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Preface

This report is the first in a series of panel reports prepared under the guidance of the
Subcommittee on the Geochemical Environment in Relation to Health and Disease
(GERHD) of the U.S. National Committee for Geochemistry.

The Panel on the Geochemistry of Water in Relation to Cardiovascular Disease
(powc), which prepared this report, was formed along with several others as an example
of the Subcommittee's new format to replace the large workshops, held at Asilomar,
Capon Springs, and Captiva Island. Each of those involved some 50 people in the
production of the three-volume Geochemistg and the Environment series:

• Geochemistry and the Environment, Volume 1, The Relation of Selected Trace
Elements to Health and Disease

•   Geochemistry and the Environment, Volume 11, The Relation of Other Selected Trace
Elements to Health and Disease

• Geochemistry and the Environment, Volume III, Distribution of Trace Elements
Related to the Occurrence of Certain Cancers.  Cardiovascular Diseases.  and Urolithiasis

.

The use of smaller ad hoc panels to consider specific questions is regarded as a more
expeditious way of producing on a timely basis the kind of product that has become a
GERHD hallmark-one that consistently attempts to balance b6th the environmental and
the biomedical considerations in everything it prepares. To help maintain this parity, the
membership of the panels as well as the Subcommittee itself is appointed with due regard
to this consideration-in fact, the Subcommittee has two co-chairmen; currently one is
an analytical chemist and the other is an epidemiologist. powc is chaired by a
geochemist, but the vice chairman is a nutritionist-physician; the rest of the membership
re ects both scientific persuasions.

Other panel studies currently under way in the neW GERHD series are as follows:

•  Panel on the Trace Element Geochemistry of Coal Resource Development Related
to Health (PECH)

•  Panel on Aging and the Geochemical Environment (PAGE)
•  Panel on the Geochemical Environment and Urolithiasis (POGU)
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Introduction, Summary,
and Recommendations

INTRODUCTION AND SUMMARY
on any subcategory of cardiovascular disease, we should
determine the precise point at which each causative water

This publication is an attempt to review and document factor exerts its effect.

relations between trace and major element chemistry of There is little evidence bearing on the question of a

drinking water and cardiovascular diseases. Several substantial contribution from drinking water to human

aspects of the problem, related both to the pathway that tissue levels of cadmium, chromium, or zinc. Copper and

drinking water takes to man and to its transit through magnesium levels of tissues may be related to drinking

man, are reviewed. These topics range from the effects of water, however, but confirmatory evidence is needed.

the distribution system on water chemistry to the role of Lead levels in blood and possibly other tissues are most

the constituents of drinking water in cardiovascular certainly affected by lead levels in drinking water in areas

diseases. where these levels are unusually elevated. The possible
Natural waters may be characterized by concentration implications of low dose chronic exposure should be of

(total dissolved solids or, for certain purposes, hardness) considerable interest.

and by a name based on the dominance of specific cations There is little evidence that relatively low levels (less

and anions. No clear relation between natural water and than 0.05 mg/1) of lead are toxic to the cardiovascular

terrain has yet been established with regard to trace system, except for the causation of cardiomyopathy. The
elements. protective action of selenium and zinc applies mainly to

Well-defined chemical changes in water composition cadmium toxicity. The mode of the protective action of

occur at all stages in the water distribution system, silicon, if any, is unclear at present. Some epidemiological
starting with water treatment itself, and proceeding to associations between the cadmium level or cadmium:zinc

storage, distribution, and delivery at the tap. Major ratio in liver, kidney, or spleen and cardiovascular
I changes   in · water hardness are commonly generated at disease have been reported for several studies, but other

the water treatment stage, either to increase it (for pipe studies are contradictory. Some epidemiological support
protection) or to decrease it to make water less damaging exists for the notion of a protective effect by selenium;

to other equipment and also to make it more palatable. results for zinc are equivocal.
Several steps in the .pathogenesis of hypertension, Harmful action of dissolved elements from pipes and

stroke, and cardiovascular disease that could be affected kitchen utensils as carried by water is a possibility.

by suspected water factors were explored. Subclas- Interactions within the human system involving calci-

sification of cardiovascular disease is important in under- um and selected trace elements (such as chromium, zinc,

standing the possible relationship of water chemistry and cobalt, and molybdenum) might be very important for
cardiovascular disease. If water factors do have an effect the cardiovascular system. A detailed study of elemental

1
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2 GEOCHEMISTRY OF WATER IN RELATION TO CARDIOVASCULAR DISEASE
interactions as revealed by animal studies is in order, as More attention should be given to the role that
these very likely have implications for cardiovascular magnesium plays in the water chemistry-food chain-
disease in humans. Some of these relations are discussed cardiovascular diseases relationship. Additional attention
in the chapter by H. H. Sandstead. should be directed toward the relation between the

Extensive review of the epidemiological literature concentration of individual chemical constituents in
indicates that there may be a water factor associated with water and cardiovascular diseases-rather than consider-
cardiovascular disease. Its existence, however, is far from ing "lumped" parameters such as hardness.
certain. The factor can hardly be softness (or hardness) as It is possible that conflicting evidence from various
such because of its biological implausibility and the studies confirming or denying the inverse relation be-
numerous exceptions to the negative association of tween water hardness and cardiovascular diseases is
hardness with cardiovascular disease. Its effects, if any, simply a matter of identifying which waters are low or
must be very weak in comparison with the effects of high in sodium. This possibility should be addressed, and
known risk factors; an association of even modest more rigorous experimental design tests are needed to
strength should surely show up more consistently. assess the impact of the sodium factor.
Available evidence suggests that the water factor is not Confirmatory evidence is needed to assess the impor-
mediated solely by blood pressure or serum lipids. tant possibility that copper and magnesium levels in

One possible mechanism is that enough magnesium is human tissues may be related to the element concentra-
present in some hard waters to prevent borderline tion levels in drinking water.
magnesium deficiencies in some persons, thereby reduc- The possible long-term implications of low-dose chron-
ing their liability to sudden cardiac death as a result of ic exposure to selected trace elements in water, as they
arrhythmia following occurrence of an infarct. relate to cardiovascular problems, should be investigated

The reported inverse relationship between mortality in considerable detail. For example, lead levels in blood,
from cardiovascular diseases and hardness of local and possibly other tissues, are almost certainly affected
drinking water supplies appears to be considerably less by lead levels in drinking water in certain geographicaldistinctive in small regional studies. Furthermore, on the areas or in water systems where these levels are particu-
basis of a detailed review of the literature pertaining to larly elevated. This need is particularly of concern in
this controversial subject, the most meaningful assess- areas where corrosive water (e.g., very soft water) andment of this relationship is that, clearly, the issue is still lead plumbing exists. Waterborne lead could conceivably
equivocal. Additional investigation is definitely warrant- be a factor in cardiovascular disease.
ed. The possibility should be investigated that some soft

waters may contain biologic risk factors other than those
RECOMMENDATIONS discussed in this study that may have an effect on

cardiovascular diseases.
One striking conclusion emerges from this detailed study There is some evidence that silicon, carried in water in
of the geochemistry of water in relation to cardiovascular the form of silica, may act as a protection against
diseases: The relation is clearly equivocal. It is obvious cardiovascular diseases. Further research to assess this
that additional studies with considerably more scientific possible protective action is needed.
rigor are required if the issue of a relation between water
hardness and cardiovascular diseases is to be resolved ERNEST E. ANGINO
satisfactorily. , Panel Chairman



2

Geochemistry of Drinking Water as
Affected by Distribution and Treatment
ERNEST E. ANGINO

Considerable interest and concern are currently being As a result of the uncertainty surrounding this issue,
expressed about the relation of the environment to the U.S. National Committee for Geochemistry of the
health, disease, and mortality. More specifically, the National Academy of Sciences through its Subcommittee
relation between trace and major elements in drinking on the Geochemical Environment in Relation to Health
water and the incidence of arteriosclerosis and hyperten- and Disease convened a Panel on Geochemistry of Water
sive disease is undefined. The reported inverse relation- in Relation to Cardiovascular Disease. The charge to this
ship between mortality from these diseases and hardness Panel was to review and assess the relationship between
of local drinking water supplies has become one of the the presence or absence of certain trace and major
most controversial issues in present-day epidemiology. components in water and their effect, direct or indirect,
As noted by many reviewers, significant inverse correla- on the incidence and effects of cardiovascular disease.
tions between the hardness of drinking water and local The Panel focused a large portion of its effort on the
cardiovascular mortality rates have been commonly water hardness-cardiovascular problem. Topics consid-
reported for studies covering large regions. The correla- ered include the following: geology and water character-
tion appears to be considerably less consistent in studies istics; interactions of components in water; effects of
of small regions. treatment on water; pathogenesis of hypertension, stroke,

A relatively recent review of the issue (1\Teri et al., and cardiovascular disease as related to water chemistry;
1974) cites 49 studies from 9 countries relating areal chemical constituents of water to disease; trace element
differences in cardiovascular disease to drinking water associations; and recommendations.
composition. However, their study finds the data It is our hope that this report will, to quote another
insumcient to discriminate between fundamental hypoth- panel report, "foster a better understanding of the whole
eses. Clearly, as Sharrett and Feinleib (1975) have range of processes and effects involved in the occurrence
demonstrated, and movement of critical components through the

geochemical environment and through man."the question remains open as to whether the bulk or the various
trace elements usually found in hard water is protective or
whether something in soft water is harmful. The correlations METHODS OF WATER ANALYSISmay mean only that water quality is an index of something else,
a factor not transmitted through drinking water. Although it Many analytical methods are available for the analysis of
has been estimated that the maximum attainable mortality individual water constituents (e.g., sodium and calcium).reduction from optimal conditioning of drinking water is at

Different methods are sometimes applicable for waters ofmost 15 percent, the absolute number of potentially preventable
deaths is large; so recent meetings of investigators have given differing compositions. However, experience has taught
strong endorsement to continuing research in this area. those concerned with the chemical analysis of water that

3



4 GEOCHEMISTRY OF WATER IN RELATION TO CARDIOVASCULAR DISEASE

certain analytical methods are more accurate and reliable • "Hardness of water is defined as its content of
than others. This results in the use of different manuals metallic ions which react with sodium soaps to produce
for analyses and endorsements by different groups. Some solid soaps and which react with negative ions, when the
have much in common. For example, compare Methods water is evaporated in boilers, to produce solid boiler
for   Chemical  Analysis   of  Water   and   Wastes N.S. Envi- scale." (Camp, 1963).
ronmental Protection Agency, 1974) with Annual Book • "Hardness is a characteristic of water generally
ofASTM Standards, Part 31, "Water" (American Society accepted to represent the total concentration of calcium
for Testing and Materials, 1974) and other manuals of and magnesium ions." (American Society for Testing and
analytical methods listed at the end of this chapter. Materials, 1972).

The recommended or preferred analytical method for a
given element variously listed in these manuals is For our purposes the definition of choice is that for so-
adequate for most purposes; however, those of the ASTM, called toml hardness, where the contribution of strontium
the Association of Official Analytical Chemists (AOAC), and barium is usually neglected.
and the American Public Health Association-American A single criterion for maximum hardness in public
Water Works Association-Water Pollution Control Fed- water, supplies is not possible. Table 1 provides a
eration have stood the test of time. More importantly, comparison of various scales of water hardness (H811,
they have also stood the tests of court action. Some 1972). Water hardness is largely the result of interaction
problems related to sampling, analysis, and storage are with the geological formations containing the water       
reviewed in Geochemistiy and the Environment, Volume source or over which the water source flows. Public
III (NRC Subcommittee on the Geochemical Environ- acceptance of hardness varies from community to com-
ment in Relation to Health and Disease, 1978). munity. Consumer sensitivity for water is normally

To review in detail the relative merits of each manual related to the degree of hardness to which a person is
and of one analytical method over another is beyond the accustomed (Clark et al.,  1971).
scope of this study. For measurement of the hardness Water is commonly classified with respect to hardness
parameter, the techniques outlined in each of the according to the following summary (Table 2), given in
manuals are sufficiently reliable to provide usable infor- terms of the amount of calcium carbonate or its
mation. equivalent (Durfor and Becker, 1964).

Most concentration values for calcium and magnesium

HARDNESS are given as milligrams per liter (mg/1) or parts per
million (ppm) (these values are essentially the same for

In all of these manuals the definition for hardness is fresh waters). To calculate the hardness in terms of
essentially the same. That of Brown et al. (1970) states it CaCOi, one must convert to milliequivalents per liter
best: "The hardness of water is that property attributable (meq/1), proceeding as follows: For any water under
to the presence of alkaline earths." Calcium and magne- study, measure the calcium, magnesium, barium, or
sium are the principal alkaline earth elements present in
natural waters. Strontium and barium, which are also
alkaline earth elements, are present in very low concen- TABLE 1 Various Scales ofHardness ofWater
trations in all except the most unusual water systems.

The ions of iron, manganese, and aluminum normally 1 German degree of hardness, = 10 mg CaO/1
are not present in sumcient concentration in natural German dH° = 7.14 mg Ca/1

=  17.9 mg Ca(HC03)2Awaters to affect the test for hardness. The term hardness = 1.25 English H°
is used in many ways, each with its own definition. = 1.79 French H°
Whenever the term is used, one should be certain which 1 French degree of hardness, = 10 mg CaCOJ/1

of the several definitions is meant: French H° = 0.56 German dH°
= 0.7 English H°

1 English degree of hardness, = 10 mg CaCOJ 0.7/1
• Carbonate hardness is the amount of hardness English H° = 0.8 German dH'

chemically equivalent to the amount of bicarbonate and 1 American degree of hardness = 1 mg CaCOJ/1

carbonate in solution. = 0.056 German dH°
l international degree of hardness, = 1 meq/1• Noncarbonate hardness is the difference between the mval* = (German dH°)/2.8

hardness calculated from the total amount of calcium
plus magnesium in solution and the carbonate hardness. *  An mval is 1 meq/1 of material concerned and is the proposed interna-

• Total hardness equals calcium plus magnesium tional unit of hardness.

hardness. ' SOURCE: Hall (1972).
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TABLE 2 Hardness Classification of widely differing chemical composition are desperately
needed.

Hardness, mg/1 as CaC03 Classification When these data are available, they could be coupled

0-60 Soft
with knowledge of the distribution of groundwater

61-120 Moderately hard aquifers in the United States (Gel,aghty et al., 1973) for

121-180 Hard maximum utility. In brief, one might focus attention on

> 180 Very hard areas of hard water with a single water source of uniform

SOURCE: Durfor and Becker (1964).
composition, keeping in mind the differences between
finished and unfinished water.

EFFECTS OF TREATMENT ON WATER

strontium in milligrams per liter, convert to milliequiva- All water treatment processes, such as chlorination, pH
lents per liter by multiplying each value by a conversion adjustment, and softening, change the chemical composi-

factor that is the reciprocal of the combining weight of tion of water (Durfor and Becker, 1964). The prevalent
the ion, adding the values and multiplying by 50.05. sodium, potassium, and chloride ions are not removed in

However, in practice, the barium and strontium concen- conventional water treatment, but the carbonate, bicar-
trations can usually be omitted. Thus bonate, and sulfate ions are removed by precipitation in

some water-softening processes. Obvious changes in
Ca in mg/1 (or ppm) X 0.04990  = Ca in meq/1 water chemistry include a lowering of the calcium and

Mg in mg/1 (or ppm) X 0.08226 - Mg in meq/1 magnesium concentrations to obtain soft water and a
mg/1 of hardness as CaCO,   = -I  (Ca   +   Mg in raising of the fluoride level for dental prophylaxis. Other

meq/1) X 50.05 changes are, in many ways, less dramatic but of equal
significance. The levels of iron and manganese in drink-

Below 60 ing/1 of hardness as CaCO„ the water is ing water are usually monitored and often lowered, for
called soft; above this value, it would be considered hard reasons of taste, from those normally present in the raw
in various degrees. water. Though affecting iron and manganese, and in

In considering hardness, one also needs to make a some instances copper and zinc, routine water treatment
distinction between the hardness of the raw (untreated or processes (e.g., chlorination) do little or nothing to
unfinished) water supply and the hardness of the finished remove arsenic, barium, cadmium, hexavalent chromi-
water from the same source as well as from the tap. In um, cyanide, lead, phenols, selenium, and silver from
most hard water cities the hardness value is lowered drinking water, even though drinking water standards
considerably by water treatment. Rarely, however, is the (maximum permissible concentrations) have been estab-

hardness lowered below 60 mg/1. lished for many of these contaminants (Table 3). This
If the supposed relation between water hardness and discussion does not consider bacteriological changes. The

cardiovascular functions is to be studied properly, an concentrations of many other constituents, especially
area taking its water supply from a uniform aquifer those present in trace amounts (10 ppm or less), are not
would be recommended. For example, the Florida hard changed to any significant degree. Some of the major
water aquifers (Miami Oolite, Biscayne, and Floridian changes that occur in water during lime treatment, lime-
systems) all underlie ati area of sufficiently large popula- soda treatment, and cation-exchange processes are shown
tion to be considered for this purpose. Furthermore, in Figure 1 (Durfor and Becker, 1964).
being relatively pure CaCO, systems, the input of Treatment of water with lime [Ca(OH)21 (softening)

magnesium would be minimal. This circumstance pro- removes what is called carbonate hardness (Clark et al.,
vides a means of studying the efrects of calcium separate- 1971). Calcium and bicarbonate are removed about

ly from those of magnesium. Conversely, a properly equally from water by time treatment, if the water

selected area where the magnesium content would be hardness is primarily caused by calcium. The resulting
high should be sought so that an assessment of the part calcium carbonate precipitation also removes minor
that magnesium in water might play in the cardiovascu- amounts of magnesium. If most of the carbonate

lar function may be evaluated (Seelig and Heggtveit, hardness is caused by magnesium (which is uncommon),
1974). Maps, such as those showing hardness of surface additional lime will increase the removal of magnesium,
and subsurface waters, may be particularly useful for this as Mg(OH)2, along with the softening precipitate or
purpose (see Geraghty et al., 1973). However, studies sludge. Coprecipitation of iron, manganese, strontium,
comparing health effects resulting from drinking waters and other trace metals with the calcium and magnesium

1



6 GEOCHEMISTRY OF WATER IN RELATION TO CARDIOVASCULAR DISEASE

occurs with lime softening. Removal of calcium and Explanation LIME TREATMENT
magnesium by precipitation may be accomplished by the
addition of soda ash (Na:CO,) by itself. Trace elements El Na+K 7= ,    1,1present may be removed in these processes but the data
are scanty-a point of considerable concern to any

E3 Mg

reviewer of the relation between trace elements, geo-
  Cachemistry, the environment, and human health. LIME SODA TREATMENTIn brief, softening of water by the addition of soda ash CI] Cl+N03+F

and lime [Ca(OIl)z]-the so-called lime-soda softening 6...1 1process-causes a decrease in the calcium, magnesium, E8 504

strontium, bicarbonate, and sulfate concentration of the
  HC03

1 1
water, but it simultaneously increases the sodium con-
tent, a commonly overlooked side result. An increase in F-1 Portion

842%2=        1 :sodium content is not beneficial to individuals restricted by treatment+ 1.emoved                                 Li

to a low-salt diet, as is the case for some cardiovascular
1  1 portion added CATION EXCHANGEdisorders. In the lime and time-soda treatment processes, ;--  by treatment

the chloride, nitrate, and fluoride content of the water .'j///////IN//"/A Before

remains essentially unchanged, as do the concentrations
'/////84//hk After

of many trace components such as arsenic and selenium.
During the chlorination process the soluble chloride FIGURE 1    Effect of water softening upon the chemical compositionremains in the system and increases the chlorine content. of the water being treated. Note that cation exchange softens water by

However, the chlorine reacts with the water, releasing replacing a part of the calcium with non-hardness-causing sodium and
oxygen, which then acts as a disinfecting agent. It also also by replacing part of the magnesium with sodium. The bicarbonate,
forms hydrochloric acid, which lowers the PH of the sulfate, and chloride concentrations remain unchanged. During cation

softening, the dissolved solids content of the water is usually increased,
but the hardness is lowered. Modified from Durfor and Becker (1964, p.
60).TABLE 3 Surface Water Criteria and Standards for

Pu61ic Water Supplies
water. Therefore the chlorination process is in itself an

Standards
Constituent or Permissible Effective acidification step, which is usually counteracted to reduce
Characteristic Criteria, June 24,1977, corrosion in the distribution lines by the subsequent
Inorganic Chemicals mg/1 mg/1 addition of lime. This latter step increases the water

hardness and strontium content slightly.  The  use  of
Ammonia (as N) 0.5               - sodium carbonate will raise the pH without increasingArsenic                                      0.1                   0.05
Barium                                                              1.0 '1.0 water hardness.
Cadmium 0.01 0.010 Acids and alkalies are commonly added to water to
Chloride 250               -                   adjust the pH for one purpose or another. Typical acids
Chromium, hexavalent 0.05 0.05

, used to lower the PH are sulfuric and phosphoric acids.
Copper 1.0              -

Fluoride (temperature 2.0 1.4-2.4 Their use, of course, increases the SO4 and PO* concen-

dependent) trations, respectively. Alkalies used to raise the pH are
Iron (filterable) 0.3              -                    lime and soda ash; the latter leads to a direct increase in
Lead (filterable) 0.05 0.05 the carbonate content of the water. The soda ash alsoManganese (filterable) 0.05                    -
Mercury

A coagulation process is used to remove turbidity and
- 0.002 increases the sodium content.

Nitrates (as N) 10.0 10.0

Nitrites (as N) 1.0 suspended solids from drinking water. Two commonly
pH range (temperature 6.0-8.5 used coagulants, aluminum sulfate and iron sulfate, lower

dependent)
Selenium 0.01 O.01 the bicarbonate and carbonate concentration in water, by

Silv,er                                   - 0.05 precipitating Al:(C01)3 and FeCO„ and increase the
Sulfate 250                    - sulfate concentration.
Zinc 5.0 Aluminum sulfate is the standard coagulant used in

the water treatment process. Addition of this agentSOURCE: For "Permissible Criteria," U.S. Environmental Protection
Agency (1973a), for "Standards Effective June 24, 1977," U.S. En- causes a decrease in water alkalinity and a simultaneous
vironmental Protection Agency (1976). increase in carbon dioxide. This increase in (02 is
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undesirable, as it lowers the pH of the water, thereby the exchange solution. Water softeners will also remove

increasing its corrosiveness. Because both aluminum and small amounts of dissolved iron and manganese (Water
iron sulfate are acidic in nature, the pH of the water so Supply Subcommittee MWPS-14, 1968).
treated is reduced. However, it is often readjusted Throughout the cation-exchange process the concen-

upward by the addition of lime. The pH of drinking trations of the bicarbonate, sulfate, chloride, and nitrate
water is corilmonly raised prior to passing it into the remain unchanged. Some trace components may be
distribution system as a means of reducing corrosion in removed in the cation-exchange process. The affinity of
the distribution lines. cations for cation exchangers increases primarily with

increasing elemental valence and secondarily with atomic

HOME TREATMENT OF WATER (WATER
number. Because of the higher affinities of the trace
metals, they will be harder to regenerate (remove) from

SOFTENERS) the resin. That is, there may be a buildup of trace metals

The use of water softeners in residential and industrial on the resin (G. Klumb, personal communication, 1977).
installations has expanded considerably in the last few Passing waters through ion exchangers will remove 99.9
years. This is a natural response, both for securing soft percent of all radioactive materials (Bevis, 1960). By
water for home use and as a reaction to the concern cation exchange it is possible to reduce concentrations of
about the environmental pollution of public water sup- calcium and magnesium to values near zero-but this is
plies. not desirable, as any water so treated is very corrosive.

The materials used in the process of ion exchange are Subsequent distribution of the water in metal pipes may
relatively insoluble granular materials that possess the tend to add trace elements such as lead, zinc, cadmium,
ability to exchange ions. The, type of ion-exchange and copper to the water.        w

materials used (such as synthetic resins and gel zeolites) In practice, the operations of resin-based cation ex-
is determined by the type of water treatment required changers (home water softeners) are simple and straight-
(U.S. Environmental Protection Agency, 1973b). forward. They do, however, tend to pass monovalent

Cation exchange is the basis of the most widely used . trace elements  and all anionic species, regardless  of
water-softening process for residential units. Cation charge.

exchange softens water by exchanging some of the Water treatment processes, regardless of whether for
calcium and magnesium in the water with non-hardness- public or private sources, change the chemical composi-

causing sodium. The ion-exchange reactions for softening tion of water. The obvious changes involve the major

can be written schematically as follows: dissolved components normally present in drinking
water, such as calcium, magnesium, and sodium. The

Ca                 Ca  

calcium and magnesium in the water-softening step for
(HC03)2 2NaH(03 greatest change occurs in lowering the concentration of

Na2 R+
 

S04        = R+ Na2 S04

hard waters.

Mg     1        kg
1

CHANGES BROUGHT ABOUT THROUGH

(12                                  2Naa
WATER DISTRIBUTION

To understand properly the chemical changes that can

where R represents the exchange resin (Clark et al., occur in water in distribution systems, one must under-

1971). This simplified reaction shows that when water stand the problem of corrosion in pipes. Some relia6le

containing calcium and magnesium salts (such as HCO,     -data on the distribution of pH values and selected

and SO,) and chloride is passed through an ion exchang- elements in drinking water by type of piping have been

er, the calcium and magnesium are adsorbed on the resin, provided by Schreiber et al. (unpublished data, 1976) and
which in turn simultaneously releases sodium ions in are presented in Table 4. These data are from selected

exchange. These latter ions then form the soluble sodium households from Washington County, Maryland. House-

compounds indicated. The exchange, as shown in the holds were selected so as to have a balance between

equation, is on a two-for-one basis for sodium. Two homes with different types of piping, and both old and

sodium ions are introduced into the solution for each new homes were included. Sample populations for each
calcium ion removed, and two more sodium ions for each table are indicated by N values.

magnesium ion. For those individuals restricted to a low- In most nonrural areas, water undergoes some treat-

sodium diet, this process is detrimental, but may be ment before it is consumed, even if it consists of little
overlooked. Small amounts of lithium are also added to more than chlorination. Attention paid to natural surface
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TABLE 4a Distribution of pH Values ofDrinking Water by Type of Piping

pH Value

46.9 7.0-7.2 7.3-7.5 7.6-7.8 7.9+ Total

Per- Per- Per- Per- Per- Percent

Pipe Type N cent N cent N cent N cent N cent N             of Total

Copper    17 13.1 27 20.8 48 36.9 28 21.5 10 7.7 130 45.8

Galvanized   10 13.5 15 20.3 36 48.6 10 13.5 3          4.1            74          26.1
Copper and galvanized 9 16.7 10 18.5 30 55.6 3 5.6 2          3.7            54          19.0

Copper or galvanized 5 45.5 2 18.2 4 36.4 0   0   11 3.9
and plastic

Plastic 2 50.0 2 50.0 0  0   0   4 1.4
Not applicable 2 20.0 3 30.0 3 30.0 1 10.0 1         10.0            10            3.5

Not stated                        0                      0                        1                     0                      0                        1          0.4
TOTAL                           45        15.8          59 20.8 122 43.0       42      14.8       16 5.6 284 100.0

SOURCE: Schreiber,  G.  B.,  G. W. Comstock, and K. J. Helsing (unpublished data,  1976). Arteriosclerotic heart disease mortality and water quality in
Washington County, Maryland. Training Center for Public Health Research, Johns Hopkins University, Hagerstown, Md.

TABLE 4b Distribution of Lithium Content ofDrinking Water by Type ofPiping
Lithium Concentration, ppb

0.0-0.9 1.0-2.9 3.0-4.9 5.0.9.9 10.0-19.9 20.0+ Tomi

Per- Per- Per- Per- Per- Per- Percent

Pipe Type N · cent N cent N cent N cent N cent N cent N               of Total

Copper                                 53        40.8          33          25.4        26 20.0 9 6.9 6            4.6 3 2.3 130 45.8

Galvanized                                26         35.1            20           27.0         20 27.0 2 2.7 4        5.4        2          2.7            74        26.1
Copper and galvanized                        24            44.4                18 33.3 6 11.1 3 5.6 3             5.6 0 ,54 19.0

Copper or galvanized 3 27.3 2             18.2             0                                0                                4           36.4 2 18.2            11         3.9

and plastic
Plastic 1 25.0 0 1 25.0 1 25.0 0 1 25.0 4          1.4
Not applicable 2 20.0 4 40.0 1 10.0 3         30.0             0                          0                                  10            3.5

Not stated                                        0                                1           100.0             0                                0                                0                             0                                         1               0.4
TOTAL 109 38.4           78           27.5          54          19.0            18           6.3            17           6.0          8             2.8 284 100.0

SOURCE: Schreiber et at. (unpublished data,  1976).

TABLE 4c Distribution ofCadmium Content ofDrinking Water by Type ofPiping
Cadmium Concentration, ppb

0.0.49 0.50-0.74 0.75-0.99 1.00.1.99 2.00-4.99 5.00+ Total

Per- Per- Per- Per- Per- Per- Percent
Pipe Type N cent N cent N cent N cent N cent N cent N               of Total

Copper 119 91.5 2 1.5 3 2.3 4 3.1 2             8 0 130 45.8

Galvanized                                     45 60.8 8 10.8 6 8.1 5 6.8 9 12.2 1 1.4             74        26.1

Copper and galvanized               41 75.9 5 9.3 1 1.9 5 9.3 2        3.7        0                        54        19.0

Copper or galvanized 9 81.8 1 9.1            0                         0                         1          9.1          0                             11           3.9

and plastic
Plastic 3 75.0 1 25.0             0                            0                            0                          0                                  4             1.4

Not applicable 7        70.0 0 1 10.0 1 10.0 1 10.0       0                      10        3.5
Not stated 1 100.0 0    0    0    0   0     1 0.4 --
TOTAL 225 79.2      17       6.0 11 3.9        15        5.3        15        5.3        1 0.4 284 100.0

SOURCE: Schreiber et at.  (unpublished data,  1976).
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TABLE 4d Distribution of Lead Content ofDrinking Water by Type of Piping

Lead Concentration, ppb

0.0-4.9 5.0-9.9 10.0-19.9 20.0-49.9 50.0+ Total

Per- Per- Per- Per- Per- Percent

Pipe Type N cent N cent N cent N cent N cent N            of Total

Copper   77 59.2 33 25.4 15 11.5 5           3.8 0 130 45.8

Galvanized                               49         66.2          15 20.3 4 5.4 5 6.8 1       1.4         74       26.1

Copper and galvanized         33       61.1        15 27.8 2 3.7 4           7.4            0                                54           19.0

Copper or galvanized 7 63.6 2 18.2 2         18.2            0                         0                             11            3.9

and plastic
Plastic 3      75.0 0 1          25.0             0                            0                                 4             1.4

Not applicable 6 60.0 1 10.0 2 20.0 1     10.0      0                  10       3.5

Not stated 1 100.0 0   0   0   0    1 0.4

TOTAL 176 62.0          66         23.2            26           9.2            15           5.3    
        1 0.4 284 100.0

SOURCE: Schreiber et a/. (unpublished data,  1976).

