in each groupe. These results, plus conser=-
vative judgments (ie.e., assume as low an LSI as seems reasonable) about the
waters which were not characterized, allow an upper bound to be estimated.
Table 3«4 shows estimate of the upper and lower bounds on populations and
numbers of utilitieses Table 3-5 shows percentage total population and per=~
centage of utilities in the two categoriese

Note that even rather conservative assumptions about the missing
utilities do not result in upper limits on the population that are greatly
different from the lower limitse. However, because the utilities involved
in the uncertain group are relatively small, the portiom of the utilities
distributing water with an LSI less than =1.0 or -2.0 is more uncertain,
that is, there is a wider spread between the upper and lower bounds.

Since the above calculations are based on measured values and on
conservative assumptions about the utilities that were not characterized,
the numbers in Table 3-5 are very firm estimates of upper and lower limits
on the populations and utilities involvede. Since no sampling was involved,
there is no problem of sampling error. The major possible sources of error,
in order of importance, are: omission of utilities which were not identi-
fied, use of outdated or inappropriate data from supplementary sources, ine-
accurate data supplied by utilities in the survey, and double counting of
populatione Since there is no reason to believe that these sources of error

¢ would introduce any significant bias into the calculations, the results shown
in Table 3-~5 are considered to be accuratee A bias would be present if 10
million people who lived in New England were not identifiede Such an omis-
sion would mean that the results in Table 3-5 are gross underestimatese.
However, any unidentified population is, in all likelihood, widely distribe
uted throughout the United Statese There is no reason to expect that ap-
propriate utilities were less likely to be identified in one part of the
country than in anothere.

Therefore, the portion of the U.Se population (served by utili-
ties with 50,000 or more population) exposed to water with an LSI less than
=240 (when it enters the distribution system) is in the range of 10.0«11.9%.
That exposed to an LSI of =1.0 or less is in the range of 28¢5+«32.3%. As
Table 3-4 shows, these portions represent quite significant numbers of peo=
ple: 11.3-13+4 million in the first instance and 32¢3-3645 million in the
seconde. .

« 4 %
* The phrase "less than =2,0" signifies that «3.0 is less than -2,0, etce
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Aggressiveness and Ryznar indices were also determined for all
utilities studiede These did not provide any useful information beyond
that reported using LSI, and the results have not been includede In par=
ticular, the results obtained using AI can be found from those reported
for LSI (with very small errox) by simply adding 12 to the LSI values givene

It is interesting to compare the distribution of utilities by ag-
gressiveness of water distributed found here with the results of Millette
et ale (1979). The following tabulation provides a comparisone

Portion of Utilities
Millete et al.
Character of Water Distributed 1969 Present Study

Highly aggressive water 16.5% 16.0%
(Al less than 10,0; LSI less than -2,0)

Moderately aggressive water 52.0% 51.5%
(10 < A1 < 123
-2.0 < 1LSI < 0.0)

Nonaggressive water 31.5% 32.5%
(AI greater than 12.0; LSI greater
than 0.0)

The results for the "present study" column were taken from Table 3«2 using
data from "all sources.'" The two sets of results are essentially identical;
the differences are less than the uncertainties in the results obtained here
that can be inferred from Table 3«5,

3.3 Costs of Internal Corrosion to Utilities

The survey questionnaire contained a number of questions designed
to shed light on the question: '"What does internal corrosion cost water
utilities?" The relevant questions on the survey were: first, the question
related to overall costs of water~related corrosion; second, the questions
concerning pipe replacement; and third, the questions concerning the util-
ity's budgete. The information obtained from these questions will be con-
sidered in turne Figure 3-7 shows the location of utilities reporting
losses due to intermal corrosion.

3e3.1 Reported costs of water~related corrosion: The question

"What are your annual costs due to water-related corrosion?" was asked.
Table 3=6 lists all utilities which indicated that they were experiencing
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TABLE 3-6

LOSSES DUE TO INTERNAL CORROSION

(dollars/year)
[¢F] (2 [&7) (&) (5 ()] (7
keportec Cost of Total Estimaced Estimated Costs Estimated Costs tstimated Costs of Unlined
Utiliey Code water-heaated Cost of Pipe of Steel of Galvanized Cast lron Pipe Replacements®

Number Lst Corrosion Replacements Pipe Keplacements Pipe Replacements (4)-(5)=(6)
1 -1.2 31,700 37,000 - 37,000 G
2 -0.8 500,000 351,400 - 351,400 9

3 -1.1 17,900 - - - -

4 +i.4 10,800 - - - -

5 0.0 - 277,200 - - 277,000
[ -0.2 20,000 14,800 14,800 - o

7 -1.0 - 29,600 11,100 18,500 0
8 2.4 6,600 5,500 - - 5,500
9 +0.3 21¢,000 91,000 35,000 - 56,000
10 -0.4 1,660 2,800 - 2,800 0
11 -0.7 15,00¢ 5,300 - 5,300 0
b3 -1.0 - 88,700 - 73,900 14,800
13 -0.9 - 443,500 388,100 55,400 0
14 0.0 - 38,400 - - 38,400
15 -3.7 45,100 101,600 - 101,600 0
16 ~1.2 13,200 -~ - - -

17 -3.8 - 72,800 - - 72,800
18 -2.5 - 8,400 - - 8,400
19 -3.3 $,28¢,000 1,108,800 - - 1,108,800
20 -1.7 - 499, 000 - - 499,000
2 -3.6 50,000 56,500 - - 56,500
22 -0.9 175,000 42,000 - - 42,000
<3 -2.5 400,000 - - - -

2 -0.8 75,000 - - - -

25 -3.6 - 295,700 295,700 - 0
26 +0.1 11¢,00C 96,200 74,000 - 22,200
27 ~1.9 18,000 - - - -
28 -0.5 - 110,900 - - 110,900
29 +G.4 - 3,500 2,800 - 700
3 -1.5 10,000 222,800 - - 221,800
51 -2.9 - 60,000 37,000 900 22,100
32 -0.9 120,000 35,000 - 35,000 1}
33 +0.1 - 739,200 - - 739,200
34 0.0 - 277,200 221,800 - 55,400
35 -0.6 54,500 - - - -
36 -2.8 1¢, 000 110,900 110,900 - 0
37 -3.0 - 184,800 184,800 - 1]
38 -4.1 - 136,800 99,800 37,000 0
39 +1.0 4(.,000 - - - -
40 -0.7 - 116,900 110,900 - 0
L) +0,1 45,000 - - - -
42 ~0.5 3¢,000 - - - -
43 -0.3 - 665,300 - - 665,300
L4 +0.2 300,000 - - - -
L5 -2.8 445,000 - - - -
46 -1.7 - 887,000 - - 887,000
& =0.1 265,000 - - - -

For 47 Utilities Avg = =1,2 8,299,00¢ 7,209,500 1,586,700 718,800 4,904,000

a/ These costs are primarily for cast iron replacements, but this column
includes miscellaneous items as well and includes storage losses.

CAPCO JEN 0025519
e —




losses due to internal corrosion. Column (3) of that table gives the an-
nual corrosion costs provided by the utilities. A total of 28 utilities
in the 50,000 or above group reported costs. Numerous others indicated
that they did not know what their losses might be. As Table 3-6 shows,
the total costs reported were $8.299 million annually. These utilities
served a total of 7,245,000 people. Therefore, the average cost per
capita is $1,15 per year averaged over all the utilities. There is, of
course, a considerable variation. In particular, one utility contributes
$5.28 million of the total. Without this utility, the total is $3.019
million per year and the average cost per capita is $0.42 per year.

Annual costs due to water-related corrosion consist of costs
associated with losses of transmission and distribution pipes, meters,
storage facilities, residential and industrial plumbing and piping, and
home appliances (e.g. heat exchange equipment). Quantification of costs
attendant to corrosion of all these items was beyond the scope and re-
sources of the study. Transmission and distribution piping losses tend
to dominate the losses when they occur in water utilities. Only pipe re~
placement costs and cost of losses of storage facilities were considered
in the economic impact analysis. When a utility reporting losses also
supplied pipe replacement information, the calculated cost of pipe re-
placements frequently was in good agreement with reported costs, lending
credibility to both numbers.

The quality of the 'water-related corrosion costs" provided was
variable, with some utilities supplying actual cost information from their
records, and others making order of magnitude estimates. However, because
of general consistency found between these reported costs and estimated
costs of pipe replacements, the cost data were accepted as being of use-
ful accuracy.

3.3.2 Costs estimated from pipe replacement: Using the data
provided by utilities on amount, type, and size of pipe replaced annually,
it is possible to estimate the cost of pipe replacements due to internal
corrosion. Pipe replacement costs can vary widely depending upon location,
Older cities often have layers of concrete, asphalt, and brick, buried trol-
ley tracks, and other buried utility service lines with which to contend,
so they can experience considerable expense in pipe replacement. In 1967,
Philadelphia used $35/ft as an average cost for re-lays of 6~8 in. diameter
metallic pipe (Radziul et al., 1967). At present labor and material prices,
this number would be increased substantially.

The pipe, replacements reported were generally of smaller or dis-
tribution sized pipe (6-8 in. diameter was very common); the cities re-
placing pipe vary widely in size and location. Results of consultations
with an engineering firm experienced in the area of pipe replacement
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suggest that $3.50 per diameter-in.-ft is a reasonable re-lay cost, assuming
an even mix of residential and commercial replacementse This cost is cer-
tainly less than the number given above for Philadelphia, but appears to
agree well with costs provided by many of the utilities studied.

Using the $3.50 value, the estimated costs shown in Columns &
through 7 of Table 3«6 were obtained. These columns give estimated total
costs of pipe replacement, and estimated costs for replacement of cast iron,
steel and galvanized pipes. Table 3-6 shows total costs of $4,904,000/year
for cast iron (see footnote to Table 3-6) and a total of $7,209,500/year for
all pipe replacements reported. These utilities served a combined popula-
tion of 6,550,450, The annual costs per capita are $0.75 for cast iron pipe
replacements and $1.10 for total pipe replacementse. Again, a few utilities
contributed a disproportionate share of losses. Removing one utility which
serves 55,000 people and which has cast iron losses of $1,108,800 per annum,
gives $0.58/year and $0.93/year per capita costs for cast iron and total re-
placements, respectively.

The results for pipe replacements are in rough agreement with
those found in the preceding sectione

3+.3¢3 Inferences from other cost data: Cost data were obtained
for a variety of categories, as the survey form shows. The three major
groups were (1) costs for water treatment, (2) cost for water distribution,
and (3) costs for water=related corrosion losses and prevention. In the
first two categories, costs were obtained for operation, maintenance, cap-
ital replacement, and depreciatione

These cost data were analyzed by grouping the utilities in terms
of size and by aggressiveness of water. For each cost category, costs for
each utility group were found on an annual-per=-capita-served basis, on a
per~unit-volume~of-water=~distributed basis, and on a per-unit-length-of-
distribution-system basise.

The analysis yielded no well-defined relationship between any
specific cest and degree of aggressiveness of the watere The analysis was
cemplicated by the fact that utilities do not report costs uniformly.
Also, many ucilities reported no cost information or only portions of the
information requestede

The mean per capita costs of water treatment and distribution
are in the neighborhood of $10-20 per capita per yeare. If $0.50-1.00
were a typical annual per capita cost of internal corrosion, such a cost
would be 5710% of the total and would be difficult to separate from fhe
background, particularly given the quality of the %ost data available.
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343e4 Best estimates of internal c.rrosion losses: Certain
utilities which estimate corrosion losses do not report pipe replacements
and vice versa. Some portions of the total reported losses include costs
other than pipe replacements. For some of the utilities whose only losses
are due to pipe replacements, the reported costs and the estimated costs
based on pipe replacements are in reasonably good agreement=-~compare utili-
ties L, 6, 8, 10, or 21, in Table 3-6.

Taking the most reasonable of the reported cost values or the
estimated pipe replacement costs gives the results in Table 3-7. If the
two costs were similar, the reported costs were useds. If the estimated
pipe replacement costs were much larger, the estimated costs were used.

If only one of the two costs was available, that value was used. If the
reported costs was much larger than the estimated cost, the former was
used, when there was no reason to do otherwise. For example, for utility
19 in Table 3-6 the reported cost is $5.28 million based on a $100/ft re-
placement cost. That value seems very high and the estimated pipe replace-
ment costs seem more reasonable.

Selecting what seemed to be the best estimate of water-related
corrosion losses for each utility gave the results in Table 3~7. The total
annual loss for the 47 utilities is estimated at $9,369,800 with $6,979,000
due to replacements not related to steel or galvanized pipe.

These utilities serve a total of 10,337,560 people, giving an=-
nual per capita costs of $0.91 for total intermal corrosion costs and $0.68
for costs not related to steel or galvanized pipe. Removing the utility
with highest cost reduces the population to 10,282,560 and the costs to
$8,261,000 total and $5,870,200 for cast iron pipe replacements (see foot-
note to Table 3-7). This gives annual per capita costs of $0.80 and $0.57,
respectively.

3.3.5 Summary: Table 3-8 summarizes the results for losses due
to .internal corrosion. The various approaches discussed above are summarized
in terms of annual per capita costs. Assuming that the utilities can pro-
perly evaluate their losses, the table suggests average total losses equi=-
valent to about $0.80-$1,00 per capita per year and average costs for other
than steel or galvanized replacements (primarily cast-iron pipe) of about
$0.60-$0,70 per capita per year. These costs, of course, only apply to the
group of utilities experiencing internal corrosion problems. Due to the
bias in the survey response, these results cannot be extrapolated in a sta-
tistically meaningful way to the group of utilities who did not respond to

the survey.
%
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TABLE 3-7

BEST ESTIMATE OF LOSSES DUE TO INTERNAL CORROSION

(1) (2) (3 4) 3)
Costs of Costs of Unlined Cast
Steel/Galvanized Iron Pipe Replacementsé-
Utility Code Estimated Losses Pipe Replacements (dollars/year)
Number LST £ -0.5 (dollars/year) (dollars/year) (3)-(4)
1 Yes 31,700 - 31,700
2 Yes 500,000 425,000 75,000
3 Yes 17,900 - 17,900
4 No 10,800 - 10,800
5 No 277,200 - 277,200
6 No 20,000 12,000 8,000
7 Yes 29,600 29,600 0
8 Yes 6,600 - 6,600
9 No 210,000 38,500 171,500
10 No 1,600 1,600 0
11 Yes 15,000 15,000 0
12 Yes 88,700 73,900 14,800
13 Yes 443,500 443,500 ¢]
14 No 38,400 - 38,400
15 Yes 45,100 45,100 0
16 Yes 13,200 - 13,200
17 Yes 72,800 - 72,800
18 Yes 8,400 - ’ 8,400
19 Yes 1,108,800 - 1,108,800
20 Yes 499,000 - 499,000
21 Yes 50,000 - 50,000
22 Yes 175,000 - 175,000
23 - Yes 400,000 - 400,000
24 Yes 75,000 - 75,000
25 Yes 295,700 295,700 0
26 No 110,000 85,000 25,000
27 Yes 18,000 - 18,000
28 Yes 110,900 - 110,900
29 No 3,500 2,800 700
30 Yes 221,800 - 221,800
31 Yes 60,000 37,900 22,100
32 Yes 120,000 120,000 0
33 No 739,200 - 739,200
34 No - 277,200 221,800 55,400
35 Yes 54,500 - 54,500
36 Yes 110,900 110,900 0
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TABLE 3=7 (COKCLUDED)

1) (2) (3) (4) (5)
‘ Costs of Costs of Unlined Cast
Steel/Galvanized Iron Pipe Replacements
Utility Code Estimated Losses Pipe Replacements (dollars/year)
Number _ 1sT £ -0.5 (dollars/year) (dollars/year) (3)-(4)
37 Yes 184,800 ' 184,800 0
38 Yes 136,800 136,800 0]
39 No 40,000 - 40,000
40 Yes 110,900 110,900 0]
41 No 45,000 - 45,000
42 No 30,000 - 30,000
43 No 665,300 - 665,300
44 No 300,000 - 300,000
45 Yes 445,000 - : 445,000
46 Yes 887,000 - 887,000
47 No 265,000 - 265,000
Totals 9,369,800 2,391,800 6,979,000

a/ These costs are primarily for cast iron replacements, but this column
includes miscellaneous and storage losses.
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TABLE 3-8

COSTS OF INTERNAL CORROSION,
UTILITIES REPORTING LOSSES

Total Costs
Other Than for

Total Annual Steel/Galvanized No. of Total

Basis for Calculation Costs per Capita Pipe Replacements Utilities Population
Reported costs $l.15 Unknown 28 7,244,580
Reported costs without

highest cost utility $0.42 Unknown 27 7,189,580
Estimated from pipe p

replacements $1.10 $0.75 35 6,550,450 )
Estimated from pipe

replacements without

highest cost utility $0.93 $0.58 34 6,499,450
"Best estimate"

(See Table 3-7) $0.91 $0.68 47 10,337,560
"Best estimate' without

highest cost utility $0.80 $0.52 46 10,282,560
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344 Costs of Treatment to Prevent Corrosion

Aggressive waters can be chemically stabilized to reduce internal
corrosion lossese Chemical treatment alone cannot eliminate corrosion probe
lems, but should result in decreased corrosione

For those utilities reporting internal corrosion problems and
which have an LSI below =0.5, the costs of adding chemicals to stabilize
the water were estimatede Similar estimates were also made for all other
utilities for which LSI is less than ~0.5, but which reported no losses,

For discussion purposes, two chemical stabilization approaches
were considereds. The first approach involved the addition of lime until an
LSI of 0.0 was reacheds If an LSI of 0.0 was not reached by the time the
pH had risen to 9.5, carbon dioxide was added along with the lime to maintain
a pH of 9+5. (Substitutes for carbon dioxide exist, ee.ge, soda ash or sodium
bicarbonate.) The second approach required minimum values of alkalinity and
calcium concentration and avoided undesirable pH valueso. A minimum alkalin-
ity of 40 mg/liter as CaCO3j, and a minimum calcium concentration of 40 mg/liter
as CaCOj were required. A final pH of 743 or below, or a pH of 8.6, was also
requireds A water having these characteristics is desirable from the point of
view of stabilitye Lime and CO, were used to provide the needed chemical ad-
ditions. Chemicals were added until an LSI of 0.0 was obtained along with
the above characteristicse

The details involved in determining chemical additions are pre=
sented in Appendix I. The two approaches to chemical stabilization which
have just been discussed will be called Treatments I and IT. Treatment II
refers to the more extensive stabilizatione. Appendix II discusses the basis
for estimating costs of ckemical additionse.

Table 3-9 lists estimated costs for stabilizing waters for those
utilities with LSI's below =0.5 and which experience losses due to internal
corrosione

Of the 47 utilities reporting losses, 31 have an LSI below -0.5.
Costs of stabilization can be found for those utilitiese As Table 3-9
shows, the total annual costs are $1.29 million for Treatment I and $3.624
million for Treatment II. Those utilities serve 5.572 million people so the
annual per capita costs are $0.20 and $0.65 for Treatments I and II, respec=-
tively., For individual utilities, the annual per capita costs range from
$0.06 (for Utility 45) to $0.69 (for Utility 17) for Treatment I and range
from $0.08 to $4469 for Treatment IIe %

In addit¥on to those utilities reporting loss2s on the survey,
there are many others with LSI's less than =0.5 which report no losses.
There were an additional 86 utilities with population served above 50,000
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TABLE 3-9

COSTS OF STABILIZATION FOR UTILITIES
WITH INTERNAL CORROSION LOSSES

Utility Population Annual Costs of Treatment
Code Initial Served (thousands of dollars)
Number LSI {thousands) Volume of Water (mgd) I II
1 -1.2 100.0 11.5 39.6 104.1
2 -0.8 75.0 19.4 21.9 . 113.3
3 -1.1 62.2 9.5 21.4 64.6
7 -1.0 65.0 12.0 29.1 30.8
8 -2.4 82.0 15.6 26.0 107.1
i1 -0.7 100.0 12.0 21.7 76.1
12 -1.0 460.0 56.5 81.4 299.0
13 -0.9 110.0 22.0 28.3 28.9
15 -3.7 146.5 22.1 62.6 144.9
16 -1.2 70.0 9.7 24.4 24.8
17 -3.8 65.6 10.7 45.4 111.3
18 -2.5 75.0 8.8 22.6 80.7
19 -3.3 55.0 6.1 29.4 66.3
20 -1.7 128.0 13.1 37.1 99,3
21 -3.6 110.0 14.0 61.7 122.7
22 -0.9 54.0 6.5 Data inadequate
23 -2.5 420.0 65.0 51.3 306.4
24 -0.8 113.0 16.6 Data inadequate
25 -3.6 130.0 25.0 75.7 189.7
27 -1.9 160.0 11.7 22.7 62.3
28 -0.5 305.5 50.7 25.5 25.5
30 -1.5 54.0 7.5 21.9 42.4
31 -2.9 79.9 13.6 39.3 122.1
32 -0.9 400.0 65.0 29.3 36.3
35 -0.6 166.6 19.2 22.5 22.7
36 -2.8 90.0 10.5 24,4 83.9
37 -3.0 110.0 10.9 35.4 87.6
38 -4.1 200.0 90.0 100.5 537.1
40 -0.7 100.0 17.6 24.9 25.2
45 -2.8 992.1 117.9 58.6 470.0
46 -1.7 660.0 72.0 44.4 139.1
Totals 5,572.3 1,129.2 . 3,624,0
&
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and an LSI less than =05 who respondede The cost of Treatment II for these
utilities is $9,356,000 annually. These utilities serve 23,275,000 people
for an average per capita annual cost of $0.4l. The annual per capita cost
varies from $0.04 to $2405 for Treatment IIe For Treatment I the total an=
nual cost is $3,293,000 giving an annual per capita cost of $0.14 and a range
of annual per capita costs of $0.03 to 0.67.