TABLE 4e Distribution ofCopper Content ofDrinking Water by Type of Piping

Copper Concentralion, ppm

0.00-0.05 0.06-0.09 0.10-0.19 0.20-0.49 0.50-0.99 1.00+ Tomi

Per- Per- Per- Per- Per- Per- Peroent

Pipe Type N cent N cent N cent N cent N cent N cent N               of Total

Copper                                     47           36.2          36         27.7            19          14.6           18 13.8 5 3.8 5 3.8 130 45.8

Galvanized                                     59             79.7            10 13.5 3 4.1 2        2.7        0                    0                        74        26.1

Copper and galvanized               29         53.7         10 18.5 7 13.0 4 7,4 2 3.7 2         3.7            54        19.0

Copper or galvanized 4        36.4 0 2 18.2 2 18.2 1 9.1 2        18.2            11         3.9

and plastic
Plastic                                    0                         2 50.0 1 25.0 1 25.0             0                                0                                       4               1.4

Not applicable 7 70.0 2 20.0 1 10.0             0                          0                            0                 
                10            3.5

Not stated 1 100.0           0                            0                            0                          0                            0                                   1             0.4

TOTAL 147 51.8           60           21.1             33           11.6             27
9.5 8 2.8 9 3.2 284 100.0

SOURCE: Schreiber et al. (unpublished data,  1976).

TABLE 4f Distribution ofZinc Content of Drinking Water by Type ofPiping

Zinc Concentration, ppm

0.000-0.050 0.051-0.075 0.076-0.100 0.101-0.500 0.501-1.000 1.001-2.000 >2.000 Total

Per. Per- Per- Per- Per- Per- Per- Percent

Pipe Type N cent N cent N cent N cent N cent N cent N       cem N of Total

Copper                            79 60.8 8 6.2 7            5.4           22             16.9          10 7.7 '1 0.8 3 2.3 130 45.8

Galvanized 18 24.3 6 8.1 6            8.1            25            33.8           4             5.4        
    10 13.5 5        6.8        74       26.1

Copper and galvanized           16 29.6 2            3.7             6          11.1            21 38.9 7       13.0 1 1.9        1        1.9        54        19.0

Copper or galvanized                   0                                   0                                   2 18.2 4 36.4 3 27.3 1 9.1 1 9.1 11         3.9

and plastic
Plastic 1 25.0 1 25.0 0 1 25.0 1 25.0        0                   0                    4         1.4

Not applicable 2 20.0 1 10.0 0 4            40.0 1 10.0 1 10.0 1 10.0             10             3.5

Not stated                       0                     0                    0                     1        100.0       0                     0                     0                       1          0.4

TOTAL 116 40.8            18            6.3           21            7.4           78             27.5  
       26             9.2            14             4.9 11 3.9 284 100.0

SOURCE: Schreiber et al. (unpublished data,  1976).
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or groundwater composition may be misleading, if we Reliable data on changes in water quality, as water is
ignore the changes wrought by treatment on the chemis- pumped through a distribution system, are lacking. The
try of a particular water source. study by Craun and McCabe (1976), discussed in the

The chemical form of any element in natural water or next section, sheds some light on this problem. For
water entering a treatment plant affects the efhciency of example, heating converts HCO, to COi, which combines
its removal. For example, stable water soluble complexes with calcium, if present in the water, to precipitate
of metals with either organic or inorganic liquids can CaCO, in pipes and cooking utensils. Calcium sulfate and ·
pass through a treatment plant unaffected. Sand filters silica comprise a portion of many incrustations found in
are generally less effective for metal removal than home plumbing.
treatments involving coagulation. Chlorination of water Many trace elements can occur in drinking water. The
following other treatment will often degrade organic maximum permissible chemical concentrations in drink-
complexes of metals and again alter availability. ing water of selected toxic substances are given in Table

As water leaves the - plant and enters the distribution 3. A major source of metal contamination in drinking
system, it is again subject to concentration and species water is the water supply system itself. This begins with
variation through interaction with other water constitu- the chemicals used in the water treatment. Copper is
ents and reactions with the distribution system. Calcium often added for algae control in reservoirs; other treat-
and magnesium salts associated with water hardness are ment chemicals contain trace metals that contribute to
excellent coprecipitators of divalent ions such as zinc, the trace metals found in the water. Corrosion of the
cadmium, and lead and often accumulate on the wall of distribution system and household plumbing adds to the
pipes in the distribution system. Later, use of an metal content of drinking water (see Camp, 1963, pp.
operational home water softener will remove essentially 145-204 and accompanying tables).
all divalent elements present in finished water. An industrial health survey was conducted in Chicago

The trace element. content of surface water, and hence in 1968 (McCabe, 1974). Water samples collected as part
drinking water, is extremely variable on a seasonal basis of this survey provided an opportunity to determine the
(Angino et al., 1969). Some of these elements may be metal content of a large number of samples from a single
removed by various treatment processes. Iron, nickel, system. Composite samples were collected at the treat-
cobalt, cadmium, lead, zinc, and copper are most likely ment plants, and these results were compared with 550
to be removed under certain conditions, while lithium, grab samples collected from the distribution system, to
selenium, molybdenum, and arsenic are apt to pass into give an indication of metal pickup. The metals picked up
the delivery system pipes relatively untouched. For the and percent of samples showing an increase were as
latter components, knowledge of natural concentrations follows: cadmium, 15; chromium, 17; cobalt, 10; copper,
is important. Again a word of caution-it is possible that 28; iron, 39; lead, 20; manganese, 32; nickel, 34; silver,
the trace element chemistry of the water as it emerges 15; and zinc, 67. Except for lead, the pickup of metals in
from a tap may bear little relation chemically to the the Chicago system did not result in samples exceeding
water that went into the delivery system. the drinking water standards.  For lead, 0.7 percent of the

samples exceeded the limit. However, when corrosive

CONTAMINATION IN WATER SUPPLY water is distributed, the problem can be more serious.

SYSTEMS AND TAP WATER

Few nationwide data exist on the quality of the water as TABLE 5 Water Quality Parameters Measured in
it comes from the tap, except for the Environmental Treated Water at the Source
Protection Agency's Interstate Carrier Water Supply
data (U.S. Environmental Protection Agency, 19730. Parameters Boston, MDC' Seattle

This agency's data base covers a large population, but a
small geographical area. Unfortunately, this means that pH 6.7 5.5

Hardness (as CaCOA 14 ppm 6 ppm
although a water plant analysis is performed well, little is Total dissolved solids (TDS) 50 ppm no data
known about the changes in the chemical quality of the Alkalinity (as CaC03) 8 ppm 2 ppm
water as it moves through the distribution system. Such Chlorides 12 ppm 1.7 ppm

Calcium no data 2.lppmchanges can affect the chemistry of the water appreciably. Magnesium no data 0.3 ppmThe metals may either precipitate or be dissolved from Conductivity no data 20 Bmho
the pipes in the system. The latter condition is most apt
to be present in areas of soft acidic water (i.e., water with * MDC is mean daily concentration.

a low pH) and dissolved salts (see Table 4). SOURCES: Dangel (1975) and Craun and McCabe (1976).
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Distribution studies conducted in Seattle (Dangel, 1975) TABLE 7 Percentage of Homes with a Sample
and Boston illustrate the effect of corrosive water on tap Exceeding EPA Drinking Water Standards
water quality (Craun and McCabe, 1976). Both Boston
and Seattle use impounded surface water and provide Boston Seattle

chlorination as the only treatment (except that Seattle
Cadmium                                       0                            7

also fluoridates with fluorosilicic acid (H:SiF,))· The Chromium                                             0                                no data
hardness and alkalinity of these waters are remarkably Copper                                     19                        24
low, and the pH is on the acidic side. The dissolved Iron                                              9                          76

oxygen content of Seattle's water approaches saturation. Lead                            65                 24

Manganese no data                              5
The distributed waters are excellent solvents and exhibit Zinc                                              0                          10
aggressive corrosion tendencies. Table 5 gives the water
quality parameters that were measured in treated water SOURCES: Dangel  (1975) and Craun and McCabe (1976).

at the source.
In Seattle, that part of the distribution system served

by the Tolt River was sampled. Samples were collected that the source of lead there is from the solder used to
from 31 points in the distribution system, primarily from join copper piping. The work of Crawford and Clayton
household taps, but some samples were collected from (1973) indicates considerable solubility of lead in hard
major transmission mains. Two types of samples were waters as well as soft.
collected early in the morning for comparison, a standing
and a running sample. Standing samples were the first METAL INTAKE
water to run out of the faucet and represented water with
a long residence time in the household plumbing and The Community Water Supply Survey (cwss) collected
service line. Running samples were collected afterward, water samples at the consumers' tap and covered 969
ensuring that the house lines were well flushed and water systems in 9 geographic areas around the country
represented water from the mains. This same procedure (McCabe et al., 1970). Although this is not a totally
was followed in Boston, and running and standing representative sample of the United States, its wide
samples were collected at 54 households in the Beacon coverage should provide an estimate of consumers' metal
Hill area. Standing samples that had a higher concentra- intake from water supplies (Table 8).
tion than the running sample collected at the same point Most investigators feel that the major source of trace

(after considering analytical variability) are used as metals for man is his food intake. A recent study of trace
evidence of metal pickup. The percentage of samples with metals intake from food used the total diets for institu-

pickup is given in Table 6. tionalized children    from    9    to 12 years    of   age.     If   a

The pickup of metal in these systems resulted in limits comparison is made between this study and the cwss, it
i being exceeded, as shown in Table 7. is found that the largest proportion of trace element

The difference in metal pickup between. these systems intake from water compared with food is for zinc. But
is most likely related to the type of plumbing material this is only 4.3 percent. Next is cadmium at 3.3 percent,
and service lines in use. In Boston a high percentage of and then manganese at 2.8 percent. The cobalt intake
homes sampled had lead service pipes, whereas in Seattle, from water was only 0.4 percent; the chromium intake

copper and galvanized iron were more commonly used. was 0.8 percent.   It   must be remembered, however,   that
No lead pipes were reported in Seattle, and it is assumed chromium does not regularly occur in water.

If the average content of metals in water is to have any
health effect on man, it must be related to the different

TABLE 6 Percentage of Samples with Pickup forms of the metal (speciation) that occur in water from
the speciation of that same metal as it occurs in food. It is

Boston Seattle possible that the physiological availability may then be

Cadmium                                     13                          68 different, but this has not been adequately demonstrated.

Chromium                                                 39                                    no data Apparent correlations of water hardness with certain
Copper                  48 55 cardiovascular problems should be viewed with some
Iron                                            52 86 skepticism. Data presented by Perry et al. (1974) suggest
Lead                            50                 95 a strong relation between cadmium and hypertension and
Manganese no data                            86

Zinc                                35                   95 an inhibition of the cadmium effect by water hardness.
The effect of water hardness on cadmium-induced health

SOURCES: Dangel (1975) and Craun and McCabe (1976). problems can be logically attributed to the tendency of
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TABLE 8 Estimated Average Intake of Metals by As a whole, chemical changes in standing water are
Consumers of Water from Community Water Supplies not major. These changes are not likely to be detrimental

to the water quality or one's health. The hardness and
Average Intake at Percent of alkalinity of the water will be changed by
Concentration, 2 1/day,* Samples with
Bg/l Bg 2 1  Bg/1

CaC03, CaS04 I 2H20, and Si02
Cadmium                1.3                            3                        63
Chromium          2.3                   5 11 precipitation. Again, the changes are not likely to be of
Cobalt 2.2                  4               62 critical importance to health.Copper 134.5 270            99
Iron 166.5 330            99

, Lead 13.1                26              74
SUMMARYManganese 22.2               44              78

Nickel 4.8                10              78

Silver 0.8                            2                        23 Well-defined chemical changes in water composition
Zinc 193.8 390 100 occur at all stages in the water distribution system,

starting with water treatment itself and proceeding to
* Intake of 2 1/day is equivalent to the proverbial 8 glasses of water per distribution, storage, and delivery at the tap. Major
day.

changes in water hardness are commonly generated atSOURCE: McCabe (1974). the water treatment stage, either to increase it (for pipe
protection) or to decrease it to make water less damaging
to clothes and more palatable.

carbonates and phosphates, and other anions often
associated with water hardness, to precipitate cadmium, MANUALS OF ANALYTICAL METHODSthus either effectively removing it or converting it to an
unavailable chemical form. For example, calculations by • American Public Health Association-American Wa-
Morel et al. (1973) show that 10-6 M (molar) cadmium ter Works Association-Water Pollution Control Federa-
in 10-' M carbonates (pH = 7) will exhibit a theoretical tion. 1975. Standard Methods for Examination of Water
free  cadmium ion concentration of about  5   X    10-" M. and Wastewater. 14th ed., American Public Health
Both experimental studies and additional theoretical Association, Washington, D.C. 1193 pp.
studies are needed to prove this hypothesis. • American Society for Testing and Materials. 1974.

Annual   Book   of ASTM Standards.   Part 31. Water.

EFFECTS OF STORAGE ON TREATED WATER Philadelphia, Pa. 1130 pp.
• Association of Official Analytical Chemists. 1970.

Little detailed research has been done on the chemical Official Methods of Analysis of AOAC. tlth ed. W.
composition effects of allowing water to stand. However, Horwitz, ed. Association of Official Analytical Chemists,
for the major elements present in drinking water, certain Washington, D.C. 1015 pp.
changes are predictable. With a rise in pH to above 8.5 • Brown, E., M. W. Skougstad, and M. J. Fishman.
and a rise in temperature, precipitation of CaCO3 Can 1970. Methods for collection and analysis of water
occur; under certain pH and temperature conditions, samples for dissolved minerals and gases,  Chap.  Al  in
even gypsum and silica precipitate. This action will cause Book 5 of Techniques of Water Resources Investigations
scavenging of selected trace metals (such as iron, manga- of the U.S. Geological Survey. U.S. Government Printing

1         nese, nickel, cadmium, zinc, and lead) from solution and Office, Washington, D.C., 160 pp.
removal of some of the CO„ calcium, and magnesium , • Camp, T. R. 1963. Water and Its Impurities.
from the system. Coprecipitation will have little effect on Reinhold, New York. 355 pp.
such constituents as arsenic, selenium, molybdenum, • Clark, J. W., W. Viessman, Jr., and M. J. Hammer.
lithium, NO„ P04, and chloride. Similar precipitation 1971. Water Supply and Pollution Control. 2nd ed.
reactions can occur in the distribution system (pipes) International Textbook, Scranton, Pa. 661 pp.
itself. • Rainwater, F. H., and L. L. Thatcher. 1960.

Chemical changes in standing water are clearly Methods for collection and analysis of water samples.
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Geology and
Water Characteristics
ROBERT G. CORBETT

The major dissolved ionic species in groundwater and dissolved constituents for detailed geochemical study
surface water include calcium, magnesium, sodium, (Piper, 1944, p. 914). Similar analytical techniques were
potassium, bicarbonate, carbonate, sulfate, and chloride. developed by Hill (1942) and Langelier and Ludwig
These eight geochemically significant constituents com- (1942). The model used here is a modification by Hem
prise most of the species in solution. The proportion of (1970).
these constituents in a natural solution provides the basis The diagram consists of three distinct fields (see Figure
for naming the water type. Water characteristics deter- 2). The two lower fields are cation and anion triangular
mined in many studies include the major elements composition diagrams, left and right, respectively. Cat-
mentioned above, plus some minor or trace elements, and ions and anions are plotted in terms of percentage of
certain other chemical, physical, or biological properties milliequivalents per liter. The upper apex of the cation
(see Table 9). triangular diagram represents 100 percent magnesium,

Hardness, which is defined in the previous chapter, is the left apex represents 100 percent calcium, and the
an important characteristic related mostly to the presence right apex represents 100 percent of the sum of sodium
of calcium and magnesium. The Panel was asked to and potassium. The upper apex of the anion triangular
evaluate the alleged relation between water hardness and diagram represents 100 percent sulfate, the right apex
the incidence of cardiovascular disease. represents 100 percent chloride (shown as Cl), and the

References to properties and characteristics, other than left apex represents 100 percent  of the  sum of bicarbonate
the major dissolved constituents and hardness, are and carbonate.
limited for a variety of reasons. Vitousek (1977) discusses The larger diamond-shaped field is also scaled into  100
the relation of biologically significant elements in streams parts. The point plotted in each triangular field is then
to the natural environmental controls. projected into the diamond-shaped field. The point where

the dashed projection lines intersect denotes the propor-

WATER TYPES tions of the major ionic constituents of the natural
solution. Total concentration of the eight components

To provide a basis for comparison of water types and to (on a milligrams per liter or parts per million basis) is
relate them to geologic environments, a graphic means of indicated by the size of the circle in the diamond-shaped
presenting data and appropriate terminology may be field (Piper, 1944). Theoretically, cations and anions each
useful. make up 50 percent (on a chemical-equivalent basis) of

The Piper diagram is a multiple-trilinear diagram for the dissolved constituents, and their summation in the
graphic representation of the major chemical constituents diamond-shaped field adds to 100 percent of the chemical
of water. It effectively portrays analytical data of constituents (Hem, 1970, p. 264). In standard practice,

14
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TABLE 9 Water Quality Parameters Cations
Calcium (Ca) 15.0

Commonly                                                                                        4.1Magnesium (Mg)
Determined by Sodium (Na)                           6.3

Water Quality Parameter the USGS Potassium (K)                          2.3
Anions

Chloride (Cl)                                                      7.8Silica (Si02) Sulfate (S04) 11.2
X

Iron (Fe)                                                 X Carbonate ((03)                             0Manganese (Mn)                                         X Bicarbonate (HCO3) 58.4
Calcium (Ca)                                                 X TOTAL 105.1Magnesium (Mg)          w X

-\Sodium (Na)                                                 X
Potassium (K) X (Carbonate as a species becomes significant as the pH

approaches 8.3).
Bicarbonate (HCOJ)                                         X The first step is to convert data from a parts per
Carbonate ((03)                                            X
Sulfate (SC)4) X million (or the nearly identical milligrams per liter) value
Chloride (Cl)                                                     X                           to a milliequivalents per liter basis, which requires taking
Phosphate (P04)                                             X into account the formula weight and the ionic charge of
Fluoride (F)                                                  X the species involved. The simplest conversion factors for

Nitrogen
these species are the reciprocals of the combining weights

Nitrate (N03)                                                                              x                                          of the appropriate ions:
Nitrite (N02)
Ammonia (NH3) Cations
Organic Ca                                                   0.04990

Mg 0.08226
Dissolved solids                                                             X Na 0.04350
Minor elements'                                                                   X K                                                    0.02557
Hardness (calcium, magnesium)                           X
Radiochemical (a, B, Ra, U)                               - Cl 0.02821

Anions

pH                                    X

Color                                                     X 304 0.02082

Odor
HCOJ 0.01639
(03 0.03333

Turbidity                                                          -
Temperature                                                           X
Detergents                                               X                          In turn, each species concentration is multiplied by the
Coliform bacteria (most probable number per appropriate conversion factor, with the following results

100 mI) in milliequivalents per liter:
Total plate count (counts per 100 rnI)
Dissolved oxygen
Biochemical oxygen demand Cations
Free carbon dioxide Ca                                                       0.749

Mg                                                 0.337
* includes aluminum, barium, beryllium, boron, chromium, cobalt, Na 0.274
copper, lead, lithium, molybdenum, nickel, rubidium, silver, stron-              K                            0.059
tium, tin, titanium, vanadium, and zinc. Anions

Cl                                     0.220

SO4 0 233

CO3 0.0

HCOJ 0.957

however, only the proportions (instead of the amounts) of
cations and anions are shown as points in the triangular The next step is to combine sodium and potassium in
diagrams. milliequivalents per liter so that they may be treated as a

unit, and then combine carbonate and bicarbonate
treated as a unit:

CONSTRUCTION OF A SIMPLE PIPER DIAGRAM

The example chosen also serves as a reference to the Na + K 0.333

weighted mean composition of river water in the world C03 + HCO3 0.957

(Livingstone, 1963). A tabulation in parts per million of
the concentration of major constituents in such water is Next, the percentage of each of the now three cation
as follows: units and then the percentage for each of the anion units
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is calculated. This is accomplished, of course, by taking diamond-shaped field. These two projection lines inter-
the sum of the milliequivalents per liter for the cations sect at a point, which on Figure 2 is represented by point
and dividing it into the milliequivalents per liter value for 1. A circle, the area of which is proportional to the total
each; multiplying the results by 100; and then doing the parts per million of the eight components, is described
same for the anions: about point  1. This completes the construction  of a Piper

diagram containing a single point in the diamond-shaped
Cations field.

Ca               (0.749/1.419) x 100 = 52.8 Piper diagrams are used in various ways. The simplestMg              (0.337/1.419) x 100 = 23.7
Na + K (0.333/1.419) x 100 = 23.5

is merely to display data to represent distinctions among
Anions individual water samples. One could, for the sake of

Cl               (0.220/1.410) x 100 = 15.6 comparison, portray,the average composition of streams
SC4 (0.223/1.410) x 100 = 16.5 of the world, the average composition of ocean water,
CO3 + HCOJ (0.957/1.410) x 100 = 67.9 and the average composition of rainfall on one diagram.

A fairly recent and appealing modification of the Piper
The point representing the percentage of the three cation diagram involves the use of the three-component cation
units is plotted on a standard three-component diagram, and anion diagrams to classify a sample as a water type.
in which calcium is the lower left apex, magnesium is the The water type is named for the dominant cation and
upper apex, and the sum of sodium and potassium is the dominant anion, defined as constituting more than 50
lower right apex. A point is plotted on an adjacent three- percent of the cations and 50 percent of the anions on a
component diagram for the anions, with the sum of milliequivalents per liter basis.
carbonate and bicarbonate as the lower left apex, sulfate This is accomplished graphically by joining the mid-
the upper apex, and chloride the lower right apex (Figure points of each side of each triangular field, thus inscribing
2).                                  an inverted equilateral triangle, which divides each

Next, the cation point is projected into the diamond- triangular diagram into four smaller triangles. In the
shaped field along a line parallel to the upper left and instance of the cation triangle, the lower left triangle is
lower right sides of the diamond. Similarly, the anion the area of calcium dominance; the upper triangle,
point is projected into the diamond-shaped field along a magnesium dominance; and the lower right triangle,
line parallel to the lower left and upper right sides of the sodium and/or potassium dominance. The centrally
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positioned triangle is the area of no dominant cation, arrayed either on a time-based sequence or on the basis of
which is explained below (see Figure 3). spatial arrangement, such as downdip in an aquifer or

A water type is easily named, based on the positioning downstream in a river. Such an array demonstrates
of the points in the cation and anion triangles. Unless sequential changes in the data, if any, more recognizably
there are no dominant cations or anions, the water type is than in tabular form.
named for the dominant cation (calcium, magnesium,
sodium and/or potassium) followed by a hyphen and a THE HYDROLOGIC CYCLE AND WATER
similar term selected from anion-field possibilities (sul-

QUALITY
fate, chloride, bicarbonate and/or carbonate). For exam-
ple, in the river water problem described earlier, the The oceans are the great reservoirs of water on earth.
water is clearly recognizable as a calcium-bicarbonate Seawater comprises over 98 percent of the mass of the
type. When a water type plots in the Piper diagram in the hydrosphere (Mason, 1958, p. 184). Except for desalina-
no-dominant-cation or no-dominant-anion fields, it indi- tion plants, which use seawater as a raw water source,
cates that on a percentage milliequivalents per liter basis, man's dependence on the oceans for his drinking water
no ion is present in an amount greater than 50 percent. In supply is indirect, in that 71 percent of the earth's surface
such instances, where one cation and one anion are not covered by oceans is relied upon to provide, through
dominant, as many as four descriptive names, such as evaporation, water vapor, which falls on the land. The
calcium-magnesium-bicarbonate-sulfate, may be used. influence of the oceans on the composition of rainfall can
Here, the percentage milliequivalents per liter of calcium, be important. In areas of arid climate and interior
although less than 50 percent, exceeds that of magnesium drainage, there is a tendency for the rain, commonly a

(as well as those of sodium and potassium), and very dilute sodium-chloride water type, to contribute
bicarbonate, although less than 50 percent, exceeds toward the buildup of salts in the soil that results from
sulfate (as well as chloride). Thus a water type may be chemical weathering and evaporation. In humid climates,
given by 0,1, or 2 cation nanies and/or 0, 1, or 2 anion leaching precludes evaporative buildup of salts in the soil
names (see Feth et al., 1965). and also removes products of chemical weathering

Another use of Piper diagrams involves samples between water and rock and soil. Consequently, the
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composition of the rainfall is subordinate in controlling magnesium, become more important than sodium. She
the composition of water that runs off in streams or states: "In humid, well-drained regions, water selectively
infiltrates the soil and rock. removes cations from weathering rocks and soils, but in

In  Table 10 estimates  of the quantities, by environ- areas of limited rainfall and stream activity, the contin-
ment, of the freshwater available in the 48 conterminous ued addition of water of definite chemical composition
United States are given by Mack (1971, pp. 9-10). changes the composition of the soil water." In this way,

Also, groundwater sources have become more impor- sodium chloride or other salts accumulate in the arid
tant in recent years. Surface water sources are still regions, but failure to leach rock minerals must also
dominant in total U.S. water use east of the Mississippi contribute to NaCl buildup in (semi-)arid regions.
River. Georgia, Florida, Mississippi, and Vermont are
the only eastern states in which groundwater exceeds  10

ROCK TYPES AND RELATIVE SOLUBILITYpercent of the total water used. In contrast, groundwater
' supplies more than 10 percent of the water used in all but Some rocks or minerals within rocks are relatively

two states west of the Mississippi-Montana and Wyo- soluble, whereas others are not. Sometimes this simple
ming.    Statistics   from 1970 indicate   that 50 percent or concept is overlooked in trying to relate the chemistry of
more of the water used in Arizona, New Mexico, South waters in contact with rock to composition of that rock.
Dakota, Nebraska, Kansas, Oklahoma, and Arkansas Among the more common slightly soluble and soluble
came from groundwater (Murray and Reeves, 1970). materials that occur as rocks, or as cementing agents in

In  a  survey  of the public water supplies  of the 100 other rocks, are calcite (Ca(03) and dolomite
largest cities serving 34 percent of the U.S. population in (CaMg(CO,)2), gYpsum (CaS04.H20), anhydrite
1962, Durfor and Becker (1964) tabulate 67 cities that (CaS04), halite (NaCl), and a variety of less commonly
use only surface water, 20 that use only groundwater, occurring evaporite minerals, as well as sulfide materials
and 14 cities that use a combination of surface water and contained in other rocks. These materials occur prepon-
groundwater. derantly in sedimentary terrain, although some occur in.

Per capita use of water in the United States has been metamorphic or, infrequently, in igneous terrain. In
increasing, although there are both seasonal and geo- contrast, rocks composed of the silicate minerals (such as
graphic variations. quartz, feldspar, amphibole, pyroxene, mica, and clay

minerals) and oxide minerals (like magnetite and hema-
tite) tend to form distinctive erosional terrains because ofCHEMICAL NATURE OF PRECIPITATION their relative insolubility. These minerals occur common-

According to Carroll (1962), "Rainfall has a complex ly in igneous and metamorphic terrain and in the elastic
composition that varies from place to place, as well as sedimentary rocks such as sandstone and shale. In
from shower to shower and season to season in the same general, the two rock types, sandstone and shale, contain
place." She refers to Hutchinson (1957), who points out some soluble materials, such as calcite cement, as well as
that sodium, potassium, magnesium, calcium, chloride, some relatively insoluble materials, such as quartz and
bicarbonate, and sulfate ions are the major constituents clay minerals.
in precipitation, together with ammonia, nitrate, nitrite, Given enough time, even the relatively insoluble
nitrogen, and other nitrogenous compounds. materials exposed to weathering break down, with some

She refers to several studies that suggest that the components going into solution. However, many natural
composition of rainfall near the oceans, although very waters do not remain in contact with the material long
dilute, is dominated by sodium (and chloride), whereas enough to take on the anticipated characteristics, and the
farther inland both calcium, and to a lesser extent, waters are much more affected by additional rainfall.

Groundwater is the best example of natural water which,
in general, has had enough time in contact with rock to

TABLE 10 Quantities ofFreshwater Available in the 48 take on the expected characteristics from such contact.
Conterminous United States
Environment Volume, mile3 Volume, km3 CONTROLS ON SURFACE WATER CHEMISTRY

Average in stream channels <10 <42 The chemical composition of some rivers appears to be
1,562 man-made reservoirs 106 442 controlled more by the characteristics of precipitationNatural lakes (including the Great than by the characteristics of rocks in the drainage basin.

Lakes) 6,044 25,180
Groundwater '

53,400 222,000
This seems particularly true in the dilute waters of the
tropical rivers of Africa and South America. Here the

J
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amount of rainfall is high, and the geologic terrain natural waters, including those streams in arid regions
consists of leached areas,  such that the rate of supply of, and the major oceans, have higher ratios approaching
dissolved salts to the rivers is very low. 1.0. Gibbs reasons that the major streams in the range of

Gibbs (1970) plotted total dissolved salts on a vertical 70-300 ppm total dissolved solids show the maximum
semilogarithmic scale versus a ratio on the horizontal influence of interaction with rock. Streams with lower
linear scale for major rivers, lakes, and oceans of the concentrations reflect the nature of atmospheric precipi-
world. In Figure 4, the ratio is the weight ratio of sodium tation, and waters with higher concentrations are the
to the sum of sodium plus calcium. In Figure 5, the ratio result of evaporation, or possibly precipitation of calcium
is chloride to the sum of chloride and bicarbonate. Gibbs carbonate from solution. Thus relatively high sodium and
suggests that natural waters with low total dissolved salts high chloride reflect atmospheric precipitation or a
refect the chemistry of atmospheric precipitation (ratios concentration of river water through evaporation and
approaching  1.0, or solutions with approximately  10 ppm precipitation, whereas waters with greater proportions of
total dissolved salts). Many streams with higher dissolved calcium and bicarbonate reflect the influence of reaction
loads (in the range of 70-300 ppm total dissolved salts) with the geologic terrain (Figure 6). Although this
haVe  ratios  of  0.5   or  less. More highly concentrated approach neglects magnesium and sulfate, it suggests a
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1

Seawater SURFACE WATER CHEMISTRY AND
/ GEOLOGIC TERRAIN

I
l

0I SIMPLE SITUATIONS10,000 _                                                /I1     / h
Miller (1961) investigated the chemical composition of/

./            - ....3.0
stream waters draining from areas of uniform lithology, a

/ .ff *0.--'/ wilderness region in the Sangre de Cristo Range of New
i i      -»t..... Il Mexico. Terrains consisting principally of granite, of

/ 4-8  / quartzite, and of sandstone containing thin limestone.... 9  /
- 1,000- /   CA*-    /              /                                          beds were studied.
E                 B.,   1 Miller notes that waters draining a single rock type
s   : -1 A were essentially uniform, regardless of the extent of the

11

1<.         1 1\         area drained. This suggests that a steady-state relation for
i

v                         ,                  &
various chemical weathering mechanisms affecting the

1                                       ,                           = rock-water system is established. Such information lends
0
·        100 4

Rock dominan  '00
3   credence to the presumption that the composition of

0           #                                                      .3 water derived from several rock types may be a compos-

2       .$

-        \ \
1                                  2            ite of the influences of individual rock types.

K                                         \ 4       \ Waters draining granite are soft calcium-bicarbonate
44        \

0-# \ I.
or calcium-sodium-bicarbonate waters (Figure 7). Waters

;                                   , draining quartzite   are soft calcium-bicarbonate waters
\           \         (Figure 8). Waters draining sandstone are moderately

\ Precipitation \
10 -

  , dominance
\ hard calcium-bicarbonate waters (Figure 9). The bicar-
\\ bonate character of these waters is attributed to atmo-

\
s                          spheric and pedogenic sources. In addition, dissolution of
\ ;         v intergranular carbonate cement and thin limestone beds

1.    =
\\ f accounts for the bicarbonate dominance in the moderate-

ly hard waters draining sandstone terrain. The over-
lll///lll whelming influence of calcium carbonate on composition

Ca.HC03 Na.Cl of waters draining sandstone is apparent in examining the

dominance of calcium in those solutions. The cation
FIGURE 6 Evolution of surface water chemistry, measured by ratio content of softer waters draining granite and quartzite
of cations or anions and by total dissolved salts. SOURCE: Gibbs (1970). reflects the products of chemical weathering of the

minerals in those rocks (less soluble than calcium
carbonate). A conclusion to be drawn from these data is
that water types can be related to lithology if one

highly generalized evolutionary path such as that of a examines  the data closely enough. Table  11  summarizes
dilute sodium-chloride rainfall in contact with a variety these relations in Miller's study.
of geologic terrains as it makes its way oceanward and In the unspoiled case the more soluble constituents of
becomes a more concentrated calcium-bicarbonate water. the rock have the greatest influences on the chemical
If the river enters an arid region, it may evolve to a character of the water. Under most circumstances, calcite
concentrated sodium-chloride water through evaporation and dolomite are relatively soluble materials. Either as

and precipitation of calcium carbonate, and possibly by rocks or as cement in other rocks, they may provide a
contribution of mineralized groundwater, or it may enter strong influence on the composition of natural waters.
the oceans and become highly saline through additional Some other rock types are highly soluble, but whether

processes of mixing, evaporation, and precipitation. they affect surface waters depends largely upon climate.
The composition of a natural water source is thus a If available to interact with surface flow, evaporite rocks

function of the nature of its immediate environment. It is Bike rock salt) strongly influence the character of the
related to the solubility of the rock, its degree of access to runoff by providing sodium, potassium, chloride, and, in
the atmosphere, the length of time that the water has some instances, sulfate to the water. The evaporite rock,
been in contact with the environment, and the previous if exposed, can directly affect the character of runoff in
composition of the water. contact with it; if not exposed, it can affect the stream
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Sample sequence

8  1
80  80      0 2

6 3
+  4
X 5

60               60               0  6
+ 7
X  8

40 40 Y 9
*  10
*  11
X  12

20                               20

©                                   SO,4          0*
80        20                            20        80

60               40                     40               60

40                      60             60                      40

20                               80       80                               20+e
18

x *3
\/         \/         \/         \/                          \/         \/         \/ \/ FIGURE: 7 Waters draining granite.Ca                                                                                                                      Cl
80     60     40 20 Na+K HC03+C0320 40          60 80 SOURCE: Data from Miller (1961).

Sample  equence

0 1                 »
80  80      0 2

6 3
+  4
X  5

60               60               0  6

40                      40

20                             20
©

/*                 i

*
Mg             0                                    504

80        20                            20        80

60               40                     40               60

40                      60             60                      40

21*
20                             80      80                             20

X&              +

*
Ca           #01        V V           \/                                ,/           V           \/           \/

C1

FIGURE 8 Waters draining quartzite.
80  60  40  20 Na+K HC03+C03 20          40          60          80                          SOURCE: Data from Miller (1961).
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Sampie sequence

0 1
80  80      0 2

6 3
+ 4
X 5

60               60               0  6
* 7
X  8

40                      40

20 9                         20

Mg                                                S04

' 80        20                            20        80

60               40                    40               60

40                      60             60                      40

20                               80       80                               20
+

C :
FIGURE 9 Waters draining sandstone.  c 0 V     V     V     V              V V

V           V             0

SOURCE: Data from Miller (1961).                                             80          60          40          20 Na+K HC03+003 20 40     60     80

composition through additions of mineralized ground- determine the water type when readily soluble material is
water. absent.

If none of the readily soluble rock types or minerals is Most surface waters, particularly downstream seg-
present, as with the granite previously described, chemi- ments and large catchments like the Great Lakes, contain
cal weathering of the minerals comprising the rock will a composite of waters draining different terrains.
still take place, but there is less material to supply to the
natural waters. For example, in the chemical weathering

COMPLEX SITUATIONS
of a granite, in which the principal minerals are quartz,
microcline, albite, oligoclase, and minor biotite, a soft For data supporting the thesis that the composition of
natural water containing calcium, little sodium and natural waters is related, even in more complex situa-
potassium, and even less magnesium, results. The miner- tions, to the rock types drained, a study by Davis (1961,
als present and the relative mobility of the specific p. B17) is appropriate (see Figure 10). The chemical
elements that are the products of chemical weathering character of streams at low fow in the southern Coast

Ranges of California falls into discrete zones with only
minimal overlap on the Piper diagram. The diverse water
types represented fall neatly into clusters that may be

TABLE 11 Relation of Water Type to Lithology related to the extent of influence of elastic marine
- sedimentary rocks of Jurassic and Cretaceous age. The

Relative rock type, other than the Franciscan Formation, includes
Dominance
of Calcium marine and continental deposits of Tertiary age and
Among Quaternary continental deposits. This clustering on the

Lithology Water Type Hardness Cations water-type diagram of terrain drained takes place despite
similarity of climate and distribution of precipitation of

Granite Calcium-bicarbonate Soft Least the several drainage basins involved. The difference in the
Quartzite Calcium-bicarbonate Soft Intermediate chemical character of the stream waters is clearly the
Sandstone Calcium-bicarbonate Moderately Greatest

hard result of the difference in rock type in areas drained.

After reviewing two studies in which chemical data are
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readily relatable to rock type, it is appropriate to provide enter low, arid regions from higher source areas. The
certain generalizations concerning the relation of rock following generalizations do not apply to these ephemeral
type to natural water composition. All natural waters streams.
contain some dissolved mineral matter. The type of rocks The flow in most streams consists of contributions
and soils and the length 6f the period of contact have an from groundwater and surface runoff. Unless modified by
important influence on the resulting composition of the man through the construction of impoundments, the base
water. Streams at low flow generally resemble ground- flow that takes place during protracted dry periods is fed
water in chemical composition, simply because at that by groundwater seepage. Consequently, the base-flow
time the streams are fed largely by groundwater. Streams water resembles groundwater in chemical characteristics.
during high flow are more dilute as a result of surface The water of base flow tends to be hard, contains more
runoff. In the primal situation the dissolved solids total dissolved solids, and is highest in individual
content of a river is the result of interactions with the constituents in comparison with the (filtered) water of
atmosphere, soil, and rocks. In the general situation there higher-flow periods. Although contributions of runoff
are additional influences from man's activities ranging during periods of high flow generally dilute the stream, in
from diverse drainages such as from agricultural lands, some highly urbanized regions surface runoff may be of
oil fields, and mines to municipal wastes and industrial poorer quality for most purposes and higher in total
efiluents. The latter influences are beyond the scope of dissolved solids than the groundwater. To determine the
this review. characteristics of a stream at any given point, care must

be used in designing a sampling plan. Brown et al. (1970,
pp. 4-8) describe this procedure, which involves the

SPECIFIC ENVIRONMENTS
design of a valid frequency of sampling pattern, as well as
a selection of sample collection points. To illustrate the

Flowing Streams importance of representative samples, some municipal
Some streams in arid regions are intermittent and tend to water systems collect grab samples of the raw water at a
terminate through evaporation and infiltration as they convenient point near the stream bank, which may not be

 Less than
50 percent of drainageMore than 50 percent of drainage         0             P area underlain by Franciscan

area underlain by Franciscan formation or rocks of Creta-
formation or rocks of Creta- ceous age
coous age.

e-#0 .2  009*
5.1 2930 \3*p Water strongly

S                                                                            f217
e affected by

4 4 connate marine
26                                             contributions

                     ,              18      
V  16   00

& .1  19
10                •11  •.                14

0      0   135  12 2.1

/0 40 283080 <         80
0,       29  7 '   7A

/    •20  22'

Le ,%1
60                                  $ ,                                        e'    24

60

..<B                                             JK                                                                                19            \:0
.

 <1/j
18 8    J e .O  'i .1   .27

8                                                             40
26  22                                    21. 26

11.  10   17A

,%1,2, 17 .;,
e f e      10I                       20

016                                    13            16 14030  12                                   12  Jl• 20

28 «  
•14         i

%  6 -5- b S 8  2 3-2 Q FIGURE 10 Chemical character of samples

CATIONS ANIONS from streams at low-flow stage, eastern slope
of the southern Coast Ranges. SOURCE: Davis

PERCENTAGE OF TOTAL EQUIVALENTS PER MILLION (1961).
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S04                                                                 Sample .equence located grab sample may result in misleading informa-
0 1 tion.0 2
6 3 The chemical characteristics of the world's major20   0    80 +  4
X 5 rivers near their mouths are generally considered to be
0 6

40 -Ix quite similar and uniform. Livingstone (1963) believes60
.

1 Westemmost Imple that this is the result of the integration of tributaries
6  Easternmost sample draining a variety of geologic terrains. Others suggest60                      40

(D that this uniformity is the result of buffer action or ion-
exchange reactions with the suspended load or with the80                             20

[1]                                                                                     Soil.
As one approaches the headwaters of tributaries, the

\/   \/ v chemical character of the waters takes on greaterC1

HC03+C03 20      40      60      80 diversity. For example, Corbett and Manner (1975)
FIGURE    11 Susquehanna River average    west    to east. SOURCE: report that during a prolonged rainstorm the water type
Anderson (1963). in a small ephemeral drainage basin systematically

ranged from sodium-magnesium-chloride through calci-
um-sulfate, where runoff samples were collected at 20-
min intervals (Figures  12  and  13).

representative of the raw water taken into the plant. The composition of river waters changes markedly as a
Although it may be an extreme example, the Susquehan- result of seasonal flow, and dramatic differences may
na River at Harrisburg provides an illustration of how occur within their cross sections. The safest data with
incomplete mixing of tributary streams may result in which to work are those that are repeated samples over
heterogeneous river water. Anion data taken from an extended period of time taken to assess the variability
Anderson (1963) have been placed on a three-component of composition. Unfortunately, some published data may
diagram and appear as Figure 11. Samples  1-3 are taken represent only a single sample, rather than the larger
between the west bank and City Island, and samples 4-6 character of the river.
are taken between City Island and the east bank. Similar Although major elements may be generally related to
results appear if one chooses any other set of data the terrain, trace elements present an enigma. For
presented by Anderson. Under such conditions, a poorly example, Angino et al. (1969) in a study of the lower

Sample sequence

1

'0 1 M 0  2
6 3
+  4
X 5

60 0 60 0 6
0       *7
9, X  8

40      0 40 Y 9
80 *  10

*  11
X  12

20                               20

M, \             SO,
\ Y

80          20                                               20    Y       80

A x
60              40                   40         Ag   60

40                      60             60                      40
+*96

gaa 0
X 0*

20         Y                   80      80 20
, EX

FIGURE 12 Runoff from ephemeral drain-
age basin, samples 1-12. SOURCE: Corbett and           c                      \/         \/         \/                          \/         \/         \/         \/

C1

Manner (1975).                                                                     80         60         40         20 Na+K HC03+C03 20      40      60      80
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Sample sequence

0 1
80 42 80      0 2

6 35        + 4
X 5

60                 ) 60 0 6
*  7
X  8

40       40   Y 9
A  10

20                             20

Mg                                                 504

80        20                            20        80
K

60                         40                                   40           <tbx       60
max

40                      60              60                      40

20                             80      80                             20

01            $                                                                                                                                                                                                          FIGURE 13 RunofT from ephemeral drain-
age basin, samples 13-22. SOURCE: Corbett

co          \/         \/         \/         \/                          \/         \/         \/         V C1

80 60 40  20 Na+K HC03+C03 20 40 60          80 and Manner (1975).

Kansas River basin concluded that "No strong relation rences as well as data on frequency of detection for many
between trace element concentration and geolo- stations in the United States. For example, in the 5-year
gy/lithology was noted... "i n the streams, except for period from 1962 to 1967, almost 1,600 samples were
strontium. In a later paper, Angino et al. (1974) observed analyzed for 19 trace elements (Kopp and Kroner, 1968).
that the trace element concentrations of the streams do Weekly samples composited for 3-month periods were
not follow any clearly recognized seasonal pattern and filtered and analyzed by emission spectroscopy. In
there are no significant correlations with discharge. The assessing the occurrences, consideration is given both to
wide variation in trace element concentration for each natural sources and the probable results of man's
stream reported demonstrates the need to examine the activities.
concentration of trace elements over extended time To overcome difficulties in using data from a variety of
periods, before one makes any conclusion about typical sources, the National Stream Quality Accounting Net-
ranges of values. These authors note that trace element Work (NASQAN) has been developed. It has four objec-
concentrations based upon one sample from a river tives: to account  for the quantity and quality of water
66

. .  .  may well give values that can be greater or less by moving within and from the United States; to depict
some 200 percent or more than the mean for a given regional variability; to detect changes in stream quality;
element on a given stream." They also conclude that "the and to lay the groundwork for future assessments of
concentrations of iron, manganese, nickel, zinc, and lead changes in stream quality (Ficke and Hawkinson, 1975).
in Kansas stream waters (and probably most midconti- A stated goal of the 525 NASQAN StationS, which are
nent streams) are quite variable and bear little or no mostly operated by the U.S. Geological Survey, is to
relation to the lithology and surface geology of the measure a number of water characteristics by standard
areas.

"
methods at stipulated frequencies. This data base is

Studies involving trace elements in streams are fraught expected to eliminate much of the uncertainty currently
with difficulties of sampling, preservation, and analysis. existing in the literature about the characteristics to be
Despite this, a voluminous literature has emerged. On a measured (see Table 12).
national basis, the most extensive studies were begun by
the Fdderal Water Pollution Control Administration in Water Reservoirs and Natural Lakes
1957, with the beginning of the Water Quality Surveil-
lance Program. This monitoring effort provides mini- Man has constructed reservoirs for a variety of reasons,
mum, maximum, and mean values for positive occur- including flood control, downstream water quality im-
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provement, water supply, recreation, and power genera- inadequate representation of that body of water. That
tion. In many respects, these man-made bodies of water such differences exist has been demonstrated in many
may resemble lakes. A single sample from either a studies, based on samples taken at the surface and at
reservoir or a lake provides, at best, an approximation of various depths at a large number of stations on the body
water quality, and more often it is likely to be an of water. The differences in water quality are both spatial

and temporal. Many bodies of water go through an
annual cycle of stratification, based on density and

TABLE 12 Characteristics Measured at NASQAN temperature distribution. In some instances, for example,
Stations bottom waters may become depleted in, or devoid of,

dissolved oxygen once or twice during the year. At that
Frequency* time, some elements, such as iron, may increase in

concentration as a result of solution from the bottom
Field determinations sediment. Upon oxygenation, the iroh may then precipi-Water temperature C,D, or Mt

Specific conductance C,D, or Mt tate back into the sediment.
pH                                                     M Some diurnal differences are common as well (Living-
Discharge C stone, 1963, p. G10). Compounding these variations is
Coliform, fecal                                                M the continuing replenishment of water from the sources
Streptococci, fecal                                             M

Common constituents (dissolved) t M or Qi
and loss of water from the outlet.

Reservoirs and some lakes are fragile segments of the(bicarbonate, carbonate, total hardness,
noncarbonate hardness, calcium, magnesium, environment. They may be subject to pollution and
fluoride, sodium, potassium, dissolved solids, eutrophication, i.e., natural or artificial addition of
silica, turbidity, chloride, and sulfate) nutrients, and the effects of added nutrients. A broader

Major nutrients
Phosphorus, total # as P                                                  M treatment of this subject is provided in the NRC Planning
Nitrite plus nitrate, total as N                                           M                          Committee  for  the  International  Symposium  on  Eutro-
Nitrogen, total Kjeldahl as N M phication (1969) symposium proceedings entitled Eutro-

Trace elements (total and dissolved) Q phication: Causes, Consequences, Correctives.
(arsenic, cadmium, chromium, cobalt, copper,
iron, lead, manganese, mercury, selenium, and
zinc) Great Lakes

Organics and biological
Organic carbon, total Q Historic records document that there are longer-term
Phytoplankton, total, cells/ml M changes  in the composition of the open waters,  and a
Phytoplankton, identification ofthree myriad of studies indicate shorter-term changes resultingcodominants                                                                M

from the pollution associated with harbors, tributaries,Phytoplankton, three codominants,
percent of total                                                                                           M and other in-shore areas. Lake Superior contains    the

Periphyton, biomass, dry weight g/mt Q softest of the waters in the Great Lakes. This is a direct
Periphyton, biomass, ash weigilt g/nt                                Q                              reflection Of the illfluence Of the dominantly Precambrian
Periphyton, chlorophyll a                                            Q (igneous and metamorphic) crystalline rock in thePeriphyton, chlorophyll b                                       Q

Suspended sediment drainage area feeding the lake. In contrast, the other
Suspended sediment concentration M Great Lakes containing hard waters are fed by tributaries
Percent finer than 0.062-mm sieve diameter M draining Paleozoic age sedimentary rocks    and    are

influenced to a greater degree by man's activities. A
* Frequencies: C, continuous; D, daily; M, monthly; Q, quarterly. chapter by A. M. Beeton entitled "Changes in the Great
t Continuous or daily depending upon whether the station is equipped Lakes," in Eutrophication: Causes, Consequences, Correc-with a monitor or whether daily observations are made. Monthly tives (NRC Planning Committee for the Internationalmeasurements made at stations where a long-term record is available.

Symposium on Eutrophication, 1969), provides an indi-* Dissolved constitutents in water are those remaining after filtering cation of the chemical changes in the waters of thesesamples through 0.45-Bm membrane filters.
lakes.§ Quarterly or monthly, depending upon whether relationships have

been established between conductance and concentrations of various In all the lakes, except for Lake Superior, for which no
common constituents. obvious changes are noted, the Great Lakes open waters

D Total concentrations are those determined by analyses of unfiltered started  to show increased mineral concentrations  in  1930,
samples. They include both dissolved and suspended materials. and this trend continues to the present. These changes
SOURCE: Ficke and Hawkinson (1975). are generally ascribed to the greater influence of man.
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GROUNDWATER CHEMISTRY AND COMPILATIONS OF DATA
GEOLOGIC TERRAIN

INFORMATION AVAILABLE ON A NATIONAL BASIS
Groundwater composition is influenced by factors similar
to those affecting surface water: the entraining rock; the Several researchers from the U.S. Geological Survey have
residence time in the rock; the previous composition of compiled water quality characteristics on a nationwide
the groundwater; and, in some instances, the Row path. It basis, which have been in part portrayed on maps of the
is generally presumed that because of the slower move- conterminous United States.

ment and longer residence time of groundwater com- The prevalent chemical composition of water in major
pared to surface water in a given terrain, groundwater rivers and well-developed waterways has been presented
maintains a constant composition with time and may by Rainwater (1962). Dissolved solids, chemical type,
vary only slightly from well to well. According to Brown and sediment concentration of rivers appear as plates. As
et al. (1970, p. 6): "Commonly differences in mineral a rough first approximation, areas of high-sediment
composition of rocks within the groundwater reservoir, concentration and high-dissolved-solids concentration of
and variations in rate and chemical composition of rivers correspond with areas of low (less than 20 in.)
recharge from precipitation and stream flow, cause average annual precipitation. His map showing water by
differences in composition of water from place to place in chemical type is Figure 14.
a groundwater reservoir. Differences in samples collected Rainwater (1962) used chemical data during low-flow
at different times from the same source may also be periods to determine the prevalent chemical type of U.S.
observed." Two pages later they continue: "Although rivers. At low-flow periods, it should be recalled, river
concentrations of dissolved constituents in groundwater water more nearly approximates the composition of
from any one well may vary widely, sometimes several- groundwater feeding the streams than at any other time.
fold, in general the changes take place much more slowly Water in approximately 87 percent of the United
than those commonly associated with surface water." States is of the calcium-magnesium type. Within this

The relation between the chemical composition of type, calcium-magnesium-carbonate-bicarbonate water is

groundwater and the enclosing rocks has been described more common than calcium-magnesium-sulfate-chloride

by White et aL (1963, pp. F5-F13). They also present water.
approximately 1,200 analyses of "waters of low mineral Elaboration of and a slightly different approach to the
content associated with common rock types" (White et composition of stream water in the conterminous western

aL, 1963, pp. F14-F29). states was provided by Feth (1965). Using data based on
Chebotarev (1955) noted that the geochemical type of historic records to 1957, for the states west of the

water changes with an increase in total salinity as well as Dakotas, Nebraska, Kansas, Oklahoma, and Texas, he
with increasing depth, such that the shallower waters are portrays in greater detail the areas in which streams are
bicarbonate waters, which give way to sulfate waters and expected to have maximum concentrations of less than
finally to chloride waters at depth. Feth (1965) drew a 10, from 11 to 100, from 101 to 1,000, and more than
parallel conclusion in his examination of shallowest 1,000 ppm calcium, sodium, sulfate, and chloride in
groundwaters containing  more  than   1,000 ppm dissolved stream water. In his text, Feth points to several situations
solids. Currently, and for the near future, man can rely pertinent to this review. With reference to the drainage
on shallow groundwaters as a source of raw water supply, basins of the Little Colorado River and the Bill Williams
and these studies are therefore of passing interest in this River, the former has about twice the mean yearly
context. However, it is interesting that this sequence of precipitation of the latter. However, the former is also
water metamorphism supersedes the influence of the more highly mineralized. One should not, in every

entraining rock for the concentrated brines. instance, automatically conclude that water of high
It is widely held that groundwaters are anoxygenic. mineral concentration occurs because the climate is

However, according to Wood (1976, p. 22) this is not semiarid. The explanation lies in the abundance of
necessarily true, and in some circumstances, dissolved readily soluble materials in the sedimentary rocks of the

oxygen may remain even at great depths in aquifers Little Colorado area and their relative absence in the area
where little or no oxidizable material has been encoun- of the Bill Williams River. A second example by Feth
tered along  the  path  of the water. Wood's Guidelines for involves the Sevier River in Utah. The river flows

Collection and  Field  Analysis  of Groundwater Samples for northward from volcanic terrain and gains only modest
Selected Unstable Constituents, alerts the uninitiated to amounts of dissolved materials. As it nears Richfield,
the pitfalls associated with the groundwater studies. Utah, the water begins to reflect the presence of bedded
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salt and bedded gypsum. There is no abrupt climatic eastern states, except for Florida; and the New England
change in this region; rather there is a dramatic change in states. Areas of low sodium are related to the humid
the nature of the rock. East, and higher sodium is related to areas of less-

Hardness data for surface water and for groundwater abundant water supplies. These maps have been used by
have been presented by Ackerman and Lof (1959) some authors in attempts to match statewide cardiovas-
(Figure 15). cular disease rates to statewide water quality data.

Durfor and Becker (1964) have emphasized the state- Greater detail concerning the properties of surface
wide averages (weighted for population) for dissolved waters may be found in publications that focus on a
solids, hardness, sodium, and fluoride in untreated public single state. North Carolina, for example, is shown to
water supplies. Their maps were based upon data from have soft water, according to Durfor and Becker (1964),
1,596 municipal water systems, as of 1962. No distinction and relatively low total dissolved solids, according to
is made between surface water and groundwater supplies. Rainwater (1962). With the detail provided by Wilder
In general, areas of low dissolved solids correspond to and Slack (197/a), however, some segments of streams,
areas  of soft water  (less  than  100 ppm dissolved solids or entire small streams, are shown to contain hard water.
and less than 60 ppm hardness). These include the Pacific Unpolluted, fresh surface waters of North Carolina are
Northwest states of Washington and Oregon; the south- soft, except for a few streams in eastern North Carolina,
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where drainage from limestone beds may make it of bicarbonate and/or sulfate; none are magnesium or
moderately hard during periods of low flow. In addition, chloride types.
some streams contain hard water as a result of man's Thirty-one of the cities rely upon natural streamflow.
activities. The report of Wilder and Slack (1971b) is Ten have soft water, nine of which have calcium or
particularly useful to compare the effects of human calcium-sodium type water with bicarbonate the princi-
activities to the effects of natural conditions on the pal anion (Figure 20). Of the 5 cities with moderately
chemical quality of streams. hard water, all have calcium-bicarbonate type water

(Figure 21). Of the 7 cities with hard water, 5 of them
clearly have calcium-bicarbonate type water, one is a

MAJOR CITIES sodium-chloride type, and one is calcium-sulfate-bicar-
Durfor and Becker (1964) accumulated data for the bonate type (Figure 22). Of the 9 cities with very hard
drinking water supplies  of the 100 largest cities  in the water, water types are either calcium, calcium-sodium, or
United States. In the present chapter, chemical data for sodium with all anion types represented (Figure 23).
raw water as available for either the single or the largest Of the 4 examples of Great Lakes waters, all are hard
source of water supply for these cities have been plotted and of the calcium-bicarbonate type (Figure 24).
on Piper diagrams. These data have been categorized by Fourteen of the 100 largest U.S. cities use ground-
the nature of the source and the degree of hardness. water. Of the 4 that have soft groundwaters, 2 are
Considering the four categories of hardness, and the five dominantly of the sodium-bicarbonate type, one is a
types of water sources (reservoir, natural streamflow, calcium-magnesium-bicarbonate type, and the other,is a
Great Lakes, groundwater, and inland lakes), a 20- sodium-chloride-bicarbonate type (Figure 25). The one
possibility matrix exists. However, not all of these 20 example of moderately hard groundwater is of the
categories are represented by the Durfor and Becker sodium-calcium-bicarbonate type (Figure 26); and of the
data.                                                                                    9 with very hard groundwaters, all but 2 have calcium or

Of   the 16 cities using reservoir water,    8    have soft calcium-magnesium-bicarbonate type water (Figure 27).

water, 2 are moderately hard, 2 are hard, and 4 are very One is magnesium-calcium-sulfate type, and the other is

hard (Figures 16, 17, 18, and 19). All waters are a sodium-calcium-chloride-bicarbonate type.
calcium or calcium-sodium type, with some combination Two cities have large inland-lake water supplies. One is
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soft sodium-chloride type (Figure 28), and the other is groundwater. The degree of solubility of the rock terrain
hard calcium-bicarbonate type (Figure 29). and length of time the water is in contact with it play key

An analysis of data from Durfor and Becker (1964) roles.
shows that a wide range of waters are used, groundwaters Groundwater typically reflects the composition of the

are predominantly very hard calcium-bicarbonate types, enclosing rocks, but the previous composition of the
Great Lakes waters are hard calcium-bicarbonate types, water, residence time, and flow path are significant
and natural streamflow and reservoir waters range factors. In general, as the mineral concentration of
greatly in hardness and water type. groundwater increases, the water changes from the

bicarbonate through the sulfate to the chloride type.
The oceans are the chief reservoirs of the hydrosphere,

SUMMARY                                                                            ' containing water of the sodium-chloride type that is high
Natural waters may be characterized by a measure of the in total dissolved solids.
mineral concentration (total dissolved solids or, for In the framework of the hydrologic cycle, variations of
certain purposes, hardness) and by a descriptive name the composition of natural waters have been explained on
based upon the dominance or predominance of specific the degree of influence of rainfall, chemical weathering of
cations and anions. No clear relation between natural rock, and concentration through mineral precipitation
water and terrain has yet been established with regard to and/or evaporation.
trace elements. Data on the character of waters in the United States

Rainfall is dilute, commonly sodium-chloride type are reviewed, and the widespread occurrence of calcium-
water, which through evaporation contributes to buildup magnesium-bicarbonate-carbonate type waters is noted.
of salts in arid regions and is vital to chemical weathering Maps portraying regional variations in water charac-
in the humid regions. teristics, from several points of view, are provided.

Most major U.S. streams are calcium-bicarbonate type Data on the hardness and water type for the water
waters of moderate hardness. Those with lower mineral sources of 67 of the 100 largest U.S. cities are recast into
concentrations are more influenced by rainfall; those with Piper diagrams to show the diversity-ranging from soft
higher concentrations are the result of mineral precipita- through very hard waters-with a majority having

tion, evaporation, and/or addition of mineralized calcium-bicarbonate type waters.
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Some Interactions Among Elements and

Binding Ligands That May
Relate to Cardiovascular Disease
HAROLD H. SANDSTEAD

This discussion, chiefly involving cadmium, calcium, facilitate the formation of this insoluble complex. In

chromium, copper, manganese, molybdenum, selenium, contrast, phytate does not appear to inhibit the absorp-

sodium, and zinc, is, of necessity, speculative. Most of the tion of copper severely (Klevay, 1977). Zinc can appar-

relevant information comes from experimehts conducted ently form an insoluble complex with dietary fiber

on animals. In full recognition that extrapolation from (Reinhold, 1975; Ismail-Beigi et al., 1977). Thus con-
such studies to man is hazardous, incompletely under- sumption of diets very high in dietary fiber and phytate

stood observations on animals, which might have impli- may affect the availability of zinc for intestinal absorp-
cations for human cardiovascular disease, have been tion. On the other hand, more modest intakes of dietary
included. For purposes of this discussion, the term fiber, such as may be consumed in the United States, do
interactions is used in a broad sense. Some of the known not appear to adversely affect intestinal absorption of
and suspected interactions between elements are shown zinc (Sandstead et al., 1978).

graphically in Figure 30. Of these interactions, some that High levels of dietary zinc can impair the intestinal
may be of significance for the cardiovascular system will absorption of copper (Starcher, 1969), presumably by
be discussed. Although our understanding of the molecu- induction of the synthesis of metallothionein in the
tar basis for many of the interactions is incomplete, it is intestinal mucosal cells (Cherian, 1977) and the subse-

known that chemically and physically similar elements quent displacement of the zinc by copper, which has a
often interact competitively for a specific ligand, i.e., the higher binding affinity for thiolate sulfurs (Hartman and
ion or substance to which they can bind (Hill and Weser, 1977). It appears that metallothionein regulates

Matrone, 1970). Not all interactions between elements the absorp-don of copper in a manner analogous to the

are competitive; some are additive or synergistic, and regulation of iron absorption by intestinal mucosal cell
others are indirect. In some instances, the elements act at ferritin (Evans and Johnson, 1978). Impairment of
different steps in a metabolic cycle. copper homeostasis by intakes  as  low  as   150  mg  of zinc

daily has also been observed in humans treated for sickle-

ZINC AND OTHER METALS
cell anemia (Prasad et al., 1978).