There were also 60 utilities characterized using data from supple~
mentary sources, which have a population served above 50,000, and an LSI be-
low =045« Of course, no reports concerning corrosion losses are available
for this groupe Also, the water quality data were generally less current
than those supplied by the utilities themselves. These 60 utilities serve
23,761,400 peoples The total annual cost of stabilization would be $3,032,000
for Treatment I and $9,007,000 for Treatment II. The per capita annual costs
are therefore $0e13 and $0.38 for Treatments I and II, respectively.

Tables 3«10 and 3~1l1 summarize and amplify the cost estimate in-
formation related to chemical stabilizatione. Table 3«10 breaks the costs
down into the various components: chemical costs, capital costs, and labor
costse The difference between the sum of these three costs and the total
costs is the cost of maintenancee. Table 3=12 shows the cost components as
percentages of the total. As would be expected, the relative importance of
chemical costs increases considerably for Treatment II.

Table 3-13 provides a summary of estimated stabilization costse.
These costs are for all those utilities identified which have an LSI less
than -0«5« The capital expenditures are the costs required for the CO, and
lime systems as discussed in Appendix I. These capital expenditures were
assumed to be financed by Municipal Water Revenue Bonds at 6% interest for
20 yearse This assumption yields the annual capital cost in the table.
Operation and maintenance costs (0&M) are the sum of chemical cost, labor
costs, and maintenance costs from Table 3-10. Annual maintenance is assumed
to be 1% of the capital expenditure coste

The approach that has been used in arriving at the estimate of
national economic impact given in Table 3-13 is very similar to that out-
lined in the Federal Register (1978) for determining the economic impact
associated with removal of trihalomethanes and synthetic organic chemicals
from drinking water. In essence, the impacted utilities were identified
and the costs involved in treatment for each impacted utility were deter=-
mineds These costs were combined to give the results shown in Table 3-13.

The added impact associated with the 92 utilities whose water
quality could not be characterized (cfe Table 2~3) can also be estimatede.
A perusal of Table 2-3 suggests that probably no more than about 50% of the
92 utilities have waters with an LSI below =05 (this is near the national
average)s These '"missing' utilities are smaller than average and therefore
the capital costs for them will be higher than average.
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TABLE 3-11

ESTIMATED ANNUAL PER CAPITA
COSTS OF STABILIZATION

(dollars)
Utility Group Treatment I Treatment II
Average Annual Range in Per Avg Annual Cost Range in Per
Cost per Capita Capita Costs Per Capita Capita Costs
1. Survey results:
reported losses
to internal
corrosion 0.20 0.06-0.69 0.65 0.08-2.69
2. Survey results:
no reported
losses 0.14 0.03-0.67 0.41 0.04-2.05
3. Supplementary
group 0.13 0.03-0.69 0.38 0.12-1.56
L. Avg for all
utilities 0.14 0.03-0.69 0.42 0.04-2.69
TABLE 3-12

Treatment I

Treatment IT

COST BREAKDOWN FOR ANNUAL
STABILIZATION COSTS
(all utilities)

Percentage of Total Cost

Chemical Capital Maintenance
Costs Costs Labor Costs Costs
46.0 36.6 13.1 4.3
76.9 16.6 4.6 1.9
©
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TABLE 3-13

SUMMARY OF ESTIMATED TOTAL NATIONAL
COST FOR STABILIZATIQN='
(millions of dollars)

Treatment T Treatment TII

Capital expenditures 31.7 42.4
Annual capital cost 2.76 3.64
Annual 0 & M Cost 4.77 18.47
Annual revenue requirements 7.53 22.16
Population served by

impacted utilities

(millions) 52,608 52.608
Average annual per capita costs

(dollars) 0.14 0.42
Number of utilities impacted

(population served greater

than 50,000; LSI €<-0.5) 177 177

a/ Calculations neglect 92 utilities (serving 7.6 million people) whose water
quality could not be characterized.
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The total costs of treatment for the utilities can be estimzred as the sum
of a capital cost and an 08M cost:

A 1 cost
ﬁ::::;e:zs;o:f _ fzguiapital (Number of '"Missing' utilities)
missing utilities \ from Table 3-13 (Number of utilities in Table 3-13)
N gz::azrgzM y ("Missing" population (LSI <-0.5)
Table 3-13 (Population in Table 3-13)

Annual capital cost varies far less from utility to utility than
does the operating coste Therefore, the above expression assigns capital
cost based on number of utilities and 0&8M cost based on population.

Simplifying the expression gives (for Treatment I):

(2.76 x 10%) x (Number of "Missing Utilities with

Annual cost for
LSI < -0.5)

missing utilities

177

+ (4,77 x 106) x_("Missing" population)
52.608 x 10°

Evaluating the expression for Treatment I gives an annual cost of
$1,060,000 (assuming 50% of missing utilities and population have water re-
quiring treatment)e A similar analysis gives $2,274,000 for Treatment II.
These correspond to average per capita costs of $0428 for Treatment I and
$0460 for Treatment II for the missing utilities, Note that these costs are
much higher than the average annual per capita costs in Table 3-13. The es~-
timates are therefore conservative.

Adding the above estimated costs for the missing utilities to the
results given in Table 3=13 yields the results in Table 3-14. Addition of
the conservative estimates for the missing population increases the national
costs by 14% for Treatment I and 10% for Treatment IL. The impact on the
annual per capita cost is $0.01 for both treatmentss )

g .
Therefore, given the assumptions made in the calculation of the
costs in Table 3~13, the values there are reasonable estimates of national
averagese The addition of missing population should increase total annual
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TABLE 3-14

INFLUENCE OF "MISSING' UTILITIES ON COST ESTIMATES

Treatment T

Annual revenue requirements from
Table 3-13 (millions of dollars) 7.53

Additional annual cost associated

with missing utilities (millions

of dollars) 1.06
Total of 1 and 2 (millions of dollars) 859

Percent increase 14.1

Total population
(including "missing" population)

(millions) 56.408
Per capita annual costs (dollars) 0,15
&
61

CAPCO JEN 0025533

Treatment II

22,16
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costs by less than 10-20% and should increase average per capita costs by
less than 5=10%e

The sensitivity of the cost estimates to the assumptions made
concerning cost of materials, labor and capital also needs to be assessed.
Table 3-12 shows the influence of the various factors on total coste Maine
tenance is a small fraction of cost and has been estimated conservatively
even though it is tied to capital coste. Labor costs are also small, since
the treatment processes used require little attentione. A near doubling of
labor costs would be required to increase total cost of Treatment I roughly
10%e A tripling would be required for a similar influence in Treatment II.

Capital costs, especially for the lime system, have been estimated
conservativelys. Even so, the cost of Treatment II is relatively insensitive
to increased capital costse Treatment I is sensitive to capital costs and
a 30% increase in those costs would raise total Treatment I costs by about
10%.

Both processes are very sensitive to chemical costse Table 3-15
lists the quantities of chemicals used nationallye As can be seen, the use
of either process requires considerable quantities of chemicalse. The large
increase in chemical costs associated with Treatment II is in large measure
due to the greatly increased consumption of €Oy

Using the values given in Table 3-15, and recognizing that lime
is given there as Ca(OH)Z, whereas Ca0 is assumed to be purchased, the im-
pact on costs of an assumed $20.00 per ton transportation cost* can be esti-
mated. Such a cost would increase the chemical costs (cf. Table 3-10) $1.86
million for Treatment I and $7.72 million for Treatment II. These cost in-
creases give 67% and 45% increases in chemical costs and 25% and 39% in-
creases in total costs for Treatments I and ITs The total costs for Treate
ments I and II would become $9439 million per year and $29.88 million per
yeare Average per capita annual costs would increase to $0.18 for Treatment
I and to $0,57 for Treatment II.

t is therefore apparent that the results are quite sensitive to
transportation costse These costs were not included in the analysis because
of the difficulty of estimating haul distances for the large number of utile-
ities involved. Transportation costs may increase the cost of stabilization
by as much as 20-30% of the values discussed in this reporte.

3¢5 Benefit=-Cost Analysis

As the preceding discussion has shovm, internal corrosion causes
economic losses in numerous municipal ¥ater supply systemss The losses
which have been described in this chapter are those of which utilities are

4c P

* At $0.07 per ton-mile, this cost allows a utility to be as far away as 300
miles from a source of the chemicals used. This seems to be a conserva-
tive estimate. )
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TABLE 3~15

CHEMICALS USED

(Tons/Year)
Treatment I Treatment II
Lime (as Ca(OH)Z)
Surveyed Utilities 45,400 130,000
Supplementary group of
utilities 54,100 113,000
Total 99,500 243,000
C02
Surveyed utilities 7,000 110,500
Supplementary group of
utilities 700 71,700
Total 7,700 182,200

aware and which they were willing to report on our surveye. It is quite
likely that internmal corrosion causes considerably more damage than that
which we have been able to demonstratee. If this damage could be prevented,
the utilities involved would experience a financial reward, an annual bene-
fit at least equal to the economic value of intermal corrosion avoided. If
a utility's distribution system is constructed of high quality materials
and the utility is still experiencing internal corrosion losses due to ag-
gressive waters, then the losses should be avoidable by properly stabilizing
the'water being distributed. The cost of stabilizing the water.can be com-
pared with the expected benefit to see if such stabilization is justifiable
on economic grounds alonee Even if such a simple weighing of costs and
benefits does not provide sufficient justification for chemical stabiliza-
tion of a water, the potential health impacts of aggressive water in the
distribution system may well dictate a need for stabilizatiomn.

Not all utilities experiencing losses due to internal corrosion
appear to distribute aggressive waterse This could be interpreted in a
number of wayse The most obvious explanation is that a portion of the re=
ported losses assigned to intermal corrosion are really attributable to re-
placement due to product aginge In this instance, the piping material has
failed at, near, or beyond its projected useful lifetimee Products currently
being replaced by utilities probably were designed and specified for a 40-50
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year lifetimes Another explanac.un might be that even so-called non aggres-
sive waters are capable of producing corrosion losses. For such utilities,
the relatively simple chemical stabilization considered here is not possible.
Certain other utilities with losses of steel, galvanized, or unlined cast
iron pipe, and with aggressive water in their distribution system probably
need to improve the quality of the materials in the system if internal cor-
rosion is to be avoided. Stabilization of the water will reduce corrosion
but should not be considered as the only solution to the internal corrosion

probleme
Table 3=16 shows how the utilities who responded to the survey
may be cztegorized in terms of aggressiveness of water distributed, and in

terms of losses due to internal corrosion. Four categories are defined by
the tables These are: .

l. Aggressive water with losses;
2+ Aggressive water without losses;
3. Nonaggressive water with losses; and

4. Nonaggressive water without losses.

TABLE 3-16

PLACING UTILITIES IN CATEGORIES
SURVEY RESULTS
(Supplementary results are in parentheses)

Utilities with Utilities with

LSI<-0.5 LSI>-0.5 Total
Utilities with losses
due to internal corrosion 31 utilities 16 utilities 47
Utilities with no reported
losses due to internal
corrosion 86 utilities 109 utilities 195
(60) (93) (153)
Total 117 125 . 242
(177) (218) (395)
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For Categories 1 and 2, stabilization may be considered and costs
for a benefit~cost relation can be founde For Categories 1 and 3, benefits
that might be achieved by eliminating internal corrosion can be found. There-
fore, a benefit-cost ratio may be found for only Category 1. Costs can be
found for Category 2 and benefits can be found for Category 3. Category 4 is
irrelevant to the discussion. .

Table 3-17 summarizes costs and benefits for Category l. Internal
corrosion of galvanized and steel pipe cannot be eliminated by stabilization
and such losses have been separated explicitly in Table 3-17. However, the
stabilization of waters corrosive to galvanized and steel pipe should result
in the maintenance and possible extension of useful product life. Table
3=18 shows benefit=cost calculations for Gategory 1 utilities. For the
Treatment I approach to stabilization, the benefit-cost ratio is very favor=-
able, being roughly 4. For Treatment II the ratio is somewhat marginal.

TABLE 3-17

UTILITIES WITH REPORTED LOSSES
DUE TO INTERNAL CORROSION
AND WITH LSI <-0.5
(Category 1)

Number of utilities: 31
Total population served: 5,572,300

Annual costs due to losses caused
by internal corrosion:

Total reported $ 7,267,000
Total pipe replacement 5,004,100
"Total ''best estimate" 6,613,800

Annual costs due to losses caused
by internal corrosion less losses
of steel and galvanized pipe:

Pipe replacements $ 3,049,600
"Best estimate" 4,307,700

Annual cost of stabilization:

Treatment I $ 1,129,200
Treatment II 3,624,000
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TABLE 3-18

BENEFIT=COST CALCULATIONS FOR CATECORY 1

1. Benefits = best estimate of losses less losses of steel/galvanized pipe.
Cost = Treatment I cost of stabilization.

_ 4,307,700 _

= 1,129,200 _ >*8

B/C

2, Benefits = best estimate of losses less 50% of losses of steel/galvanized
pipe

Cost = Treatment I cost of stabilization.

_ 5,460,750 _

1,129,200 4.8

B/G
3. As in (1) with Treatment II for stabilization.

4,307,700
L TE LA
B/C = 3 628,000  1*2

4, As in (2) with Treatment II for stabilization.

_ 5,460,750 _

= 3,624,000  1*°

B/C

Table 3«19 summarizes costs of stabilization for utilities in
Category 2« These utilities have reported no losses, so no benefit can be
estimated.

For Category l, the overall economic benefits of stabilization seem
very favorable. However, individual utilities may have benefit-cost ratios
well above or below the average values given in Table 3-18. For any calcula-
tion of this sort, the benefits and costs are not necessarily accruing to the
same utilitiess A comparison of Tables 3=7 and 3-9 allows B/C values to be
found for individual utilities in Category le. Such a comparison shows a B/C
of 37.7 for Utility 19 when Treatment I is usede It also shows a B/C of
0425 for Utiljity 8 with Treatment I.
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TABLE 3-19

UTILITIES WITH REPORTED LOSSES DUE TO
INTERNAL CORROSION AND WITH
LSI>-0.5
(Category 2)

Number of utilities: 16
Total population served: 4,765,260

Annual costs due to losses caused
by internal corrosion:

Total reported: $1,032,400
Total pipe replacements: 2,205,400
Total "best estimate": 2,756,000

Annual costs due to losses caused by
internal corrosion less losses of
steel and galvanized pipe:

Pipe replacements: $1,854,400
"Best estimate': 2,661,300

In addition to the losses that stabilization might prevent in a
water supply system, there is also a possible benefit to be gained in temms
of health effect considerationse Ghapter 5 discusses health factors related
to aggressive waterses While it is not possible to include them in the bene-
fit-cost analysis done here, an awareness that health benefits may be associ=
ated with stabilization suggests that these B/C values only provide lower
limits for the actual values.
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CHAPTER 4

CASE STUDIES

. This chapter presents results for four utilities selected to show

a range of geographical locations, water quality characteristics, and utility
sizes. The utilities are described individually, and a short discussion of
their corrosion problems is given along with, where appropriate, how their
water might be stabilized to avoid internal corrosion losses.

Table 4-1 characterizes the four utilities by location and size.
Table 4-2 describes the character of the finished water of each of the utile
ities. Table 4-3 shows the nature of the installed pipe for each utility
and the annual pipe replacements being made. Table 4«4 describes the chem-
ical treatments being used by the utilities.

The four utilities may be described briefly as follows:

Utility No. 1 - This utility on the West Coast serves 110,000
people. Its finished water is aggressive and has an LSI near =3.0. The
utility's distribution system is composed primarily of cast-iron pipe, but
with a fair amount of steel included. About 2 miles of 4~in. steel pipe
are being replaced annually due to internal corrosion probleéms. The utility
is apparently attempting no corrosion control. While their problem is pri=-
marily due to the type of material involved (steel), the utility would probe
ably benefit from a reduced level of aggressiveness of its water.

Utility No. 2 = This large western utility receives its water
from several sources. The data in Table 4-2 are for the primary source
which provides an aggressive water. This water is treated at the source
with lime to reduce internal corrosion problems., The other sources of
water are less aggressive, which also helps the overall system's situa-
tion. The utility has been practicing corrosion control using lime (to
give an LSI > 0) for many years and has been able to do away with internal
corrosion problems in its aqueduct systems The utility has a distribution
system composed of 46% castwiron, 30% asbestos-cement, and 23% steel. The
utility has been experiencing no significant internal corrosion problems
in its distribution system. It reports losses due to internal corrosion
in its storage facilities,

Utility No. 3 - This small (55,000 population served) northeastern
utilicy distributes an aggressive water which is resulting in a very large
amount of pipe replacements due to internal corrosion. The distribution
system is 90% cast-iron, 7% ductile, and 3% concrete. Nine miles of 6-in.
cast-iron pipe are replaced annually due to internal corrosion losses. The
utility does not treat its water and practices no chemical corrosion control.
This utility should benefit substantially from a modest stabilization program.
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Utility No. 1

Portion of system
which uses
material (%)

Amount of pipe
of this type
replaced
annually on
avg (miles)

Portion of
replacement
due only to
internal
corrosion (%)

Typical pipe
diameter (in.)

Utility No. 2

Portion of system
which uses this
material (%)

Amount of pipe
of this type
replaced
annually on
avg (miles)

Portion of
replacement
due only to
internal
corrosion (%)

Typical pipe
diameter (in.)

TABLE 4-3

NATURE OF INSTALLED PIPE

Asbestos-
Steel Cast-Iron Cement Concrete Plastic Other
13 80 2 3 - 2
5 0 0 0 - 1
50 0 0 0 - 0
4 8 8 30 - ?
23 46 30 1 +0 -
1.2 7.2 0.8 0 0 -

0 <1 o 0 0 -

16 6 6 48 6 -
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©LavlE 4=-3 (concluded)

Utility No. 3

Portion of system
which uses this
material (%)

Amount of pipe of
this type replaced
annually on avg
(miles)

Portion of replacement
due only to internal
corrosion (%)

Typical pipe diameter
(inches)

Utility No. 4

Portion of system which
uses this material

(%)

amount of pipe of
this type replaced
annually on avg
(miles)

Portion of replacement
due only to internal
corrosion (%)

Typical pipe diameter
(inches)

Asbestos-
Steel Cast-Iron Cement Concrete Plastic Other
90 - 3 - 7 (ductile
iron)
9 - 1 - 0
100 - 100 - 0
6 - 6 - 12
89 - 10 1 -
10 - 2 0 -
80 - 0 0 -
6-8 - 16-48 4-12 -
(replaced)
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ytility No. & - This large (660,000 ,.pulation served) South
Atlantic utility distributes a moderately aggressive water. 1Its distribue-
tion system is 89% castw=iron and 10% concrete. The utility replaces about
8 miles of 6- to 8-in. diameter cast-iron annually due to internal corrosion
problems (tuberculation). The utility has a problem only with unlined cast=
iron pipes which are apparently being relined (larger sizes) or replaced.
The utility uses polyphosphates for corrosion control and feels that addi-
tional stabilization of their water would not reduce internal corrosion
losses. Since the water is rather aggressive, further chemical stabilizae-

tion might still prove useful.

Table 4-5 shows reported costs for the four utilities. Table
4-6 shows water-related corrosion losses and estimated costs of chemically
stabilizing their water. Based on these cost data, the following summary
may be made for each utility.

Utility No. 1 - This utility experiences substantial ($1.73 per
capita) annual losses due to internal corrosion. Assuming that Treatment I
(at $0.32 per capita per year) would eliminate 50% of the utility's losses,
it would have a benefit-cost ratio of 2.7. Utility No. 1 suffers from a
materials problem, but would benefit from stabilization.

Utility No., 2 - Utility No. 2 stabilizes its water and has elimi-
nated substantial losses. It has a $0.04 annual per capita loss due to in=-
ternal corrosion in its storage facilities.

Utility No. 3 - This utility experiences very large ($20.16 per
capita) annual losses. If the utility's own estimate of pipe replacements
is used ($100/ft), then the annual per capita cost approaches $100., Stabi-
‘lization with Treatment I is estimated at $0.68 per capita each year. A
benefit-cost ratio of nearly 30 is obtained if such stabilization can elimi=-
nate the system's problems. This utility may have materials problems (un=-
lined cast-iron?) but is a prime candidate for a stabilization program.

Utility No. & - Corrosion control is currently practiced here,
but annual per capita losses due to internal corrosion (tuberculation) are
still $1.34. The utility claims that relining is necessary to eliminate
their problem. Since stabilization with Treatment I costs $0.07 per capita
annually, the utility may still be able to economically reduce some losses
by treatment.

Table 4-7 summarizes the overall status of the four utilities.
As the table shows, most if not all of the utilities have problems in part
because of the state of their distribution systeme Two and possibly three
of the utilities would benefit from chemical stabilization. The fourth
utility already stabilizes its water.
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TABLE 4-5

ANNUAL COSTS REPORTED BY UTILITIES

Utility No. 1 Utility No. 2 Utility No. 3 Utility No. 4

Treatment costs

Operating cost 4,000 1,260,000 No treatment -
3,039,081
Maintenance cost 1,500 239,000 Water
Capital replacement Purchased
cost 1,500 N/a 2/ 48,0002/
Depreciation cost 10,000 545,000 565,000
. Distribution costs
0 and M cost 360,000 6,207,000 200,000 1,031,029
Capital replacement
cost 350,000 N/A N/A 16,0002/
Depreciation cost 264,000 4,210,000 - 194,000
Costs for protection
from water-related
corrosion 0 77,900 0 91,620
Water-related corrosion
costs for metering
equipment 3,000 0 N/A 0
Water-related corrosion
costs for storage
facilities 2,200 45,000 Yo storage 0

facilities

a/ N/A = not available.
b/ Excludes $1.2 million for "nmormal annual additions and replacements."

&,
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TABLE 4-6

COSTS OF LOSSES AND ESTIMATED COSTS OF STABILIZATION

Utility No. 1  Utility No. 2 Utility No. 3 Utility No.

4

Reported annual losses 5,200 (meters 45,000 5,280,000 ?
due to internal and storage) (storage losses) (@ $100/ft)
corrosion

Estimated annual costs 184,800 - 1,108,800 887,000
of pipe replacement (steel pipe) (cast iron (cast iron
(@ $3.50/diam~in.-ft) pipe) pipe)

Best estimate of losses 190,000 45,000 1,108,800 887,000
due to internal
corrosion

Annual losses per 1.73 0.04 20.16 1.34

capita (best estimate
of losses/population
served)

Estimated annual per
capita costs of
stabilization of

waterd/
Treatment I 0.25-0.32 (already 0.41-0.68 0.05-0.07
Treatment II 0.78-0.80 stabilized) 1.02-1.54 0.06-0.21
Benefit-cost ratioh/:
Treatment I 278/ - 29.6 19.1
Treatment IT 1.1¢/ - 13.1 N

a/ Computed for maximum and minimum temperatures, respectively.
Q/ Computed using more expensive of two treatment costs.
¢/ Assumes 50% of steel pipe losses can be prevented.

&
-

%
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CHAPTER 5

HEALTH EFFECTS OF CORROSIVE WATER

5.1 1Introduction and Background

Waters of low pH and/or low mineral content may be corrosive to
the pipes used to transport them. These corrosive waters are also sometimes
termed ''aggressive'' due to their action on pipes and equipment, and '"soft''
due to poor mineral content. It seems plausible that water so damaging to
materials such as copper, steel, and asbestos~cement (A/C) pipe could also
possess some measurable effects on human populations who use it as the
source of drinking water, The medical literature, in fact, contains re=-
ports on quite a number of epidemiologic and experimental studies correlat-
ing 'hardness' and ''softness' of drinking water to various health effects.
The correlation appears strongest between the presence of cardiovascular
disease and use of aggressive-type drinking water. The problem lies in
identifying the causal factor(s) present (or absent) in quantities suffi-
cient to produce health effects. As new data are added on the physiologi-
cal effects of the trace elements present in mineral-rich ('hard'') water,
some of the correlations can be explained or at least put on a firmer, more

testable basis.

This analysis of the apparent correlation between aggressive drink-
ing water and health effects has been greatly assisted by recent comprehen=
sive reviews and symposia: National Academy of Sciences Drinking Water
and Health (NAS, 1977) and several reprints and preprints from the U,S. Na=
tional Committee for Geochemistry.

5.2 Corrosive Water: Limits and Definition

Water is corrosive (soft; aggressive) when it is naturally acidic,
or is made so by chemical treatment. Corrosive water also lacks polyvalent
metallic ions, principally calcium and magnesium, found in hard or mineral-
rich water. Softness and hardness are rather imprecise terms, rooted in the
practical concepts of soap requirements for lather formation, and a guide
to CaCO; scale formation in hot water heaters.

The degree of softness is commonly measured by titrating with a
chelating agent and is expressed as an equivalent concentration of calcium
carbonate. Soft waters range from 0 to 75 mg/liter CaC03 equivalents, while
very hard waters commonly titrate over 300 mg/liter.

Schroeder and Kramer (1974) suggest the use of LSI in studies of
water corrosiveness instead of the terms soft and hard. Two federal panels
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on water quality (NAS, 1974; NTAC, 1968) have also recommended against use
of these terms and suggest the inclusion of specific ion concentrationse.
This procedure would avoid confusion in future studies but is not helpful
in evaluating previous effortse

The pH of natural waters is a measure of acid-~base equilibrium
achieved by the various dissolved compounds, salts and gasess The principal
system regulating pH in natural waters is the carbonate system which is com-
posed of carbon dioxide (CO,), carbonic acid (HZCO3), bicarbonate ion
(HCO3'), and carbonate ions (CO3"). The interactions and kinetics of this
system have been described by Stumm and Morgan (1970). The usual pH range
of domestic water supplies is 5 to 9, with mineral-rich hard water at the
base end and corrosive, soft water at the acid sidee. The pH of a water is
not related to its buffering capacitye.

The pH of corrosive water appears to be related to its potential
health effectss For example, Stiff (1971) suggests that if cupric ions
were the toxic form of copper, while copper carbonate complexes were rela=-
tively nontoxic, then the increased toxicity of copper in soft waters can
be explained by the pH difference rather than the amount of copper. In
addition, highly acidic waters in contact with storage equipment, distribu-
tion system piping, and the consumer's home plumbing, will leach solutes,
adding a profile of metals with other potential health effects (Delfino
and Lee, 1971; Jones, 1964).

53 Potential Mechanisms: Health Effects of Corrosive Water

The presence (and in some cases, selective absence) of trace ele=
ments is the most likely source of an effect on health from corrosive watere
If trace elements are related to human disorders, they can be considered in
two categories: (a) as micronutrients, and (b) as accumulating environmental
contaminantse Homeostatic mechanisms undoubtedly exist for micronutrients
as they do for bulk elements, conserving with inadequate intake and excreting
excessese The entire area has only recently begun to be studied, however,
and little is known about chronic dose=response effectss Accumulation and
interaction of trace elements over many years could influence a variety of
diseasese Such interaction might be discovered only through epidemiologic
study of large areas and large populationse.

In general, three types of health-related effects could be postu-
lated in connection with drinking water:

le Deficiencies of essential elements through inadequate intake in
the cases where water furnishes either a significant proportiofi of the ele=
ment or a small amount in highly absorbable form compared to dietary sourcess
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2. Excesses of essent ' microelements could occur, accumulating

by failure of homeostatic mechanisms, large dietary intakes, increased absorp=-
tion or decreased excretione During aging, shifts in essential metallic cone
tent of organs occur (Schroeder, 1965)e

3e Disorders may occur from chronic intake of trace metals for
which there are poor homeostatic mechanisms and accumulation/synergistic
effects over a long period of time, or overt toxicitye

The effects of trace elements on health have been much more dife
ficult to identify when compared to vitamin effects, for examplees The elew
ments have roles in body physiology as cofactors, coenzymes, or, interchangee
ably, to furnish an ionic charge necessary to push an enzymatic reaction to
completiones These reactions, vital to good health, are nevertheless dife
ficult to pin down to specific healtherelated reactions and a specific ele=
mente To further tie a source (nondietary, water-supplied elements) to the
health effect is to complicate an already=difficult studye Therefore, if
the chemical character of consumed water is to be related to specific diseases,
the analytical data on water quality and content must be above reproache
For many of the studies, high level quality control of water quality data
was not practiceds. This weakens conclusions made using that information.

5¢3.1 Deficiencies of essential elements in corrosive water: No
deficiency disease is known to occur naturally for domestic animals or hue
mans who drink from water sources that are lowemineral and corrosivee On
the other hand, no intensive effort has been made to detect such deficiencies
in man or animals; therefore, deficiencies in a marginal form cannot be exe
cluded.

The metals perform functions vital to lifee Inadequate intake may
impair cellular and physiologic fimction and even cause illnesse On the
other hand, other eleménts present in low concentrations may interfere with
vital functionse It is of great interest to this particular study to see if
there is enough of any inorganic element present in normal finished water
(as drunk by man) to furnish a significant amount as compared to amounts re=
quired (excreted and presumably taken in as food)e If nomal water contains
a significant amount of a trace element that corrosive water lacks, it is a
real target area for health effect studye A tabulation is presented (Table 5-1)
from several sources, including a summary from the NAS review on Drinking
Water and Health (1977).

The trace elements® presence in food as compared to water supplies
has been tested and tabulateds There is, on analysis, considerably higher
levels of all of the elements found in dietary products as compared to finished
drinking water; the availability of the compounds from the two sources, how=
ever, has only been touched upon (NAS, 1977).
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TABLE 5-1

HUMAN REQUIREMENTS FOR TRACE ELEMENTS AND AMOUNTS OCCURRING IN

FINISHED WATER

Daily Avge Amte in 1 Day's 2 4

ElementE/ ReguirementE/ Drinking Water (24&23/ Measured<
Cadmium 15=35 ;g 046=24 ug 340 ug
Calcium 800 mg 9=1l44 mg -
Cobalt 7080 pg (este) 04258 ug 440 pg
Copper 2 mg 26 pg=2el mg 04270 mg
Chromium 0402=0¢5 mg 06015=04058 mg 04005 mg
Iron 10-20 mg 0ol4=3e8 mg 04440 mg
Lithium 5 mg (este) O¢l mgelel mg -
Magnesium 300 mg 1¢6=1004,0 mg -
Manganese 7=25 mg (este) 0e051=049 mg 04044 mg
Molybdenum 500 ug (ests) 172-2,048 ug -
Nickel 48 pg (este) 8-112 g 10 pg
Selenium 145=33 Hg (este) <10 pg -
Vanadium May not be required 0-80 pggf -

Zinc 15 mg O0e16=be02 mg 04290 mg

o

a/ Limited to elements with major quantitative differences in hard versus

corrosive watere
E/ Recommended Dietary Allowances, 8th ede, National Academy of Sciences,
19743 or, estimated from body content and excretory data if no MDR

existse

¢/ Mean of 100 cites, UeSeAe, National Research Council data.

d/ Detected in~4% of samples (Kopp and Kroner, 1967).
e/ Measurement: McCabe (1969).
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For drinking water studies, an advantage is gained from the food
marketing practices in the United States, whic.. bring fruit and vegetables
from Florida and California, beef from Texas, flour from Kansas, etc. This
helps cancel out food-related mineral differences except for dietary-
deprived groups such as the poor and aged, and emphasized any water~related
effects that may occur,

In contrast to food supplies' national or worldwide origin,
drinking water is essentially a local product, that is, it is normally
consumed a reasonable distance from its source. This is eminently true
where the consumption of untreated well waters is common practice, as in
rural areas.

The usual parameter considered when looking at the health ef-
fects of corrosive water is the potential hazard from the constituents
of the corrosive water that have been leached out of house pipes, the de-
livery system, etc., It must also be considered that some of the naturally
occurring minerals that are present in hard water could be responsible for
a beneficial effect on health. The list of essential minerals and trace
elements increases every year or so. For those elements which are neces-
sary, toxicity may occur with the lack as well as the excess. Then the
diet is a poor source, or when the trace metal in food is poorly available
when eaten, water becomes the primary source. Table 5-1 lists the per-
centage of each element that is calculated to be furnished by water.

Corrosive, soft water is poor in metal content, furnishing ex-
cesses only when it leaches them out of the environment. In addition,
certain water treatment processes, such as "lime-softening,” remove the
following ions from water:

Iron
Nickel
Tobalt
Cadmium
Lead
Zinc
Copper

&
Treated or finished water, as it is discharged fro treatment plants, thus

contains low levels of these elements. A potential health effect related
to water softening is the removal of zinc, an essential trace element that
modern diets often lack in sufficient quantity.
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Absorption of all trace metals is regilatel at the intestinal
mucosa of the small intestine. Excretion is also predominantly through
the gut, chromium being a conspicuous exceptione Schelling et als (1973)
have studied the availability of zinc from the diet, and have shown that
ingestion of zinc with a meal retards its absorption by humanse Unlike the
trace elements found in water, the metals in grain products, for example, are
strongly complexed as a result of the high phytate and fiber concentrations
(0'Dell et aley, 19723 Reinhold, 1972)s Trace metal deficiencies may occur
despite high intakes in the foodstuffs making up the diet (Reinhold, 1975).
Such poor availability From the diet makes the highly available elements
present in drinking water much more important to health.

Other elements used by the body which are usually deficient in
corrosive water are listed in Table 5-2., Table 5-3, following, shows the
wide range of solutes measured in drinking water. Corrosive water, min-
eral deficient at the source, is responsible for some of the very high
values in Table 5-3, which includes tap samples.

The pathways to pathology lie in many interrelated cycles,
all with cellular and enzymatic control or feedback mechanismse Many of the
trace elements present in drinking water are vital coenzymes in normal (and
pathological) pathwayse Those elements of the same valence often substitute
for one another when there is a large imbalance in intakee The effects of
such interaction on the complex cycles regulating cardiovascular health are
probably negligible on an acute basise There is no experimental information
available on potential effects of chronic trace element imbalancee

The cause-effect relationship between specific trace elements and
cardiovascular pathology has not been established. There are solid bases
for hypotheses, but these are still being tested, in the long-term collec-
tion of epidemiological data. Without this foundation, testable hypotheses
cannot be formulated regarding health effects of specific elements leached
from the environment by corrosive water. This question, however, may be
asked: are there likely physiologic pathways to cardiovascular pathology
through which solutes found in aggressive drinking water could act? The
answer is a qualified "yes."

5.3.2 The corrosive water-cardiovascular disease association:

Certain trace elements present in drinking water (or food) have been corre-
lated with the presence of cardiovascular disease for over two decades. The
correlation of trace element concentration in diseased tissue with a disease
process does not, however, establish a cause-effect relationship unless sup-

&« ‘ ported by additional data. For example, the loss of nickel from the myocar=-
dium after acute infarction, and its increase in the plasma is well recog-
nized as a consequence of infarction, not necessarily a cause,
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TABLE 5=2

MINERALS/CONSTITUENTS PRESENT IN NORMAL WATER,
LACKING IN CORROSIVE WATERZ/

Ammonia-nitrogen Chromium
Barium Cobalt
Beryllium Magnesiumh/
Bicarbonate ion Nitrate
Boron Potassium
Cadmium Phosphorus
Calciumb/ Silver
Carbonate ion Sodium
Chloride Sulfate
Vanedium

a/ Significant at the 99.5 level of confidence, p < 0.005.

b/ Bulk ions notably lacking in corrosive waters. From
8th Ann. Report, Council on Environmental Quality
(1977).

TABLE 5«3

OTHER TRACE ELEMENTS IN DRINKING WATER WITH POSSIBLE HEALTH EFFECTS

Range Average

Element (uelt) (ugl2)
Barium 2-340 43
Beryllium 0.01-1,22 0.19
Cadmium 1-120 9.5
Chromium 1-112 9.7
Cobalt 1-48 17
Copper 20-860 40
Lead 2-140 23
Manganese 0.3-3,230 59
Mercury 0-2 None
Molybdenum 2-1,500 68
Nickel 1-130 19
Silver 0.1-38 2.6
Vanadium 2-300 40
Zinc - 2-1,183 64
Note: Adapted from NAS, 1977.
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Yowever, some associations of cardiovascular disease with trace
element metabolism have been suggested in the medical literatures In addi=-
tion, some of the bulk ions are closely related to the healthy function
of the cardiovascular system by affecting fluid balance, electrical transe
mission, membrane phenomena, and energy metabolism in generale Long=term
exposure of experimental animals to increased cadmium results in hyperten=
sione This is a solid basis for the hypothesis that excessive cadmium in=
take may be one causative factor for hypertension in mane It follows that
corrosive waters, which leach these trace elements from their environment,
would contribute directly to producing such pathologiese

In many, an early effect of cardiovascular disease is narrowing of
resistance vessels, either by deposits or by contraction of the blood vessel
musculatures The initial arteriolar narrowing, if continued chronically,
becomes permanent by several mechanisms (intimal thickening, muscular coat
hypertrophy, arteriolar necrosis, hyaline degeneration)s The chronic effects
of these cardiovascular effects occur bodywide: kidney, heart, brain, retinae
Coronary and cerebral artery atherosclerosis, myocardial infarction, 'malignant"
hypertension and cerebral thrombosis/hemorrhage are common sequelaee

The Council on Envirommental Quality (CEQ), in their 1977 report,
used Envirommental Protection Agency (EPA) monitoring data (146 counties
which use surface water) to study heart disease relationships to bacteria
and 16 chemicals in the water before treatmente Numbers of white males and
females who died of cardiovascular diseases in 1968 to 1972 were correlated
with the hardness of the drinking water supply in the county where they died.
Negative correlation coefficients indicate that as the hardness of the wae
ter increased, deaths decreasede Negative signs were found for both males
and females for the following: acute and chronic ischemic heart disease, and
cerebrovascular diseases 1In addition negative correlations between water
hardness and disease were seen for white males with aortic aneurysm and
Yother arterial' diseasee Table 5-4 lists the major studies linking corrosive
water to cardiovascular disease, and the statistical significance of their
findingse

Rheumatic heart disease and congenital heart/circulatory system
disease (neither of which would be expected to have envirommental involve=
ment) were not significantly correlated with water hardness in either sexe

Although the link between softness of water and the statistical

probability of increased risk of cardiovascular death has been seen repeatedly,
a medical rationale for cardiovascular pathology based on water softness is
difficult to makes Most of the more recent research has emphasized the sole
utes==trace elements and bulk ionsew~present in mineralized or hard water that
might have a beneficial effect on cardiovascular healthe A few studies have

. attempted correlations between the high levels of minerals present at the
tap (not at the source) in corrosive watere These elements, to £it mortality
data, would be deleterious to cardiovascular healthe One of the better
analyses was presented by Schroeder and Kraemer (1974), who found that
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TABLE 5-4

H

EPIDEMIOLOGY STUDIES DEMONSTRATING HIGHER DEATH RATE

IN AREAS WITH CORROSIVE, "SOFT'" FINISHED

Geographical Unit
Studied

USA by state

USA, cities

USA by state

USA, cities

USA, "economic areas"
UK, County boroughs
UK, County boroughs
Sweden, towns

Ireland, urban areas
Canada, provinces
Canada, municipalities
USA, Okalhoma counties
USA, Colorado counties
Japan

[ R R

PUBLIC DRINKING WATER

Arteriosclerotic Heart Disease

(Positive Correlation with
Corrosive Drinking Water

Positive; p = 0.01
Positive; p = 0.01
Positive; p < 0.01
Positive; p < 0.01
Positive; p = 0.01
Positive; p = 0.01
Positive; p < 0.01

Positive but p > 0.05
Positive but p > 0.05
Positive; p = 0.05 (CVA only)
Positive; p = 0.05 (CVA only)
No correlation

Positive but p > 0.5
Positive
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Author, Year of
Publication

Schroeder, 1960
Schroeder, 1960
Schroeder, 1966
Schroeder, 1966
Sauer, 1970
Morris, 1961
Crawford, 1968
Biorck, 1965
Mulcahy, 1966
Neri et alae, 1972
Neri, et ale, 1972
Lindeman, 1964
Morton, 1971
Kobayashi, 1957 (Anal.
by Schroeder, 1961)
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corrosiveness of water (LSI) was directly correlated with deaths from heart
disease at high levels of significance. They calculated three parameters
on which they based the importance of the solute in water:

le Does solute occurrence correlate with death rates from cardio=
vascular disease?