The above-cited effects of phytates and dietary fiber on
Some interactions within the intestine involving nonab- zinc absorption and the inhibitory effects of high levels of
sorbed organic ligands may be important for the cardio- zinc on copper metabolism might have implications for
vascular system. The formation of an insoluble complex the cardiovascular system because an increased intake of
by zinc and phytate is an example of such an interaction. zinc relative to copper will increase the serum cholesterol

As a result, the intestinal absorption of zinc is decreased concentrations of rats (Klevay, 1973, 1977) and mice
(Oberleas, 1973; Klevay, 1977). Calcium appears to (Jacob et al., 1977), and copper deficiency has been found

39
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;V'
CO from the beta cells of the pancreas (Huber and Gershoff,

/\
1973) and for normal glucose tolerance (Hendricks and\

Ni    Mn Fe ,,Pb Mahoney, 1972), while manganese is essential for the

Cr><1.--f.,   W
integrity of the islet tissue. A diabetes-mellitus-like

'-1'><f., 1/ deficiency (Everson and Shrader, 1968; Shrader and
syndrome can be produced ih guinea pigs by manganese

Si-La-Cd-S-Hg

1/1,\1\1/ Everson, 1968). Chromium seems to have a role in the
utilization of glucose and amino acids by peripheralSe

\...\/\ tissues. It is particularly potent when it is present as part
As of an organic complex that has been called "glucoseK----Li

tolerance factor" (Mertz et aL, 1974). Chromium
Rb deficiency in humans has been shown to impair both

FIGURE 30 Interactions among the elements. Some illustrative carbohydrate and amino acid metabolism (Jeejeebhoy et
interactions are shown. Known interactions are indicated by solid lines, al.,  1977). The above observations on the effects of zinc,
while suspected interactions are indicated by broken lines. Many of the manganese, and chromium deficiencies on the metabo-
interactions are competitive. Others are either additive or synergistic. lism of carbohydrates have implications for the cardio-Interactions between two elements may be influenced by other elements vascular system because the findings suggest an interfer-that are present and that can interact with the two elements in question.
Some interactions are indirect in that the elements in question influence ence with the insulin-mediated aspects of carbohydrate
dilerent steps in a metabolic pathway. SOURCE: After Sandstead (1976, metabolism. Such an interference may be analogous to
1978). what occurs in diabetes mellitus. The adverse effects of

diabetes mellitus on the cardiovascular system are well-
known.

to increase serum cholesterol, impair formation of aortic Zinc and chromium also appear to interact within
elastin, and cause myocardial necrosis and rupture (Allen intestinal epithelial cells. Both metals seem to bind to the
and Klevay, 1978a). Impaired copper nutriture apparent- same low-molecular-weight ligand (Hahn and Evans,ly causes increased cholesterol synthesis in the liver and 1975), which has been found to facilitate the intestinal
increased clearance of cholesterol into the plasma and absorption of zinc (Evans et al.,  1975). The zinc nutriture
bile (Allen and Klevay, 1978b). Abnormalities in elastin of rats seems to influence intestinal absorption of
(Hill et al., 1967) and collagen (Chou et al., 1969) caused chromium. Zinc-deficient rats were found to absorb more
by copper deficiency have been described. The abnormali- chromium (Hahn and Evans, 1975), which is an interest-
ties in the myocardium are less well understood, though ing finding in view of the roles of these two metals in
electron microscopic findings have been described (Leigh, carbohydrate metabolism.
1975).

In cattle, interactions between copper and molybde- CADMIUM AND OTHER METALSnum (and sulfur) are important for health (Bremner and
Davis, 1973); apparently, they can react with each other Interactions of cadmium with essential elements that
to form an insoluble complex within the rumen. In might be of significance for the cardiovascular system are
addition, low concentrations of molybdenum in the those with zinc, copper, calcium, selenium, sulfur, and
rumen apparently can lead to the generation of sulfide, sodium. Some of these have been reviewed by Fox (1974).which precipitates copper. It therefore seems possible Cadmium-zinc interactions have received the most
that molybdenum nutriture might play a role in the attention. An increased ratio of cadmium to zinc in the
occurrence of cardiovascular abnormalities related to renal cortex has been associated with increased blood
impaired copper homeostasis. pressure (Schroeder, 1967; Lener and Bibr, 1971) and/or

Zinc and calcium can apparently interact in vivo. increased atherosclerosis (Voors et al., 1973) in humans
Increased dietary calcium will cause a shift of zinc from and increased blood pressure in rats (Schroeder and
the liver to the bone (Heth et al., 1966). Such a shift Vinton, 1962; Perry and Erlanger, 1974). In addition, it
presumably decreases the ratio of zinc to copper in liver. has been suggested, but not proved, that increased levels
In this regard, it has been shown that supplementation of of cadmium in water or foods may contribute to the
human diets with calcium decreases the serum concentra- occurrence of essential hypertension in man (Schroeder
tion of cholesterol (Albanese et al., 1973). and Perry, 1956; Perry, 1973).

Zinc may interact indirectly with chromium and Under proper dietary and environmental conditions it
manganese through its influence on carbohydrate metab- is possible to induce increased blood pressure in rats by
olism. Zinc appears necessary for the release of insulin adding cadmium to their drinking water (Schroeder and
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Vinton, 1962; Perry and Erlanger, 1974, 1976; Perry et a 58 percent decrease in serum ceruloplasmin activity
al.,  1977). The level of cadmium required is relatively low was observed along with a decline in the liver and blood
(0.1-10   ppm),   and the duration of exposure  long (6-12 copper and a thinning of cortical bone. The effect of
months). With increased length of exposure (12 months), cadmium was exacerbated when the amount of either
lower levels of cadmium (0.1-2.5 ppm) cause the blood cadmium or zinc was substantially increased (Mills,
pressure to continue to increase, whereas the higher 1974). The effects of these interactions on hepatic

levels (10-50 ppm) do not. It seems that the level of zinc cholesterol metabolism have not been defined. It might be
in the diet or drinking water must be within a specific expected that increased zinc or cadmium would increase

range for increased blood pressure to occur. In one study, cholesterol synthesis through interference with copper
the feeding of 12.5 ppm zinc in the diet along with 5 ppm metabolism. Both cations induce the synthesis of metallo-
cadmium in the drinking water did not result in increased thionein (Winge and Rajagopalan, 1972; Bremner and
blood pressure after 14 months (Doyle et al., 1975), Davis, 1975). Copper will displace both zinc and cadmi-
although sodium retention was increased. In contrast, um from metallothionein (Hartman and Weser, 1977).

'
increased blood pressure occurred in rats fed 12.5 ppm Copper bound to metallothionein can apparently be
zinc in drinking water with 22.3 ppm zinc in the diet taken up by lysosomes (Porter, 1974) from which copper
when 2.5 ppm cadmium was added to the drinking water is excreted into the bile (Evans, 1973). The resulting
for 12 months (H. M. Perry, cited by Sandstead, 1976). A decrease in liver copper might alter hepatic cholesterol
higher intake of zinc, 50 ppm in drinking water plus 22.3 metabolism causing increased levels of plasma cholesterol
ppm in the diet, along with 2.5 ppm cadmium in drinking (Allen and Klevay, 1978a, 1978b).
water, caused the blood pressure to increase significantly Cadmium and calcium interact in the intestine and
after 6 months. In contrast, 100 ppm zinc in drinking elsewhere in the body. A low dietary intake of calcium is
water, plus the above diet, prevented an increase in blood associated with an increased intestinal absorption of
pressure when either 2.5 or 10 ppm cadmium was given. cadmium in rats (Larsson and Piscator, 1971), whereas
At a level of 200 ppm zinc in drinking water, plus the increased dietary calcium decreases cadmium absorption.
above diet, the rats developed increased blood pressure Cadmium can inhibit the absorption of calcium. While
although no cadmium was given. Subsequent work has direct inhibition seems possible, cadmium has been
confirmed the finding that high-zinc intakes without shown to inhibit the synthesis of the vitamin D deriva-
added cadmium caused increased blood pressure (Perry tive, 1-25 (OH)2 cholecalciferol (Suda et al., 1974) by the
and Erlanger, 1978) and prevented cadmium-induced renal tubule. When cadmium inhibits calcium absorp-
increased blood pressure when given with cadmium. tion, a mobilization of calcium and zinc from bone,
Thus it appears that the interaction between cadmium mediated by Parathormone, presumably occurs (Hurley
and zinc is dependent on the relative amounts of the two and Tao, 1972). Mobilization of zinc from the bone
elements. At low levels of cadmium, increased blood would increase the ratio of zinc to copper in the liver and
pressure will not occur unless the amount of zinc is might result in an increased concentration of serum
within a specific range, and zinc alone, when given in cholesterol (Klevay, 1973; Allen and Klevay, 1978a,
sufficient amounts, will cause increased blood pressure. It 1978b).

seems possible that induction of metallothionein by Cadmium interacts indirectly with sodium. A low
cadmium (Winge and Rajagopalan, 1972) and zinc intake of cadmium (5 ppm) will induce sodium retention
(Bremner and Davis, 1975) and the relative binding of in rats fed either 12.5 ppm zinc (Doyle et al., 1975) or
cadmium and zinc to metallothionein may contribute to approximately 75 ppm zinc (Lener and Musil, 1971).
this phenomenon. It should be noted that the induction Increased dietary sodium has been shown to increase

of hypertension in humans by cadmium has not been body sodium and to induce hypertension in the rat
established. (Meneely, 1973). It seems likely that the retention of

Cadmium, zinc, and copper interact in the arterial wall sodium by cadmium-fed rats is at least in part responsible
(Hill et al., 1963). Increased intakes of cadmium cause for the increased blood pressure that has been observed
histologic abnormalities that resemble those of copper when rats were fed cadmium in drinking water for long
deficiency. When increased zinc is given along with the periods of time (Schroeder and Vinton, 1962; Perry and
cadmium, the abnormalities are even more severe. The Erlanger, 1974,1976).
findings suggest that cadmium and/or zinc interfere with Cadmium interacts with selenium. Rats given 0.9 ppm
the copper-mediated cross-linking of elastin (Hill et al., selenium in drinking water along with 0.5 ppm in the diet
1967) and collagen (Chou et al., 1969). do not develop increased blood pressure when given 2.5

Cadmium, zinc, and copper also interact in the liver. ppm cadmium. This level of selenium given alone will
When 1 ppm cadmium and 30 ppm zinc were fed to rats, induce increased blood pressure (Perry and Erlanger,
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1974). The mechanism of this cadmium-selenium interac- Hill, C. H., and G. Matrone. 1970. Chemical parameters in the study of
tion is not known. Selenium will also protect from in vivo and in vitro interactions in transition elements. Fed. Proc.

another toxic effect of cadmium that might have cardio- 29:1474-1481.
Hill, C. H., G. Matrone, W. L. Payne, and C. W. Barker. 1963. In vivovascular implications. Cadmium has been shown to interaction ofcadmium. J. Nutr. 80:227-235.

injure pancreatic beta cells and impair carbohydrate Hill, C. H., B. Starcher, and C. Kim. 1967. Role of copper in the
metabolism (Merali and Singhal, 1975); selenium pre- formation ofelastin. Fed. Proc. 26:129-133.
vents this injury. Huber, A. M., and S. N. Gershoff. 1973. EfTect of zinc deficiency in rats

on insulin release from the pancreas. J. Nutr. 103:1739-1744.Although we do not know whether most of the
Hurley,  L. S., and S. Tao. 1972. Alleviation of teratogenic effects of zincinteractions observed in animals are of importance for the deficiency by. simultaneous lack of calcium.  Am. J. Physiol. 222:322-

cardiovascular system of humans, the metabolic similari- 325.

ties between mammalian species suggest that investiga- Ismail-Beigi, F., J. G. Reinhold, B. Faraji, and P. Abadi. 1977. Effects
tion of this possibility is appropriate. of cellulose added to diets of low and high fiber content upon the

metabolism of calcium, magnesium, zinc and phosphorus by man. J.
Nutr. 107:510-518.
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Pathogenesis and Classification of
Cardiovascular Diseases in Relation to
Minerals in the Drinking Water
JACK P. STRONG and A. WOUTER VOORS

The large body of scientific information indicating that existence of a water factor in the risk of cardiovascular
certain inorganic or mineral constituents of drinking disease and over the magnitude of the problem, if present.
water are correlated with increased mortality rates for Most of the relationships of drinking water and disease
cardiovascular diseases calls for logical approaches to have been derived from studying mortality rates in
establishing causal relationships, determining the specific different geographical locations having different charac-
types of cardiovascular diseases that are involved, and teristics of drinking water. Autopsy studies have also
determining the mechanism (pathogenesis) of the harm- been performed comparing the content of certain suspect
ful effects and the stages of the disease process that are minerals that are increased in soft water between cases
influenced by the water constituents. · with cardiovascular disease and cases without cardiovas-

The literature summarized in other reports in this cular disease. Sufficient significant relation between
volume suggests that in the United States and other content of the drinking water and mortality from
technically developed countries the mortality from cer- cardiovascular disease (and supportive studies on the
tain chronic diseases, particularly cardiovascular disease, relationship of certain minerals in the drinking water to
hypertension, and stroke, is associated with various water cardiovascular disease in autopsy studies) is present to
characteristics related to water hardness. These reports, provide tantalizing incentives to possible public health
in general, indicate an inverse correlation between the intervention. Such intervention would attempt to lower
mortality from cardiovascular disease and the amount of cardiovascular disease mortality, which accounts for
water hardness. Hypotheses have been proposed to approximately half of all deaths that occur each year in
account for this correlation of water chemistry with the United States, by changing the content of drinking
morbidity and mortality, and these hypotheses suggest a water or of the local foods as indexed by this water.  Even
protective action of some elements found in hard water though it might be possible to lower cardiovascular death
or harmful effects attributed to certain elements associ- rates without ever knowing the mechanisms by techno-
ated with soft water. The hypothetically protective agents logical manipulation of the water supply in favor of more
include calcium, magnesium, vanadium, lithium, chromi- hypothetically protective constituents and less hypotheti-
um, manganese, selenium, silicon, and perhaps zinc. The cally harmful constituents, a superior approach would be
hypothetically harmful agents include cadmium, lead, to establish as precisely as possible the particular water
and copper, all of which tend to be found in higher constituents involved and the mechanisms of the perti-
concentration in soft water as a result of its relative nent cardiovascular diseases that are affected.
corrosiveness. These suggestive findings of significant Before proceeding to the remainder of this report, it is
correlations between water factors and disease, however, essential to reemphasize what has been amply demon-
are not conclusive, and there is disagreement over the strated by epidemiologists, biostatisticians, and other
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investigators in the field of cardiovascular research, association between water factors and any specific form
namely, that mortality rates are notoriously subject to of cardiovascular disease, but a definite association with
variability and errors because of difficulty in accurate all forms of cardiovascular disease, one explanation could
classification of cause of death (Oalmann et al.,  1971) and be that the water factor has a damaging myocardial effect
that autopsy studies, while benefiting from more accurate on an already diseased cardiovascular system. Thus
classification of cause of death, have serious liabilities individuals suffering from any one of several diseases (for
because of inherent bias from the various selection example, coronary heart disease, hypertension, rheumatic
processes that occur in autopsy material (Berkson, 1946; heart disease) might have superimposed damage leading
Mainland, 1953; McMahan, 1960, 1963). to increased morbidity and mortality even though the

The purpose of this report will not be to evaluate the water factor had nothing to do with the initiation of the
literature concerning possible roles of the various hypo- primary cardiovascular disease process. A significant
thetically harmful or protective elements in the drinking association of water factors and the broad classification of
water but to point out how considerations of the all cardiovascular disease has another possible explana-
pathogenesis and classification of cardiovascular diseases tion. The water factor might really infuence the patho-
may be valuable in understanding the reported negative genesis of only one or two types of cardiovascular disease
association between water hardness and cardiovascular (say coronary heart disease and hypertensive heart
disease mortality. disease), yet problems of misclassification in assigning

cause of death would wash out the pure relationship,

CARDIOVASCULAR DISEASE leaving only a positive significant association with "dis-
eases of the heart" or all cardiovascular disease.

Some of the literature on drinking water and cardiovas- This discussion of pathogenesis and classification of
cular disease suggests a significant negative association cardiovascular disease must be further complicated by
between water hardness and coronary heart disease the known interrelationships between two of the most
(atherosclerotic heart disease, 55ICD 420 in the Interna- frequent forms of heart disease,· namely, coronary heart
tional  Classijication  ofDiseases, 1955 Rev. (World Health disease and hypertensive heart disease. Coronary heart
Organization, 1957)) and/or hypertension with heart disease may occur with or without concomitant hyper-
disease (Schroeder, 1960, 1966; Morris et al., 1961; tension. Yet, hypertension is a well-known and powerful
Bi8rck et al., 1965; Biersteker, 1967; Crawford et al., risk factor for the development of coronary heart disease.
1968; Schroeder and Kraemer, 1974), while other investi- Therefore the effect of a harmful water factor on
gations indicate a relationship between the water softness hypertension would be reflected,   not   only in morbidity,
and the broad category of all cardiovascular disease or all and mortality rates for hypertensive heart disease, but
heart disease (Comstock, 1979, this volume). These also in the much larger category of coronary heart
studies are based on death certificate diagnoses. Knowl- disease. As hypertension is a predisposing cause of the
edge of the imprecision of death certificate diagnoses and two most common forms of stroke, a water effect on
understanding of the pathogenesis of cardiovascular hypertension would also influence morbidity and mortali-
disease and areas of possible overlap in diagnoses make it ty rates for vascular disease of the central nervous
easy to see how ambiguities could arise even if there were system. Special considerations of hypertension and stroke
a clear-cut effect on either coronary heart disease or all are discussed under the next two headings.
forms of heart disease.

It is important to establish whether the harmful or
HYPERTENSION

protective effect of water is clearly implicated in one or
more of the major types of cardiovascular disease, such as What are the mechanisms by which water chemistry
coronary heart disease (55ICD 420) or hypertensive could be related to hypertension? Two possible pathways

heart disease (55ICD 440-443) or whether the associa- are these:
tion is truly with the broader diagnostic categories of
cardiovascular disease. In the first instance, one would be • Some component of the drinking water might
concerned with pathogenetic mechanisms for the specific produce (or protect against) direct damage to the arterial
type of cardiovascular disease implicated: for coronary walls that might result in elevated blood pressure.
heart disease, the effects of the water factor on the • Some water factor might cause (or protect against)
atherosclerotic process or the blood clotting mechanism; increased peripheral resistance and elevated blood pres-
for hypertensive disease, the effect of the water factor on sure by altering the regulatory mechanisms that control
blood pressure levels and arteriolar structure and func- arteriolar constriction and dilatation. The regulatory
tion. On the other hand, if there is no clear-cut mechanisms might be through some effect on water
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and/or salt retention by the kidneys, renin-angiotensin mechanisms. Hypertension is known to accelerate the
mechanism, hormonal alterations, or something similar. development of atherosclerotic lesions in the cerebral

arteries as well as in the coronary arteries and aorta.
The experimental approach using animal models seems Therefore more extensive atherosclerosis would increase

best suited to pursue these mechanisms now that certain the probability of cerebral thrombosis and occlusive
elements in the water have been postulated as being the cerebral infarction. This form of stroke may occur,
protective or harmful agents responsible for cardiovascu- however, in the absence of hypertension provided that
lar disease. atherosclerosis is present in the cerebral arteries. For

Assuming that some water factor has a direct or intracerebral hemorrhage, hypertension has an even
indirect causal role in human hypertension, what would stronger relationship. Hypertension is practically a sine
be the consequences? The well-known health conse- qua non and is considered to be the basic underlying
quences of hypertension include increased risk of devel- cause leading to rupture of small arterioles in the brain
oping coronary heart disease, increased risk of developing with resultant hemorrhage. Cerebral infarction secondary
cerebral thrombosis resulting from occlusive atheroscle- to embolism, however, can be the result of a variety of
rosis (65ICD 433 in the International Classification of basic underlying causes including embolism from a
Diseases, 1965 Rev. (World Health Organization, 1967)), plague in the carotid arteries, dislodgement of a mural
which is the most common form of stroke, increased risk thrombus overlying a myocardial infarct, dislodgement of
of developing hypertensive cerebral hemorrhage (65ICD a mural thrombus in the left atrium as a result of atrial
431; the second most common type of stroke), as well as fibrillation, and embolism secondary to bacterial endo-
the effects of hypertension on the heart (hypertensive carditis.
heart disease and cardiac failure; 55ICD 440-443) and If the evidence relating a water factor to stroke
kidneys (arteriolar nephrosclerosis; 55ICD 442, 446). In includes subclassification of the type of stroke into these
addition, patients with hypertension have an increased categories, then certain lines of reasoning would come
susceptibility to various intercurrent diseases. Thus if a into play. For example, Nefzger et al. (1973) by coding
true link were to be established between some component death certificates of U.S. veterans found a difference in
of the drinking water and the development of hyperten- mortality caused by intracerebral hemorrhage between
sion, the significance in terms of human disease would be cases in Georgia on the one hand and Colorado, Idaho,
very great. The need for and reward from public health Montana, Utah, and Wyoming on the other hand,
intervention by changing water supplies or local foods for whereas they found no difference in mortality caused by
the better would obviously also be great. occlusive cerebral vascular disease. If differences in

intracerebral hemorrhage, but not in occlusive cerebral
vascular disease, occurred in association with water

STROKE chemistry, this finding would suggest attention to the role
of hypertension as a prime suspect because of the very

If a water factor could be documented as being related to strong relationship between hypertension and intracere-
some measure of stroke (55ICD 330-334) in human bral hemorrhage.
subjects, one would wish to determine the type of stroke On the other hand, if a water factor were related to
with which the water factor is most strongly related. cerebral infarction secondary to atherosclerosis and
Once established, one would need to consider the possible thrombosis (occlusive cerebrovascular disease) and not to
mechanisms by which the water factor might logically cerebral hemorrhage, then the suspected mechanism     I
have contributed. Death certificate data on stroke are would be acceleration of the atherosclerotic process in
reasonably reliable for the large category of vascular the cerebral arteries (for some reason other than hyper-
diseases of the central nervous system. This category, tension) or an effect on the clotting mechanism. If a
however, includes different forms of stroke with distinc- water factor were clearly related to both of these types of
tive pathogenetic mechanisms. The major types of stroke cerebrovascular disease, hypertension would again be
in the human, in order of decreasing frequency, are as suspected as a mechanism since it may predispose to
follows: cerebral infarction caused by atherosclerosis both.
with superimposed thrombosis (occlusive cerebrovascular Underlying causes of disease processes that might lead
disease), hypertensive cerebral hemorrhage (intracerebral to cerebral embolism are so variable that it seems

hemorrhage), and cerebral infarction resulting from extremely unlikely for a water factor to be detected as
embolism (65ICD 434). solely relating to embolic stroke. Accurate assessment of

Hypertension, as previously noted, may predispose to this type of stroke would not be possible without firm
both cerebral infarction secondary to atherosclerosis and autopsy evidence, and this would not be available in most
intracerebral hemorrhage, even though by different investigations.
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The Association of
Water Hardness and Cardiovascular Diseases:
An Epidemiological Review and Critique
GEORGE W. COMSTOCK

The investigation of the association of hardness of local and along the Gulf Coast and the Great Lakes and low
drinking water supplies with cardiovascular diseases had rates in the western plains and middle South persisted
its beginning only a little more than two decades ago. As when the analysis was limited to metropolitan areas. This
often happens, separate lines of investigation pointed in was somewhat in contrast to the findings of a study of
the same direction, in this case to some characteristic of heart disease in 1940 (Gover and Pennell, 1950). At that
drinking water as a possible cause of cardiovascular time, high arteriosclerotic heart disease death rates
disease. The potential of such a relationship for the (diseases of coronary arteries and diseases of the myocar-
control of heart disease and stroke was obvious. Even if dium combined) were found in the New England and
something in drinking water had only a small effect, so Middle Atlantic regions, and low rates in the South
many people succumb to cardiovascular conditions that Central regions. These differences became much smaller
alteration of the composition of drinking water could when the analysis was restricted to cities of over 100,000
prolong many lives. Furthermore, preventive health population, suggesting that urbanization was a major
measures that are applied at the community level, such as cause of geographic variation  in  1940.
water treatment, have proved to be more effective and More recent studies of smaller areas in greater detail
less expensive than measures that must be individually have confirmed that there are real geographic differences
applied. in total death rates; they largely result from differences in

What appears to have been the first paper to call cardiovascular death rates, and these differences are
attention to the marked geographic variation in death large-rates in high-rate areas are approximately twice
rates-death rates from heart disease in particular- those in low-rate areas (Chase, 1963; Sauer et al., 1966;
appeared in 1956. Using death rates for the United States Kuller et al., 1969; Sauer and Parke, 1974).
in the triennium 1949-1951, Enterline and Stewart While some characteristic of drinking water was an
(1956) noted that place of residence might well be obvious suspect among the numerous factors that distin-
considered a major risk factor for cardiovascular dis- guished the high- from low-death-rate areas, the direct
eases. Subsequent analyses of these data ruled out as approach to the association of water hardness with
causes of the observed relationship such things as cardiovascular diseases began on the opposite side of the
inaccuracies of population or death counts, migration globe. In 1957 a Japanese agricultural chemist, Jun
patterns, and availability of medical care (Sauer and Kobayashi, published a paper in an obscure journal
Enterline, 1959; Enterline et al., 1960; Sauer, 1962). calling attention to the close association of death rates
Although rates were higher in metropolitan than in from apoplexy in various areas of Japan and the acidity
nonmetropolitan areas, the pattern of high cardiovascu- of river water (Kobayashi, 1957). He chose the ratio of
lar death rates near the East Coast of the United States sulfates to carbonates as his index of water quality. It is

48
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not clear why this ratio was selected: it is a measure of system by some waters, but not by others, was the most
acidity, and Kobayashi knew that unusually high sulfate likely culprit (Schroeder, 1969; Correa and Strong, 1972;
levels characterized many Japanese rivers. He also felt Masironi, 1973). None of the reviews indicated that
that calcium carbonate might in some way help prevent further investigations should be discouraged; indeed,
apoplexy. Parenthetically, all river water in Japan is soft. almost all specifically urged further research.

Kobayashi's work might well have gone unnoticed
except for the fact that H. A. Schroeder had been given a GENERAL STATISTICAL ANDgrant from the Lasdon Foundation to look into the EPIDEMIOLOGICAL PROBLEMScardiovascular disease situation in the Orient (Schroeder,
1958). He talked with Kobayashi, was given access to his Before reviewing the currently available evidence on
data on water quality and strokes, and noted that water hardness and cardiovascular disease, it may be
"perhaps an even better correlation is found with the appropriate to review some biostatistical and epidemio-
abnormality of river water and death rates from all heart logical problems common to many of these studies. By
diseases. far, the great majority used correlation coellicients to"

On his return to the United States, Schroeder sought to measure associations rather than the coefficient of regres-
confirm Kobayashi's findings. Because hardness of sion of a disease index (usually mortality) on hardness.
finished water was the characteristic most, widely avail- . The correlation coefficient is affected  much  more  by
able, he looked at its relationship to death rates from a chance variation than the regression coefficient, which
variety of causes on a state-by-state basis for the years can be attenuated only by variation in the independent
1949-1951 (Schroeder, 1960a). He found significant variable (Neri et al., 1972). Furthermore, the correlation
negative correlations with deaths from all causes (-.36), coefficient gives no indication of the magnitude of an
all cardiovascular diseases (-.56), coronary heart disease effect: it is possible to obtain perfect correlation of two
and other cardiovascular diseases (-.31 and -.36, variables even when the dependent variable changes little,
respectively), and strokes (-.33). More detailed informa- if at all, with changes in the independent variable.  A high
tion on water quality was available for 163 metropolitan degree of correlation is of little importance if there is
areas of the United States (Schroeder, 1960b). Among little change in the cardiovascular death rate with
white males 45-64 years of age in these areas, coronary changes in water hardness.
heart disease death rates were negatively correlated with To illustrate this point, consider the hypothetical
hardness   (-.29), with magnesium   (-.30),   and with situations depicted in Figures 31 and 32. In each, dots
calcium (-.27); no association was found with the ratio represent the observations and the line is the calculated
of sulfates to bicarbonates. regression line, showing the amount of change in disease

In the years since these pioneering studies, a number of
authors and committees reviewed the water hardness
association with cardiovascular diseases (Dingle et al.,
1964; Anonymous, 1966; Schroeder, 1969; Crawford et

150 --

al., 1971c; Correa and Strong, 1972; Masironi et al.,
1972; Perry, 1972; Masironi, 1973; Punsar, 1973; Neri et
al., 1974; Sauer, 1974a; Shaper, 1974; Sharrett and
Feinleib, 1975; Gardner, 1976; Heyden, 1976; Hudson       f E
and Gilcreas, 1976; Wolman,  1976). Not unexpectedly,            100

- ...
they came to different conclusions. Some felt that current       5 2

0 fknowledge was suficient to take action with respect to        a a
water treatment (Department of Health and Social

50 -
Security, 1974; Shaper, 1974; Hudson and Gilcreas,
1976); these include two papers, which principally
reviewed the evidence favoring their viewpoint (Shaper,
1974; Hudson and Gilcreas, 1976). Others believed that

0 1 1      1      1any such action would be unwise at present (Punsar,        0        50 100 150 200

1973; Heyden, 1976; Wolman, 1976); one of these WATER CHARACTERISTIC

authors, after a very thorough review, felt that the (arbitrary units)

association of cardiovascular deaths with soft water FIGURE 31 Hypothetical example of an association with a largemight be spurious (Punsar, 1973). Still others suggested correlation coefficient (r  =   -.74 and a small regression coefficient (b,
that some trace element leached from the distribution = -.58).
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•                              cy of deaths from other causes and among other
population subgroups (Crawford et al., 1972a). A dis-
tressing number of papers failed to make adjustments of

150 -
any kind for differences in the compositions of their study
populations; even such elementary adjustments as those

•                        for age, sex, and race were neglected. Others have used
broad age groupings without further adjustment, thereby

3 f
too- making the implicit, but possibly unwarranted, assump-

.> tion that there are no important age differences withinWa
W ./                                                       01 :                                                                                              the age range under study.