2e¢ 1Is the solute readily absorbable from water?
3¢ Is the solute in quantities sufficient to produce an effect?

Schroeder and Kraemer (1974) suggested that an increment to the diet of 5% or
less of any element from water '‘would probably not make the difference between
health and diseases'' In addition, the authors eliminated specific conductance,
dissolved solids, alkali metals and the anions found in water as unlikely pa-
rameters to be involved in cardiovascular disease. The six elements that
Schroeder and Kraemer thought might be involved in the protective effects of
hard water are:

Barium Calcium
Strontium Magnesium
Silicon Boron

Table 5«5 lists several other elements which have levels (measured
in drinking water) which can be correlated with the presence of cardiovascular
disease in different geographical arease

5e3¢3 Noncardiovascular health effects of corrosive water: Cardioe-

vascular disease is the general health umbrella under which most epidemiologiw
cal correlations of pathology and drinking water are madee The earliest dige
covery of the relation between mortality and drinking water was that of
Kobayashi, who observed that areas in Japan with high stroke mortality had
very corrosive (soft, acid) river water (Kobayashi, 1957)s When Schroeder
and Kraemer (1974) demonstrated a soft waterwarterioscherotic disease correla=-
tion in the United States, they also attempted to correlate water corrosiveness
with other pathologiese Constituents of drinking water were much less sig=
nificantly correlated with other diseases or with congenital malformationse
In England and Wales, the changes in cardiovascular death rates seen with
changes in water hardness (increases in deaths with softer water) were not
seen for noncardiovascular death rates (Crawford et ale, 1971)s It appears,
therefore, that the most robust epidemiological link between disease and

. corrosive water ig that of cardiovascular disease. Nevertheless, a recent
report implicates a cancer linke
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Cornhill and Burton (1978) have made a -tatistical survey of the
99 largest U.S. cities, and find that cities with soft water (low number of
dissolved solids) have a significantly higher cancer rate. The specific
ions found in cities with hard water that correlated with the protective
effect included calcium and magnesium (both also positively correlating
with the '"protective" effect in cardiovascular disease) and also sodium and
chloride. Details of the methods, epidemiological detail, and analysis were
not presented in this cited report.

The epidemiological evidence indicates that the presence of some
other bulk solutes normally found in hard water (which could incidentally
be removed by water treatment) are linked with cancer protection. Dallaire
(1977) suggested that more accurate record keeping is needed (epidemiologi-
cal studies) along with development of more reliable analytical methods to
monitor chemicals in water.

Two reports (Comstock, 1971; Bierenbaum, 1973) have considered the
possibility that the cardiovascular risk associated with drinking corrosive/
soft water may relate to a difference in smoking patterns, In a British
study, middle aged men drinking soft water at home were more likely to smoke
cigarettes. Bierenbaum's single report does not find such a correlation in
the U.S. cities he studied, but since smoking has high correlation to cardio-
vascular disease risk, the suggestion is worthy of further consideration.

It is interesting to speculate whether dissolved minerals in drinking water
could affect "taste'" of cigarettes, lessening their use in mineral-rich
water areas., As an example, taste abnormalities which occur in some disease
states have implicated clinical zinc deficiency (Davies et al., 1968; Henkin
1971).

5.3.4 '"Beneficial' elements in mineral-rich, hard water: A few
of the more commonly studied trace elements and bulk ions are discussed in-
dividually in the following section. Emphasis lies on the rationale for
their effect on health when they are present in drinking water., These ele-
ments are commonly lacking from corrosive water in that they do not occur in
nature in soft water and are not leached from the environment. The follow-
ing elements are discussed:

Calcium Magnesium

Chromium Manganese

Lithium Vanadium
90
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5.3.4,1 Calcium: 1In general, the lit.rature is strangely
lacking on hypotheses and rationales for any beneficial effects of calcium
in hard drinking water, which would be lacking in corrosive water supplies.

The calcium in drinking water (even the highest levels known)
would be of minor input compared to the calcium intake from a normal diet, if
both were of equal absorptive properties. It is always possible, of course,
that waterborne calcium is more absorbable than dietary calcium,

One major pathway by which calcium in water could affect
cardiovascular health is through its action on zinc binding. Zinc has wide~
spread effects on other trace metals and in animal experiments has been shown
to affect cholesterol levels and elastin and collagen in arterial walls
(Jacob et al., 1977; Allen and Klevay, 1978)., Calcium facilitates the for-
mation of insoluble zinc complexes, greatly reducing zinc absorption.

High levels of calcium intake may be protective to cardio-
bascular disease by another route. Albanese et al. (1973) have shown that
supplementation of human diets with calcium decreases the serum concentra-
tion of cholesterol.

Neri et al. (1975) have cited studies by which calcium is
said to block absorption of both cadmium and lead, two elements which have
been frequently correlated with the soft water-toxicity data. Conversely,
of course, cadmium has been shown to inhibit the absorption of calcium, and
the body is forced to mobilize calcium from bone. This mobilization also
releases zinc and another cycle of trace metal interactions occurs (Hurley
and Tao, 1972).

5.3.4.2 Chromiums: According to the NAS Water Study, chromium
is one of the more likely elements in water to be protective from cardiovascu-
lar disease. A study by Hambridge (1971) was cited to indicate that athero-
sclerosis can be induced in animals by chromium~deficient diets. Rats studies
by other authors (Schroeder and Balassa, 1965; Schroeder, 1966) found that
low chromium diet increased the incidence of aortic plaques. Adding chromium
to the diet also lowered serum cholesterol levels in male rats.

Chromium occurs in several valence forms, with the trivalent
and hexavalent forms most common in biological systems. Although hexavalent
chromium is considered toxic, trivalent chromium is usally considered to be
innocuous and even a trace element essential for human health. Absorbable
chromium is poorly available from food sources, and trivalent chromium
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absorption is inhibited by ingestion with foodstuffse Drinking water is

said to supply an appreciable amount of absorbable chromium (Schroeder

et aley, 1962)s Geographical differences in possible signs of chromium de=
ficiency have been attributed to different levels in drinking water (Hopkins
et aley 1965), although Mertz (1967) suggests that the interchange and come
petition between related metals makes actual chromium deficiency hard if

not impossible to define, especially in human populationse According to

NAS (1977), low levels of chromium have been shown to occur in populations
that exhibit increased serum glucose, increased cholesterol levels, and which
have greater incidence of aortic plaquese

One of the transition elements with known biological function,
trivalent chromium tends to hydrolyze in aqueous solution and to form poly=
nuclear complexese This process can lead, in a biological situation, to the
formation of macrecmoleculese Alkaline media (such as those found in hard
water areas) promote these polynuclear chain formationse Mertz (1967) sug=-
gests that small changes in the degree of this complexation are quite im=
portant for biological activitye In the hexavalent state, chromium has
acidic properties, does not form coordination compounds, but (unlike the
trivalent form) it penetrates the erythrocyte membrane easily and becomes
firmly bound to hemoglobine

5e3e4e3 Lithium: Voors (1969) reviewed the beneficial effects
of the trace element lithium upon five factors in cardiovascular disease,
and suggested that the correlation between cardiovascular disease and soft
water could be partly explained by soft water's low lithium content. Using
a graphic presentation, Voors correlated the arterioscherotic heart disease
mortality for white males in 100 U.S. cities with lithium content and water
hardness. There is a good correlation, but the relationship needs to be
more firmly established. Voors (1969) suggests several potential mechanisms
by which lithium could be acting against the known risk factors of arterio=
sclerosis or other cardiovascular diseases One of the more interesting
hypotheses was that of reducing the '"'stress factor' in so=-called "'type-A
behavior," the competitive, always=pressed=for-time behavior that is fre=
quently associated with coronary heart diseases

Lithium is therapeutically useful for manic patients, and
has been shown effective in antie~agressive behavior in Siamese fighting fish
and other animal studiese

The mechanisms of lithium action appear to lie in its function .
on the nerve cell transmitters, the catecholaminess The transmitter involved
in sympathetic, or stress-related, activity, norepinephrine, is profoundly
affected by lithium in animal experiments, both in blocking release of this
transmitter in the brain, and in facilitating re-uptake once the transmitter
is releaseds Lithium affects the transmitter serotonin (5~HT) in experi=
mental animals by activity on an enzyme, tryptophan hydroxylase (Mandell
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and Knapp, 1977). There is additionally a great deal of indirect evidence
that for a variety of animals lithium may play a role as a co-factor in some
neural biochemical processese

There is an indication (Schou, 1957) that lithium is not
stored well in the body (4 mg/day in the diet and 3 mg/kg found in tissue).
Voors (1969) in addition suggests that drinking water may be the chief
source of lithium, and that the lithium levels of such water may be deficient
locally. The trace element is not at this time considered essential, but
of the 14 trace elements now considered necessary for man, five have been
added in the last 7 years (Coulston and Mrak, 1977)e. There is a rationale
for a role of lithium in human nutritione Intentional intake has been shown
to be beneficial to at least some humanse Lithium levels tend to be lower
in soft water, correlating with occurrence of cardiovascular diseasees The
trace element must certainly be considered as a possible candidate for con~
tributing to this epidemiologic findinge

Se3e4e4 Mapgnesium: Magnesium is an essential element for man,
and the minimum intake should be over 200 mg/daye Although magnesium is
present in many nuts, legumes, and meats, the water supply, according to the
NAS "should not be overlooked as a significant source of magnesium (NAS,
1977)e Corrosive, low pH, soft water, however, is a very poor source of this
minerale

Magnesium is one of the best examples of an element that is
present in mineral-rich, hard water, low in corrosive acid waters, and which
may have health effects by its absence.

Magnesium deficiency may result from excess sweating, par-
ticularly if the water supply is low in magnesiume Consolazio et al.
(1963) exposed men to high temperature for several days and recovered 10 to
15% of the total body output of magnesium in Sweat. Absorption of magnesium
takes place in man in the small intestine, and persons with intestinal mal-
absorption would also be vulnerable to deficiency of the minerals Magnesium
is conserved by the body which resorbs it from the renal tubules during
kidney clearances Persons with early renal disease often have defective re-
sorptive mechanisms and lose much magnesiume In addition, depletion of mag=-
nesium is likely to occur as a result of diuretic therapy; Wacker (1961) and
others have documented increased urinary losses of magnesium with thiazide
and mercurial diuretics.

Alcoholics, both those with high blood alcohol and those in
the withdrawal state, have been found to have low levels of magnesium
(Mendelson et ale, 1969)e It is suggested that this is due not only to ine
adequate intake, but to increased excretion of magnesium in urine and fecese.
Excessive fecal logs of magnesium may also occur in nonalcoholic subjects
following large amounts of oral calcium supplementation'because of competi=
tion for a common transport system in the intestinee An infant, after pro=
longed diarrhea, suffered convulsions associated with a low plasma magnesium
(Savage and McAdam, 1967).
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Magnesium function in man: Magnesium is the most abundant

- intracellular divalent cation in both plants and animals. It has been
recognized for 30 years as an activator for important enzyme systems, ine-
cluding those using adenosine triphosphate (ATP). Since ATP is required

in the energy processes of nerve inpulse generation, muscle contraction,
protein, fat, and nucleic acid synthesis and virtually all important bio~
chemical processes, the function of magnesium is very basic to the health

of the organisme Wacker et ale (1962) report that clinical magnesium defi-
ciency may be characterized by a variety of signs including muscular tremor,
mild neurologic signs, a low-voltage T-wave in the electrocardiogram, and
tetanye Durlach (1967) has proposed blood=related manifestations of clinical
magnesium deficiency, including phlebothromobosis, and Caddell (1967) re-
ported a positive response to magnesium supplementation in Nigerian children
with symptoms of neuromuscular irritability, and electrocardiographic changes
(short PR interval and flattened-to-inverted lateral precordial T-waves)e.

Neri et ale. (1975) reports that magnesium has the greatest
difference between subject dying from myocardial infarct and accident cases,
a difference that is present in both soft- and hard-water areas. The hearts
of healthy residents in hard-water areas also contain more magnesium than
those in soft-water arease On this basis, Neri concluded that low magnesium
levels are responsible for the cardiovascular disease-corrosive drinking
water associationse

5e¢3e4e5 Manganese: This essential trace element is present
in over half the tested water supplies in the United States in concentrations
ranging from under 1 to 3,250 ug/liter. The average daily consumption of
manganese by man is 3,000 to 7,000 ug (NAS, 1977), mostly in nuts, tea, and
spicess Hard water, therefore, could supply a significant proportion of the
daily intakes

The divalent manganese is a coenzyme in many mitochondrial
reactions, specifically steps in carbohydrate breakdowne. Succinic dehy=
drogenase has an absolute requirement for manganese. Deficiency of the ele-
ment has been documented in many mammals but human hazards of low manganese
have not been studied. Manganese is widely distributed in the body after
oral ingestion of the two oxidation states that normally occur in water
(Mn.*"2 and Mn' ' ); the divalent is absorbed faster. Metabolism of the elee-
ment is regulated by the adrenalse.

Manganese is not accumulated in the body; the NAS reports
that livers of humans of all ages contain 6 to 8 ppm manganesee. Organic
manganese is excreted by both urine and feces.

9

Oral manganese is very low in toxieity; rats can tolerate
2,000 ppm in food and doses under 4,800 ppm had no ill effects on chickens
(Matrone, 1977). A human czse of well-water contamination with very high
levels of manganese produced an encephalitis~like disease with high muscle
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tone, rigidity and tremorse The general effect was somewhat like the
extrapyramidal disease of Parkinsonism.

Manganese interacts with several elements of vital importance
to the health of the blood vessels and the cardiovascular system in general.

Manganese is essential for the health of the pancreatic islet
tissue, so the element is vital to glucose metabolisme A diabetes~mellituse
like syndrome can be produced in guinea pigs with manganese deficiency
(Everson et ale, 1959)es Impaired glucose tolerance is usually accompanied
by hypertriglyceridemia and hypercholesterolemiae It is possible to formu=
late a rationale, then, for the effect of manganese on the cardiovascular
system through lipid metabolism which is a well known risk factor to mane

S5e3¢4e6 Vanadium: This element is one of several with posi-
tive correlations when metal concentrations in water and cardiovascular health
are compareds

Vanadium, in its lower valence forms, is poorly absorbed.
As far as is known, the trace element is nonessential to mane It is ex=
creted by several species of experimental animal and man in the urine, and
it is not stored or accumulated in the body.

Most water does not have detectable amounts of vanadium; 3.4%
of the samples of Kopp and Kroner (1967) contained the element, in concentra=-
tions ranging from 2 to 300 pg/litere

Vanadium can probably be eliminated from consideration as an
element responsible for the cardiovascular disease~corrosive water link be-
cause of its low percent occurrence in water supplies, its low toxicity and
apparently nonessential nature in human metabolisme

5¢3e5 Deleterious effects of certain elements in drinking water:
The 1977 NAS review on drinking water and health selected a few elements that
are more suspect than others in contributing to the deleterious health ef-
fects geographically correlated with corrosive water. The elements, cadmium,
copper, lead, and zinc are all correlated in different ways with cardiovascu-
lar health patternse These are discussed individuallye Beryllium, correlated
with cardiovascular effects by other studies, is also addede

Se3e5e1 Beryllium: Beryllium is a trace element with toxic
potential found in excess only in highly acid waters. About 30 years ago,
workers exposed to beryllium powder in fluorescent light manufacture developed
berylliosis, with symptoms of chemically induced pneumonitise In water,
however, beryllium is rapidly adsorbed to surfaces, especially at neutral
or higher pHe It is highly unlikely, therefore, that waterborne beryllium
would be a source of any adverse effects on humans, even from areas with
acid tap waters
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5e3¢5e2 GCadmium: The EPA Interim Primary Drinking Water
Standard for cadmium was set at 10 ug/day (1975 data) and this amount is known
to be found when aggressive tap water is exposed to galvanized pipes (Schroeder
et al., 1966).

Cadmium has been shown to depress electrical events of the
heart, characterized by slowed conduction through the AV node and seen on
the electrocardiogram as a prolonged PR interval and extended QS intervale
Kopp et ale (1978) gave long=-term low level (5 ppm) dietary cadmium to rats
to look at specific effectse They found that long-term low level exposure
to cadmium did indeed produce cardiac effects, either by obstructing cone
duction or altering cell excitability.

Hill et ale. (1963) studied the interactions of trace metals
in the arterial wall, and noted that increased intakes of cadmium in experi-
mental animals cause histologic abnormalities that resemble those of copper
deficiencyes Cadmium appears to interfere with the copper mediated crosslink-
ing of elastin (Hill et ale, 1967) and collagen (Chou et ale, 1969) in the

aortae

Cadmium, zinc, and copper also interact in the liver, kidney,
and intestinee The health effects are potentially those of the inhibition
of calcium absorption and possibly cholesterol metabolism, but the mechanisms
are poorly defined (Larsson and Piscator, 1971)e

A low intake of cadmium (5 ppm) will induce sodium retention
in rats, which increases blood pressure, when dosed over a long period of
time (Schroeder and Vinton, 1962; Perry and Erlanger, 1974).

5¢3e5¢3 Copper: Copper, an essential element to man, is a com=
ponent of several vital enzymes and its intake is essentiale The normal in-
take is about 2.5 mg, but only a third of that is actually absorbed and part
of that third is excretede NAS (1977) estimated a net of 0413 mg would be
absorbed with a 25 mg intake in man. :

There is no shortage of copper intake in the USA. It is
probably the excess that has the greater potential of effect on human healthe
Gopper is a gastrointestinal tract irritant and can be highly toxice (Sheep
are especially sensitive to copper toxicity and are thus poor models for hu=
man copper effectss) A human infant died from drinking water that contained
675 mg/liter copper for 14 months (Walker et ale, 1973) and a 1.0 g quantity
of copper sulfate was used successfully for a suicide (Chuttani et als, 1965).
The NAS review (1977) reports several cases of human toxicity resulting from
drinking beverages kept in copper with copper doses ranging about 40 to 50
mge -
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A few humans, particularly those with low glucose~6«phosphate
dehydrogenase enzyme levels, show toxic effects with quite small levels of
copper intakee There is also a metabolic disorder of copper metabolism,
Wilson's disease, which leads to brain and liver damage and death in a few
years from excess body coppere There is some concern that a substantially
large intake of copper can convert the borderline or inactive disease to an
active forme Contact of soft, low pH (corrosive) water with copper piping
could raise the intake of copper by as much as 1,400 ug/day, whereas drinke
ing hard water could reduce the intake (Schroeder et ale, 1966)e This is
because copper salts (the sulfates and chlorides) are highly soluble in low
pH water, but in mineral rich, noncorrosive water, there is COp present and
copper is often precipitated as carbonates Actual samples of the water from
Seattle, for example, known to be highly corrosive, increased in copper con=-
tent after standing overnight in house pipes by as much as 14978 mg/liter
(Dangel, 1975).

5e3e5¢4 Lead: In animal models, lead toxicity is much greater
in corrosive water than in hard water. In a 96-hr LD5y study in two species
of fish, for example, 5.6 and 23.8 ppm lead were lethal in corrosive water:
the same fish took the same time to die in hard water only when lead concen=
tration was increased to 482 and 442 ppm (Pickering and Henderson, 1965).

Humans are said to be in soft tissue lead balance, excreting
as much as they take in (Kehoe, 1961)s Neri's study of the heart tissue of
myocardial infarct victims in soft and hard water areas, however, showed a
definite difference: O.l ppm lead in heart muscle where hard water was used
but Oe¢l8 ppm lead in the heart muscle of victims who used soft water (Neri
et ale, 1975). Gross et ale (1975) also reported that bone lead increases
with agee

NAS (1977) averaged out a great deal of lead analysis data and
concluded that the average drinking water lead concentration was 13 pg/liter,
or, about one=tenth that amount furnished by a normal diete In areas with
corrosive water, however, the addition of large amounts of lead may occur
in household plumbing and in the water distribution systeme Karalekas et ale
(1975) found as much as 1,510 pg/liter in Boston drinking water (average
30 pg/liter) and Dangel (1975) measured an increase of 34 pg/liter lead in
the corrosive Seattle water which remained in household pipes overnighte

No benefits to man of lead intake are knowne The potential
and real health effects of chronic high lead intake in drinking water are not
knowne What is known has been recently reviewed (NAS, 1977; Zielhuis, 1975).
Very young children, it appears, are under greater risk of toxicity due to
lead, and people with marginal zinc intakes may also be at risk of health
effects due to the high lead levels seen in corrosive drinking water which
remains in contact with solder or lead pipese
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5e3e5¢5 Z2inc: The required mii..al zinc is actually toxic to
aquatic life when dissolved in corrosive (soft) water. Cairms and Scheier
(1968) studied the lethal dose to bluegill fish (Lepomis macrochirus) and
found that as little as 1+9 mg/liter killed the fish in soft water whereas
1245 mg/liter was required for the same effect in mineral-rich (hard) watere
Long standing of corrosive water in galvanized pipes has raised the zinc
concentration to 40 mg/liter which level is toxic to fishe

In human health, there is no evidence that zinc contributes
to human toxicity by an excess in water, but rather the problem lies in
marginal or deficient zinc intakee Nutritional surveys have not shown diets
to be grossly zinc deficient in the United States, although it is hypothesized
that large segments of the population have a marginally zincedeficient diet
(NAS, 1977) especially since persons with sickle cell disease have an in=-
creased loss of zinc in their urines

The zinc requirements of man, 10 to 15 mg/day, could be fur-
nished at least two-thirds by hard drinking watere. As mentioned in other
discussions of trace elements, it is found that food sources, high in a metal
by analysis, are in fact poor sources of the element in the body because of
interaction with other food constituentse Zinc chloride and zinc sulfate are
very soluble in wateres In hard water with considerable bicarbonates and other
anions, the solubility of zinc is a function of the zinc carbonate and zinc
hydroxide, soluble in water (25°C) at 10.7 and 0.2 mg/liter, respectivelys.

Zinc interacts with other trace elements and Sandstead (1976)
and others (NAS, 1977) have suggested that the zinc:icopper or zinc:cadmium
ratio of metal intake are quite important to healthe If a ratio (rather
than total quantities) is the important factor in zinc metabolism or utiliza=
tion, the excess zin¢ leached into corrosive water from galvanized pipes is
of no benefit, even to zinc=deficient populationse Only the naturally
mineral=rich or hard waters would contain dissolved elements in a usable
ratioe This important theory, as yet unstudied and untested, could be of
vital importance to the input of drinking water on human healthe

5e3+6 Presence and potential health effects of asbestos in

drinking water

S5e3e¢6s1 Background: Excessive or prolonged inhalation of
asbestos dust is known to cause pulmonary fibrosis (asbestosis), lung cancer
(almost exclusively in the case of cigarette smokers), and pleural and peri-
toneal mesotheliomas An increased incidence of gastrointestinal (GI) cancers
also has been reported in some occupational groups, and there is suggestive
evidence of an excess of larygeal cancerse. Reported increases of the latter
cancers are small in comparison to increases in incidence of pulmonary car-
cinoma and mesotheliomae
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Inhalation exposures to asbestos necessarily constitute in-
gestion exposures since the bulk (90% or more) of the fibers which enter the
tracheobronchial tree ultimately are moved upward by mucociliary action, and
then swallowed or expectoratede The cilia that perform this function are
greatly reduced in number and activity in the heavy cigarette smokere The
heavy smoker will therefore expectorate and swallow fewer fibers.

Selikoff and his co-workers (1972, 1974) have done several epi=-
demiology studies on the health effects of asbestos in insulation and factory
workerse Overall, Selikoff found the incidence of GI cancer in asbestos worke~
ers to be two to three times the level in the general populatione. This effect
is more evident after 20 years or more from first exposure. One group for ex-
ample (Selikoff et ale., 1972) was composed of 623 persons who worked with ase
bestos in 1943, This study measured their.death rate through 1971. Cancer of
the digestive system caused 4l deaths where 13 were expecteds A second study
looked at 877 workers who were employed in an asbestos plant between 1941 and
1945, Twenty~six deaths had occurred by 1971 due to cancer of the GI tract
where 13 were expectede. A third study examined the cause of death in 17,800
asbestos insulation workers in the United States and Canada between 1967 and
1971. Fifty-five deaths were attributed to GI cancer where 27 were expected.

A number of occupational cohorts have not shown an excess of
deaths attributable to gastrointestinal cancer, notably those reported by
Meurman et ale, (1974) and Newhouse et ale. (1972), However, when examined
in aggregate, the data justifies the presumption that in occupational exposures
a relationship between inhaled (physiologically ingested) asbestos and GI can-
cer does exist, and that it is probably dose-related, that is, the largest ex-
cess occurs in the most heavily exposed.

Se3e642 Qccurrence in drinking water: The presence of asbes-
tos bearing rock formations throughout the UeSe accounts for its presence in
both source and treated waterse. Millette (1979) has reported that of 3635
cities or water supplies analyzed for asbestos, 45% were reported to have sig-
nificant concentrations in theme No data are available to assess whether the
presence of naturally-occurring asbestos in water is in any way related to
the occurrence of naturally aggressive or soft waterse

Asbestos~cement (A/C) pipe is used widely throughout the UeSe
for the conveyance of potable watere. It has been established that corrosive
(low pH and/or low hardness) waters may attack the cementitious matrix of AlC
pipe, and release asbestos to the water conveyed through it. The leaching
action is not a classic one, as in the case of lead leached from customer ser=-
vice pipinge The potential toxicant itself (asbestos) is not leached, but is
mechanically released when its binder dissolvess

2

A mathematical index to estimate the corrosion potential of

various waters to A/C pipe has been developed, and is discussed in detail on
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Pages 8~9. When aggressive (i.e., corrosive) water passes through A/C pipe,
the pH and calcium content of the water increases, and concomitantly, the
AT,

The UeSe Envirommental Protection Agency (EPA) has conducted
several laboratory and field experiments to determine whether A/C pipe would
be attacked (and asbestos fibers released) under various conditions of water
qualitye While much of the work is still in progress, the preliminary re-
sults suggest that "highly aggressive' waters (AL < 10.0, LSI < =2) and cer=
tain '"moderately aggressive" waters will attack A/C pipe.

In areas of aggressive water, the asbestos exposures may range
from 1 million to over 100 million fibers per liter depending on length of
pipe and flow rates Millette et ale (1979), did not analyze the health ef~
fects, but did note that the large majority of Ue.S. water consumers are not
exposed to concentration of asbestos fibers above 1l million fibers per liter.

Another recent review by Commins (1979) on asbestos in drinking
water reviewed the envirommental exposures to asbestos and found a wide range
of asbestos in water supply, from less than O.l million to 2,190 million fi-
bers per liter of watere Typical tap water in Canada and the United States
contained between 03 million and about 3 million fibers per liter. Measure=~
ments within the United Kingdom also gave results within that rangee The re-
port concluded that A/C pipes in general do not appear to contribute much to
the level of asbestos in water.

5e3e6e3 Potential health effects: The most important environ=~
mental health question concerns whether or not chronic exposure to ingested as-
bestos could cause cancer of the GI tracte. Can ingested asbestos fibers pene-
trate the GI tract and migrate?

The issue of fiber penetration of the mucosa has been a very
controversial ones The research of Westlake et al. (1965, 1974), Hallenbeck
and Hesse (1967) and Cunningham et al. (1977), suggested that penetration was
plausible, but never unequivocally confirmed the phenomenon. More recently,
Storeygard and Brown (1978) examined specimens of the jejunal mucosa injected
with amosite asbestos, and observed pemetration of the epithelial cells. A
review by Hallenbeck and Patel-Mandlik (1978) studied orally administered
chrysotile asbestos fibers and found that in the newborn the fibers left the
GI tract and were found in the kidney, liver, spleen, heart, and other organse.
Cook and Olson (1979) reported the appearance of asbestos-like fibers in the
urine of human subjects who ingested drinking water containing these fibers.
Cook concluded that the observations provide direct evidence for penetration
of the gastrointestinal mucosae A

<

Several studies have addressed whether or not ingested asbestos

adversely affects GI tract functions. Jacobs et ale (1977), fed rats asbestos
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for 10 months and reported an increase in the enzyme levels of the small
intestinal lininge.

While all these studies are of considerable theoretical in-
terest, the practical question is not whether fibers penetrate the mucosa
and are distributed in the body, but whether any harm results.

534644 Animal studiess A large number of feeding studies
employing a variety of test animals and asbestos fiber types, have been con=
ducted in an attempt to elucidate any ingested asbestos -~ GI cancer relation-
ships. Bonser and Clayson (1967), Smith et al. (1965, 1973), Webster (1974),
Gross (1974) and Bolton and Davis (1976) studied animals fed diets containing
between 0.27% and 6% asbestos without evidence of increased tumor production.

Two studies have reported finding malignant tumors when animals
were allowed to orally ingest asbestos (Gibel, et al., 1976; and Wagner, et
ale, 1977)e Gibel's work fed both talc and asbestos to rats and showed that
asbestos added to the diet caused GI tumors considerably more often than talc
in the diet. The dose fed to the rats was equivalent fo 25 mg asbestos ine
gested per kilo body weights For man, this would be nearly 2 g of asbestos
per persone Compared to some of the highest levels of asbestos known in tap
water, that would equal 173 x 109 fibers per liter, equivalent to about 0.2 mg
per liter. Even at such high level of fiber occurrence in water, man would
need to drink 107 liters of water to get that dose. An 80=-year-old who has
drunk 2 liters a day for his entire life has ingested less than 107 liters.

In tke other (Wagner) study, the doses were less but still
high; 100 mg of chrysotile asbestos for 5 days a week, for 6 monthse. It
is interesting that the chrysotile~fed rats on an average, lived 5 days
longer than animals given talc, although the tests did indicate that asbes=
tos can produce a small number of malignant tumors in animals. Asbestos,
however, did not appear to be highly carcinogenic in view of the high dose
level given to the rats in this experimente.

The National Institute of Environmental Health Sciences (NIEHS)
and EPA are attempting to assess the carcinogenic effects of ingested asbestos
in a lifetime study involving rats and hamsterse Chrysotile and amosite as=
bestos is being fed at a 0.1% level in a pelleted rodent diet. EPA recently
reported that the length of life of the exposed hamsters has not been reduced
from cancerous tumorse However, histopathology studies must be completed be-
fore any firm conclusions can be drawne.

5e3+6¢5 Epidemiology studies: No evidence of excess mortality
was found in the study of a population living in an area of naturally occurring
asbestos deposits in the United States (Fears, 1976). Levy et ale (1976)
studied the epidemiology of cancer death in Duluth, Minnesota, which at the
tap contains between 1 and 30 million amphibole asbestos fibers per liter.
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Levy et ale measured the GIL cancer incidence 14 years after the start of this
asbestos contamination and found no pattern which could be construed as an as=
sociation between asbestos in the water and tumor incidence.

Harrington et als (1978), have investigated the use of A/C
pipes for public water supply in Connecticut over the years 1935 to 1973 and
have looked at the cancer incidence data for GI cancer. Their study compared
towns with A/C pipe and towns without A/C pipe. This epidemiologic investiga-
tion, which is still continuing, was designed to determine whether or not can=-
cer incidence differs between groups receiving water through asbestos=cement
pipe as opposed to other pipe systemse. Subject age, amount of piping, and ag-
gressiveness of water were all controlleds There is to date no excess in can=-
cer of stomach, colon or any part of the GI tract for the period 1935 to 1973
in populations receiving water through asbestos~cement piping. There was no
trend which indicates any relationship between GI cancer and the use of A/C
pipes In fact, the 1965 to 1973 trend was toward lower observed-to-expected
ratios in towns with A/GC pipe.

A study of 22 Canadian municipalities with high concentrations
of naturally occurring asbestos in their water supplies failed to reveal any
excess gastrointestinal cancer which could be attributed to asbestos consumed
in drinking water (Wigle, 1977).

A retrospective epidemiology study (Kanarek, 1978) in the
San Francisco Bay Area, where drinking water has high levels of naturally
occurring asbestos, reported a statistically significant relationship between
ingested asbestos and the incidence of certain cancerss Census tracts were
grouped from low to high asbestos in water values, and then compared with
corresponding cancer statistics from the state tumor registrye The ratio of
"observed" to "expected'" cancer in white female digestive~related organs among
those exposed to low levels of asbestos compared to those exposed to high
levels was ls.4s Like the epidemiology studies of soft=-water cardiovascular
disease relationships, the experimental design can only suggest an associatiom,
not pinpoint causatione. Kanarek pointed out that data on important variables
such as cigarette smoking, alcohol consumption, dietary factors, occupational
history, and population mobility were not available for proper controlse.

Severson (1979), has studied the effects of asbestos in drink-
ing water on cancer incidence in the Puget Sound region. This study is par-
ticularly interesting because it covers the area of Seattle where aggressive
water is known to exist. Severson suggested that the study showed only rela-
tionships since it was an indirect studye. He concluded that the negative
findings seem to indicate that imbibed asbestos is not related to alimentary
tract cancere Like the Kanarek (1978) epidemiology study, this work also did
not control for smoking history, dietary factors, and alcohol consumption.
The conclusion also stated that if there were a strong dose-response relation-
ship between imbibed asbestos and cancer, one would not have expected to ob~
tain the results that he dide A major selfecriticism of the Severson report
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is that the asbestos was measured in the river water and not at the tap.

The amount of asbestos that might be dissolved from A/C pipes by the aggres~
sive Puget Sound Water is not reflected by measuring asbestos fibers in the
river water and comparing one river watershed to another.

S5e3e646 Summary: In summary, a thorough review of the literag=-
ture indicates that although inhaled asbestos has been recognized as a human
health hazard, there is no firm evidence that people who ingest asbestos from
drinking water are at risk from short- or long~term health effects. Disregard-
ing naturally occurring asbestos, the presence or levels of asbestos in the
drinking water are a function of the aggressiveness of the water conveyed
through asbestos~cement pipee

Conclusions on human effects of ingested asbestos will need to
wait for very long-term case control epidemiological studies, some of which
have begune. Better methodology in sampling water supplies for asbestos fibers,
and more animal tests will provide a better assessment of the health implica-
tions of ingested asbestos in drinking water.

Se&4 Animal Effects: Corrosive Waters

There have been large numbers of experimental animal studies on
health effects of the trace elements found in drinking watere. The effects
of bulk elements under the umbrella of water hardness has had little good
research reported.

Seliel Health effects, water hardness studies: Puschner et al.
(1969) watered two groups of 10 pigs from the normally mineral-rich Munich
water supply but removed the minerals from the water of one group by ion ex-
change (304 ppm down to 2 ppm)e No differences in arteriosclerosis or serum
cholesterol in the swine were reportede.

A higher degree of arteriosclerosis in corrosive water areas has
been reported in swine in two other studies, howevere Bijlenja et ale (1967)
reported observations on aortas of 1,637 swine raised in 12 locations in the
United States and Europee Atherosclerosis scores of pigs raised in corro-
sive water locations were more than twice those of animals from hard water
areass The Pig Industry Development Authority of Great Britain reported
about the same time that more pigs from soft water areas had evidence of
atherosclerosis in the abdominal aorta than those from the hard water region
(Howard et aley, 1967)a

Neal and Neal (1962) watered four groups of rabbits (eine per group)
with solutions of varying hardness: (a) distilled water, (2) naturally hard
water, (c) distilled water plus calcium carbonate, and (4) distilled water
plus magnesium sulfates Rabbits on distilled water were reported as develop-
ing the most atherosclerosis, and those given magnesium sulfate developed
none at alle These data, showing cardiovascular effects when distilled
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rather than corrosive or soft drinking water was used, weakens the hypothesis
that a toxicant occurs in corrosive water, and strengthens the hypothesis
that an element found in mineralerich or hard water produces some beneficial
health effecte

Hartung (1973) reviewed the toxicity of trace elements to aquatic
species when the medium was soft versus hard waters Although most of this
work was done using lethal, acute effects in static bioassays, some chronic
measurement has been donee (See Table 5-6.)

TABLE 5-6

TOXICITY OF TRACE ELEMENTS IN CORROSIVE VERSUS HARD WATER
LC50 (ACUTE BIOASSAY)

Dose Lethal to 50% of
Fishd//96 hr

Corrosive Water Hard Water
Element (ppm) (ppm) Author
Chromium 50077646 67 e4=71e9 Pickering and Henderson
(crtd) (1965)
Lead 5058~2348 442-482 Pickering and Henderson
(1965)
Zine 1e9=346 1011245 Cairns and Scheier (1968)

a/ Pe promelas (fathead minnow) and Le macrochirus (bluegill).

5eke2 Toxicity to animals from soft waters: Schroeder (1965) has
indicated that copper is more toxic in soft water than in hard water to crus-
tacea, molluscs, insects, and zooplankton. McKee and Wolf (1963) report that
zinc is four times as toxic to snails in soft as in hard water. Cadmium and
lead have recognized toxicity and are known to be leached from pipess Copper
correlates positively with cardiovascular disease and, in North America, was
found more often in aggressive (soft) water analyses than in hard waters
(This is also true for manganese and zinc, but it is unlikely that these es-
sential trace elements have harmful physiologic effects.) The low calcium
levels of aggressive waters increase the absorption of a number of trace met-
als by aquatic animalse. The toxicity of a number of these trace metals,
therefore, is increased in aggressive water (Schroeder, 1965; Hartung, 1973).
The data of two other authors on the toxicity of trace elements in corrosive
water are tabulated in Table 5-6.
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The 1974 National Academy of Sciences study reports calculations
demonstrating the increased toxicity to fish of ions dissolved in corrosive
as compared to hard water. The 40-hr IC5y was measured for rainbow trout,
and both copper and zinc were approximately four times more toxic in soft
water (CaCOy equivalent of 10 mg/liter) as in moderately hard water (Ca003
equivalent 100 mg/liter) (NAS, 1974).

5.4.3 Water pH as a factor in animal toxicity: Several studies
on fish and other aquatic organisms have been run. A representative study,
defining lower pH health effect limits in fish is described. Corrosive,
soft water’is low pH water.

Mount (1973) performed bioassays on the fathead minnow (Pimephales
promelas) for a l3-month, one generation time period to detemine chronic
pH effectse Tests were run at pH levels of &e5, 542, 549, 6¢6, and a con=
trol of 745« At the two lowest pH values (45 and 542) behavior was abnormal
and the fish were deformede At pH values less than 6.6, egg production and
egg hatchability were reduced when compared with the controle It was concluded
that a pH of 6.6 was marginal for vital life functionse

In man also, pH has been a factor in water toxicitye. Many in-
cidences of metal toxicity have been reported connected with the pH of the
water supply and the type of storage or distribution system utilizeds Smith
and Blomfield (1973) reported the case history of a l4=month old child in
Australia that exhibited evidence of Wilson's diseases Because of the sever~
ity of the case, the possibility of copper poisoning was investigatede The
family had moved to the famm in question when the mother was four months
pregnante An investigation of the drinking water, which came from a well and
passed through copper pipes in the house, indicated that the water pH of 4.4
gave a copper concentration of 675 pg/liter in the cold-water supplye The
child in question subsequently died, and elevated copper levels were found in
his livere Gallery et ale (1973) traced the history of a patient on home
dialysis who suffered acute nausea, vomiting, and fever which was found to
be caused by zinc concentration of 625 pg/liter contained in the home water
supplys The water had been stored in a galvanized tanke

Alkaline, mineralerich water keeps metal ions as metallic hydroxides
and carbonatese It is known that many of the more toxic metals possess a
chemical form in corrosive water that is highly absorbable, compared to their
form in hard watere This means that the pH difference alone could account
for the increased toxicity of some metals in corrosive watere

5.5 Health Effect%: Corrosive Water on Man

Many of the larger studies on the health effects of corrosive
water on man have been discussed earlier as the mechanisms of such health
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effects regarding the individual trace elements were discussed. The signi-
ficance and validity of all these studies are worthy of further considera=-
tion, however. For example, there is the very real problem, here and in
all epidemiological studies, of the identity of the controls.