'              The ecologic fallacy, which  is an error caused  by
50 - attributing a characteristic of a group to all of its

component individuals, may also affect some studies on
' water hardness. Almost all studies have classified areas

0               by the hardness of finished water at the treatment plant.
0       1      1      1      1
0             50 100 150 200 Little regard has been paid to the relative frequency of

WATER CHARACTERISTIC home water softeners. In hard water areas of the United
(arbitrary units) States the market saturation for water softeners is

FIGURE 32 Hypothetical example of an association with a correla- estimated to be 60-70 percent (Porth, 1970). Water
tion  coeKicient  of  -.45  and a regression coeihcient  of  -.34,  both of softeners have been estimated to be present in 70 percent
which are only moderately large. of homes in DuPage County, Illinois (Water Quality

Association, Wheaton, Illinois, personal communication,
1975) and to be in nearly 10 percent of all U.S.
households (Oberhamer, 1975). In homes with deep wells

rates (the dependent variable) per unit chang6 in a water in Washington County, Maryland, water softeners were
characteristic (the independent variable). In Figure 31, present in 27 percent and in regular use in 24 percent
all observations fall close to the regression line and the (Johns Hopkins Training Center for Public Health
correlation coemcient  is  high  (-.74). The negative sign Research, Hagerstown, Maryland, unpublished data,
indicates that the disease rate decreases as the water 1975). They were reported to be present in 30 of 196
characteristic increases. In spite of the high correlation homes in Omaha, Nebraska (Bierenbaum et al., 1973). It
coefficient, marked changes in the water characteristic is not known to what extent the use of water softeners
result in only trivial changes in the disease rate. has caused misclassification of persons presumed to be

The situation depicted in Figure 32 is quite different. drinking hard water because it is known to be hard at the
The observations are not closely clustered around the treatment plant, but it is clear that in the United States
regression  line,  and the correlation coefficient  (-.45) is considerable misclassification could occur in this way.
much smaller than that for Figure 31. Again its negative The geographic unit of study is also a source of
sign indicates that disease rates tend to decrease as the misclassification. The larger the unit, the more broadly
water characteristic increases.  But the steeper slope of the representative its population·will be, and the more stable
regression line indicates that on the average modest its death rates, but the sources of water supply will also
changes in the water characteristic are associated with be more heterogeneous. Only Winton and McCabe
important changes in the disease rate, although the wider (1970) appear to have addressed themselves specifically
scatter of observations in Figure 32 makes the exact to this issue. Sharrett (1979, this volume) addresses the
degree of downward slope much less certain than in question of small or large regions and strength of
Figure 31. Nevertheless, it seems clear that Figure 32 correlation, as do Neri et aL (1971 and 1972), but not the
illustrates a situation that is more interesting from an heterogeneity of water supplies, explicitly.
etiological and preventive point of view than Figure 31. An equally important problem of potential misclas-
Correlation coefficients alone would not have given us sification is'the almost complete lack of knowledge about
this very important bit of information. the proportion of daily water intake that comes from the

Standardized mortality ratios have also been used tap, either at home or elsewhere. One study did note that
occasionally instead of adjusted rates. It has been noted it had been estimated that one sixth of the population in
that these ratios are dependent, not only on the cause and southern California drank bottled water (Allwright et aL,
population subgroups of interest, but also on the frequen- 1974), and a small pilot study in a hard water area found
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that half of the subjects drank softened or bottled water
at home (Hankin et al., 1970). Schroeder and Kraemer WATER HARDNESS AND CARDIOVASCULAR

DEATHS WITHIN GEOGRAPHIC AREAS
(1974) quote the National Soft Drink Association as
estimating the daily per capita consumption of tap water More than 50 studies have appeared in the past 20 years
in the United States as 982 ml in 1962 and 929 ml in 1971 correlating the hardness of drinking water at treatment
and of soft O.e., nonalcoholic), bottled or canned drinks plants with mortality data from cardiovascular and other
as 198 ml in 1962 and 360 ml in 1971. causes. Because of variability in study populations,

statistical procedures, measures of water hardness, and

EXPERIMENTAL ANIMAL STUDIES indices of mortality, it is nearly impossible to categorize
these studies satisfactorily. The reviews by Punsar (1973)

Only a few studies of the effects of hardness of water on and by Neri et al. (1974) contain useful tabulations of the
experimental animals have been reported. Two small results of many of these studies; both list them in order of
experiments on rabbits were reported by Neal and Neal publication. For this review, the studies will be consid-
(1962). For both experiments it was reported that rabbits ered primarily by size of geographic area (national and
on distilled water developed more atherosclerosis than international; province and state; county and city) and
those on hard water; rabbits given magnesium sulfate secondarily by the time period for which mortality data
developed none at all. Unfortunately, information on were gathered.
experimental methods was sketchy, and results were
reported only in general terms.

NATIONAL AND INTERNATIONAL
Three studies on pigs have been reported. The first was

an observational study in which aortas were examined
United States, 1949-1951from 1,637 swine raised in 12 locations in the United

States and Europe (Bijlenga et al., 1967). Atherosclerosis Schroeder (1960a, 1960b) found significantly negative
scores at ages 6-7 months and 8-11 months were more correlations between water hardness and death from
than twice as large for animals from soft as from hard cardiovascular causes, including strokes, for states, and
water areas, but this difference was not statistically between hardness and coronary heart disease for white
significant. A second study more nearly approximated a males, 45-64 years of age, for the 163 largest municipal-
controlled trial (Howard et al., 1967). In Great Britain ities.
the Pig Industry Development Authority has a number Dudley et al. (1969) also found a negative correlation
of stations in which pigs are raised on the same diet from between hardness and coronary heart disease in white
a central supply and housed almost identically. The males  aged 45-64, limiting their study  to  the  116  of the
abdominal aortas were examined from animals raised in 163 standard metropolitan statistical areas for which they
Sterling, Scotland, with soft water and in Letchworth, could find complete data for the 35 variables that they
England, with hard water. A few more pigs from the soft used.

water region than from the hard water region had Winton and McCabe (1970), using rank order correla-
evidence of atherosclerosis (69.3 percent versus 61.5 tion, agreed with the others in that they found a negative
percent), but the areas of involvement in the disease correlation of dissolved solids with diseases of the heart,
process were smaller in the soft water region. Males from but disagreed with Schroeder in that they observed a
one of the two breeds of pigs had more atherosclerosis in positive correlation with strokes. They limited their study
the hard water region. Again,  none of the differences was to 135 central county areas with well-defined water
statistically significant. The third study was a controlled sources.
experiment in which two groups, of 10 pigs each, were
kept from birth under identical conditions, except that United States, 1959-1961one group had normally hard water from Munich's
supply in the limestone mountains (303 ppm) and the Schroeder (1966) repeated his earlier study, this time
other group had water softened to 2 ppm by ion exchange using data from 88 cities. He again found negative
(Puschner et al., 1969). When the pigs were slaughtered correlations between hardness and deaths from arterio-
at the age of 7 months, no differences in arteriosclerosis sclerotic heart disease, hypertensive heart disease, and
or in serum cholesterol were noted. strokes. A later paper (Schroeder and Kraemer, 1974)

It is noteworthy that the more rigorous the experimen- used data from 201 standard metropolitan statistical
tal design, the less the association between water areas for white and nonwhite males and females, aged
hardness and atherosclerosis. 45-64 and 65 and over. He found significantly negative
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correlations between hardness and arteriosclerotic heart related to cardiovascular diseases, findings from autopsies
disease deaths for all four age-sex groups among whites; done in five European cities were reported (World Health
the only significantly negative correlation among non- Organization, 1973). Three of the cities were in the
whites was for nonwhite females 65 and over. Correla- U.S.S.R., one in Sweden, and one in Czechoslovakia.
tions for hypertensive heart disease were significant only Water hardness ranged from 178 to 332 ppm. Hyperten-
for white females  45-64  (-.22),  and for strokes, sig- sive heart disease death rates among persons of both
nificant only for cerebral hemorrhage among males 45-64 sexes aged 20-89 years decreased almost linearly from
(-.28 for whites and  -.19 for nonwhites). approximately 60 per 100,000 in the city with the least-

Voors (1971) was primarily interested in specific 'hard water to approximately 20 in the city with the
minerals in water and their correlation with age-adjusted hardest water. There was, however, no clear relation of
arteriosclerotic heart disease deaths in 99 of the 100 water hardness to the age-adjusted frequency of athero-
largest cities of the United States. Correlations were sclerosis in the coronary arteries (Vanacek, 1976).
almost identical for calcium and for magnesium, the Strong et al. (1968) studied 23,207 sets of aortas and
major components of water hardness, and were negative coronary arteries obtained in autopsies  from 14 cities
for all four race-sex groups, being largest for white males around the world. Among whites in New Orleans, Oslo,
(-.35 for calcium,  -.32 for magnesium) and smallest SSo Paulo, and Puerto Rico the correlation between
for nonwhite males (-.10 for both metals). Sauer studied water hardness and the mean percent of the surface
92 metropolitan state economic areas (Sauer et al., 1971; involved with raised lesions of atherosclerosis was nega-
Sauer, 1974b). Among whites aged 45-64 and 35-74 tive, but among other ethnic groups the correlation · was
(adjusted for age within each group by 10-year sub- positive.
groups), he found significantly negative correlations for Among the six Latin American cities reported on by
all cardiovascular-renal causes combined and for coro- Masironi (1970), the mean proportion of the arterial
nary heart disease. surface involved with raised lesions was 8.9 percent for

Hudson and Gilcreas (1976) also reported a negative the cities with soft water and 9.6 percent for the cities
relation between hardness and cardiovascular death rates with hard water.
among white males. They grouped 96 metropolitan areas
into four.categories of water hardness, but did not weight United Kingdomtheir averages or adjust the death rates for age
differences. Their finding is thus of doubtful validity. Confirmation of Schroeder's findings in the United States

came first from the work of Morris et al. (1961), who

United   States,    after   1961
used data for 83 county boroughs of England and Wales,
1948-1954, for males and females in two age groups, 45-

Masironi (1970), using hardness and death rates for 42 64 and 65-74. Correlations of hardness with deaths from
states, looked at death rates among their total population all cardiovascular disease, coronary heart disease, myo-
and among white males 45-64 for certain causes. He cardial degeneration, hypertensive heart disease, and
found negative, but nonsignificant, correlations with all strokes were all negative, and most were significantly
cardiovascular diseases and arteriosclerotic heart disease, different from zero. Among all four age-sex groups the
while correlations were significantly negative with hyper- correlation coeflicients of hardness with myocardial
tensive heart disease among both study groups. degeneration tended to be larger than for other causes,

although not quite as large as the coefficients for all
cardiovascular causes combined.

International Comparisons Crawford et al. (1968) and Gardner et al. (1969) have
Masironi (1970) summarized data from three Latin further refined the initial study, using data from 1958-
American cities with soft water (20-42 ppm) and three 1964 for the 61 county boroughs with more than 80,000
with hard water (122-223 ppm). He found hypertensive population and the same age-sex grouping. Essentially
heart disease death rates to be considerably lower in the the same results emerged. The latter study (Gardner et
hard water cities  ( - 39 percent for males,   - 49 percent al., 1969) also looked at death rates in the 7-year period
for females), arteriosclerotic heart disease death rates to around the 1951 census, again with essentially similar
be about the same ( +4 percent for males, -9 percent for results.
females), and death rates from- myocardial degeneration Crawford et al. (1977) also studied six towns with soft
to  be strongly disparate  for the sexes  ( + 47 percent for water (28-40 ppm) and six towns with hard water (253-
males, - 17 percent for females). 358 ppm). The soft water towns had high cardiovascular

At a meeting of investigators of trace elements as death rates, the hard water towns had lower rates.
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Sudden deaths made up a greater proportion of male largest towns in North Ireland for the years 1957-1961.
leaths in the soft water towns, but at a low level of The correlations for the four preceding cardiovascular
ignificance. The differences between the two groups of categories were all negative, but not significantly so.

towns were most clear-cut if comparisons were restricted Virtually all the cases in which there was a relation
to deaths apparently occurring within 1 hour of onset of between hard water and the combined rubrics of arterio-
symptoms. sclerotic heart disease and myocardial degeneration were

Roberts and Lloyd (1972) examined data on hardness found in the Irish Republic; the regression coefficient for
and ischemic heart disease mortality in 50 local authority mortality and hardness in North Ireland was only
areas of South Wales    and 58 county boroughs    of            -.0034.
England. They found negative correlation coefficients of
-.46 and  -.43, respectively. Canada

Nixon and Carpenter (1974) looked at associations
with water hardness as part of a study of natural fluorides Neri et al. (1972) published one of the few papers that
in water supplies, using data from 34 towns and age- used regression analysis instead of relying solely on

correlation. They reported on age-adjusted mortalitystandardized mortality rates for males and females,
1950-1965. While they too found negative correlations rates within the age range 25-64 for 1950-1952 and

1 for hardness with cardiovascular death rates after allow- 1960-1962 for 9 provinces and 516 municipalities in
Canada. Their index of hardness was carbonate hardnessing for the effects of social class, air pollution, rainfall,
because it yielded better correlations than total hardness.and latitude, the correlations were not statistically

significant. Their findings were "consistent with a tendency for
Stocks (1973) analyzed data from 80 county boroughs harder water to reduce the risk of death in general, rather

of England and Wales for 1958-1967, using proportion- than from cardiovascular causes in particular, by a
ate mortality ratios with which he claimed "the disturb- margin  of  up  to 15 percent (using municipalities)  or  as

ing effects of different ages are virtually eliminated." He much as 30 percent (using provinces). . . . " The most
marked association of hardness, after that with deathsfailed to find significant correlations of water hardness
from all causes, was with strokes. For arteriosclerotic andwith deaths from arteriosclerotic heart disease or strokes.
degenerative heart disease the association was not quiteWhile there were significant differences in death rates

from hypertensive and chronic rheumatic heart diseases significant at the 5 percent level.

with water hardness, the relations were curvilinear, with
the highest proportionate mortality ratios among bor- Australia
oughs that had slightly hard to hard water. For hyperten- Death rates from arteriosclerotic heart disease, age- and
sive, chronic rheumatic, and arteriosclerotic heart disease sex-specific   for the years 1968-1970, in Brisbane   were
the ratios among boroughs with very hard waters difrered compared with those in Melbourne by Meyers (1975).
considerably according to the type of limestone in the Melbourne  has soft· water  (13  ppm on average), while
area, being highest with water from magnesian lime- Brisbane has hard water (142 ppm on average), yet death
stones. rates from arteriosclerotic heart disease were 14 percent

higher for females and 22 percent higher for males in
Ireland (Irish Republic and Northern Ireland) Brisbane than in Melbourne.

Mulcahy (1964, 1966) published two studies of water
Sweden

hardness and cardiovascular mortality. Both suffer from
his use of only crude death rates for all ages and for his BiBrck et al. (1965) examined cardiovascular deaths
rather broad age group, 35-64, so that his results are (arteriosclerotic heart disease, myocardial degeneration,
possibly unduly confounded by excessive age differences and strokes) in 33 Swedish towns with populations of
in his study populations. The first study (Mulcahy, 1964) over 25,000 and the Island of Visby for the years 1951-
involved   the 15 largest towns   in the Irish Republic, 1960. They analyzed their data by sex and three age
presumably for the years 1957-1961. The only sizeable groups (25-44,45-64, and 65-74). Correlations of water
correlations with water hardness were found with death hardness with cardiovascular deaths were all negative
rates for all ages combined; they were negative for among these six age-sex groups, except for arteriosclerot-
arteriosclerotic heart disease, all diseases of the heart, ic heart disease among persons 25-44 years of age. For
and strokes, but positive for arteriosclerotic heart disease males the most striking correlations were with myocardi-
and myocardial degeneration combined. The second al degeneration (-.24 to -.59); among females the most
iaper  (Mulcahy, 1966) added information   from   the 13 striking were with strokes (-.27 to  -.43).
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Bostrom and Wester (1967) were primarily interested and calcium with seved causes of death-arteriosclerotic
in correlating death rates with trace elements in the water and degenerative heart disease; arteriosclerotic and coro-
of the three largest cities in Sweden. If an approximation nary heart disease; myocardial degeneration; vascular
of hardness is calculated by multiplying the calcium lesions of the central nervous system; cerebral hemor-
concentration by 2.5, these three cities had hardness rhage; embolic and thrombotic strokes; and other vascu-
levels of at least 222,70, and 30 ppm. Among females the lar lesions of the central nervous system. Only one
death rates from arteriosclerotic heart disease and myo- statistically significant correlation was found:     +.33
cardial degeneration showed a gradient, the highest rate between calcium in the water and embolic and thrombot-
being in the city with the softest water. Among males the ic strokes.
lowest rate was also in the hard water city, but the
highest rate was in the city with water of intermediate Rumania
hardness.

Manescu et al. (1975) reported on mortality rates in 10
localities in Rumania. The hardness of the drinking water

Netherlands
varied from 22 to 364 ppm, but the results were presented

Biersteker (1967) used mortality data for 23 cities in the only in terms of two groups, under  100 and over 200 ppm
Netherlands for the years 1958-1962 for males and hardness. All cardiovascular death rates were higher in
females over 35, age-adjusted. He found a significant the group with water hardness under 100. There was
correlation of hardness only with arteriosclerotic heart apparently no standardization for possible effects of
disease among females, while the correlations with stroke differences in age and sex, even though the remarkable
and hypertension among each sex were not significant. range in total mortality (199-1,265 per 10,000) would

seem to make such standardization mandatory.

Czechoslovakia

Svec (1976) found that standardized death rates for all Japan

diseases of the circulatory system and arteriosclerotic Kamiyama et al. (1969) studied two villages in Japan,
heart disease in 53 districts of the Czech Socialist one a farming and the other a fishing village. Calcium in
Republic in 1965-1969 were higher in Bohemia than in water, diet, and serum was higher in the fishing village,
Moravia. Bohemia has softer water than Moravia. which had the lower death rate from stroke among

persons aged 45-64 in the period 1956-1962.

Finland
MAJOR INTRA-NATIONAL DIVISIONS (STATES ORHasanen (1970), primarily interested in the iodine con-
PROVINCES)tent of drinking water, also looked at correlations of

calcium in water with the prevalence of disability United States
resulting from cardiovascular diseases in 21 cities of
Finland  in   1967. He found significant correlations of Lindemann and Assenzo (1964) looked at age-, race-, and
-.25 for logarithm of prevalence   and    -.70   for the sex-adjusted death rates in 1959-1961 for all 77 counties
untransformed prevalence of disability. (Recalculation of in Oklahoma, where the hardness values ranged from 19
his published data indicates the untransformed correla- to 942 ppm. Essentially no association was found
tion  coe cient  is  -.50.) The broad age group  of 16-64 between hardness and cardiovascular disease death rates.
was used, and the highest calcium content was only 33.6 Winton and McCabe (1970), however, recalculated the
ppm, which is equivalent to only 84 mg of calcium correlations, using  only  the  data  from  the 38 counties
carbonate per liter. The only impressive association where at least half the population had similar public
apparent from his scatter diagrams is that with iodine in water supplies. They found that this procedure changed
the water. In this study, cases are persons with chronic the correlation of hardness with cardiovascular deaths
diseases. among white males  45-64  from   -.09  to -.32, neither

being significantly different from zero.

Italy
softest in the Highlands (23 ppm), intermediate in the

In the four major regions of North Carolina, water is

Scassellati-Sforzolini and Pascasio (1971) looked at data Coastal Plain and Piedmont (51-61 ppm), and hardest in
from 68 towns in Italy for the 10-year period 1955-1964, the Tidewater region (163 ppm). Tyroler (1970), quoting
correlating hardness (total, temporary, and permanent) unpublished data from R. C. Brittain, reported that thi
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death rates from arteriosclerotic and degenerative heart related to water hardness because hardness also varies
disease among white males 55-64 in 1956-1964 were inversely with altitude in New Mexico.
lowest in the soft water Highlands and highest in the Klusman and Sauer (1975) found in counties in
intermediate hardness regions. In a later study, Voors Indiana no significant associations of hardness using age-
(1972) reported a positive association of total arterioscle- adjusted cardiovascular-renal death rates for 1959-1961
rotic heart disease deaths with water hardness in the 22 among males aged 35-74, and even a tendency toward
Tidewater counties of North Carolina, but a negative positive correlations. Using stepwise multiple regression,
association in the remaining 26 counties. they found the contribution of calcium, magnesium, and

Peterson et al. (1970) studied sudden deaths in 1966- hardness to be very small.
1967 in the State of H/ashington in two groups of The Massachusetts Department of Public Health
counties, those with water hardness under 100 ppm and (1975) also found no significant association of water
those with hardness values between 100 and 200. Sudden hardness with local risk of ischemic heart disease in the
deaths from arteriosclerotic heart disease were more 23 largest cities in Massachusetts. However, the range of
frequent in the soft water counties, while the opposite water hardness in these cities was only 6 to 49 ppm
was true for deaths that were not sudden. The total death (Heidgerd et al., 1972).
rates from arteriosclerotic heart disease were virtually the
same in the two groups of counties. Although the

United Kingdom
hardness ranges in Washington are restricted or narrow,
this study did confirm the finding of Anderson et al. Hart (1970) says that some of the difference in mortality
(1969) in Ontario with respect to increased frequency of from coronary heart disease and stroke among males 35-
sudden arteriosclerotic heart disease deaths in soft water 64 in two counties of Wales may be attributed to the
areas. negative correlation of the death rates from these two

Although Morton (19718, 1971b) did not look at the causes with water hardness   (-.46 and significant   for
association of cardiovascular disease and water hardness, arteriosclerotic heart disease;  -.26 and nonsignificant for
he published data from Colorado, which permits correla- strokes).
tion and regression coefficients and relative risks to be Elwood   et   al. (1974) studied tap water   from   15-18
calculated by using two methods of grouping counties: by locations in each of 48 local health authorities in South
altitude and by river basin. By using age-adjusted death H/ales. The correlation of calcium in the tap water with
rates for two time periods, 1949-1951 and 1959-1961, cardiovascular mortality among adults  35-64 was  -.55.
mortality from arteriosclerotic heart disease; strokes; and This is one of few papers dealing with tap water, rather

general arteriosclerosis and peripheral vascular disease than water at the treatment plant.
combined all showed negative regression coefficients with Connor (1971) noted that in Scotland, Edinburgh, with
hardness. The risk of drinking water of 0 ppm hardness the hardest water, had a higher arteriosclerotic heart

compared to the risk of drinking water of 200 ppm disease death rate among males than Glasgow, with the
ranged  from  1.01  to  1.42. For hypertension the situation softest water. However, Crawford et al. (1971c) replied
was different; risks of dying from hypertension associated that both towns have soft water, Edinburgh 40 ppm and
with water of 0 ppm hardness compared with risks Glasgow 10 ppm. Furthermore, the differences in death
associated with water of 200 ppm hardness were only rates were slight.
were 0.95 and 0.49, in 1949-1951 and 1959-1961,
respectively, when the counties were grouped by altitude.

Canada
The same data grouped by river basin produce relative
risks of 1.30 and 0.99. The prevalence of hypertension Three studies dealt with the relation of water hardness to

among Selective Service registrants in 1957-1964 showed sudden death in Ontario. Anderson et al. (1969) found
a strongly positive association with water hardness with the death rates from arteriosclerotic heart disease to be
counties grouped by altitude and by river basin, yielding 14 percent lower in areas with hardness values over 200
relative risks for 0 ppm hardness and 200 ppm hardness ppm than in areas with hardness under 100 ppm. The
of 0.78 and 0.47, respectively, an apparent protective excess in the soft water areas resulted entirely from an
effect of soft water. excess of coroner's cases of arteriosclerotic heart disease.

In a study of arteriosclerotic heart disease deaths in A second study by Anderson and leRiche (1971) also
New Mexico, Mortimer et al. (1977) found that there was found negative correlations of sudden death in 34
an inverse association with altitude for males, though medium-sized cities and towns in Ontario. Neri et al.
there was none for females. In looking for possible (1971) found that the percent of coronary heart disease

causes, they noted that their results were not likely to be death certified by a coroner within provinces showed the
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gradient expected from the preceding studies only in
ItalyAlberta and British Columbia. They raised the possibility

that the c6rrelation between hardness and sudden death Angelillo and Alamanni (1964), studying five areas in
may result in large part from the fact that both water Sardinia, found no correlation of water hardness with
hardness and the proportion of deaths certified by deaths from all causes or from all cardiovascular causes.
coroners are correlated with size of community, and Death rates were not adjusted for age or sex. One district
hence only indirectly with each other. had such marked variations in water hardness that its

Deutscher (1973) reported that there was considerable contribution to the results is uninterpretable.
variation in water hardness in counties in Nova Scotia.
Data on water hardness and cardiovascular deaths

COUNTIES AND CITIESamong males  aged  45-64 were given  for the 18 counties
(10 were paired, and weighted averages of water hardness United Stateshad to be used for the five pairs). Spearman's (1904) rank
order correlation coeflicient calculated from Deutscher's Muss (1962) compared areas of New  York City served by
data  was   +.21 for hardness and cardiovascular death private water companies for 1936-1940 with areas served
rates. by the city. Water from the private companies tended to

A report from Newfbundland was made by Fodor et al. be harder (13-300 ppm) than that from the city (18-53
(1973). St. John's, with very soft water (3.6 ppm), had a ppm). The crude cardiovascular death rate in the private
higher death rate from arteriosclerotic heart disease than company areas was 315 per 100,000; that in the areas
two other small towns with slightly harder water served by the city was 351. Muss recognized the many
(weighted average of 38.2 ppm). The death rates were not deficiencies of this comparison and claimed only that the
adjusted for age within the broad range of 35-69 years. direction of the observed difference was compatible with
Deaths, other than cardiovascular-renal, also showed a Schroeder's finding.
similar excess in St. John's. Although Bierenbaum et aL (1973) were primarily

interested in the relationship of water hardness to serum
cholesterol, their statement that the cardiovascular mor-

Germany tality of North Carolina was one and one half times the
cardiovascular mortality of Nebraska implies that theirIn   11   towns of lower Saxony, Pfianz  and  Wolf  (1976) soft water (30 ppm) city of Winston-Salem had higherlooked at deaths from various cardiovascular causes in cardiovascular death rates than their hard water (154relation to the water hardness, which ranged from 53 to ppm) city of Omaha. In fact, the opposite seems to be603 ppm. The death rates were age-standardized and true, both among white males 45-64 (Dudley et al., 1969)analyzed separately for males and females. Most of the and among persons   of  all   ages   in 1960, using totalcorrelations were negative;   the   only   two   at   the      < 0.5 cardiovascular deaths for each city or its correspondinglevel of statistical significance were all diseases of the
county (National Center for Health Statistics, 1963) andcirculatory system among males and acute myocardial populations for the corresponding areas (Hansen, 1963).infarction among females. All of the relative risks, Three communities in the Los Angeles area werecalculated as the risk of 0 ppm compared to 200 ppm of matched for age, sex; race, income, socioeconomic status,hardness,   were low, ranging  from   LOO  to   1.09,   the  last
and stability by Allwright et al. (1974). The threebeing that for acute myocardial infarctions among communities were Reseda, with water hardness of 82women.
ppm,   Burbank,   with   189   ppm, and Downey,   with   327
ppm. No correlation could be found between hardness

Czechoslovakia and age- or sex-adjusted mortality in 1969 and 1970 from
hypertensive diseases, stroke, arteriosclerotic heart dis-

As part of a study relating diet to heart disease, Osancova ease, malignant neoplasms, or infant or neonatal mortali-
and Hejda (1968) looked at the association of the ty. The authors pointed out that their softest water
"incidence of atherosclerosis and some indicators usually community had water that matched some that had been
accepted to suggest the development of atherosclerosis described as hard in several British studies. Their results

"
h

in three areas of Bohemia. Arteriosclerosis was least suggest  that if there is a deleterious effect associated  with -
frequent in the lowlands with the softest water (mean soft water, it is a threshold effect.
calcium 32 ppm), intermediate in the hills (mean calcium Two studies have been completed in H/ashington
106 ppm), and highest in the mountains (mean calcium County, Maryland, which is an area with considerable
179 ppm), the opposite of what is usually observed. diversity of water supplies. Both compared persons who
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had died from arteriosclerotic heart disease with controls the sixth district with the harder of the two hard water

drawn from the same general population and used sources. The rates were adjusted only for sex, and no
hardness values determined on samples from the home estimate of the completeness of registration in the six
water taps of both cases and controls. The study by districts is possible.
Comstock (1971) involved 412 males 45-64 years of age;
that by Schreiber (1977), 284 females in the same age
bracket. Comstock's findings indicated the relative risk of Italy

water with hardness  less  than   150  ppm  to  be  0.75, not In   the 18 communes of Ravenna, Marzot  et  al.   (1968)

significantly different   from   1.0,   but   with an upper 95 reported that death rates from myocardial infarction

percent confidence limit slightly  less than the 1.2 relative were lower in the 8 communes with water hardness

risk postulated by Neri et al. (1974). Schreiber found an ranging from 360 to 550 ppm than in the 10 with
increased relative risk with soft water at home, but the 95 hardness values ranging from 160 to 350 ppm. The
percent confidence limits ranged from 0.69 to 3.2. difference was found only for men; the rates were not

Bierenbaum et al. (1975) compared workers in Kansas adjusted for possible age difference.
City,    Kansas, with water hardness   of   189   ppm, with Cavallo et al. (1975) divided the districts of Turin into
workers from the same industry in Kansas City, Missouri, three groups according to their water hardness (approxi-
whose water from the same source was softened to 78 mately 100, 220, and 350 ppm). Mortality rates were

ppm. Cardiovascular-renal mortality, 1969-1971, for standardized for sex and for broad age groups (30-64,
persons aged 45-64 was reported to be higher for each and 65 and over). For total deaths and most cardiovascu-
race-sex group in Kansas City, Kansas, with its harder lar causes, the highest rates, averaged for 1972 and 1973,
water. were in areas with intermediate hardness (220 ppm). For

Chah et al. (1976) compared water hardness from the all cardiovascular causes combined, the highest rates

homes   of 51 persons with coronary heart disease or were in the areas with the hardest water, and the lowest

stroke in Evans County, Georgia, with that of 65 controls rates in the areas with the softest (but not really soft)
matched for race, sex, age, length of residence, and water.

neighborhood. They found no evidence to support an
association of soft water with these cardiovascular
diseases, but this is not surprising, as controls had to be EVALUATION OF'OBSERVED ASSOCIATIONS
neighbors of the cases. It is notable that Evans County,
although it is located in the high-stroke belt along the While associations may be spurious, coincidental, or
Eastern Seaboard, is a hard water area. causal (Susser, 1973; Lilienfield, 1976), there can be little

doubt that the negative associations of water hardness
with cardiovascular mortality are not spurious. Too

Germany many studies have reported statistically significant corre-

Keil et al. (1975) looked at the city of Hanover in lations to make chance or sampling errors a likely

northern Germany, which has four water sources, two explanation. The complete independence of virtually all
hard and two very hard. The hard water sources have the observations of water hardness and the measures of

hardness values around   180  ppm;  the  very hard sources cardiovascular disease effectually rules out observer bias

around 450 ppm. The usually reported findings of lower as a cause of the relationships.
cardiovascular mortality in areas with harder water were If the association is not spurious, the question remains

not supported, but the efrects of soft water could scarcely whether it is coincidental or causal. By coincidental it is
be studied in this hard water area. meant that by chance water hardness and cardiovascular

disease are each associated with some other variable or
variables.