5.5.1 Epidemiologic problems with correlations and cause-effect
hypotheses

5.5.1.1 Statistical considerations: The question asked of
the studies here is whether or not drinking corrosive water has an effect
on health. Most of the cited studies make correlations by using correla-
tion coefficients to measure associations rather than the coefficient

of regression of some disease parameter upon the water factor (corrosiveness)e.
A regression coefficient is influenced only by variation in the independent
variable (corrosiveness), whereas a correlation coefficient can be affected
by chance’ variation in cardiovascular disease incidencee Furthermore, the
commonly used correlation coefficient allows no assessment of the magnitude

of an effect, and good correlation is possible even if change in the indepen~
dent variable produces no dependent variable changee

5.5.1.2 Design considerations: The populations in a study
relating health to corrosive water are of great importance and have not
been given proper consideration in some studies.

When "disease risk" uses mortality data, and does not adjust
the rates of death, data are included on frequencies of death from unrelated
causes, and among a mixture of population subgroupse. Many papers reviewed
by MRI failed to adjust for even the simplest population subgroups:
age, sex, and races On some occasions the age ranges are very large, which
makes the assumption that no important variations in death rate due to age
occurse

The number of studies that take corrosiveness data from city
water supply information may be in error, especially if it was measured at
the treatment plant rather than the consumers' taps, Further, there appears
to be virtually no information on (or compensation for) "point of use" de~
vices, such as 'water softeners." It is unlikely in cities with corrosive
water that home 'water softeners are used, because this water is mineral-
deficient to begin with, Misclassification is more likely when people are
assumed to be drinking hard water, and in reality they use demineralized
water. One study, for example (Comstock, unpublished information) noted
that one-sixth of the population of Southern California drank bottled water
(usually mineral-rich). Schroeder and Kraemer (1974) report that soft
drinks, account for 360 ml of the daily intake whfch they estimate varies
from 1,000 to 2,000 ml.
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The improper use of, or lack of, experimental controls in
most studies published to date impairs the ability to draw a clear 'cause
and effect" relationship between corrosive water and health effects. What
is the proper control for a drinking water study? Some work has used min-
eral levels in the heart muscle of cardiovascular disease victims, as other
cases use the mineral levels in heart muscle of accident victims (from the
same geographical area) as the control. Mortality data without laboratory
measurements present infinitely more problems in the choice of a control or
baseline population.

5.5.1.3 Potential confounding factors in a corrosive water -
human disease correlation: Many demographic, socioeconomic, and cultural
characteristics vary with location. Since corrosiveness of water also varies
with location, it is possible that some studies are measuring the correlaw
tion of cardiovascular mortality not with water, but some other parameter.
In fact, this entire review operates on the assumption that the cause for
the corrosive water health effect is not knowns Since some good studies
have controlled for demographic characteristics, however, it is more prob=-
able that the health effect is related to water, and the unknown parameter
is a characteristic or constituent of waters

Nevertheless, despite these reservations on epidemiologic cor=
relations in general, impressive correlations can be made time and time
again between the protective effect of mineral-rich, hard water on humans
from mortality due to cardiovascular diseasee.

5.5.2 Corrosive water as related to human health problems in the
United States

Chronologically, the earliest studies linking death rates from
heart disease to a pattern of geographic locality were by Enterline and
Stewart (1956)e These authors, using death rates in the United States from
1949 to 1951, reported that place of residence might be a major risk factor
in death from cardiovascular diseases They did not link corrosive drinking
water to this high death rate, but did rule out migration patterns, availe
ability of medical care, and inaccurate death counts as potential causes
of the relationshipe Some characteristic of drinking water was an obvious

suspecte

Over the last few years, the work of Sauer and others have fre=-
quently confirmed that there are geographic cardiovascular disease patterns
(Sauer and Enterline, 1959; Enterline et ale, 1960; Sauer, 19623 Chase,
19633 Sauer et ale, 1966; Kuller et ale, 1969; and Sauer and Parke, 1974)

Kobayashi (1957) first published strong data linking corrosive
drinking water to a geographical patterns in death rates. Noting that all
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river water in Japan is soft, and some of it highly acidic, he presented an
excellent association between death rates from apoplexy in Japan and the
quality of the drinking water. Other authors reviewing his data found cor-
rosive water closely associated with high death rates from all cardiovascular=-
related diseases

Schroeder!s large studies on UeSe populations have confirmed a
link of drinking water quality and diseasee Because corrosiveness per se
is not a parameter that is widely available from published water quality
data, and since simple mineral content or softness is widely available,
Schroeder's correlations have featured water softness and cardiovascular
diseasee Schroeder (1960a; 1960b) looked at detailed water quality ine
formation for 163 UsSe metropolitan arease In these early studies he found
soft water highly associated with deaths from coronary heart disease in
white males ages 45 to 64 Magnesium and calciumerich waters (hard water)
were found in metropolitan areas with the lowest coronary heart disease
death ratese On a State=by~state basis and less detailed water quality ine
formation, Schroeder still found soft water significantly more prevalent
in areas with high death rates from both coronary heart disease specifically
and all cardiovascular diseases in generales

In later efforts, Schroeder (1966) and Schroeder and Kraemer (1974)
repeated the above studies, using data from 201 metropolitan areas and,
separately, from 88 citiese The variables were broken down further: age,
sexs and race were separated out of the data pools and arteriosclerosis,
hypertension, and stroke divided from cardiovascular disease into specific
entitiese These refinements did little to pinpoint any specific group that
was more highly at risk, but they again found significantly high mortality
rates from cardiovascular disease (especially in white males 45 to 64) in
cities with soft wateres

Other national studies showing that mineral-~deficient.or soft
water correlates significantly with heart disease: Dudley et ale (1969);
Masironi (1970); Winton and McCabe (1970); voors (1971), the many studies
of Sauer, cited above, and Hudson and Gilcreas (1976)e There is a federal
study currently under way, sponsored by agencies dealing with both water
quality and heart diseases Dudley et ale (1969) studied 116 metropolitan
areas nationwide; Voors looked at 99 cities and Hudson and Gilcreas cole
lected data from 96 metropolitan arease Winton and McCabe limited their
study to 135 central counties with wellwdefined water sourcese Masironi
reported on data from 42 statese Tabulation of such varied data give a
false impression of uniformity; there were great differences in statisti=
cal treatment, age groups, and choice of cardiovascular pathology studiess
The impressive fact is that they all correlate mineraledeficient, soft
drinking water with an increased death rate from carxdiovascular disease
in populations who drink that watere
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Smaller, state/local studies have also correlated the risks of
cardiovascular disease with corrosive or soft water usagee In general,
these studies do not show as robust a correlation as the national studies
in the United Statese

Omaha, Nebraska, with mineral content (hardness) of 154 ppm and
Winstone=Salem, North Carolina with only 30 ppm (soft water) were comparede
Two different groups, looking at the same data, come up with different
conclusions on cardiovascular disease risk in the two citiese There are
many confounding factors, including a heavy use of home water softeners
in Omaha and wellwwater use instead of city water in WinstoneSalem
(Bierenbaun et al., 1973).

A 1964 study of water softness and cardiovascular disease mortality
rates in Oklahoma reported no associationse Subsequent analysis, limiting
the data base to 38 counties where at least half the population used public
water supplies, showed a positive correlation between water softness and
cardiovascular disease deaths in white males aged 45 to 64 years (Lindemann
and Assenzo, 1964).

Individuals over the entire state of Massachusetts have a high
risk of cardiovascular disease (Massachusetts Public Health, 1975)s¢ 1In
studies of the 23 largest cities in the state, all water was found to be
extremely low in mineral content or soft (only 6 to 49 ppm)e Three hard
water communities in the Los Angeles area (82, 189, and 327 ppm hardness)
did not differ in cardiovascular mortality rates (Allwright et als., 1974),
Washington County, Maryland, has a wide range of water types and two good
studies have been done theree Comstock (1971) measured tap water of perw
sons dying from arteriosclerotic heart disease as well as tap water of con=
trols drawn from the same general population (412 males aged 45 to 64)e The
risk of using soft tap water (of under 150 ppm hardness) was significante
A doctoral thesis (Schreiber, 1976) used the same population, also found a
risk of soft water in the home, but the statistical significance of the
data was negligiblee

Kansas City Kansas, and Kansas City, Missouri, use water from the
same river, both considered hard by most criteriae Kansas City, Missouri,
however, artifically softens the water to 78 ppm, whereas Kansas City,
Kansas, uses mineralerich unsoftened water, 189 ppme There is no statistie
cally significant difference in cardiovascular=renal mortality between the
cities, however, The study (Bierenbaum et ale, 1975) did not take into ace
count either sex or race, both of which are important.

There have been no studies showing that corrosive water is pro=-
tective or beneficial when ingested over long periods of timee There have

been, however, studies that go against the general trend when softness or
hardness only are considereds Tyroler, for example (Kessler and Levin,
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1970) reported on death rates from arteriosclerotic and degenerative heart
disease among white males aged 35 to 64 years in North Carolinae Death
rates were lowest in very soft water (23 ppm) areas but also highest in
moderately soft water areas (51 to 61 ppm)e Klusman and Sauer presented a
paper (Freedman, 1975) that suggested no correlation existed between cardio=
vascular=renal death rates (males aged 35 to 74) and the calcium~-magnesium
content of a county's watere All counties in Indiana were studiede

The Canadian studies of Neri and associates have a very large samw
ple size on which to base correlations between drinking water constituents
and diseasee Neri has analyzed the micronutrients present in hard and soft
water (Neri et ale, 1975) for correlations with cardiovascular diseasee The
data bases contain several measures, including water analysis of 575 Ganadian
communities, where drinking water was sampled at the tap and analyzed for
hardness and elemental contente

Data were also included on analysis of seven elements in heart
muscle of patients dying from cardiovascular diseasee Tissue from hearts
of people who died in accidents were included as controls, and these were
assumed to be representative of 'healthy' individualse

Neri found zinc, chromium, lead, and copper either at identical
levels in the two tissue groups or at levels inconsistent with the physiologi=
cal datae Calcium and cadmium are identical in healthy tissue in soft and
hard water cities, although tissue from myocardial patients have higherwthane
control levels of these elementse Magnesium has the greatest difference in
values between control and experimental tissue; this occurred in popula=
tions from both hard and soft water arease Therefore, based on the tissue
analysis data, magnesium has the highest probability of being responsible
for the association between high cardiovascular mortality and aggressive,
drinking watere.

Elements found in Canadian tap water were also scrutinized to find
those responsible for the apparent aggressive water=cardiovascular disease
associatione Elements in the drinking water were eliminated or included in
Neri's intercorrelational analysis by the following format:

Eliminate from consideration elements thats:

le Are highly exhangeable or inter=reactive in the body, because
discrimination of individual element effects is not possibles

2¢ Are rarely present in measurable quantitye

3¢ Are present but unrelated to aggressive to mineralerich (soft~
to=hard) gradienta.
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4e Are present in drinking water at levels negligible when com=
pared to those levels ingested from other sourcess

5e¢ Are uncorrelated with either cardiovascular mortality or
mortality in general, although showing a softeto=hard water gradient in
quantitye

From the elements remaining, select fox:

le Elements with physiological role in cardiovascular disease
(or in another postulated disease effect)e

2¢ Elements required at levels so that the normal diet would pro=
vide no safety margine

Neri suggests that magnesium or secondly, lithium, best fulfills
his elimination and acceptance criteriae

In review, his weakest premise eliminates elements that are present
in drinking water at levels far below food levelse The form in which some
of these elements exist in water may make them more absorbable than when they
are found in foode The presence of fiber and other food forms are known to
profoundly influence the absorption of some trace elementse

Sharrett and Feinleib (1975), epidemiologists from the National
Heart and Lung Institute, reviewed the correlations between corrosive-type
drinking water and local cardiovascular mortality ratese Without adding data
of their own, they took a fresh and critical view of the 49 studies from nine

countriese

Suggestions were included in their paper for further research or
in~=depth analysis of existing datas The main points:

le A primary responsibility of authors exists to distinguish
between the hypothesis that water exerts its effects through agents con=
tained in it and the hypothesis that water is an index of some other geo-
graphical factore

2+ More work should deal with drinking water at the tap rather
than at the water treatment areas

3. The relationships between rainfall and the local water should
be untanglede :

4e Sincefmajor national studies (but not all regional studies)
consistently show correlations between corrosive waters and cardiovascular
disease, further analysis or more data=gathering should seek associations
from other regionally distributed factorse
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Sharrett and Feinleib (.775) review several other studiese 2Zinc
and copper are in high levels in acid tap water (aggressive water), probably
because of leaching from galvanized and copper pipese Iron and manganese are

also found at higher levels in acid watere Neri et ale (1974) in Canada found

copper highest in aggressive wateres

Cadmium and zinc are equal in non aggressive and aggressive waters.
Lead is highest in the aggressive water, but variable. Chromium, molybdenum
and nickel appeared equal in both. In biological organisms, the bioaccumula=
tion of cadmium and zinc appear to be more related to the characteristic of
the species (metallothionein levels, for example) and sediment bound levels
than they do to actual water levels of the metals; there were often no re=-
ported differences in zinc and cadmium levels as a function of measured water
ness or pHe Engel and Fowler reported, however, that the toxicity of cadmium
increases as the salinity of water increases (Engel, D.W. and B. A. Fowler
(1979)).

Most (all?) researchers in studies showing higher death rates from
cardiovascular disease in areas with low pH, mineral-poor waters take their
water quality data at the treatment plant. Water consumers, however, may re-
ceive a water substantially modified by materials in the distribution system.
Sharrett and Feinleib (1975) suggest that the following water mineral changes
are likely to occur during distribution:

No change: calcium

magnesium
lithium
vanadium
but the following are changed as much by distribution as by the source:
copper
iron
lead
zinc

The NAS (1977) summarized the elements most likely to be involved

in drinkingQwater and epidemiologic health effectss The list is quite

similar to Feinleib's aboves ¢

Crawford and Glayton (1973) found high levels of lead in the bones
of persons autopsied from aggressive water-towns compared to hard-water towns
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in the United Kingdome They noted that until recently, over 90% of the homes
in large industrial towns in Britain had lead pipese This could indicate

a high level of leaching from pipes in towns that distribute corrosive watexre
If the pipes were galvanized or copper, cadmium could be leached outs

Masironi (1970) looked at raw river water and Sauer (1970) also
at raw water measures and found the correlations with cardiovascular deaths
more significant than when data on finished water were usede Sharrett and
Feinleib (1975) suggest this may indicate that water is merely representative
of something else in the geochemical environmente It is noted, however, that
drinking water quality had the greatest effect on mortality in hotter parts
of the United States (where people drink more water) (Dudley et ale, 1969).

Schroeder (1966) took the death rates of caucasians for 1960 of
persons who died of the major cardiovascular diseaseso These rates were com=
pared with the average hardness of treated municipal water supplies by statea
In addition, cities with published information about mortalities for coronary
heart disease in white males 45 to 64 years of age were compared with cities
whose municipal supplies had been analyzed for trace elements and major
other constituents in finished watere There were 88 cities which had these
datae Analyses of tap water from private dwellings was not considered in

this studye

Statistics used by Schroeder involved correlation of cardiovascular
disease and water hardnesse The degree of significance of coefficients of
correlation were obtained from standard table; the statistical significance
by the teteste Inverse correlations were consistently founde

Water associated with high death rates was soft; it had low mag=
nesium, sodium, potassium, sulfate, and barium, but more coppers The waters
were not significantly different in pH in high and low cardiovascular mor=
tality arease

Perhaps one of the best studies (which hopefully will answer many
questions) is only now in progress. A study of the relationship of cardio-
vascular disease and trace elements in drinking water is presently being
conducted by EPA and National Heart, Lung, and Blood Institute (NHLBI), and
no published summaries of data were found. Data are being gathered by col-
lection of one<time '"grab samples' of water from the kitchen tap along with
extensive health examination surveys of 4,200 randomly selected individuals
from 35 geographically distributed areas. pH, conductivity, and inorganic
analysis will be made on the tap water samples, and, in addition 12 monthly
samples are being collected from the water utilities in each study area.
Data collection was planned to be complete in 1975, when analysis and com~
pilation of the information would begin. Only preliminary data have been
presented at meetings to dates.
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56 Summary

In the United States, mortality from certain chronic diseases, par~
ticularly cardiovascular disease, hypertension and stroke, is associated with
various water characteristics related to corrosivenesse. Hypotheses sug-
gest a protective action of some elements found in hard water, or harmful ef-
fects attributed to elements associated with soft or corrosive watere The

hypothetically protective agents include calcium, magnesium, vanadium, lithium,

chromium, and manganesee The hypothetically harmful agents include cadmium,
lead, and copper, all of which tend to be found in higher concentration in
soft water as a result of its relative corrosivenesse. The statistical corre=-
lations between these factors and disease, however, are not conclusive, and
the agents responsible for the correlations often do not include elements
listed aboves The hypothesized causative agents have been derived from the
study of mortality rates in different geographical areas with different chems-
ical characteristics of drinking water. Autopsy studies have also been per-
formed, comparing tissue levels of minerals that are increased in soft water
with subject who died with and without diagnosed cardiovascular disease.
Significant relationships have been found between the chemistry of the drink-
ing water and mortality from cardiovascular disease, as well as certain min-
erals in the drinking water and cardiovascular disease in autopsy studies.

. Investigators in the field of cardiovascular research are aware,
however, that mortality rates are notoriously subject to variability and
errors because of difficulty in assigning an accurate classification of the
cause of death. Autopsy studies, while benefiting from more accurate clas-—
sification of cause of death, have serious liabilities because of inherent
bias from selection of autopsy material.

Another factor in the United States is that people migrate often,
which makes it difficult to use mortality data. An individual may have
spent a critical period of time (when silent, early stages of disease pro-
cesses began) in a location distant from the site reporting death.

Given these limitations and problems with data collection, it is a
positive feature that so many studies generally agree. It is also possible
that clarification of the relationships could be made by another look at some
of the data gathered on studies done earlier. If water factors do have an
effect on hypertension, stroke, or some other cardiovascular diseases sub-
category, simply defining the disease subcategory would limit the number
of water factors to consider.

It is not necessary, however, to understand the pathology or even
the sequence of water-related disease processes for rational public health
measures to be taken, assuming that a clearly defined relationship between a
type of water (or water factor) and a disease process is confirmed. It
would be most helpful to establish whether the harmful or protective effect
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of drinking water is associated with the broad category of cardiovascular
disease or with a subtype of this categorye. For example, if hypertensive
disease forms the strongest epidemiologic link, a water factor effect on
blood pressure levels and arteriolar structure and function could be sought.
If coronary heart disease is involved, the water factor would probably af-
fect the blood clotting mechanism or the progression of atherosclerosise
If no specific subtype of cardiovascular disease can be correlated to the
higher mortality resulting from corrosive drinking water, it could be hy-
pothesized that corrosive water is damaging to an already diseased cardio-
vascular systeme In such an association, the water factor would not ini=~
tiate the cardiovascular disease process, but would influence its progres=
sione

To continue the example, hypertensive disease could be produced by
water factors which would produce (or reduce) direct damage to the walls of
arteries/arterioles, which would result in elevated blood pressure. The water
factor could also cause (or protect against) regulatory system imbalance,
changing the blood pressure through the normal renin~angiotensin mechanism or
by kidney salt and water retention by the mechanism of hormonal alteratione

If stroke or coronary heart disease had the strongest epidemiologic
link to water, a different profile of solutes could be hypothesizeds Stroke
and coronary heart disease usually involve emboli and atherosclerosis, there-
fore elements with effects on blood clotting or on the atherosclerotic process
would be highly suspecte

Epidemiologic studies can compare the mortality rates of two
areas, for example Omaha and Winston~Salem, or Kansas City and Seattle, and
say with some degree of assurance that there is a specific rate of cardio=-
vascular mortality in area Nos. l, and another specific rate of cardiovascular
mortality in area Noes 2. Further, the studies can and do point out that the
age-adjusted rate of this mortality is significantly high, in the highest
decile, or not significantly different from the rest of the United States, or
similar general statementse. Maps are made of these death rates, and similar
maps are made of counties that have corrosive water or mineral=rich water and
there is definite overlapping of high mortality rates and corrosive watere
It is not possible, however, with the data base available, to calculate the
probability of contracting cardiovascular disease for an individual drinking
1e6 to 2 liters/day of area Noe l water when compared to another individual
drinking the same amount of water for the same time from area Noe 2o One of
the main reasons for the inability to assign an individual risk (without
undue and invalidating assumptions) is the lack of any good data (even ani-
mal data) on cause=and=effecte

There is also a question of threshold effectses If the only effect
of corrosive water on human mortality is one of cardiovascular involvement,
then the classic Mantel-Bryan approach for determing a safe threshold dose
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could be used, and the limits of corrosiveness could be established. 1If the
health effect 1is such that corrosilve water leaches agents linked to patholo-
gles more serlous than cardiovascular disease, It ls possible that no thresh-
o0ld would be acceptable., Therefore, the possible solutions are twofold:

(1) limits could be expressed in terms of “maximum contaminant levels" for
each mineral or other constituent leached from the environment; or (2) cor-
rosivity indices (e.g., LSI, AL, or RI) measuring the calcium carbonate
stability of the water, could be used to assure that the non corrosive
characteristics of the water are maintained, These decisions cannot be

made with the data base presently available, but suggestions in the inter-
est of public health could certainly be made.

S5e7 Conclusions

It is apparent from most of the 49 studies in 9 countries, even
the poorly controlled studies, that there is a health benefit to man from
long=term use of water that is not soft or corrosive. The health benefit most
often cited in large studies worldwide relates to cardiovascular diseases
The available data do not answer, however, whether the corrosive water is ite
self chronically toxic (leaching toxicants from the contacted materials) or
whether the corrosive water lacks a necessary element for cardiovascular
health that is-poorly available from dietary sourcese. It is also considered
possible that a protective effect occurs with mineral-rich, hard water
that is absent from areas with corrosive water, and is reflected by the greater
mortality in the absence of this hypothetical protective solute.

Water corrosiveness certainly affects exposure to trace metals at
the consumer's tap. Comprehensive reviews of all studies cannot agree which
elements are most likely to be involved in health effects, and, as pointed
out above, a consideration of how they are involved should come first. It
is, however, the premise of this review that there is no actual need at this
point to attempt hypotheses on mechanisms. In fact, while data are insuf-
ficient to make mechanistic conclusions, some recommendations based on what
is known are in ordere

To summarize what is known:

First, mechanisms exist by which cardiovascular damage
could occur as a result of trace element intake.

Second, corrosive water contains many metals, leached
from the enviromment, at least four of which have
been shown to be involved in facets of cardiovascu-
lar disease in experimental animals (and indirectly
by human tissue analysis).
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Third, epidemiological studies worldwide have found
geographical correlation between corrosive water
areas and cardiovascular disease.

These repeated variables are consistently correlated in world-
wide studies and are not likely to be associated by chance. A cause-effect
relationship cannot yet be identified between a specific disease and solutes
present in aggressive drinking watere The mechanisms of the health effects
of corrosive waters are still in various stages of hypothesis and research,
so a traditional risk analysis is not possibles However, it can be concluded
that a beneficial effect of hard, mineralerich drinking water existse.
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CHAPTER 6

SUGGESTIONS FOR FUTURE RESEARCH

6.1 Discussion

To recapitulate, the goals of this program were: (a) to deter-
mine the distribution of aggressive waters in municipal water supply sys-
tems, (b) to estimate the costs of aggressive waters to the utilities dis-
tributing them and the costs of chemical stabilization of such waters, and
(c) to assess the potential health effects of aggressive waters and the
health effects associated with materials which might be released due to
contact with aggressive water in a water distribution system. The results
discussed in this report have provided some needed first steps toward reach-
ing these goals. However, further effort is both needed and desirable.

Three research programs related to goals (a) and (b) and having
considerably different degrees of complexity and purpose will be briefly
outlined here. These programs are aimed at overcoming three separate
sources of difficulty associated with achieving the above goals. The first
level of difficulty involves merely an extension of, and some minor addi-
tional analysis based on, the program just completed. Such work would re-
fine the results on the distribution of aggressive waters and their associ-
ated costs of stabilization. The number of people exposed to water having
varying degrees of aggressiveness (in terms of LSI) when it enters the dis-
tribution system has been well established by the present study. However,
in the area of estimating losses due to internal corrosion and costs of
stabilization there is a substantial benefit to be gained from considerable
additional effort.

Two types of problems must be faced in trying to better gauge
the extent of losses due to internal corrosion. First, a statistically
useful sample must be obtained which will allow those utilities experienc-
ing such losses to be adequately described. The present study yielded con-
siderable nonuniformity in response and its results cannot be extrapolated
statistically to missing utilities. Second, there appears to be uncertainty
among the utilities themselves as to the extent of their problems. Fully
quantifying the situation involves more than just requesting information;
it actually involves the development of new data on losses.

The three proposed programs of study are the following:
ke Level 1 Study - Refinement of present work. This extension
would involve a characterization of those 'missingV utilities not included

in the present survey. Such an extension could be done with a relatively
modest level of effort., The description of the number of people exposed
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to aggressive water would then be essentially complete for the size group
‘studied. (Studies using a sample survey approach should also be carried

out on utilities of smaller sizes). Additionally, a further refinement of
stabilization costs seems possible. A useful additional step would be to
determine treatment costs required to produce a water with a certain degree
of oversaturation of CaCOs, rather than just provide an LSI of 0.0 as a
final result. Also, a more careful handling of chemical transportation
costs is desirable. Finally, treatment costs vary with season and it would
be worthwhile to make an effort to account for seasonal variations in treat=-
ment requirements and coOsts.

2. level 2 Study - Better determination of losses due to inter-
nal corrosion. This level of study would require an extensive gathering
of new data. The work which has already been done will allow a scientif-
ically designed sample survey to be properly conducted. Some information
on the population to be studied is needed before a sample survey can be
adequately designed. At the beginning of the present research, information
describing the losses experienced by utilities was not available. The fact
that such data are now available suggests that they be used to better de-
fine the situation. The sample survey would contact only a fraction of all
utilities, but it would better describe the nature of the losses to internal
corrosion than does the present study., For each utility in the survey there
should be interviews at the utility. Information should be collected by
firsthand contact with a number of people involved locally. Such an ap-
proach would overcome many of the problems of ambiguity, incompleteness and
nonresponse, or imcomplete response encountered in the present effort. A
level 2 study would greatly improve our knowledge concerning losses due to
internal corrosion.

3. Level 3 Study - Detailed studies. A level 2 approach would
clarify matters substantially, but it could do no more than assemble and
digest information known individually by many utilities, but never combined
systematically to provide an overall picture of the problem. It is very
likely that many utilities do not fully appreciate the extent of their
losses. A level 3 study would closely examine a small group of utilities
experiencing, or suspected of experiencing, losses due to internal corro-
sion. These utilities could be selected from all those studied in a level
1 approach, or better still, chosen randomly from the level 2 sample. The
utilities studied in level 3 would be analyzed using experimental data ob-
tained during the study. The experimental data might be obtained from anal-
ysis of pipes being replaced, from the chemical analysis of water at vari-
ous points in a utility's system, or from the use of coupomns inserted in
the distribution system. Such a study would probably better clarify for
the utilitites involved the nature of sheir problems. The results obtained
from such a firsthand study of the problem could be used statistically to-
gether with the results from the level 2 study to better estimate the ex-
tent of the internal corrosion problem nationally.
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In addition, for each utility studied in the level 3 approach,
treatment requirements and costs could be carefully determined. This would
involve laboratory tests using the actual water in question and would be
more valid than a theoretical approach.
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Two approaches to stabilization of waters were considered. The
first assumed a water to be "stabilized" when its Langlier Saturation Index
(LSI) had been increased to zero by the addition of chemicals. A maximum
pH of 9.5 was alloweds The second approach required an LSI of zero or
above also, but had the further requirements that the final alkalinity of
the water be 40 mg/liter as CaCOj or greater and that the final calcium con~
centration be 16 mg/liter or greater (as Ca). The final pH was also re-
stricted to being either 7.3 or 8.6. The second approach produces a much
more stable water. (It is also more expensive.)

For both approaches, pH, alkalinity, and calcium concentration
were adjusted by addition of lime and carbon dioxide. Lime was used to
increase alkalinity, calcium concentration, and pH. €Oy was used to main-
tain pH at the desired level if that was reached because of the addition
of lime. Substitutes for C0O, exist, but CO, has theoretical advantages.,
However, CO, has had limited field use.

The following describes the algorithms used to determine the quan-
tities of chemical required for the two approaches. All quantities of chem-
icals determined are theoretical.

Approach 1: No minimum alkalinity or calcium concentration
required; pH less than or equal to 9.5. Specifically, the following
operations were used:

Step 1 ~ Add lime until LSI = 0 or until pH = 9.5;

Step 2 - If LSI = O with pH < 9.5, operation ends; and

Step 3 - If LSI < 0 at pH = 9.5, add COp and lime together in
such combination as to maintain pH = 9.5, but to
increase the calcium concentrations and alkalinity of
the water until LSI = 0,

The analysis assumes that buffering is provided only by the car~

bonate system. Alkalinity is then given by:

Alk = [HCO3~] + 2[co5~] + [oH~] - ]

where the concentrations are in moles per liter.

We may define Cr as:

@

Cp = [Hy003] + [HCO;™] + [CO57]

where Cp is the total carbonate carbon.
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Then,
Alk = Cp (o) + 2ap) + [087] - [H']

where 1 and &y are ionization fractions for carbonic acid and are given by:

i

«p _ [t %\ [Hcos-]
(EE;1'+ 1 +-fﬁ;j) =3

Cr

2 -1 -

CZ2= ﬁ{:—l-+&{:l+l ___@__]_
KK K2 Cr

Kl and K2 are ionization constants for carbonic acid.
Let ¢ = + 2
o= %y

then,

¢ + [ou~] - [17) (1)

Alk

Alk - [ou=] + [&1]

o

|

and CT (2 )

Initially the water has a pH = PH,, and alkalinity of Alkg and a
calcium concentration of Cajy. Using these values and the temperature of the
water, Cp for the water can be found using Eqe (2).

Cr does not change if a base such as lime, Ca(OH)y, is added.
Therefore, Step 1 in the algo#ithm is carried out as follows. TIncrement
pH by 0.1 unit (i.e;, decrease [H'] in Eq. (1). Determine alkalinity (a1k*)
at this new pH = pH using Eq. (1) (Cp is constant). Then using the fact
that the addition of one equivalent per liter of strong base results in the
increase of one equivalent per liter of alkalinity,

]

cp = Alk' - Alk,

i

Lime added = 37,040 Cy (mg/liter)

(-3

o

The equivalent weight of lime is 37.04 and this is multiplied by
1,000 to give concentrations in the above expression in milligrams per liter.
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Similarly, the calcium added is:

40,08

7%.09 (lime added) (mg/liter)

Calcium added =

The gram formula weight of Ca is 40.08; the gram formula weight of
Ca(OH)y is 74.09. Total dissolved solids (TDS) concentration increases by the
amount of the increase in calcium concentration. Thus, we have found the
quantity of lime (milligrams per liter) required to increase pH by 0.1 unit
and have found the incEements in calcium, alkalinity, and TDS accompanying
this pH change. At pH = pHj + 0.1, the value of LSI is determined. If
LSI > O, the water is "'stable." We then have the lime addition required to
accomplish this (Step 2 is finished).

If 1LSI < O after the lime addition, the above operation (incre-
ment pH, find lime addition required, find new alkalinity, etc.) is repeated
until pH = 9.5 is reached or until LST 2 0, whichever occurs first.

If 18I < 0 at pH = 9.5, we proceed to Step 3 in the algorithm.
Here, both lime and CO2 are added.

The quantity of lime and CO; needed to reach LSI = 0 are deter=-
mined as follows. A constant pH = 9.5 is held; lime is added until the
product of the calcium concentration and the alkalinity is large enough to
give an LSI = 0 at pH = 9.5. The quantity of GOy required to maintain a
constant pH = 9.5 is determined.

Using the expression given in Appendix IV for the LSI, the
® product [Ca] x [Alk] required to give LSI = 0 at pH = 9.5 can be found by
the simple solution of a quadratic equation. Solution of the equation
gives the final values of [Ca] = [Ca'] and [Alk] = [Alk'']; from these values
the lime requirement is determined.

The addition of 002 increases CT‘ Additign of a molar increment
]
of GOy “fncreases Cp by the same amount. Since {Alk ] is kmown,

w_ Alk" - [ou=] + [H]
o

Cr
pH = 9.5

The change in Cp is given by:

1"t
A v © Acr = CT - CTO %
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The COp required to maintain pH constant is then given by:
[coy] = 44011ACy (mg/liter)

44,011 is the molecular weight of COje.

We have, therefore, completed Step 3 in the algorithm and have
determined the lime and CO, additions required to give an LSI = 0 at pH =
9.5.

In finding « 1in the above calculations, values for Kj and K2
taken from Larson and Buswell (1942) were used. The data given there were
fitted by the following expression:

K, = (0.0626 T +2.75) x 10-7

where T is temperature (°C) and 0< T < 30;

K, = (0.0923 T + 2.36) x 10-11

where 0< T <40,

Approach 2: Minimum values of calcium concentration and alka-
linity required. Restrictions placed on pH. Certain ranges of pH are less
desirable than others since buffering capacity is lower. A high pH results
in a CaC03 scale of inferior quality and if pH is sufficiently high, Mg(OH))
scaling in hot water heaters may occur. A minimum value for alkalinity of
40 mg/liter as CaCOy and a minimum calcium concentration of 16 mg/liter are
thought desirable for a high quality, stable water. Producing such a water
is more expensive than is the use of Approach 1, The algorithm used here
allows a high quality water to be produced and determines the necessary
chemical additions.

Step 1 « If pH < 7.3, add lime until pH = 7.3,
if 7.3< pH < 8,6, add lime until pH = 8.6,
if pH > 8.6, add GOz until pH = 8.6;

-

Step 2 - Add lime until alkalinity = 40 mg/liter as CaCOj,
- maintain pH constant with GOy additionss;

Step 3 = Add lime until calcium concentration = 16 mg/liter,
maintain pH constant with COg;
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Step & - If LSI < 0 after these operationms, add lime and €Oy
until LSI = O (at constant pH).

The calculations are very similar to those for Approach 1 and will not be
described.
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Two chemicals were used in the analysis: lime and carbon dioxide.
This appendix describes the basis for the cost calculations for these two

chemicals.
A. Lime

Lime is available in two forms, hydrated and quicklime. Hydrated
lime does not require slaking prior to use, but is more expensive to buy
and more bulky. Usually hydrated lime is preferred in small operations, and
quicklime is used in larger ones. However, the cost difference is small.
For the purposes of this analysis, quicklime will be used for all calcula-
tionse.

At the time this report was prepared, quicklime was available at
$32.50/ton (FOB plant).* This value was used in the analysis. The material
was assumed to have an availability of 90% as CaO.

Lime delivery costs may be quite significant, but were not included
specifically in the analysis since the haul distances for the various utili=-
ties involved were not known. The influence of delivery costs was considered
in the sensitivity analysis.

The cost of a lime handling system, including storage silo, dry
feeders, slaker, slurry tank, pump and mixer is estimated at $150,000. This
system will deliver lime at rates up to 500 Ib/hr. For utilities requiring
lime at a higher rate, multiples of this system were useds It is quite pos=~
sible that a more economical system could be designed for particular utili-
ties. However, since no specific information other than water qualitye
related characteristics were available, a general, conservative approach to
costing was taken.

The cost for the lime system assumes no new building construction
(other than the silo).

The lime system requires roughly 1 man-hr/day to operate. The
lifetime of the system is roughly 30 years. The maintenance requirement
is low and has been assumed to be 1% of the capital cost per year.

In addition to the lime feed system, a control system to maine
tain pH is needed. The capital cost is estimated at $10,000.00.

The energy costs to operate the system were neglected; however, o
it is anticipated t@gt they will be quite small compared to other expenses.

-

* Chemical Marketing Reporter, January 29, 1979. p. 4l.
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B. Carbon Dioxide

Carbon dioxide can be purchased in bulk or generated on-site by
combustion. Bulk purchase is simpler and results in a higher quality ma-
terial (nearly 100% COp). Because of the availability of bulk CO, in a
wide range of volumes and because of the simplicity of the cost estimate,
bulk GOy is assumed in the analysis.

Chemical costs are given in Table II-le. These costs were obtained
from a chemical supplier. Transportation costs are not included.

The system to supply the carbon dioxide to the water consists of
a storage facility, a vaporizer, and a line mixer for feeding the gas into
the waters Table II~2 lists cost estimates for such a system versus size.

It is estimated that the system for feeding CO; requires about
20 hr of labor per year.

The CO, system is very simple and should require very little
maintenance. An annual cost of 1% of the capital cost was assumed. Life=-
time for the system should exceed 20 years,

Energy costs were neglected and it was assumed that the same
pH control system used with the lime feed system could be used with this
system as well.

C. General

In all calculations a labor cost of $10.00/hr plus 50% for over=-
head and supervision was assumed. The cost estimates assume that no new
building construction is required and that needed facilities could be
accommodated on the present site of the water treatment plant. The labor
requirements are minimal and, generally speaking, no new employees would
be required to operate the lime and COp systemse. However, since some time
is required it is appropriate to charge the new systems with the appro=-
priate time costs.

Annual capital costs were determined based on the assumption that
capital expenditures would be finance using Municipal Water Revenue Bonds at
6% interest for 20 years.
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TABLE II~l

CARBON DIOXIDE COSTS

Rate Used (ton/vear)

0-50

50-100
100-300
300-500
500-1,000
1, 000-2,000
Above 2,000

TABLE I1-2

Cost ($/ton

180
156
104
100
75
60
48

CARBON DIOXIDE HANDLING SYSTEM

Size (ton/vear)

0-100
100-300
300-500
500-1,000
1,000-2, 000
Above 2,000

1I-4

Capital Cost $)

14,000

17,500

21,500

29,000

41,500

Add additional units
of preceding sizes
as needed
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-

The lLanglier Saturation Index (LSI) was discussed in Chapter I.
This appendix provides some additional details concerning the calculation
of LSI.

As noted in Chapter 1

LsL = PHMeasured - pHSaturation

and  pHg . = log IE:— - log[ca™™] = log[Alk] + 9.30 + 2.5 Yy
acuration 2 1+ 5.3Vh + 5.5
where 3 Kg = Solubility constant for CaCOg,

1

Ky = Second ionization comstant for HyCOq,

[Ca++j = Calcium concentration (mg/liter),

[Alk] = Alkalinity (mg/liter as CaCO3), and
g = ionic strength.

Ks and Ky were estimated using values provided by Larson and
Buswell (1942). Their data were approximated by the following equationss:

C

(0.0923T + 2.36) x 10~

Ks
11

and Ky
T is temperature and 0°C < T <40°C.

-5
Ionic strength was approximated by 2.5 x 10 = times the total
dissolved solids (TDS) concentration in mg/liter. Such an approximation
is reasonable for TDS < 500 mg/liter.

LSI was calculated whenever possible using temperature values
provided by the utilities., If values for temperature were not provided by
a utility, a temperature of 10°C was used in determining chemical additions
required for stabilization of the water. Average values of other parameters
(as provided by the utility) were used with both minimum and maximum tempera=
tures. No temperature variation was considered in the other parameters. LSI
was determined at minimum temperature, which gives (with average values) a
minimum value of LSI and maximum (and, hence, conservative) amount of chemi-
cal required for stabilization.