Hungary There are several characteristics of observed associa-
In six districts of south Budapest, incidence rates of tions that, if present, increase the probability that the
myocardial infarction were determined for 1971 (Gyarfas relationship is one of cause and effect. Those that seem
et al., 1976). Five of the districts obtained drinking water pertinent to the present discussion are as follows:
from two wells with an average hardness over the
previous 10 years of 232 ppm; the sixth district supple- • Consistency. A causal association is likely to be
mented this supply from another well, causing the found in different places, at different times, and in
hardness to be 367 ppm. Registered cases of myocardial different subgroups of the population.
infarction among men were significantly less frequent in .  Strength of.association. The greater the relative risk
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of disease associated with a characteristic,  the more likely commonly the failure to use properly adjusted rates; in
it is that the association is causal. still others, by a sharply limited range of water hardness

• Dose-response e#ect. Although some causes have or such small populations that the death rates were
thresholds below (or above) which they do not operate, subject to large sampling errors. Such deficiencies,
most causal associations demonstrate a dose-response however, do not account for all the failures to find the
effect, i.e., a little or low level of a characteristic produces generally observed negative association. Consequently,
little disease, while increasing levels are associated with a from the numerous exceptions to the general rule, the
corresponding increasing frequency of disease. association between water hardness and cardiovascular

• Speci#city. Relatively few factors cause multiple disease can hardly be directly causal. Indirect causality,
effects, so the more conditions found to be associated or direct causality only under certain conditions, are
with any characteristic, the more suspicious one should better possibilities.
be that the association is not causal. Most of the studies reviewed dealt with death rates

• Experimental changes. If the degree of water around census years in the early 1950's or 1960's, and
hardness is really related to cardiovascular disease, generally speaking, similar associations tended to be
changes in water hardness should be followed by changes found at all time periods over the past three decades.
in the frequency of cardiovascular disease. Four studies each examined two different time periods,

• Coincidental factors. Factors most strongly related 10 years apart (Schroeder, 1966; Gardner et al., 1969;
to a disease are those most likely to be causal. This may Morton, 197la, 1971b; Neri et al., 1972);they also found
be illustrated by the hypothesized link of soft water to generally similar associations for each period. Sauer
cadmium. If cadmium levels are more closely associated (1974a) noted a rank order correlation of .95 between
with disease than soft water, the implication is that the death rates for 92 metropolitan state economic areas in
true causal factor in soft water is not its softness as such, the United States in 1959-1961 and 1962-1968. General-
but its ability to dissolve cadmium, and this ability is ly speaking, the studies that have reported age-specific
found in some, but not all, soft waters. correlation coe cients have found them to be roughly

• Biologicalplausibility. A biologically plausible expla- similar for various age groups (Schroeder, 1960a, 1960b;
nation for the effect of a characteristic upon the develop- Morris et al., 1961; Bi6rck et al., 1965; Crawford et aL,
ment of a disease increases the likelihood that an 1968; Hart, 1970). An exception was the finding of
association is causal. several positive coemcients among persons 25-44 years of

age, especially males, in Sweden, although at this age,
almost no correlations were significantly different fromCONSISTENCY
zero (Bi6rck et al., 1965). Similarly, the correlations tend

The preceding sections of this review indicate that the to be negative for both sexes, although they often achieve
negative association of water hardness with cardiovascu- significance for only one sex, notably females in Sweden
lar mortality was reported in most, but not all, studies. A (Bidrck et al., 1965) and for arteriosclerotic heart disease,
provocative example is afforded by Canadian data (Neri females in Netherlands (Biersteker, 1967). Few have
et al.,  1972). If one looks at the country as a whole, there looked at different ethnic groups. Schroeder and Kraem-
is a negative correlation of cardiovascular mortality er (1974) found considerably fewer significant correla-
within municipalities with hardness of their water sup- tions for nonwhites than for whites in the United States,
plies. But when data were analyzed by individual and an international study of pathological changes in
provinces, the correlation coefficients remained negative aortas and coronary arteries showed a negative associa-
only for Quebec and Ontario, turning to positive for the tion only for whites in New Orleans, Oslo, Sao Paulo,
Maritime Provinces, the Prairie Provinces, and British and Puerto Rico, but positive associations for blacks and
Columbia. for other Latin American populations (Strong et aL,

Another troublesome failure of geographic consistency 1968).
concerns Birmingham, which with its soft water seems to In most of the studies involving large areas, there is a
be  an exception among, British towns (Morris  et aL, strong general tendency toward negative correlation
1962). Davies (1962) noted that Birmingham pioneered coefficients. Most of the discrepancies between them
in effective treatment for acidity, without an appreciable relate only to the statistical significance of the correla-
increase in hardness. Like Schroeder and others, he tions. However, no study has reported really high
suggested that corrosiveness, rather than softness, might correlation coefficients, and with the probability that
relate to the water factor. other cardiovascular risk factors vary considerably   be- ·

In some other instances the lack of unanimity might be tween populations, the failure to find consistently sig-
accounted for by inadequate analytic procedures, most nificant correlations is understandable. The major, and
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most troublesome, inconsistency arises from the numer- 0.49 and 1.14. Schreiber (1977) analyzed the mortality
ous failures to find negative associations between experience for white females of the same age and in the
hardness and cardiovascular disease in comparisons of same county and found a relative  risk of  1.47 for water
companion communities and in studies of variations with hardness less than 100 ppm compared to water of
within small geographic areas. 150 or more ppm, but again with broad 95 percent

confidence limits, 0.69 and 3.2.

STRENGTH OF ASSOCIATION
In no study does the association appear to be strong.

The weakness of this association must be considered a
A major problem in assessing the reality of the causal point against a causal hypothesis.
association of soft water with cardiovascular mortality
arises from the fact that all the current evidence points to

DOSE-RESPONSE EFFECTa weak association at best. Neri et aL (1974) state that a
"20 percent margin of risk...is the most one is With low regression and correlation coeflicients, it is
entitled to assume between the extremes of hard and soft virtually impossible to tell whether or not there is a
water," i.e., a maximum relative risk associated with soft threshold effect between water hardness and cardiovascu-
water of  1.20.  Only  a few authors published their data in lar disease. The general tendency of the correlations to be
suRicient detail to allow regression analysis. Their results negative does suggest that there may be a weak dose-
are summarized in Table 13. response effect. This is supported by the finding of

In Ontario, Anderson et al. (1969) found the risk of Crawford et aL (1968) that the trend of cardiovascular
death from arteriosclerotic heart disease, sudden and mortality on hardness in Great Britain was linear and
nonsudden combined,   to  be 1.13 times   as   high in areas fairly uniform, and is questioned by the contrary finding
with water hardness of 0-99 ppm as in areas with in an analysis of proportionate mortality data from
hardness of over 200 ppm. In Washington County, England and Wales by Stocks (1973) of a curvilinear
Maryland, Comstock (1971) found the relative risk for effect. With a weak association, perturbations introduced
white males 45-64 of arteriosclerotic heart disease by other risk factors could make the detection of a dose-
associated with drinking water   less   than    150   ppm of response effect very difficult.
hardness to be 0.75 with 95 percent confidence limits of

SPECIFICITY

Among the studies that have reported death rates fromTABLE 13 Relative Risks of Dying from Specified
Causes Associated with Drinking Soft Water (0 ppm) various causes within the broad group of hypertensive-

Compared to Drinking Hard Water (200 ppm) arteriosclerotic cardiovascular-renal diseases, most have
(Calculated from Several Studies) found negative correlations for arteriosclerotic and de-

generative heart disease, hypertensive disease, and
Relative strokes. There is, however, considerable disagreement

Cause of Death Race, Sex, Age Risk* regarding which of these causes correlates best (i.e., most
strongly in a negative direction) with water hardness.

United  States (Muss, 1962) Schroeder (1961) called attention to this some time ago,
Total cardiovascular disease WM, 45-64 1.25 noting that high negative correlations of hardness with

England and Wales (Morris et a\.,  1961) hypertensive heart disease were found in the United
Total cardiovascular disease WM, 45-64 1.19 States but not in the United Kingdom, while the

correlations with stroke were more strongly negative in
Canada (Nerietal., 1972) the United Kingdom than in the United States. All of
Arteriosclerotic heart disease M, 35-64 1.07 Schroeder's analyses (Schroeder, 1960a, 196Ob, 1966;Strokes M, 35-64 1.15

Other circulatory M, 35-64 1.10
Schroeder and Kraemer, 1974) have shown the highest
correlations with arteriosclerotic heart disease, as did

Colorado (Morton,  1971 b)' Biersteker (1967) in the Netherlands. In England (Morris
Arteriosclerotic heart disease M&F, age-adjusted 1.01-1.19 et aL, 1961) and in Sweden (Bitlrck et al., 1965) the
Strokes M&F, age-adjusted 1.03-1.11

strongest correlations were with myocardial degener-Hypertensive disease M&F, age-adjusted 0.49-1.30
Other circulatory M&F, age-adjusted 1.02-1.42 ation, while in Colorado (Morton, 1971b) the highest

correlations were with deaths from general arteriosclero-
* Two relative risks are given for Morton's findings, based on two sis and peripheral vascular disease other than hyperten-
different groupings of the data, by altitude and river basin. sion. Masironi's analysis  of 1962 deaths  in the United
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States (Masironi, 1970) revealed that the strongest United States (Winton and McCabe, 1970). A later study
correlations were with hypertensive heart disease, a in the United States, adjusting for the effects of socioeco-

finding that also held true for six Latin American cities. nomic status and industrialization, found no evidence for
Another study of mortality in England (Crawford et al., an association of infant mortality with hardness (Spiers et
1968) found the correlations with strokes and other heart al., 1974). Adjustment for social factors and latitude did
disease to be equally strong, and somewhat stronger than not remove the association with hardness in the United
those with arteriosclerotic heart disease. In Canada (Neri Kingdom (Crawford et al., 1972b).

et al., 1972), the correlation with stroke deaths was much Deaths from congenital malformations were positively
stronger than with arteriosclerotic and degenerative heart associated with water hardness in two different analyses
disease. of the 1949-1951 mortality data in the United States

More disturbing than the perturbations within the (Schroeder, 196Oa; Winton and McCabe, 1970). Al-
hypertensive-arteriosclerotic constellation are the numer- though one paper reported a negative association with
ous other causes of death that have been found to be anencephalus in the United Kingdom (Fe(trick, 1970),

, associated with water hardness, many of them negatively three others failed to confirm this finding (Field and
correlated and about as strongly as the cardiovascular Smithells, 1971; Lowe et al., 1971; Biggar et al., 1976).
causes. This was the situation for water hardness and Anencephalus was found to be associated with magne-
cancer deaths in the United States (Schroeder, 1960a; sium in drinking water in Canadian cities  (r  =   -.39),
Winton and McCabe, 1970; Sauer, 1974b), while in Great but not with calcium or total hardness (Elwood, 1977).
Britain the correlation, while still negative, was much less In South Wales (Lowe et al., 1971) a remarkably close

(Morris et al., 1961). Negative correlations have also association was found between hardness and spina bifida,

been reported for cirrhosis (Schroeder, 1960a; Winton which persisted after adjustment 'for socioeconomic

and McCabe, 1970) and peptic ulcer (Morris et al., 1961; status.

Winton and McCabe, 1970), while the correlation for An intriguing finding was made by an Australian

gastritis was positive (Winton and McCabe, 1970). In economist (Lyster,  1972) who noted that in areas of high

Britain, bronchitis was also negatively associated with soil mineralization there was an excess of male lambs at
hardness (Crawford et al., 1968; Gardner et al., 1969; birth and in areas that were poorly mineralized, there

Hart, 1970), while in the United States, chronic obstruc- was a deficiency of male lambs. He also found a
tive pulmonary disease is positively associated with total deficiency of male births in human births in the Mersey-
mineralization of water (Sauer, 1974b). Fatal accidents side conurbation (the greater Liverpool area) of England.
have been found to be positively associated with hardness . However, when his data are reanalyzed by periods before,
in the United States (Schroeder, 1960a; Winton and during, and after the hardening of the water from 28 to
McCabe, 1970; Sauer, 1974a), but to have no association 62 ppm, they show only slight and inconsistent changes.
in the United Kingdom (Morris et al., 1961). Noncardio- In  13 Himalayan villages, endemic goiter varied widely
vascular causes as a whole have been found to have a in frequency (Day and Powell-Jackson, 1972). The goiter
negative correlation in Canada (Neri et al., 1972) and in prevalence was not related to iodine in the water, but
the United Kingdom (Morris et al., 1961; Crawford et rather to the concomitant presence of fluoride, and
al., 1968), but two other studies, both in the United slightly more closely to hardness (rank correlation
States (Schroeder, 196Ob; Masironi, 1970), failed to find coefficient of.77).
the association to be different from zero. In South Wales Perhaps the lack of specificity of effect was best

(Elwood et al., 1974) the correlation coefficient for total summed up by Winton and McCabe (1970), who in
deaths was much more highly negative than that for referring to the considerable number of diseases associ-

cardiovascular deaths, a point the authors considered to ated either positively or negatively with water hardness

be against specificity of effect of hardness. stated: "Dissolved solids may be important to man but
Sudden deaths from causes other than arteriosclerotic one would not expect them to be this important."

heart disease were found to be positively associated with
water hardness in Ontario (Anderson et al., 1969) and in EXPERIMENTAL CHANGES
Washington State (Peterson et al., 1970), a relationship
opposite to that for sudden deaths from arteriosclerotic Theoretically, the ideal way to settle any controversy

heart disease. about the association of water hardness and cardiovascu-
Infant mortality and congenital malformations have lar disease would be to alter the hardness of the water

also been found to be associated with water hardness, deliberately in half of a number of matched communities.

negatively in the United Kingdom (Hart, 1970; Lowe et This potentially useful procedure, however, seems unlike-

al., 1971; Crawford et al., 1972b), but positively in the ly to be accomplished. A few reports of changes ii-
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mortality following changes in water hardness for other Lyster (1972) reported that the Merseyside conurba-
purposes have appeared in the literature, but none are tion in England began to draw water from the River Dee,
convincing. a few miles to the west, in 1958 and that the water

Robertson (1968, 1969) reported on Grimsby and hardness increased from 28 ppm to 62 ppm in 1969.
Scunthorpe, two towns in England. Scunthorpe's water Certain parts of the conurbation received the harder
was softened, after which its death rate increased by 24 water some years earlier than the others. He concluded
percent. Grimsby's water was not softened, and its death that the adjusted death rates began to decline 7 years
rate   fell   by 13 percent. The water of Scunthorpe was after the change in water supply, the decline being
softened only to 40 ppm of calcium, which is not really greatest where the consumption of the harder water was
soft, and during the same time period the death rates for greatest. Reanalysis of his data by periods before, during,
all of England increased  by 19 percent, making it appear and after the changes shows that the death rates were
that Grimsby, the control town, was really the peculiar highest during the 7-year period in which the water was
one of this pair (Crawford et al., 1971b). becoming harder and that they generally remained high

A more recent report on mortality in Scunthorpe after the change to more highly mineralized water.
(Robertson, 1977) described an immediate rise in mortal- A report to which considerable uncritical reference has
ity following artificial softening of Scunthorpe's water been made is that of changes in mortality in Monroe
supply in 1958 or 1959 from a hardness of over 400 ppm County, Florida (Groover et al., 1972). In 1941 the
to 60 ppm. Hardness was then successively adjusted to principal water source was changed from rainwater  (0.5
90, 120, and 225 ppm during the period 1962-1973. ppm hardness) to deep well water (200 ppm hardness)
From the published graph it is possible to calculate that during the same year was softened to a hardness of
observed and expected deaths from all causes among 80»120 ppm. It was reported that the cardiovascular-
white males 45-64 years of age from 1959 to 1973. The renal death rate "dropped from the 500 to 700 range to
results of the calculations are not consistent with a the 200 to 300 level four (4) years after the change."
harmful effect of soft water. There appears to have been a What many authors may ·not realize is that Monroe
deficit of deaths during the period when the water County contains the U.S. Naval Base at Key West and
hardness was 60 ppm, an excess during the periods when that the county experienced marked population changes
the    hardness    was    90    and     120    ppm, and about the during and after World War II. The effect of adjustments
expected number of deaths when the hardness was finally for age-sex-race changes are shown in Table 14. With
adjusted to 225 ppm. allowances for the effect of population changes, it may be

Somewhat more convincing was the report by Craw- seen that the change from 1940 to 1950 in cardiovascu-
ford et al. (1971b) on changes in death rates in 5 British lar-renal deaths was essentially the same as that for the
towns whose water became harder, 6 towns whose water United States as a whole.
became softer, and 72 in which there was no change. In Hudson and Gilcreas (1976) reported on average
all three groups of towns, cardiovascular mortality cardiovascular death rates in 72 metropolitan areas of the
increased among males aged 45-64 years, while it United States that did not soften their water (mean
decreased among males aged 65-74 and among females hardness 102 ppm) and 24 that did, using lime softening
of both age groups. Changes in cardiovascular mortality to decrease the hardness from a mean value of 210 to 93
were most favorable; that is, they increased least or ppm. The rates were 410 and 380, respettively, for white
decreased most in the towns where the water was males, but were apparently not age-adjusted.
hardened, except for females aged 65-74 among whom
the decrease in mortality was least marked in towns with
hardened water. After standardizing for socioeconomic TABLE 14 Cardiovascular-Renal Death Rates per
status,  it was found  that  9  of the  11  towns with water

100,000, Monroe County, Florida, 1940 and 1950
hardness changes showed death rate changes consistent
with the hypothesis that softening was harmful; the two Percent

exceptions were the two smallest towns (Crawford et al., Rate 1940 1950 Change

19728). There was, however, marked variability in the
rates, with considerable overlap between the three groups Crude 570 304 -47

Age-adjusted* 702 572 -18of towns, so that some "hardened" towns had less
Age-sex-race adjusted* 684 575 -16

favorable changes than some "softened" towns. The United States, age-adjusted 508 440 -13

changes in water hardness were not dramatic, and no
town changed from really soft to really hard water, or * Adjusted by the indirect method using age-race-sex specific rates for
vice versa. the State of Florida for 1960.
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COINCIDENTAL FACTORS ASSOCIATED  0,rI'Ill
softest water are at lower elevations and presumably

CARDIOVASCULAR RISK more closely in touch with western civilization (Masironi,
1977), a factor often found to be associated with high

If there is a causal relation between water hardness and blood pressure.
cardiovascular disease, a similar relation might also be Cholesterol levels in the serum have also been linked to
expected between hardness and some of the known calcium intake (Bierenbaum et al., 1973). Again the two
cardiovascular risk factors, such as blood pressure, British studies disagreed, one finding higher cholesterol
cholesterol, blood clotting mechanisms, and electrocar- levels in the soft water area (Stitt et al., 1973), the other
diographic abnormalities. This would be particularly true no important differences (Elwood  et  al.,   1971).  In .
if the effect of water hardness were mediated directly or companion studies between Omaha and Winston-Salem
indirectly through one of these biologic risk factors. in the United States, and London and Glasgow in the

Although it seems unlikely that the calcium content of United Kingdom (the first of each pair being a hard
drinking water could have any effect on serum calcium water town, the second a soft water town), Bierenbaum et
(Goodhart and Shils, 1973), Langford and Watson (1972) al. (1969, 1973) found mean cholesterol levels to be
have postulated that a "low calcium intake might slightly lower in the soft water cities.
accentuate the hypertensinogenic effects of sodium. If No significant differences in packed cell volume
this is correct, the higher sodium intake and lower (Elwood et aL, 1971) or in thrombin clotting time, kaolin
calcium intake of the soft-water areas should additively cephalin clotting time, levels of circulating fibrinogen and
raise blood pressure, and hypertension is an accepted plasminogen, or levels of fibrin degradation products
precursor of cardiovascular deaths.  .  .  .  " The hypothe- were found between soft and hard water areas (Elwood et
sis that cadmium in some soft waters might also lead to al., 1972).
hypertension has also been raised (Schroeder, 1969). Very few studies have considered the possibility that

Five studies have reported blood pressure levels in smoking patterns might be different in areas with soft and
hard and soft water areas. In the United Kingdom, one hard water. Bierenbaum et al. (1969, 1973) found this not
study found that blood pressure was higher in the soft to be so between two cities in the United States, but
water area and also increased more rapidly with age there showed a marked difference between London and Glas-
(Stitt et al., 1973), while the other found no important gow, hard and soft water areas, respectively. Even within
differences in blood pressure (Elwood et al., 1971). A a single county, middle-aged men with soft water at
comparison of men living in Kansas City, Kansas, and home were more likely to smoke cigarettes (Comstock,
Kansas City, Missouri, showed blood pressure to be 1971).

higher in the Kansas residents where the water was A study of risk factors related to strokes has been
harder (Bierenbaum et al., 1975). Pfanz et aL (1976) carried out among approximately 600 persons, 35-54
studied a sample of persons, 50 years of age, who lived in years of age, in each of three areas (Stolley et al., 1977).
Hanover, Germany, a city supplied from four water Savannah, Georgia, the high-stroke-rate community, has
sources, two "slightly hard" (171-189 ppm) and two water with a hardness of 120 ppm, and Pueblo, Colorado,
"very hard" (400-495 ppm). They looked at blood the low-stroke-rate community, has 279 ppm. Hagers-

pressures, body mass (Quetelet's index), ventilatory town, Maryland, the intermediate-stroke-rate area, has
function, cigarette smoking, and symptoms of angina, water from two sources, one soft and the other slightly
dyspnea, and neurosis (Langner's scale). The only sig- hard, giving an average somewhat below 100 ppm.
nificant difference between residents of the very hard Among whites, Hagerstown had the highest and Pueblo
water areas and those of the slightly hard water areas was the lowest percentage of persons with two or more stroke
that symptoms of angina were more common among risk factors (increased levels of cholesterol, blood pres-
women in the very hard water areas. A very interesting sure, cigarette smoking, overweight, and blood glucose).
observation, however, was that there were significant Among blacks, the relations were inconsistent. Black
differences in blood pressure levels between residents of males had the highest percentage in Pueblo and the
the two very hard water areas, a difference that the lowest in Hagerstown, the opposite of the gradient
authors attributed to socioeconomic factors. among whites; black females had the highest percentage

In natives of New Guinea living in nine villages with with two or more risk factors in Savannah and the lowest
water supplies containing between 2 and 8 ppm of percentage in Pueblo.
calcium (equivalent to 5-20 parts of calcium carbonate), Within Great Britain, mortality rates vary with the
systolic blood pressure showed a decreasing gradient with ABO blood group distribution (Mitchell, 1977). Al-
increasing calcium content (World Health Organization, though controlling for the percentage of people with
1973). It appears, however, that the villages with the blood group 0 did not remove the association with water
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hardness, Mitchell underscores the difficulties in sorting groups that rainfall was most important in five, latitude
out the effects of the numerous and often closely in two, and water hardness in only one. Roberts and
interrelated variables that accompany geography. Lloyd (1972) also found local rainfall to be more closely

Although little work has been done on the association associated with ischemic heart disease than water
of water hardness with biologic risk factors, other than hardness. This study has been criticized because its use of
those of age, sex, and race, the few available results do standardized mortality ratios rather than adjusted rates
not favor the hypothesis that some component of water is introduced an additional element of variation.
related both to hardness and to the biologic risk factor. In England particularly, latitude has been an impor-
This may be so, for it is still possible that only some soft tant correlate, one that is obviously correlated with
waters contain this water factor. Further studies along sunshine and long-term temperatures. Morris et al.
this line should be helpful. One wonders whether findings (1962) noted that water hardness and latitude were not
from the National Health Survey examinations might not correlated. Using these weather variables, including
make useful contributions. rainfall, they found that latitude and water hardness

accounted for about half the variance in cardiovascular
death rates. Later, the same group (Crawford et al., 1968)

POSSIBLE CONFOUNDING FACTORS looked at correlations of cardiovascular disease with
A little reflection reveals that many human characteris- latitude, temperature, a combined social-factor score,

tics, particularly the demographic, socioeconomic, and domestic air pollution, and households per car, but not
cultural ones, vary with geography. Because hardness of rainfall. All had correlation coefficients somewhat small-
water also varies with geography, it could well be that in er than those with water hardness. Unfortunately, they
measuring the correlations of hardness with cardiovascu- did not do stepwise regression or partial correlations to
lar disease, we are really measuring the correlation of obtain a clearer idea of the relative importance of these

some other geographically related characteristic to car- factors.
diovascular disease.  This was suggested in  1964, when a Anderson and leRiche (1971) also looked at weather
review panel analyzed Schroeder's data by states accord- and geographic factors in addition to water hardness,
ing to whether or not they had a seacoast. This procedure uging three different definitions of sudden death--coro-
markedly reduced the correlation coefficients with car- ner's cases, deaths not in institutions, and certified
diovascular mortality; it even changed them to a positive duration of immediate cause of death. For the first and
sign for the 23 coastal states (Dingle et al., 1964). Sauer third definitions, latitude and mean temperature were

(1962) has also called attention to the fact that the more important than water hardness; only for the second
correlation for elevation above sea level is higher than definition was water hardness of primary importance.
that for water factors with cardiovascular deaths in the In smaller areas, factors like latitude and weather seem
metropolitan areas of the United States. A. W. Voors less likely to be important. In Nova Scotia (Deutscher,
(personal communication, 1977) found. the logarithm of 1973), two factors accounted for half the variance in
water hardness and age-adjusted mortality from arterio- coronary heart disease-percent unemployed in the area
sclerotic heart disease for white males in 99 U.S. cities, and distance from Halifax (an index very closely allied
1959-1961,   to   have a correlation coefficient   of -.29, with level of education). Urbanization and water
which decreased to  -.05  when the death rates were also hardness had very small effects. In the State of Indiana,
adjusted for altitude. Klusman and Sauer (1975) found indices of crowding,

Climatic factors are also related to geography. Two especially percent of the population living in multifamily
studies looked at indices of temperature. In the United dwellings, to be much more important in explaining
Kingdom, temperature was found to be more closely cardiovascular mortality than calcium or magnesium in
related to cardiovascular deaths than hardness (West et water or water hardness.

aL, 1973). In the United States the comfort index (based In his attempt to discover the cause of the unusually
on relative humidity and air temperature) was the most high arteriosclerotic heart disease mortality among
important correlate, with water factors second, after young men in the Vale of Glamorgan in South Wales,
adjustment for age and several indicators of socioeco- Hart (1970) found a negative association of hardness with
nomic status (Dudley et al., 1969). mortality when all localities within two counties were

In the United Kingdom, rainfall has been a major considered. He felt, however, that the comparison be-
correlate of cardiovascular mortality. Looking at five tween young men in the Vale of Glamorgan and young
indices (social factor score, domestic air pollution, men in a similar valley would be more appropriate. When
latitude, long-period rainfall, and calcium in water), this was done, the correlation coefficient between water
Gardner et al. (1969) found among eight sex-age-time hardness and mortality became positive.

L
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Small geographic areas, with considerable variation in Schroeder (1969) has been a principal proponent of this
water hardness, have a number of advantages for particular mechanism.
studying its relationship to cardiovascular mortality. Another possibility is that water is a source of some
Two such studies have been done in Washington County essential element that is deficient in the diet in some
in western Maryland. In one, Schreiber (1977) found that instances, but not in others. Magnesium is an element
cigarette smoking and frequency of religious attendance often suggested as an example, because it is present in
each gave a smaller proportion of misclassification of very low levels in soft waters and is often at borderline
cases and controls than water composition, as determined levels in the diet. However, little is known of the relative
by discriminant function analysis. In both his study and availability of magnesium to the body from food or
that by Comstock (1971), a population census permitted water. It is possible that it is not well absorbed from some
very careful matching and adjustment for a variety of foods, and under these circumstances, water could be an
socioeconomic factors. Neither study showed a sig- important source. Magnesium is also considered to be
nificant association of arteriosclerotic heart disease with important for the function of the myocardium (Seelig and
water hardness, but a low degree of negative association Heggtveit, 1974). Anderson et al. (1975) have been
could not be ruled out. among the proponents of magnesium as the water factor.

Finally, a study by Voors (1971) has interesting , At present, the only biologically plausible mechanisms
implications for the possibility that the effects of water for linking water factors to cardiovascular disease are the
hardness are merely reflecting the effects of some other possibilities that some soft waters may contain a toxic
water constituent(s). For 99 of the 100 largest cities of substance (e.g., cadmium) or, more likely, that some hard
the United States, he looked at the concentration of six waters supply a significant amount of some substance
metals in the finished water-calcium, chromium, lithi- (e.g., magnesium) that is beneficial to some people. The
um, magnesium, vanadium, and zinc. Holding the effects possible roles of trace metals and other water compo-
of the other five constant, he could find no evidence to nents are discussed in other chapters.
support a causal association between arteriosclerotic
heart disease mortality and calcium or magnesium.

It seems clear that confounding factors cannot be ruled CONCLUSIONout as a cause of association between water hardness and
cardiovascular disease; it is unclear what these factors An extensive review of the epidemiological literature
might be. indicates that there may be a water factor associated with

the development of cardiovascular disease, although its
existence is far from certain. The factor can hardly be

BIOLOGICAL PLAUSIBILITY water hardness as such because of its biological implausi-
It has already been mentioned that water hardness as bility and because of the numerous exceptions to the
such can hardly be related to disease and that the most negative association of water hardness with cardiovascu-
likely effect of a water factor is mediated either through a lar disease. Iis effect, if any, must be very weak in
deficiency of an essential element or an excess of a toxic comparison with the effects of known risk factors; an
one (Voors, 1971). Whatever the water factor may be, it association of even modest strength would surely show
can hardly be something present at the source that acts up more consistently. Though limited to relatively few
directly as a cause of cardiovascular disease-there are studies, the currently available evidence suggests that the
too many studies whose results are inconsistent with this water factor is not mediated by blood pressure or serum
hypothesis. It is much more likely that the water factor lipids. A possible mechanism is that enough magnesium
operates indirectly. is present in some hard waters to prevent borderline

One  possibility  is , that a characteristic of water magnesium deficiencies in some persons, thereby reduc-
sometimes associated with hardness, e.g., corrosiveness, ing their liability to sudden cardiac death.
is the water factor, operating through its ability to pick
up a trace element from the distribution system. Cadmi- REFERENCESum dissolved from galvanized pipes by soft waters that
are also corrosive exemplifies a biologically plausible Allwright, S. P. A., A. Coulson, R. Detels, and C. E. Porter. 1974.

mechanism of this type. Cadmium is concentrated in the Mortality and water-hardness in three matched communities in Los
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The Role of Chemical Constituents of
Drinking Water in Cardiovascular Diseases
A. RICHEY SHARRETT

Associations have been found between hardness of local ASSOCIATIONS OF ELEMENTS IN DRINKING
drinking water supplies and local mortality rates (Com- WATER WITH HARDNESS
stock, 1979). From the beginning of Schroeder's (1960)
early research this finding has raised the question of the Hardness itself is not a constituent of drinking water but
possible role of specific constituents of drinking water in a property, variously defined and variously determined
the causation of cardiovascular disease. Therefore the analytically (see Chapter 1). In discussing the possibility
first step in the review of data relating to the question of that certain elements in water may explain the associa-
water constituents will be to study their associations with tions of hardness to mortality, we are concerned with the
hardness. Constituents closely associated with hardness definition and determination of hardness employed in the
could provide the explanatory link between hardness and studies where this association was examined. The major
mortality. The section entitled "Associations of Elements U.S. studies in this field, those by Dudley, Sauer,
in Drinking Water with Hardness" (below) will show Schroeder, and Voors, obtained their water data from a
that available data are not consistent in providing such a U.S. Geological Survey publication (Durfor and Becker,
link. It is still possible that specific constituents may have 1964). This reference defines hardness as "the property of
their own direct correlation with death rates. The section water that is a measure of the amount of soap required to
entitled "Association of Elements in Drinking Water form a lather" and states that it is a property caused
with Cardiovascular Disease" (which follows) examines primarily by the calcium and magnesium content of the
the evidence bearing on this possibility. This evidence, water, and, to a very minor extent, by its content of
too, is inconclusive. Finally, many authors have ques- aluminum, iron, manganese, and other metals. However,
tioned whether elements in drinking water comprise a the hardness values used in the cardiovascular studies
substantial enough proportion of human daily ingestion were rarely determined by the soap and lather method. In
to matter. Evidence is presented in the section entitled the data used in Schroeder's (1961) pioneering work
66The Association of Elements in Drinking Water with (Lohr and Love, 1954), hardness was usually calculated
Elements in Human Tissues" to show whether or not from calcium and magnesium content determined by
drinking water levels of various elements are associated gravimetric or volumetric methods. The values obtained
with the concentrations of these elements in human were stated to be generally higher than those obtained by
tissues. This evidence indicates the possibility that some soap solution. Durfor and Becker (1964) determined
elements in drinking water could have an etiologic role in hardness by colorimetric titration. This method is report-
chronic disease. The design of the major studies discussed ed to have a slightly negative bias (U.S. Environmental
here is described in greater detail in the previous chapter Protection Agency, 1971). In practical terms, however,
by Comstock (1979). hardness in water used for drinking is determined almost

69



70 GEOCHEMISTRY OF WATER IN RELATION TO CARDIOVASCULAR DISEASE

entirely by its calcium and magnesium content (see ed   +.92 and calcium   +.94 with hardness among   95
Chapter 2). A clearer definition of water hardness, as it cities. Calcium and magnesium correlated    +.79   with
has been studied in relation to cardiovascular disease, is each other. In the data used for Schroeder's (1961)
possible probably only by a more detailed description of original work, this correlation for 163 cities was +.82. In
the performance characteristics of the laboratory meth- the towns studied in England and Wales, calcium
ods employed in these particular studies, their accuracy correlated   +.95 with hardness (Crawford  et  al.,   1968)
in calcium and magnesium measurement, and the inter- but the correlation for magnesium has not been reported.
ferences in these methods caused by other elements. The generally high correlation of both these elements

This amount of detail; however, is probably unneces- with hardness and with each other makes it diffibult to
sary. The variation in the relative concentrations of attribute the associations between hardness and mortality '
calcium and magnesium in water supplies at any given to either calcium or magnesium alone.
level of hardness is large in comparison to variability in
the laboratory. The biologically important trace metals

TRACE ELEMENTS
discussed below have no fixed relationship to hardness
and may vary widely. The composition of hard and soft The relation between trace metals and hardness in water
water in terms of biologically important elements is the is shown in Table 15. The areas shown, North America,
critical question here. This question will be examined for England and Wales, and Finland, are areas where trace
calcium and magnesium, the essential trace elements element data are available and where the negative
chromium, copper, and zinc, and the toxic trace elemenB association between hardness and mortality is usually
cadmium and lead. found.