IT1I-2

CAPCO JEN 0025617




APPENDIX IV

BIBLIOGRAPHY

v-1

CAPCO JEN 0025618




A/C Pipe Producers Association, "A/C Pipe and Health," Arlington,
Virginia, 1978.

Alpert, J., and D, Harrington, "Economic Evaluation of the Prom-
ulgated Interim Primary Drinking Water Regulations," U.S. En-
vironmental Protection Agency, EPA-570/9-75-003, October 1975,

Anderson, C. H., and J. M. long, "Preliminary Interim Procedure
for Fibrous Asbestos," U.S. Environmental Protection Agency,
Environmental Research Laboratory, Athens, Georgia, July 31,
1976.

Angino, E., et al., "Drinking Water Quality and Chronic Disease,"
Environmental Science and Technology, 2(7):660-665, 1977.

AWWA Standards Committee, "Asbestos-Cement Pressure Pipe - 4 in.
Through 24 in. for Water and Other Liquids,' AWWA C400-75,
January 1975,

Baylis, J. R., "Prevention of Corrosion and 'Red Water',"
JAWWA, 15:598, 1926.

Baylis, J. R., "Cast-Iron Pipe Coatings and Corrosion," JAWWA,
45:807-831, August 1953.

Bennett, L. H., Kruger, J., et al., "Economic Effects of
Metallic Corrosion in the United States," U.S. Department
of Commerce, National Bureau of Standards Report No. 511-1,
May 1978.

Caldwell, D. H., and W. B. Lawrence, "Water Softening and
Conditioning Problems," Industrial and Engineering Chemis-
try, 45(3):535-548, 1953.

Caplan, F., "Is Your Water Scaling or Corrosive?" Chemical
Engineering, p. 129, September 1975.

Carlberg, B. L., and R. R. Matthews, "Continuous Membranes
to Supplement and Improve Cement Linings for Pipe," Materials
Protection and Performance, 11(8):33-36, 1972,

Chambers, A., D, Hilt, and B. Steven, "An Updated Hartford

Metropolitan District Water Rate Survey,' JAWWA, 252-255,
1978, d

-

Iv-2

CAPCO JEN 0025619




Clark, R. M., "The Cost of Water Supply and Water Utility Manage-
ment," Water Supply Research Division, Municipal Envirommental
Research Laboratory, EPA-600/5-77-015a, November 1977,

clark, R. M., and J. I. Gillean, "The Cost of Water Supply Util-
ity Management,'" in Environmental Modeling and Simulation,
Proceedings of a Conference, U.S. Environmental Protection
Agency, EPA-600/9~76-016, Cincinnati, Ohio, pp. 808-813,
April 1976.

Clark, R. M., and H. C. Goddard, "Cost and Quality of Water
Supply,' JAWWA, 69(1), 1977.

Clark, R. M., et al,, "The Cost of Removing Chloroform and
Other Trihalomethanes from Drinking Water Supplies," U.S.
Environmental Protection Agency, EPA-600/1-77-608,

March 1977,

Clark, R. M., R. Stevie, and G. Trygy, ''The Cost of Municipal
Water Supply: A Case Study," U.S. Environmental Protection
Agency, EPA-600/2-76-179, Cincinnati, Ohio, July 1976.

Cohen, A., and W. S. Lyman, "Service Experience with Copper
Plumbing Tube," Materials Protection and Performance, 2(2):
48-52, 1972.

Craun, G, F., and L. J. McCabe, "Problems Associated With
Metals in Drinking Water,'" JAWWA, 593-599, 1975.

Culver, R, H., "Soft Water: A Distribution Problem," Water
and Sewage Works, pp. 52-55, February 1975.

Cunningham, H, M., and R. Pontefract, "Asbestos Fibers in
Beverages and Drinking Water," Nature, .232.:322, July 1971.

Curry, M. D., "Is Your Water Stable and What Difference Does
It Make?," JAWWA, 506-512, September 1978.

Dangel, A., "'study of Corrosion Products in the Seattle Water
Department Tolt Distribution System," NTIS, U.S. Department
of Commerce, May 1975.

Dart, F. S., "The Hazard of Iron," Water and Pollution Con-
trol, pp.%19-23; 38, 1974. &

il

Dolson, F, E., "Maintaining Water Quality in Distribution
Systems,' JAWWA, January 1962.

Iv-3

CAPCO JEN 0025620




Eick, I. H., "Corrosion in Asbestos Cement and Concrete,"
International Water Supply Association, Specialist Sessioms
and Proceedings of the Congress, Corrosion Day Report No. 3,
Eighth Congress, 1969, pp. T30-T43,

Geld, I., and C. McCaul, "Corrosion and Coatings Test Program
of the NYC Board of Water Supply," Materials Protection and
Performance, February 1972.

Geld, I., and C., McCaul, "Corrosion in Potable Water," JAWWA,
pp. 549-552, October 1975.

Hatch, G. C., "Polyphosphate Inhibitors in Potable Water,"
Materials Protection, pp. 31-35, November 1969.

Hatch, G, B., and 0. Rice, "Corrosion Control With Threshold
Treatment - Factors in Formation of Protective Films Upon
Steel by Waters Treated With Glassy Phosphates," Industrial
and Engineering Chemistry, August 1945.

Hang, I., et al., "Final Report and Recommendations of the
Seattle Internal Corrosion Study Advisory Committee,"
Seattle Water Department, Seattle, Washington, May
1978.

Hausler, R. H,, "Economics of Corrosion Control,'" Materials
Performance, pp. 9-12, November 1977.

Hoffman, D. A., and F. 0. Waters, "Using Cast Iron Pipe in
Highly Corrosive Environments," Materials Protection, pp.
21-22, May 1966.

Holler, A, C., "Corrosion of Water Pipes," JAWWA, August 1974.

Hoxie, E. C., "Corrosion of Well Points and Piping in Domestic
Water Near AEC Plant," Materials Protection, pp. 65-67,
October 1963.

Kennedy Engineers, "Internal Corrosion Study," Summary Report
for the City of Seattle, Washington, Tacoma, Washington,

February 17, 1978.

Krasauskas, J."W., "Delivery of a Publia Water Supply: Stan-
dards, Safeguards, and Differences," Medical Instrumentation,
8(3):197-200, 1974.

V-4

CAPCO JEN 0025621




Kuschner, M, "A Study of the Problem of Asbestos in Water,"
JAWWA, Part 2, p., 22, September 1974,

Lamb, J. C. III, and R. Eliassen, '"Corrosion Control with Meta-
phoaphate Glass," INFWWA, 69:31, 1955.

Lane, R, W., C. H, Neff, and S, W. Schilsky, "Silicate Treat-
ment to Inhibit Corrosion of Hot, Potable Water Systems,
Phase 1," Air Force Weapons Laboratory, Technical Report
No. AFWL-TR-71-58, August 1971,

Langelier, W. F., "Chemical Equilibria in Water Treatment
JAWWA, 38(2):169-178, 1946.

Larson, T. E., "The Ideal Lime-Softened Water,'" JAWWA, 43:°
649-664, 1951.

Larson, T. E., “Report on Loss in Carryimg Capacity of Water
Mains," JAWWA, 47:1061, 1955.

Larson, T. E., ""Chemical Control of Corrosion,'" JAWWA, pp.
354-362, 1966.

Larson, T. E., '"Corrosion by Domestic Waters,'" W&SE, Ref.
No. 1976, pp. R~176 to R-183,

Larson, T, E,, and R, M, King, '"Corrosion by Water at Low
Flow Velocity," JAWWA, 46(1l), January 1954,

Larson, T. E,, R. W. Lane, and C. H, Neff, "Stabilization
of Magnesium Hydroxide in the Solids-Contact Process,"
JAWWA, pp. 1551-1558, December 1959.

Larson, T. E., and F. F, McGurk, "Complexes Affecting the
Solubility of Calcium Carbonate in Water," Final Report,
University of Illinois Water Resources Center, pp. 1-49,
June 30, 1973.

larson, T. E., and R. V. Skold, "Corrosion and Tuberculation
of Cast Iron," JAWWA, 49:1294, 1957.

Larson, T. E., and R. V. Skold, "Laboratory Studies Relating
Mineral Quality of Water to Corrosion of Steel and Cast
Iron,' Corrosion, 14:285, 1957. -

Larson, T. E., and R. V. Skold, "Current Research on Corrosion
and Tuberculation of Cast Iron," JAWWA, 49:1429, 1958.

Iv-5

CAPCO JEN 0025622




£

Larson, T. E. F. W. Sollo, and F. F. McGurk, '"Complexes Af-
fecting the Solubility of Calcium Carbonate in Water -
Phase II," Final Report, University of Illinois Water Re-
source Center, Urbana, Illinois, pp. 1-57, February 1976.

Laubusch, E. J., "Chlorination and Other Disinfection Processes,"
Water Quality and Treatment, AWWA, 3rd ed., 1971.

Levin, A., "The Rural Water Survey,'" JAWWA, pp. 446-452, August
1978.

Lowthian, K. M., "Draft Environmental Impact Statement for the
Proposed Seattle Corrosion Control Plan,' The Seattle Water
Department, August 1, 1978.

Lyon, D, B., and J. M. A. Lenihan, "Corrosion in Solder Jointed
Copper Tubes Resulting in lLead Contamination of Drinking
Water," Br. Corros. J., 12(1):41-45, 1977.

McCauley, R. F., "Protective Coatings for Water Distribution
Systems,’" JAWWA, October 1957.

McCauley, R. F:, "Controlled Deposition of Protective Calcite
Coatings in Water Mains," JAWWA, November 1960Q.

McFarren, E. F., et al., "Water Quality Deterioration in the
Distribution System,' Paper presented at Water Quality
Technology Conference, Kansas City, Missouri, December 5-6,
1977, Water Supply Research Division, U.S. Environmental
Protection Agency, Cincinnati, Ohio.

Mullen, E, D., and J. A. Ritter, "Potable-Water Corrosion Con-
trol," JAWWA, August 1974.

Myers, J. R., and M, F. Obrecht, "Potable Water Systems =
Recognition of Cause Vital in Minimizing Corrosion,™

Materials Protection and Performance, 11(4):41-46, 1972,

Myers, J. R., and M. F. Obrecht, "Performance and Selection
of Materials for Potable Hot Water Service," Materials
Protection and Performance, 12(4):1973.
NACE, "Second Corrosive Study of Pipe Exposed to Domestic a

Waters,'" NACE Publication No. 7B170, Materials Protection, *
h pp- 34-37, June 1970.

V-6

o]

CAPCO JEN 0025623




Overman, J. P., "System for Numr+ically Rating Water Supply
Systems," Hittman Associlates, Inc., Columbia, Maryland,
NTIS-253-321, February 1973.

Part, F. J., "Interior Corrosion of Pipelines," Water and
Pollution Control, pp. 23-26; 35, December 1975.

Payer, J. H, D. G. Dippold, et al., "Economic Effects of
Metallic Corrosion in the United States,' Appendix B,
Battelle Columbus Laboratories, Columbus, Ohio, pp. 1-167,
May 1978.

Payer, J. H., D. G., Dippold, et al., "Economic Effects of
Metallic Corrosion in the United States," Appendix C,
Battelle Columbus Laboratories, Colubus, Ohio, pp. 1-746.

Pearson, I, E., and P. R. Singer, '"Water Quality Considera-
tions in Water Distribution from Two Sources,' JAWWA,
pp. 600-605, October 1974.

Pluntze, J. C., "How Will Small Utilities Comply with Safe
Drinking Water Act," Water and Sewage Works, pp. 50-53,
January 1977.

Proudfit, D. P., G. C. Collins, and H. K. Murray, "Balancing
Needs, Responsibility, and Costs in the Distribution Sys-
tem,' JAWWA, pp. 629-638, June 1970.

Pryor, M, J., and M. Cohen, "The Mechanism of the Inhibition
of the Corrosion of Iron by Solutions of Sodium Orthophos-
phate," Journal of the Electrochemical Society, July 1951,

Quint, S. M., "Transite Pipe Test Line - Determination of
Asbestos Fiber -in Water,' John-Manville Research and Engi-
neering Center, Report No, 425-T-1360, September 29, 1971.

Randolph, R. C., and D, A. Lincoln, "Corrosive Effects of
Potable Water," Materials Protection and Performance, 12(4):
25-27, 1973.

Reedy, D. R., "Corrosive Effects of Southern California Pot-
able Waters," Materials Protection and Performance, 12(4):
43-48, 1973.

Reedy, D, R., "Corrosion in the Water Works Industry,"' Ma-
terials Protection, pp. 55-59, September 1976.

V-7

CAPCO JEN 0025624

1




Regnier, J. E., "Monitoring Potable Waters,” Environmental
Science and Techmology, 1l1(1):40-43, January 1977.

Reinhart, F. M., and J. F., Jenkins, "Design for Corrosion
Control of Potable Water Distribution Systems," NTIS,
AD/A-006 806, Naval Civil Engineering Laboratory,
February 1975.

Ryder, R. A., and P. H. Solbert, 'Corrosion Conditions and
Correction of Seattle's Mountain Pure Water,'" JAWWA, Annual
Conference, Pacific Northwest Section, Olympia, Washington,
pp. 1-6, May 19, 1978.

Sargent, H. E,, "Asbestos in Drinking Water,' Presented NEWWA
Meeting, Northfield, Vermont, May 17, 1973.

Skold, R, V., and T. E, Larson, 'Measurement of the Instan-
taneous Corrosion Rate by Means of Polarization Data,"
Corrosion, 13:139, 1957,

Stacha, J. H., "Criteria for Pipeline Replacement," JAWWA,
pp. 256-258, May 1978,

Steinour, H. H., "Estimation of Aggressive CO, and Comparison

with Langelier Saturation Index,' Research and Development
Laboratories, Portland Cement Association, Skokie, Illinois,
October 1975.

Streicher, L., "Effects of Water Quality on Various Metals,"
JAWWA, 50(3), March 1956.

Stumm, W., "Calcium Carbonate Deposition at Iron Surfaces,'
JAWWA, March 1956.

Stumm, W., '""Corrosion Studies,' Public Works, December 1957,

Stumm, W., "Estimating Corrosion Rates in Water," Industrial
and Engineering Chemistry, 51(12):1487-1490, 1959.

Stumm, W., "Investigation on the Corrosion Behavior of Waters,"
ASCE, Journal of the Sanitary Engineering Division,
pp. 27-45, November 1960.

Temple, B., and Sl%ane, Inc., "Economic Impact Analysis of a
Trihalomethane Regulation for Drinking Water, MCL of THM
at 0.10 Milligrams/Liter for Large Water Systems," EPA,
PB-271 813, U.S. Department of Commerce, NTIS, August 1977.

V-8

CAPCO JEN 0025625




tr

Trivers, R. E., et al., "Water Distribution Sv-tem Corrosion
Control," JAWWA, August 1974,

U.S. Environmental Protection Agency, Manual on the Use of
the Public Health Service Drinking Water Standard, 1971.

U.S. Environmental Protection Agency, Manual of Individual
Water Supply Systems, EPA 430/9-74-007, 1972.

Wagner, J. M., "Corrosion Control Law and Its Effect on Water-
Distribution Systems,' JAWWA, August 1974.

Waters, F. 0., "Corrosion in Municipal Water Systems,' Ma-
terials Protection and Performance, 10(4):23-25, 1971.

Whitlock, E. W., "Concrete Pressure Pipe in Today's Water
Industry," JAWWA, October 1960.

Iv-9

CAPCO JEN 0025626




APPENDIX V

BIBLIOGRAPHY OF SECONDARY SOURCES OF DATA

CAPCO JEN 0025627



Alabama State Department of Public Health, 'Chemical Analyses of Water
from Alabama Public Water Supplies,' Bureau of Environmentzl Health,

Montgomery, 1966.

AWWA, "Operating Data for Water Utilities 1970 and 1965," AWWA No. 20112,
New York, no date.

AWWA, "Operating Data for Water Utilities 1976," Preliminary, Prepublication
Copy.

Arkansas State Department of Health, "Arkansas Municipal Water Supplies
Chemical Data," Bureau of Enviromnmental Engineering, no date.

Colorado Department of Health, ‘Colorado Drinking Water Supplies, February
1971, Chemical Quality," Division of Engineering and Sanitation, Denver.

Connecticut State Department of Health, "Analyses of Connecticut Public
Water Supplies, Five-Year Average 1971-1975," Report No. EHS 17A(7-76)1M,
Hartford, 8th ed., 1976.

Dial, Don C., "Public Water Supplies in Louisiana,' Basic Records Report
No. 3, U.S. Geological Survey in Cooperation with Louisiana Department
of Public Works, Baton Rouge, 1970.

Durfor, C. N., and E. Becker, "Public Water Supplies of the 100 Largest
Cities in the United States, 1962,'" Geological Survey Water Supply Paper
1812, USGPO, 1964.

Florida State Department of Health, "Inventory of Public Water Supplies
in Florida, 1956," Bureau of Sanitary Engineering, Jacksonville.

Florida State Department of Health, '"'Some Physical and Chemical Charac-
teristics of Selected Florida Waters,' Bureau of Sanitary Engineering,
Jacksonville, June 1964 and June 1968,

Florida State Department of Health and Rehabilitative Services, "Review
of Selected Properties of Florida Water =~ 1969," Division of Health,
Bureau of Sanitary Engineering, Jacksonville, 1969.

Illinois, State of, Envirommental Protection Agency, "Public Water Sup-
plies Data Book," July 1, 1973.

2,

Indiana State Board of Health, '"Data on Indiana Public Water Supplies,”
Bulletin No. SElG, Division of Sanitary Engineering and Bureau of
Laboratories, Indianapolis, January 1968.

Iowa Department of Environmental Quality (L. Apple), personal communica-
tion, 1979,

V-2

CAPCO JEN 0025628




Kansas Department of Health and Environment (T. S. Watkins), personal
communication, Topeka, 1978.

Kentucky Department for Nature Resources and Environmental Protection
(D. J. Linden), personal communication, Frankfort, 1979,

Lohr, E. W., and S. K. Love, "The Industrial Utility of Public Water
Supplies in the United States, 1952, Part I. States East of the
Mississippi River,' Geological Survey Water Supply Paper 1299, USGFO,
1954,

Lohr, E. W., and S. K, Love, "The Industrial Utility of Public Water
Supplies in the United States, 1952, Part 2. States West of the
Mississippi River," Geological Survey Water Supply Paper 1300, USGPO,
1954,

Massachusetts Department of Environmental Quality Engineering, ''Public
Water Supplies in Massachusetts, 1976,'" Division of Water Supply, 1976.

Michigan State Department of Health, personal communication, 1979.

Minnesota State Department of Health (S. Greenwood), personal communica~
tion, 1979.

Missouri Department of Natural Resources, ''Census of Missouri Public
Water Supplies," 1977, Division of Environmental Quality.

Nebraska State Department of Health, "Chemical Analyses of Nebraska
Municipal Water Supplies," Division of Environmental Engineering,
Lincoln, January 1973,

New Jersey Department of Environmental Protection (J. Hroncich), per-
sonal communication, Trenton, 1978,

Oklahoma State Department of Health, "Chemical Analyses of Public Water
Supplies in Oklahoma 1968," O. D. H. Engineering Bulletin No. 0597-B,
1968.

South Dakota Department of Environmental Protection, "South Dakota Public
Water Supply Data," January 1979.

Texas Department of Health, "Chemical Analysis of Public Water Supplies,”
!

Divisicga of Water Hygiene, 1977. R

U.S. Geological Survey, "Quality of Public Water Supplies of New York,"
November 1970 - April 1972, open file report, in cooperation with
New York State Department of Health, 1974.

V-3

CAPCO JEN 0025629

L e




U.S. Geological Survey, '""Quality of Public Water Supplies of New York,"
May 1972 - May 1973," open file report, in cooperation with New York

State Department of Health, 1975,

U.S. Geological Survey, "Chemical Quality of Water in Community Systems
in New York May 1973 - May 1974,'" open file report, in cooperation with
New York State Department of Health, 1976.

U.S. Geological Survey, "Chemical Quality of Water in Community Systems
in New York, May 1974 - May 1975," open file report, in cooperation
with New York State Department of Health, 1977,

Wisconsin Department of Natural Resources (M, H. Bridwell), personal
communication, Madison, 1979.

V-4

CAPCO JEN 0025630
4ﬁ:---IIlIlllIIIIIIIIIIIIIIIIIIIIIIII