Before discussion of the results in the table, it is
CALCIUM. AND MAGNESIUM

advisable to consider the quality of the data on water
composition. Distributional data are given in only two of

In U.S. studies, hardness of drinking water is just as the reports, McCabe (1970) and Neri et al. (1975). In
closely associated with magnesium levels as with calcium these reports the concentrations of trace metals are given
levels. Sauer et al. (1970) found that magnesium correlat- at several levels of water hardness. Schroeder, Anderson,

TABLE 15 Associations of Biologically Important Trace Metals with
Hardness ofDrinking Water in Areas of the World Where Hardness Is
Associated with Low Cardiovascular Mortality

Cr Cu Zn Cd Pb Source

North America
Untreated river water              +            +             + + +       Masironi, 1970
Finished water at plant            0             -             ?             ? 0 Schroeder, 1966

+       ?        ?        ?        ?        Voors, 1971
0- + 0 ?             Neri et at., 1975

Tap water +- -        -        -        McCabe, 1970

+- +0 -                Neri  et al.,  1975

0- -+ +                Anderson et al.,

1975

? 0 +0 -       Schreiber, 1977

England and Wales
Tap water 0+0 0 0           Crawford and

Morris, 1967;
Crawford et at.,
1968

?             ?              ?             ?             0             Crawford and
Clayton, 1973

r                             0 + + ? -                Elwood etal.,.1974 l
Finland

Tap water
Between regions +- 0 ? 0                 Punsar et at.,  1975

Within regions + +0? ?                 Punsar et at.,  1975

Key:   +,  higher in hard water; -, lower in hard water;  0, no relationship; ?, inadequate data.
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Crawford, Punsar, and their associates pool data from showed that relationship to be positive, whether tap
hard water and soft water areas and report only a mean water or finished water at the plant was being studied.
race metal value in the soft water area compared with a There is evidence in North American and Finnish data
niean for the hard water area. (Punsar's "hard water that elevated levels of chromium in drinking water are
area," however, had a calcium concentration of only 23 primarily a geochemical phenomenon. McCabe (1970),
mg/1.) All the other reports give only a correlation for example, found chromium levels in tap water elevated
coefficient to describe the relation between trace elements in highly mineralized water, but unrelated to acidity. In
and hardness. In the cases without distributional data, it the report by Neri et al. (1975) on tap water in 500
is not possible for the reader to evaluate the consistency Canadian towns, chromium was particularly elevated in
of the relation, its strength, or its pattern. areas with the hardest water. In Finland, chromium was

In none of the studies is information given to indicate noted to be significantly higher in tap waters in the hard
the extent to which trace metal levels at a given sampling water area of the west than in those of the east. Even
point vary over time. within these areas, small as they were, chromium showed

None of the reports discusses the precision or accuracy a positive correlation with calcium and magnesium.
of their water chemistry. Data for Schroeder's and Punsar et al. (1975) emphasized the positive association
Voors's reports (which are from Durfor and Becker between chromium and hardness as being supportive of
(1964) and for Masironi's report were the result of the view that chromium protects against heart disease.
analyses in a variety of laboratories cooperating with U.S. The failure to find a relationship in Britain weakens
water authorities. Data for the remaining studies were this view, however, because Britain is where hardness
presumably generated in central laboratories. The results appears to show the strongest association to cardiovascu-
from the cooperative laboratories, all of the chemistry for lar disease. Crawford et al. (1968) do not show their data
which was done in 1962, are probably of low accuracy. on chromium, but state simply that chromium levels
Sauer et al. (1970) have shown, for example, that the iron were similar in hard and soft water towns. In South
values determined by both the spectrographic and the Wales, Elwood et al. (1974) reported chromium to be
wet chemical method reported in Durfor and Becker unrelated to hardness. In fact, the correlations were
(1964)  correlate  only  +.32.  Zinc was detected in water negative, though trivial in magnitude, and first morning
from  only  3  of  the 100 cities studied  in that report, tap water samples had slightly but significantly higher
although it is nearly always detectable in such samples chromium than evening samples, indicating that in that
when current technology is used. The analyses in the country, corrosion of plumbing may contribute some
remaining reports were done more recently by methods chromium to the drinking water. The overall evidence
that were probably superior. that chromium is the explanatory link in the association

Several of the reports are representative of a very of hard water and low mortality,  then,  is weak.
limited geographic area. McCabe's (1970) paper repre-
sents 2600 tap water samples from 969 public water

COPPER
supplies, but the entire study is limited to Vermont and 8
U.S. urban areas. The report by Anderson et al. (1975) is Copper is positively correlated with hardness in raw river
limited to 8 cities in Ontario; Schreiber's (1977) to water in Masironi's (1970) report on U.S. states, as are all
Washington County, Maryland; that of Elwood et al. the other metals, but the coefficient is only +.21. North
(1974) to 48 areas all located in two counties in South American reports on finished water or tap water consis-
Wales; and that of Punsar et al. (1975) to an area in tently show higher copper levels in soft water, particular-
Finland with a total extent the size of a few U.S. counties. ly at low PH, except that Schreiber (1977) found elevated
In contrast to the limited geographic representativeness copper levels in acid waters, but not in soft water
of these studies, those by Masironi (1970), Schroeder samples. British data, however, just as consistently show
(1961, 1966), Schroeder and Kraemer (1974), and Voors elevated copper in tap water from hard water areas. The
(1971) relate to drinking water in the entire United data of Punsar et al. (1975) can be interpreted either way:
 States; Masironi · studied river water and Schroeder, copper was higher in tap water in the soft water of
Kraemer, and Voors studied city water. The study by eastern Finland than in the west, but within regions,
Neri et al. (1975) related to 500 towns across Canada. copper was significantly positively correlated to calcium.

CHROMIUM ZINC

Chromium was associated with hardness in untreated It is evident that zinc in tap water is not consistently
river water in the United States (Masironi, 1970), and related to the hardness of drinking water,  not even within

,ery study that showed a relationship to hardness, a single country. It was strongly related to hardness in
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U.S. river water as shown by Masironi (1970), but in tap While corrosion of piping ,is a known source of
water, its sources must be related to both geochemistry cadmium in water, these data indicate that this source
and plumbing corrosion. McCabe (1970) shows a consis- may be unimportant in public water supplies. The
tent relationship of tap water zinc to low pH, but zinc frequent failure to find an association between cadmium
levels are equally high in high- and low-conductance and soft water may be because water samples were -
waters. Elwood et al. (1974) also show a positive collected casually, rather than after water stood over-
correlation of zinc to hardness, on one hand, and elevated night in pipes. It may also be because corrosion is not
zinc in morning samples of tap water compared with determined primarily by water hardness or because
evening samples, on the other. Schreiber (1977) also cadmium levels in drinking water are not determined
showed tap water zinc to be positively correlated both primarily by corrosion.
with acidity and with hardness. Zinc is a ubiquitous
element, and the relative importance of the geochemical
and plumbing contributions to the amount consumed at

LEADthe tap will vary considerably from place to place.
Soft water in Boston and Seattle (Craun and McCabe,
1975), Glasgow (Beattie et al., 1972), and Belgium (deCADMIUM
Graeve et al., 1975) left standing overnight in lead

Schroeder and many others have speculated that soft plumbing picks up considerable quantities of lead. The
water contributes to cardiovascular mortality by causing hypothesis that soft water is harmful because of lead
hypertension resulting from cadmium corroded from corrosion has been the subject of investigation in Britain
plumbing materials, particularly galvanized pipe. Table for years. Much of the home plumbing in Britain is lead,
15, however, does not show evidence of substantial and lead in water could be a factor in cardiovascular
cadmium corrosion by soft water. In untreated river disease there. Data on human-tissue lead levels, reported
water in the United States (Masironi, 1970), cadmium in a later section, make this hypothesis plausible.
levels are higher in hard water. There are no data on Surprisingly, however, Crawford and Morris's (1967) and
cadmium in finished water at the plant in the United Crawford and Clayton's (1973) work show considerable
States, but in Canadian finished water, cadmium was plumbosolvency in hard waters as well as soft waters.
unrelated (r  =  -.03) to calcium or magnesium (Neri et McCabe (1970) also showed highest lead levels in tap
al., 1975). water at both extremes of total mineral concentration.

North American data on tap water, where Schroeder's The plumbosolvency of soft water is indicated in his data
hypothesis can be examined, are unclear. In one county only by the low lead levels of high-pH water. But, lead
in Maryland (Schreiber 1977), cadmium was related to levels were highest at neutral pH, rather than at low pH.
acidity, but not to water softness. In Canada (Neri et al., Soft water was somewhat plumbosolvent in Maryland
1975), cadmium levels were highest (approximately 1 (Schreiber, 1977), but again, the relationship with acidity
Bg/1) at both of the extremes of the hardness range, was stronger than that with softness. Neri et al. (1975)
indicating perhaps that the geochemical contribution to show plumbosolvency only in extremely soft water, with
cadmium levels in drinking water is as significant as the hardness  less  than   15  mg/1.  In  the  data of Elwood  et al.
contribution from pipe corrosion. In the U.S. areas (1974), lead in tap water was significantly negatively
studied by McCabe (1970), there were higher levels of correlated with calcium levels. Anderson et al. (1975),
cadmium in low-conductance waters. This would indi- however, found lead levels slightly higher in hard water
cate the importance of the corrosion factor, but McCabe towns. The determinants of lead levels in tap water are
also found that the highest cadmium levels were in apparently complex.
waters of neutral, rather than acid, pH. Anderson found
that a pooled sample from Canadian towns with very
hard water had a cadmium level of 2 pg/1, compared SUMMARYwith 1 FgA for towns with soft water. If both corrosion
and geochemistry contribute to cadmium in drinking Calcium and magnesium are both closely associated with
water in North America, cities in the middle ranges of total hardness. There are considerable data on their
hardness might have had lower cadmium levels than direct associations with mortality, and these are present-
cities with extreme levels of hardness. ed in the following section. None of the trace elements

The only information from Europe is the statement by studied, however, appears to be associated with hardness
Crawford et al. (1968) that no association was found closely enough to explain the hardness-mortality associa-
between cadmium and hardness in their data from tions, though there are insufficient data to conclude that
Britain. there is no association.
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ASSOCIATIONS OF ELEMENTS IN DRINKING Schroeder was particularly interested in the possibility

MATER WITH CARDIOVASCULAR DISEASES that the water factor operated by way of an effect on
hypertension, which would be manifest in stroke and

The evidence bearing on the direct associations of the hypertensive heart disease as causes of death. He showed
elements in water considered above to cardiovascular the correlations only when they were statistically sig-
disease rates will be presented in this section. Where nificant, and these are presented in Table    16.   The   fact
correlations with death rates are presented, these are that only these few were significant among all the race,
either age-specific or age-adjusted rates, unless otherwise sex, age, and cause of death categories studied indicates
indicated. that neither calcium nor magnesium is consistently

related to hypertensive death rates in U.S. cities.
A study of 24 county seats in Texas is interesting, not

CALCIUM AND MAGNESIUM
only because mortality rates were studied in relation to

The major studies, which correlate both calcium and element levels both in drinking water and in urine
magnesium with cardiovascular mortality, are shown in samples, but also because the study area had an unusual-
Table 16. Calcium and magnesium have equally strong ly broad range of water-calcium and water-magnesium
correlations with coronary disease in U.S. data. Other levels (Dawson, 1978). The results are not shown in
U.S. reports, which studied 1960 coronary death rates in Table 16 because mortality rates were inadequately
relation to the same water data, used by Voors (Schroe- adjusted for age (the broad over-45 age group we used).
der, 1966; Sauer et al., 1970; Sauer, 1974), showed very Mortality rates for coronary heart disease or stroke were
similar correlations, except that Schroeder showed a not significantly correlated with calcium or magnesium
somewhat stronger negative correlation for magnesium levels either in the drinking water of these cities or in the
(-.40) than for calcium (-.23). Canadian data tended to urine of the residents studied. Also studied were the
show somewhat stronger negative correlations for mag- ratios of sodium to calcium and of sodium to magnesium,
nesium than for calcium »Teri et al., 1975). both in drinking water and in urine samples. In drinking

TABLE 16 Correlation Coefficients ofCalcium and Magnesium in Finished Drinking Water Supplies with Local Age-
Adjusted Cardiovascular Mortality Rates

Date of Race and
Death Sex Calcium Magnesium Reference

North American Cities
Coronary heart disease 1950 WM -.27* -.30* Schroeder, 1960

1960 WM -.35* -.32* Voors, 1971

1960 WF -.27* -.23* Voors, 1971

1960 BM -.10 -.10 Voors, 1971

1960 BF -.15 -.14 Voors, 1971

1950 and 1960 WM -.07 -.10* Neri et al.,  1975

Hypertensive heart disease 1960 WF -.25* N.S. Schroeder and Kraemer, 1974

Stroke 1960 WM -.27* -,19* Schroeder and Kraemer, 1974

1960 BM N.S. +.25* Schroeder and Kraemer, 1974

English and  Welsh Cities
Cardiovascular disease 1950                M -.65- -.04 Morris et al.,  1961

1950                F -.58 +.08 Morris et al.,  1961

1960                M -.72- -.02 Crawford et al., 1968

1960                F -.71* -.02 Crawford et at.,  1968

1960 M&F -.56* -.35* Elwood et at.,  1974

Coronary heart disease 1950                M -.52- N.S. Morris et at.,  1961

1950                F -.41* N.S. Morris et al.,  1961

1971 M&F -. N.S. Elwood et at., 1977

Stroke 1950                M -.48- N.S. Morris et al., 1961

1950                F -.43* N.S. Morris etal.,1961

*  Significaht at p  <  .05. (The coefficient  is not shown for Elwood (1977) because a logit transformation was used,  and the coefficient was standardized.

The association indicated by the asterisk was significant and negative.)

I.S. means not significant and not reported. A coefficient greater than .19 would have been required for significance in Schroeder's study: .27 in Mor-

s's sludy.
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water, both ratios were significantly positively correlated the Finnish data is consistent with the Canadian data.
with death rates for both coronary heart disease and But, British mortality rates have consistently shown littl
stroke, as would be expected if sodium were harmful, or or no correlation with magnesium. In the United State.,
if calcium and magnesium were protective. The correla- attempts hav-e been made to evaluate the possible
tions involving calcium and magnesium were of approxi- independent effects of calcium and magnesium by statisti-
mately equal strength. With ratios of elements in urine cal means. Voors (1971) found that neither element
samples, the only significant association found was the correlated significantly with cardiovascular death rates
positive correlation between stroke and the ratio of when the other element was controlled by partial
sodium to calcium. Mortality rates for hypertensive heart correlations. Sauer (1974) found that magnesium, but not
disease, hypertension, and general arteriosclerosis were calcium, was significantly associated with death rates for
also analyzed, but these cause-of-death categories were women and that neither element was significantly associ-
infrequently and irregularly used in these cities, so that ated for men, when a variety of water and other
the results are probably not meaningful. Unfortunately, it environmental factors were entered into a stepwiseis possible that the associations found in this study were multiple regression equation.
artifacts of the age and ethnic structure of the popula- Because calcium and magnesium levels in public water
tions. The drinking water of these Texas cities was harder supplies correlate so closely with each other, estimation
in the southwest, but the authors did not consider the of their possible independent effects is difficult by any
possibility that their results might be confounded by a means, unless study areas can be found where calcium
younger age structure or larger proportion of the levels are high in relation to those of magnesium or vice
population with a Spanish background in southwest versa. Such areas specifically have not been studied, and
Texas. the geographic correlations published have not produced

Among the English and Welsh county boroughs, very consistent answers as to the relative importance,  if any,  of
strong negative correlations are found between calcium calcium and magnesium in drinking water supplies to
and cardiovascular mortality. Magnesium appears to be local cardiovascular death rates.
unrelated, except for a modest correlation found for the
48 local authority areas within South Wales studied by

CHROMIUMElwood et al. (1974). For coronary disease and stroke
categories specifically, calcium again showed significant In North American and Finnish (but not in British) data,
negative correlations, and magnesium again did not. chromium in drinking water appeared to be a possible
Stocks (1973) examined mortality separately for English     link in the association between hard water and low
county boroughs with water hardness over 300 mg/l cardiovascular death rates, a protective factor because of
according to whether the water was drawn from a its consistently positive association with water hardness.
dolomite aquifer (yielding a high magnesium content) or The direct associations between chromium in drinkingfrom other sources. No significant differences were found, water and local death rates, however, are weak and
but the three towns with a dolomite supply compared inconsistent.
with the six towns with other hard water supplies had Sauer et al. (1970), Voors (1971), and Schroeder and
somewhat lower stroke death rates for males (but not for Kraemer (1974) analyzed data from Durfor and Becker
females) and higher arteriosclerotic heart disease death (1964) on finished water of the largest U.S. cities. Sauer
rates for females (but not for males). found that chromium levels correlated  +.08 with cardio-

Punsar et al. (1975) found lower levels  of both calcium vascular death rates and  -.03 with coronary death rates
and magnesium in an area of eastern Finland, where for whites with both sexes combined, neither coefficient
incidence and mortality of coronary heart disease are being statistically significant. Voors also found insig-higher than in western Finland. Within the study area of nificant negative correlations for coronary disease for
eastern Finland, tap water of coronary decedents had each color-sex group. The coefficients were reduced to
significantly lower levels of magnesium than did tap nearly zero when levels of other metals were keptwater of study subjects free of coronary disease. Punsar constant by partial correlations. Schroeder found sig-interpreted this as evidence for a protective effect of nificant correlations, but only for cerebral thrombosis
magnesium in Finland, but the results were not consis- death rates and only for nonwhites. The coefficients were
tent. Within the region studied, subjects who had died of positive, contrary to the hypothesis of chromium as a
coronary disease at less than 60 years of age in the protective element.
western region showed higher magnesium in tap water Among 500 Canadian towns, Neri et al. (1975) wasthan did controls.                                                                 able to detect chromium in  the tap water of only  39

The suggestion of a protective effect for magnesium in towns. Among them, chromium levels correlated   -.11
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with male coronary death rates (not significant). In this The Finnish data also suggested a positive association
ime set of 39 towns, chromium was also negatively between copper in water and cardiovascular disease

.orrelated with all-cause mortality,    -.09   (not sig- (Punsar et al., 1975). Copper levels were significantly
nificant), but paradoxically, when the towns without higher in the high-death-rate eastern area than in the
detectable chromium are included in the analysis, the western area. Within the eastern area, copper levels were
coefficient becomes positive,   t.06  (not  significant). If significantly higher in tap water of coronary decedents

coronary death rates, as well, were higher for towns with than in tap water of controls. No such association was
detectable chromium than for the remaining cities, the seen within the western area, however, and there were no
Canadian data must be interpreted as not supportive 6f associations with cardiovascular risk factors in the study
the hypothesis of a protective role for chromium. cohort.

The study of Elwood et al. (1974) in South Wales In South Wales (Elwood et al., 1974), copper was
showed positive correlations between tap water chromi- negatively correlated with local cardiovascular death
um levels and cardiovascular death rates. The coefficients rates   ( - .1 5 for morning   and    - .1 8 for evening water
were larger than those in the U.S. data (+.23 and +.16 samples, not significant). Among 61 English and Welsh
for water samples taken in the morning and in the cities (Elwood, 1977), tap water copper levels were
evening, respectively), but were not statistically sig- insignificantly related to coronary heart disease rates, and
nificant, as only 48 areas were studied. the sign of the coefficient varied with the age group

The data of Punsar et al. (1975) on two areas within studied.
Finland· were supportive of the view that chromium is In summary, statistically significant results suggest a
protective. Chromium levels were substantially and possible adverse effect of copper on cardiovascular
significantly lower in the higher-mortality eastern area (3 disease in some of the U.S. and Finnish studies, but the
»g/1) than in the lower-mortality western area (9 »g/1). results in South Wales point (insignificantly) in the
Within the eastern area, chromium levels were lower in opposite direction, and the English data are internally
tap water of subjects with elevated serum cholesterol inconsistent.
levels and subjects who died of coronary disease than in
tap water of control subjects. These findings were not

(ZINCconsistent within the western area, however.
In summary, the correlations between chromium in Because zinc, as consumed in the home water supply, has

water and some cardiovascular diseases are weak and no consistent relationship from place to place to the
inconsistent in North American data, somewhat positive hardness of local drinking water supplies, the associa-
in Welsh data (though still statistically insignificant), and tions of hardness and mortality give no clue to the
negative in Finnish data. possible association of zinc in water and mortality.

Unfortunately, the data on zinc are particularly scanty.
None of the U.S. reports based on Durfor and Becker's

COPPER
(1964) data give useful information on zinc, because zinc

U.S. studies of copper in finished water supplies and levels were reported in only three cities.
cardiovascular death rates usually show positive correla- Masironi (1970) reported negative correlations be-
tions. Schroeder 0966) showed a correlation of +.29 for tween zinc in untreated river water and death rates in 42
white male coronary death rates. In his 1974 report a U.S. states. For hypertensive heart diseases the correla-
positive coefficient for cerebral hemorrhage was sig- tion   was -.43 (significant),   and for coronary heart            /

nificant  (+.21 for white females), but correlations for disease  it  was  -.11 (not significant). The report  of Neri
coronary death rates were not. Sauer et al. (1970) et al. (1975) on tap water from 500 Canadian towns

reported a coefficient for coronary disease for whites of showed low negative correlations between zinc and all-
both  sexes  to  be  +.16 (not significant). North American cause mortality (-.05 for Canada and  -.12 for Ontario,
tap water studies, however, show no association between neither statistically significant), but the only U.S. tap
copper and cardiovascular disease. Schreiber's (1977) water data on zinc are those from Washington County,
study showed the distribution of copper levels in home Maryland (Schreiber, 1977). The distributions of zinc
drinking water of individuals who had died of coronary levels from homes of coronary cases and controls were
disease to be very similar to the distribution among not significantly different. The study by Anderson et al.

controls living in the same county. Likewise, average tap (1975) is an exception to the negative correlations,
water copper levels among 500 Canadian towns (Neri et though his results  are of ·limited value because  they  are

al., 1975) were unrelated to male coronary mortality based on analyses from only two groups of towns. The
ttes (r = t.02). hard water low-mortality towns had a somewhat lower
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average tap water zinc concentration than the soft water levels (Schreiber, 1977). Anderson et aL (1975) found
high-mortality towns, 0.2 mg/1 compared with 0.4 mg/1. average cadmium levels of 2 Bg/1 in the three hard wate

Negative, but not statistically signficant, correlations cities with low mortality rates compared with 1 Bg/1 i.-
were the usual finding in the British studies as well. Zinc the five soft water cities with high mortality rates.
concentrations in morning tap water samples correlated Bierenbaum et al. (1975), on the other hand, reported
-.21 (not statistically significant) with cardiovascular higher mortality rates and a higher level of cadmium in
mortality in 48 areas of South Wales (Elwood, 1974). tap water samples (3 Bg/l) in Kansas City, Kansas, than
Among 61 English and Welsh cities, correlations with in (1 pg/1) in Kansas City, Missouri. The fact that both
coronary heart disease mortality were negative in each of cities draw water from the same river makes this an
four middle-age age groups, but were trivial in magnitude interesting comparison, but in both Anderson's and
(Elwood, 1977). Bierenbaum's studies the reported levels of cadmium are

The Finnish study (Punsar et al., 1975) presents a near the detection limits for the methods used, so these
mixed result for zinc. The low-mortality western area results cannot be considered reliable without knowledge
had somewhat higher zinc levels in drinking water than of their accuracy. Distributional data on the levels of tap
the eastern area (not significant), but within the western water cadmium over time or from tap to tap would be
area, zinc was higher in tap water of coronary decedents particularly helpful. There appears to be no direct
than in tap water of subjects free of coronary disease. The evidence concerning the relationship of drinking water
study of risk factors was also inconsistent. Zinc appeared cadmium levels to death rates in European studies.
to be positively associated with elevated blood pressure In summary, data on cadmium in tap water are much
and negatively associated with the presence of extra too fragmentary to permit an evaluation of its possible
systoles on the electrocardiogram. role in cardiovascular diseases. The infrequency of the

Though the available data seem to favor the hypothesis detection of cadmium in drinking water samples makes it
of a protective role for zinc, it must be remembered that appear unlikely that cadmium in water plays such a role,
the correlations found were usually not significant, they or,  if it did,  that such a role could be discovered in studies
were not always negative, and no nationwide data have of the type described.
yet been published for tap water in the United States.

-'

LEAD
CADMIUM As lead also is corrodible from plumbing materials, the
Schroeder and Kraemer (1974) showed that corrosive- most relevant correlations between its level in water and
ness of municipal drinking water was associated with death rates are those involving tap water samples. Neri et
elevated cardiovascular death rates and argued that this aL (1975) analyzed tap water samples from 500 Canadian
supported their view that cadmium corroded from towns and found detectable lead in 92 percent. Despite
galvanized pipe may be the water factor in cardiovascular this, correlations with death rates were not statistically
disease. As we have seen, the evidence that substantial significant. Coronary cases and controls had similar tap
cadmium corrosion occurs in public water supplies is water lead levels in Schreiber's (1977) study.
meager. Also, cadmium levels in tap water have usually In the U.S. studies based on analyses of finished water
been lower than the detection limit for the methods used at the plant (Durfor and Becker, 1964), the results are
in the major studies relating water constituents to death inconsistent. Schroeder (1966) reported that the 25 cities
rates, so direct evidence bearing on the possible effect of with the highest coronary death rates had levels of lead in
cadmium on death rates is even more scanty. water that were similar to those of the 25 cities with the

In Masironi's (1970) U.S. study involving untreated lowest rates, and in Schroeder and Kraemer's (1974)
river water, cadmium levels, analyzed before corrosion report they found no evidence to implicate excess of this
can change them, were negatively correlated with local toxic element in coronary disease. Sauer et al. (1970),
death rates from hypertensive heart disease and coronary however, found a significant positive correlation  (+.24)
disease, but the strong association of cadmium with between lead and coronary death rates for whites of both
hardness in these raw water samples makes this result not sexes. Deaths from hypertensive heart disease were
surprising. In the study by Neri et al. (1975) of tap water negatively correlated with lead in Schroeder and Kraem-
in 500 towns in Canada, cadmium was detected in only er's (1974) work, significantly among three of the four
14 percent of the samples. No significant or substantial color-sex groups. For cerebral thrombosis, also a sequel
correlations with all-cause or coronary mortality were of hypertension, negative correlations were found for two
seen. Coronary cases and controls in Washington Coun- color-sex groups, but a significant positive one was found
ty, Maryland, did not differ in their tap water cadmium for white females.
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In South Wales (Elwood et al., 1974), lead levels in tap of an adverse effect of waterborne lead on blood pressure,
water correlated positively with cardiovascular death and this result is consistent with recent findings  in
rates in the 48 areas studied, with a significant coefficient Scotland. If this result is corroborated, part of the reason

for water samples collected  in the evening  (+.28). But for the lack of an adverse effect of lead on death rates in
when the effect of calcium in water on mortality was most of the above studies may be the infrequency in the
included in the analysis, lead made no substantial or populations studied of the combination of lead plumbing
significant contribution. In a more recent study conduct- and corrosive water. In areas where this combination

ed by Elwood et al. (1976a) of individual decedents in exists, waterborne lead could conceivably be a factor in
North Wales, water samples from the homes of cardio- cardiovascular disease and deserves specific investigation.
vascular decedents did not contain more lead than It is not surprising that studies correlating local death

samples from decedents from other diseases. The individ- rates with drinking water trace element concentrations
ual design of this study adds credibility to these results have failed thus far to produce clear results. In the first

compared with those of studies of ecological design. place, these are ecological studies. Mortality rates of
Among 61 cities in England and Wales, tap water lead localities are studied in relation to the average trace

levels were trivially associated with coronary death rates element exposures of their populations. But trace element

(Elwood, 1977). The coefficients were negative in sign. exposure varies considerably among individuals within
Results from the Finnish study (Punsar et al., 1975) each locality, so ecological studies will miss much of the

are also unclear. Within the western area, tap water of total effect of trace element exposure. Secondly, the

coronary decedents had significantly lower levels of lead average trace element exposure in a locality may be very
than tap water of subjects free of coronary disease. But imprecisely measured in the studies cited. This impreci-
this was not found in the eastern area, and the two areas sion arises from both laboratory error in trace element
did not differ significantly from each other in drinking measurement and the sampling error resulting from the
water lead levels. On the other hand, positive correlations use of only a few water samples to represent a water

were found between lead and both systolic blood pressure supply, which is heterogeneous from tap to tap and from
and serurn cholesterol in study subjects, though these time to time. The effect of these factors is to reduce the
were significant only in the west for blood pressure and chance of detecting real associations and to increase the
only in the two areas combined for cholesterol. error in their assessment.

Recent results from Scotland (Beevers et al., 1976a) In spite of these factors the studies cited produced a
are consistent with these findings on blood pressure. number of statistically significant correlations. The fact
Among a screened general population, hypertensives had that the correlations often contradict each other makes

significantly higher blood lead levels than matched them suspect. In fact, specious correlations should be
controls. Blood lead levels were related to the lead expected in geographic studies because the assumption of
content of home tap water, according to other work in statistical independence is not met. Cities are not
the same city (Beattie et al., 1972), and this was the case independent sampling units. They are clustered into
among the normotensives Beevers et al. studied. Among geographic groups with similar water characteristics and
three recent studies involving occupational lead exposure, mortality rates. Therefore it cannot be assumed that
one showed an association with hypertensive disease among 100 cities a correlation coefficient   of   + .2   or

(Cooper and Galey, 1975) and two did not (Felderman, greater will occur by chance only once in 20 studies, even

1976; Robinson, 1976). though a coefficient of this magnitude is significant at the
.05 level of confidence. For water hardness, U.S. cities
might be said to fit into only a few distinct groups. For 10
groups, a coefficient   of a=.6 would be required   for

SUMMARY significance, but the correlations presented did not
No clear pattern has emerged in the mortality studies. In approach that magnitude.
North America, death rates were inconsistently related to There is no rational way of determining how many
levels of lead in finished water at the plant. There were independent units 100 U.S. cities represent. One can
both positive and negative significant correlations. The conclude only that geographic correlations are not nearly
two studies based on tap water lead showed no significant as believable as their nominal level of significance would
relationship. In tap water studies in Wales and in indicate. One must judge them by whether they fit into a

England, there was also little if any effect of lead on consistent pattern. On the basis of this criterion, the
mortality in either ecological or individual studies. In findings on waterborne trace elements and mortality
Finland, however, the interesting result is the possibility should be accorded little credence at this time.
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ASSOCIATION OF ELEMENTS IN In one study, urinary excretion of magnesium did not
DRINKING WATER vary with magnesium in the local water supply (Daunce:
WITH ELEMENTS IN HUMAN TISSUES and Widdowson, 1972). Among 24 Texas cities with .

broad range of drinking water magnesium concentra-
The failure of the geographic correlational studies to tions, however, the correlation with magnesium excretion
provide consistent evidence for an association between was .31, and significant (Dawson, 1978).
water constituents and cardiovascular mortality does not The critical tissues to examine for deficiency, however,
provide convincing evidence that the constituents of may be deposition sites. In both bone and coronary
water are unimportant in cardiovascular disease. The arteries, substantially more sudden death victims from
ecological method of study is insensitive, and the studies soft water Glasgow had low-magnesium levels than from
cited have probably characterized the water quality of the hard water London (Crawford and Crawford, 1967,
localities with some error, at least for the trace elements. 1969).
Another reason for a failure to find consistent associa- Anderson et aL (1975) reported a set of observations
tions may be that drinking water may not be an that suggest that the residents of soft water areas have
important contributor to daily human intake for these reduced concentrations of magnesium in myocardial
constifuents. muscle tissues compared with residents of hard water

Theoretically, one can estimate the amount of an areas and that this may be the explanation for the
element contained in the food and water a person postulated relationship between soft water and elevated
consumes to determine whether water is an important cardiovascular mortality rates. The concentration of
contributor. Unfortunately, this is a very inexact proce- magnesium in heart muscle from accident victims who
dure.  For many of the elements of biological importance, resided in towns with an average drinking water magne-
neither the total average human consumption nor the sium of 3 mg/1 was 918 Bg/g dry weight, compared with
amount consumed through water is known with preci- 982 Bg/g in accident victims who resided in towns with
sion. Where such data exist, they will be mentioned in the an average drinking water magnesium of 29 mg/1. The
discussion to follow, but even then, their value is limited difference was significant and was consistent within age,
because little is known about the relative availability of sex, and cause of death categories. The evidence that low
the element in water and in food. magnesium is etiologically related to cardiovascular

Another approach to the question of whether or not death was that decedents from coronary heart disease
drinking water contributes importantly to human intake had significantly lower magnesium levels in heart muscle
for certain elements is to determine whether human and in diaphragm muscle than did decedents from
tissue concentration of these elements varies with the accidents. (Low magnesium in heart muscle may, how-
concentration of these elements in local water supplies. ever, have been a consequence of, rather than a cause of,

Relevant studies that are available will be summarized the heart attack, though the portion of heart muscle
below. A more detailed discussion appears in a recent sampled for analysis was not infarcted.) The hypothesis is
review (Sharrett, 1977). consistent with knowledge of the central role played by

magnesium in cardiac physiology (Polimeni and Page,
1973).MAGNESIUM

Anderson's finding of a relationship of tissue levels to
Soft water contributes a negligible amount of magnesium drinking water levels of magnesium requires confirmation
to daily human intake, but very hard water may before the interesting conclusions that can be drawn from
contribute as much as 20 percent of the daily minimum it are accepted. The only directly comparable work has
requirement (Hankin et al., 1970; Neri et al., 1975; recently been reported from England (Chipperfield et al.,
Marier, 1978). Using the method of calculation of these 1976),  where the result contradicts that of Anderson.  The
authors, a concentration of 6 mg/1 (the median concen- fact that each of the elements analyzed-magnesium,
tration for the largest U.S. cities from Durfor and Becker potassium, and zinc-was more concentrated on a wet
(1964)) would contribute about 5 percent. Because water weight basis in hearts of decedent residents of a soft
is a consistent item in the human diet, this could be water town than in those of a hard water town led the
etiologically important if normal diets are marginal for authors and Anderson et al. (1976) to speculate on
this essential nutrient (Seelig, 1964). whether or not the heart tissues from the two towns had

Studies of serum magnesium in residents of areas with been handled similarly. The magnesium content of the
differing levels of magnesium in the drinking water have water supplies of the two towns was not given, however.
not shown a consistent relationship (Anderson, 1972; In summary, the magnesium content of hard water
Bierenbaum et al., 1973, 1974, 1975; Luoma et al., 1973). might be sufficient to prevent deficiency if dietarj

1
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magnesium is marginal, and unconfirmed reports indicate was higher, than in Kansas City, Kansas. An incidental
that low levels of magnesium in tissues may occur more finding in a study of trace element concentration in scalp
often in areas with soft water. That this may relate to the hair (Harrison et al.,  1969) was an outlying elevated

etiology of cardiovascular disease is consistent with copper level in repeated hair samples from a single
physiological considerations. subject whose drinking water was from a well with higher

copper levels.
Schroeder et al. (1966) found higher copper levels in

CHROMIUM human liver samples in each of seven U.S. cities with soft

Average human intake for chromium is estimated to be water than in each of feur cities with moderately hard
50-80 »g/day (NRC Committee on the Biologic Effects of water. But the opposite relation is seen when blood

Atmospheric Pollutants, 1974). Kopp (1969) reported copper (Kubota et al., 1968) is compared with water
that only 15 percent of U.S. finished drinking water hardness (Lohr and Love, 1954). For 17 U.S. towns,

supplies sontained as much as 1 Bg/1 of chromium. Tap blood copper was associated with hard water (r = +.18,
water studies have reported average chromium concen- not significant). In these two sets of data, however,
trations of 1-9 Bg/1, with the higher levels in harder copper levels in water are not available, so their relevance

water (McCabe, 1970; Neri et al., 1975; Punsar et al., to the present discussion depends on whether the
1975). Elwood et al. (1974), however, reported average generally observed association of copper with soft water

levels of 21  *g/1 for South Wales, though they ques- in the United States holds   true for these particular    17

tioned the reliability of their chromium analyses. Because towns. Thus the data on tissue copper suggest that
chromium determinations are still difficult, it is probably waterborne copper may contribute to human tissue

premature to conclude that water is an unimportant levels, but it is too fragmentary to permit definite
source of human chromium. conclusions to be drawn.

The only data on human tissue chromium in relation
to drinking water chromium are found in the report by
Bierenbaum et al. (1975) of higher serum chromium in ZINC

subjects from Kansas City, Missouri, than in subjects Daily zinc intake is estimated at 10-15 mg with average
from Kansas City, Kansas, which corresponded to American diets (Sandstead et al., 1970; Halstead et al.,
reported average drinking water levels in the two cities. 1974). Of this, the average U.S. tap water concentration

of zinc of 200 Bg  (Craun and McCabe, 1975) would

COPPER ordinarily contribute very little, except perhaps in the

cases of dietary deficiency, the prevalence of which is
In North America, where copper tends to be elevated in unknown.
tap water in soft water areas, waterborne copper in these Little is known about contributions of water to tissue
areas may constitute a substantial proportion of daily concentrations of zinc. Bierenbaum et al.'s (1975) finding
human intake. Neri et al. (1975) estimated that Canadian of markedly elevated set,um zinc in residents of Kansas
towns   with soft water contributed    1.2 mg toward an City, Missouri, in comparison with residents of Kansas
average daily copper consumption of 2-4 mg. Craun and City, Kansas, where zinc levels in drinking water are
McCabe (1975), however, estimated that average U.S. tap lower, awaits resolution of the question of acute toxicity
water contributed only about 270 »g of copper per day in his subjects (see the discussion in the following

The contribution to human tissue concentrations has section). Anderson et al. (1975), however, found sig-
not been adequately studied. In Canada there were no nificantly higher zinc concentrations in diaphragm mus-
significant differences in the average concentrations of cle in decedents of the Canadian towns with lower
copper in muscle tissues of decedents from a group of average zinc concentrations in the drinking water. The
hard and soft water towns, though they differed appreci- scanty data available, then, are inconsistent.
ably in the copper levels of their water (Anderson et al.,
1975; Neri et al., 1975). Among five U.S. towns with
available data, copper levels in whole blood (Kubota et CADMIUM
al., 1968) were compared with copper levels in finished
drinking water (Durfor and Becker, 1964). The correla- Despite the interest in cadmium as a possible intermedi-
tion was positive and substantial, (+.85),  but  not  sig-     ,    ary   in the relationship between water hardness   and
nificant, with data from only five towns. Bierenbaum et mortality, there is little solid evidence to cite. One reason,
al. (1975) reported that serum copper was higher in perhaps, is that the intake of cadmium from water

Kansas City, Missouri, where the drinking water copper appears to be small in relation to that from food and
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other sources, probably less than 5 percent (Fleischer et tissue levels of cadmium, chromium, or zinc. Copper and
al., 1974; Craun and McCabe, 1975; Fassett, 1975). magnesium levels of tissues may be related to drinking

The evidence relating to human tissue levels is contra- water, however, and confirmatory evidence should be
dictory. Bierenbaum et al. (1975) reported serum cadmi- sought. Lead levels in blood, and possibly other tissues,
um levels of 16.4 »g/1 in normal subjects from Kansas are almost certainly affected by lead levels in drinking
City, Kansas, compared  with   1.2  FgA in subjects from water in areas where these levels are particularly elevat-
Kansas City, Missouri, where the tap water levels were ed, and the possible implications of low-dose chronic
reported as 3 »g/1 and 1 pg/1, respectively. The authors exposure should be of great interest.
found their serum zinc and cobalt values to be as
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The Association of Trace Elements and
Cardiovascular Diseases:
A Selected Review of
Positive Findings in the Literature
A. WOUTER VOORS

The possibility that a negative correlation exists between tor looks at a number of associations,  say 20, and draws a
drinking water hardness and cardiovascular disease positive conclusion when only one of them is statistically
mortality has stimulated the search for other correlates of significant  at  the 5 percent level.  In all probability,
cardiovascular disease that both explain its relationship however,  1 of 20 truly nonsignificant correlations should
to water hardness and provide a theory coherent with turn up in this category by chance alone, by virtue of the
current knowledge of cardiovascular disease pathogene- definition of the significance level. The remedy is to
Sis. adjust the critical level of significance accordingly to a

As   early   as 1962, Schroeder and Vinton   (1962) had lower percentage.
suggested that low-dose cadmium may be a cause of Type II error-concluding that no significant statisti-
cardiovascular disease mbrtality, Perry and Erlanger cal association exists, when indeed it does-is encoun-
(1974) did much to corroborate that thesis, and Carroll tered, not only by chance in an estimable proportion of
(1966) provided some independent epidemiological sup- .cases, but also when the observations are beset by a large
port for it. measurement error (Crawford et aL, 1972; Neri et al.,Current knowledge of trace elements in this regard has 1972). The best means to avoid such error is painstaking
been reviewed by Masironi (1969) and, more recently, by precision of observation.
Sharrett and Feinleib (1975). Cadmium's role was re- - Special complications are encountered in the epidemio-
viewed by Fulkerson and Goeller (1973) and by Friberg logical analysis of autopsy data (Mainland,  1953) and in
et al. (1974). the use of accident victims as a comparison group

(Carroll and Haddon, 1965).
GENERAL STATISTICAL, EPIDEMIOLOGICAL,

Determining low concentrations of trace elements in
AND ANALYTICAL PROBLEMS biological tissues and urine has many pitfalls (Gorsuch,

1970; John and'VanLaerhoven, 1976). Cadmium adsorp-
Any search for association between a given disease and a tion to glass and cadmium sublimation during dry ashingchoice of variables can fall into the snares of editorial are well-known obstacles. However, the method of

..bias, type I error, and type II error. Editorial bias occurs standard addition of the element to the untreated
when positive results are published, but, for lack of specimen ("spiking") can help to avoid a number of
reading appeal, negative results are rejected. Except for a analytical errors. A compilation from the literature of
sound skepticism, the reader has no defense against such population values of cadmium concentrations in urine, as
bias. determined by many authors using a variety of methods,Type I error-concluding that a statistical association may serve as an accessory orientation to the state of trace
exists when in fact it does not-occurs when an investiga- element assessment in biological tissues or media (see
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Table 17). It is obvious that the large variation of these these, calcium and magnesium are not "trace" elements,
listed data indicates that the current state of laboratory because they occur in the vertebrate body in rather large
practice warrants extreme caution in data interpretation. quantities, and therefore they will not be included in this

review.

METHOD
SELECTION OF LITERATURE

CHOICE OF TRACE ELEMENTS
Because of space restrictions, it was not possible to

By definition for this review, the choice of trace elements include all animal experiments and all epidemiological
for study was limited to those having a conceptual or observations obtainable from the literature. Rather,
demonstrated relation to the hardness of municipal water current biological models that are helpful and relevant to
supplies. The relation would involve cadmium and lead the problem are outlined, and a few animal experiments
as associated with soft water; calcium, magnesium, that illustrate the models are mentioned. Only epidemio-
selenium, and silicon as associated with hard water; and logical studies deemed relevant are listed. Because the
zinc, apparently not associated with water hardness. Of potential explanations of negative findings are more

TABLE 17 Reported Quantities ofCadmium in Human Urinary Excretion- Population-Based Cadmium Excretion

Number Number Age Urinary

of                  of                   (mean or Cadmium
Persons Days range) Country Excretion Source

Nonexposed            1              347               23 U.S.A. 83 Fg/24 h Tipton and Stewart, 1970
1          347          25 U.S.A. 92 Fg/24 h

1          140          56 U.S.A. 110 Fg/24 h
15-           1 6-67 U.S.A. 12 Bg/l Perry and Schroeder, 1955a

15            1          ? U.S.A. 60 Fg/1

2             1            5 U.S.A. 10 Bg/1 Perry and Perry, 1959
2            1          66 U.S.A. 19 Bg/1

1           12          24 U.S.A. 13 Fg/1

154                      1 14-65+ U.S.A. 2 Bg/1 Imbus et at.,  1963

107                      1 43 Australia 23 Fg/24 h McKenzie and Kay, 1973
20                      1 48 Australia 25 Fg/24 h
95                      1 50 Australia 32 pg/24 h
10                      1 workers England 12 Bg/I Smith and Kench, 1957
29            1 19-61 Germany 0.6 Bg/min Mertz etal., 1972

15                      1 adults Germany 1 Fg/24 h Lehnert et at., 1968

169                  1 38 Germany 1 Fg/24 h Szadkowski etal.,  1969
40             1 9-10 Japan 1 Bg/1 Vatagiri, 1971
43             1 50-59 Japan 2 Bg/l

8                      1 workers Japan 8 Bg/1 Goyer  et at., 1972
' 15                      1 workers Scotland 51 Bg/1

· Scott etal.,  1976
42                      1 students Scotland ..   10 Bg/1
20                     1 adults Belgium 0.4 Bg/g creatinine Lauwerys etal., 1976

113                           1 workers Belgium 1.5 Bg/g creatinine
Exposed               65                  1 workers England 40 »g/mi Adams et at.,  1969

workers                26 2 workers England 84 Bg/1 Smith and Kench, 1957
16                      1 workers England 138 Bg/l
18            1 28-59 Germany 1-6 Bg/g creatinine Lehnert et al., 1969

10                     1 workers Japan 170 Bg/l Goyer  et at., 1972

20            1 19-32 Japan 60,*g/1 Tsuchiya, '1967
26                      1 workers Scotland 37 Fg/1 Scott et al., 1976

96                      1 workers Belgium 16 Bg/g creatinine
without
kidney
lesions

25                      1 workers Belgium 48 Bg/g creatinine Lauwerys et al.,  1976
with kidney
lesions

Exposed          37            1          ? Japan 13 Fg/24 h Yamagata and Shigematsu, 1970
residents
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complex than those of positive findings, negative findings um in the human kidney is 16-50 years (Friberg et al.,
are listed only when they offer strong evidence for a 1974; Elinder et al., 1976), which is comparable to the
reasonable alternative. For further simplification, positive half-life of the host. Because in every host, kidney
findings that were later proved not to lead to affirmative function deteriorates with time (Rowe et al., 1976), and,
conclusions generally have been omitted from the present in fact, may be itself a determinant of the length of the
review. host's life, the loss of cadmium-storing cells in the kidney

The end result has become an impressionistic picture, (which loss is presumably caused by this storage) may
provocative for further study, rather than an encyclope- result in a decrease of host life expectancy. This
dia of what has been done in this field. possibility makes the epidemiological interpretation of

data on renal tissue metal levels at autopsy a complex
issue.

METAL TOXICITY AND HOST DEFENSE

Metal tokicity in relation to water softness and mortality
resulting from cardiovascular disease may involve at least EXPERIMENTAL ANIMAL STUDIES
four groups of mechanisms:

HOST DEFENSE SYSTEM INVOLVING CADMIUM
• A primitive system of acquired resistance against

some heavy metals exists by which the host cell, within Terhaar et al. (1965) administered cadmium and found
hours, produces a soluble protein (metallothionein) that that against a second dose given 2 days later, host
binds the toxic metal atom. This primitive defense resistance had increased considerably. Apparently, the
reaction lasts for days (Webb and Verschuyle, 1976). The cadmium ion induces the host cell to produce metallo-
existence of this defense system renders the interpretation thionein (Bryan and Hidalgo, 1976; Hidalgo et al., 1976).
of epidemiological cross-section population data dillicult. Webb and Verschuyle (1976) found that this protection is
Challenge-response relationships may not be estimable, maximal from 1 to 3 days after pretreatment and then
and metallothionein may under special circumstances decreases and that during the protection the capacity for
even be toxic (Cherian et al., 1976). cadmium-thionein synthesis increases, resulting in the

Other host defense systems presumably include the retention in the liver of the pretreated animal of a greater
presence of some active form of the element competing percentage of a later cadmium dose, but that uptake of
with the toxic atom for a place in the functioning enzyme the cation into other organs (heart, kidney, pancreas,
molecule. Zinc protection against cadmium may be in spleen) is unaffected by the pretreatment. Hence those
this category (Hill and Matrone, 1970). · findings suggest that preinduced metallothioneins do not

Finally, vitaminlike and other substances have been have a significant role in the protection against the acute
observed to protect the host metabolism against heavy toxicity of cadmium. Leber and Miya (1976) showed that
metal toxicity under certain conditions, involving largely zinc as well as cadmium can elicit this response and that
unknown molecular action. Among the latter substances, both metals are bound by this protein.
selenium can be assessed in the tissue at autopsy.

• The kidney regulation of water excretion during KIDNEY REGULATION OF WATER EXCRETION ON A
long-term sodium surfeit is influenced by trace elements.

LONG-TERM BASIS
. A relationship with the cardiac conduction tissue

may be inferred, as confirmed by Kopp et al. (1978). The With regard to cadmium, the following findings are
excess of ischemic and atherosclerotic heart disease reported.
mortality attributable to softness of the water supply may Perry and Erlanger (1974) were able to produce
reflect only sudden deaths. This finding is reported from hypertension in rats by giving drinking water with 1000
studies in Canada (Anderson et al., 1969; Neri et al., Bg/1 cadmium for 1 year. Preliminary findings indicate
1971; Fodor et al., 1973), in the State of Washington that a concentration  of  100  Bg/1  in the drinking water

(Peterson  et  al.,   1970), in eastern North Carolina (Voors, produces the same results (Perry et al., 1976).

1972), and in England and Wales (Crawford et al., 1977). Perry et al. (1971) injected 1 mg cadmium per
If this inference is correct, it may point to molecular kilogram of body weight in rats once a week for 24 weeks
action on the heart conduction tissue, as exemplified by and produced an antinatriuretic effect. Doyle et al. (1974)
magnesium (Anderson, 1977). put 5,000 Bg/1 cadmium in the drinking water of rats for

• In the case of cadmium, renal storage poses an 161 days and found retention of injected radioactive
additional complication. The biological half-life of cadmi- sodium.
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Thind et al. (1973) produced arterial hypertension and LEAD AND CARDIOMYOPATHY
sinus bradycardia by injecting 2 mg cadmium acetate per
kilogram of body weight in dogs after 24 weekly or Asokan et al. (1971) gave 1 percent lead acetate as

triweekly injections. drinking fluid to 8-week-old Sprague-Dawley rats. At the
With regard to mercury and lead, Perry and Erlanger age  of 16 weeks their myocardia showed diffuse degenera-

(1974) found a pressor effect from 5,000 and 10,000 Bg/1 tive changes. Moore et al. (1975) put 1 ppm lead as lead

mercury in drinking water of rats, administered for 1 acetate (4.83 pmol/1) in the drinking water of rats for 1

year. They also observed an additive effect of lead and year. They found high lead levels in the heart muscle

cadmium, in concentrations of 5,000 and 100 »g/1, (16-29 »mol/kg weight, corresponding to about 500 ppm
respectively, in the drinking water for 3 months, on the ash weight) and loss in mitochondrial structure (Moore,
blood pressure of rats (Perry and Erlanger, 1977, 1978). 1975).

All the cadmium dosages quoted here are large in
comparison to the average human cadmium consumption
through drinking water  C  < 10  »g/1 ), although  the SELENIUM AND PROTECTION AGAINST CADMIUM

AND OTHER TOXICITIES
lowest quoted dosage (100 Bg/1) may begin to approach
human cadmium intake from total food consumption. The volume of literature on this subject is large. Parizek

et al. (1971) and Perry et al. (1974) gave principal
references. The toxic or harmful action of cadmium may

CARDIAC CONDUCTION TISSUE WITH EMPHASIS ON
be counteracted by the presence of selenium through

CADMIUM largely unknown mechanisms.
Marsh (1976) perfused beating isolated chicken hearts
with cadmium solution and found that it caused a

ZINC AND PROTECTION AGAINST CADMIUM TOXICITY
decrease in the amplitude of the heart contraction at 5-
and 10-nanomolar (nM) solutions (0.6- 1.1 Bg/1). Simi- It has been conjectured that replacement of cadmium by
larly, Hawley and Kopp (1975) found that in the zinc in enzyme molecules may protect against the toxic
electrocardiogram of beating isolated rat hearts the PR action of cadmium (Schroeder and Buckman, 1967;
time (the duration of transmission of the neural impulse Schroeder et al., 1968; Webb, 1972). The mechanism

at the atrioventricular node) was prolonged if the appears to be elemental competition as influenced by the
infusion fluid contained cadmium at a concentration of tissue concentration of both metals.
300 nM (33.7 pg/1), and they also found that at higher
concentrations the heart rate was reduced and atrioven-

SILICON AND THE CARDIOVASCULAR SYSTEM
tricular block occurred at a concentration of 3,000
nmol/1 (337 Bg/1) (Kopp and Hawley, 1976). These Loeper et al. (1966) have shown that healthy aortas are

relationships have been confirmed recently by chronic in richer in silicon than atheromatous aortas and that
Vivo studies (Kopp et al., 1978). relatively high levels of silicon are present in the

Tissue distribution studies in mammals after adminis- mucopolysaccharides connecting collagen with the elastic

tration of known cadmium dosage have been conducted fibers. Schwarz, after having demonstrated that silicon is

by Thind and Fischer (1975) and Amacher and Ewing essential for normal growth in rats (Schwarz and Milne,

(1975) on dogs and by Berlin and Ullberg (1963) on mice. 1972), has proposed that silicon functions as a cross-

Apparently, cadmium concentration in the heart is linking agent of the connective tissue's ground matrix

relatively high during the first hour after administration (Schwarz, 1973) and that silicon also could be an active

but decreases during the rest of the day in mice. In dogs, component of dietary fiber in its hypothesized role of
cadmium concentration in the heart and blood vessels protecting against atheromata (Schwarz, 1977).
remains high during the first week after administration.

A large dosage of lead also can induce atrioventricular
conduction defects (Myerson and Eisenhauer, 1963). The
possible interaction between lead and cadmium in such TRACE ELEMENTS AND CARDIOVASCULAR
induction has not been studied, although these two DEATHS: EPIDEMIOLOGICAL STUDIES
metals have been found to have an additive effect with
respect to other toxic actions (Murthy et al., 1975; Der et This review will consider the effects of cadmium, lead,

al., 1976; Perry and Erlanger, 1977). selenium, zinc, and silicon. In each instance, three

aspects are discussed: geographical correlations between

regional mortality and an index of element intake, human
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blood or urine levels and an index of morbidity, and heavy cadmium exposure are discussed by Hammer et aL
autopsied tissue analysis and cause of disease or death. (1972) and Tsuchiya (1976). In neither study was

cadmium exposure found to be related to increased blood
pressure in any consistent way.CADMIUM

From animal study findings, one can conclude that,
Tissue Analysis at Autopsy and Cause of Disease orwhere possible, a distinction should be made between
Death                                              hypertension and cardiac arrest. That distinction will be

maintained in the subsections that follow. Indraprasit et al. (1974) found that hypertensive patients
had a higher cadmium level in the spleen than did
normotensive patients. They speculated that the spleenGeographical Correlations
may scavenge cadmium compounds released from other

The level of cadmium in renal tissue relative to that of organs. Lener and Bibr (1971) found that renal cadmium
zinc was positively related to hypertension or cardiovas- levels were higher for hypertensive men than for controls
cular mortality   in a comparison   of 119 subjects from of about the same age. Schroeder (1965) found the
several countries (Perry  et  al.,   1961). The amount of cadmium:zinc ratio   in the kidney   to be higher   in
cadmium in the ambient air was compared with mortali- hypertensives than in controls. Voors et aL (1975)
ty because of hypertensive and atherosclerotic heart confirmed that finding in a different autopsy population.
disease in 28 large U.S. cities. The Pearson correlation With regard to heart disease mortality, Syversen et al.
coefficient was 0.76 (Carroll, 1966). Hickey et al. (1967), (1976) found that patients dying of ischemic heart disease
using related data, showed that "all diseases of the heart" and those dying from cerebrovascular accidents had
correlated more highly with cadmium content in polluted higher hepatic cadmium levels than patients dying of
air than did hypertensive heart disease mortality. Schroe- other causes. Voors and Shuman (1977) found higher
der and Kraemer (1974) developed the idea of a hepatic cadmium levels in patients dying of heart disease
correlation with the corrosiveness of piped water, and, than in those dying of other causes, but data from
using a modification of Langelier's index of corrosiveness, Morgan (1969) and Tipton (1960) were not in agreement
they obtained a high negative correlation with "arterio- with this finding.
sclerotic heart disease" as a cause of mortality, consider-
ing data from 94 major U.S. cities.

LEAD

Human Blood or Urine Levels and Morbidity Geographical Considerations

Glauser et al. (1976) and Bierenbaum et al. (1975) found Sauer (1974) found a positive correlation between lead in
a positive association between cadmium levels in the the drinking water and death rates from cardiovascular-

»  blood and the presence of hypertension for two different renal disease for 92 metropolitan state economic areas in
populations. Thind and Fischer (1976) likewise found a the United States. The data reported by Crawford and
significant elevation of plasma cadmium levels in hyper- Clayton (1973) hint at a siniilar correlation. However,
tensive patients. However, Beevers et aL (1976a) were because the sources of lead and cadmium are sometimes
unable to confirm this finding, using a different popula- associated, the correlation may merely reflect cadmium
tion, although here an interaction between cadmium and toxicity (Challop, 1971).
lead cannot be excluded (Beevers et al., 1976b; Werth,
1976; Perry and Erlanger, 1977). Human Blood and Urine Levels and MorbidityPerry and Schroeder (1955a, 19551,) found higher
urinary excretion of cadmium in untreated hypertensive Beevers et al. (1976b), in a matched control study
patients than in treated or normotensive persons. performed in western Scotland, found an association
McKenzie and Kay (1973) found that the 24-h urinary between the lead level in blood and the presence of
cadmium excretion was higher in hypertensive women hypertension. Werth (1976) commented that perhaps the
under treatment than in normotensive women, thus association of that study may be explained by concomi-
partly confirming Perry and Schroeder's finding. tantly dissolved and ingested cadmium. Indeed, Lewis et

No comparisons have been reported between persons al. (1976) did find a Pearson correlation coefficient of
with certain electrocardiographic abnormalities and con- 0.42 between 24-h urinary lead and cadmium levels in
trols with regard to cadmium levels in blood or urine. 788 inpatients of Indiana hospitals. Dietary lead and

Populations with other environmental evidence of cadmium may have sources in common (Stenstrom and

--
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Vahter, 1975). These elements may enhance each other's
toxic action on host cells (Murthy et al., 1975; Der et al., Tissue Analysis at Autopsy and Cause of Disease or

I)eath
1976; Perry and Erlanger, 1977). Beevers did subsequent-
ly test 70 hypertensives and 70 controls for cadmium Netsky et al. (1969) found increased zinc levels in the
blood levels and did not lind significant differences ·kidneys of hypertensives. Those authors  did not deter-

(Beevers et al., 1976a). mine the cadmium levels. (For findings on cadmium:zinc
ratios, see the section "Cadmium.")

Tissue Analysis at Autopsy and Cause of Disease or
Death SILICON

A positive association between lead level in the aortic
Geographical Correlationswall and death caused by heart disease in an autopsy

study has been' reported (Voors et al., 1973). In the United States, SiOz detected in the analysis of
drinking water' had the highest negative correlation with

SELENIUM ·
age-adjusted mortality rates resulting from cardiovascu-
tar diseases, when compared with all other element
factors considered, according to the data of Schroeder

Geographical Correlations and Kraemer (1974). However, the text of this paper   ,

Shamberger et al. (1975) found a negative correlation cautioned that there is poor absorption of Si02. On the
between selenium content of the soil, as evidenced by other hand, in Sweden (Bi8rck et al., 1965), water
levels in sampled fodder, and hypertensive death rates in hardness correlated more negatively with cardiovascular
a comparison among several states in the United States. disease mortality than did Si02.
Frost (1972) compared selenium maps and heart disease

mortality maps and noted a suggestive inverse relation- Human Blood or Urine Levels and Morbidity
ship between heart disease mortality and an estimate of
the amount of selenium available in the sdil for plants. No studies have been located.

Human Blood or Urine Levels and Morbidity Tissue Analysis at Autopsy and Cause of Disease or
Death

No studies have been located.
No studies have been located.

Tissue Analysis at Autopsy and Cause of Disease or
I)eath

Voors et al. (1978) found a low negative correlation EVALUATION OF OBSERVED ASSOCIATIONS
between heart weight and level of selenium in renal
cortex, controlling for cadmium level, in 48 noncancer Because of the strength of various general environmental

subjects below the age of 60 years in an autopsy study. and behavioral influences on cardiovascular mortality
(e.g., excessive intake of calories, saturated fat, cholester-
01, sodium, and sucrose; smoking; lack of exercise; social

ZINC class factors; altitude), trace metals probably do not play
a major role in the United States today. However, the

Geographical Correlations data reviewed here do not exclude the possibility of a

No studies have been located. moderately strong influence of cadmium on cardiovascu-
lar disease mortality. In view of the relative ease by
which protective action in this field can be implemented,

Human Blood or Urine Levels and Morbidity it is possible-but as yet unproved-that cadmium
Low zinc levels in the plasma of persons with atheroscle- control measures may result in an important public
rosis have been reported (Volkov, 1963). In myocardial health advance.

infarction, low zinc levels in plasma are well known, but Because several heavy metals are dissolved simulta-
these are usually explained as a consequence rather than neously through the corrosive action of water in a piping

as a cause of the cardiac event (Wacker et al., 1956; system, the interaction of these metals in their effect on

Halsted and Smith, 1970). the host cell should be further studied, especially with
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