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What We Drink

ater is essential to life and good health. Drinking water pro-
- vides necessary hydration and serves as the carrier for a vari-

ety of substances, both beneficial and harmful, that enter and
may be metabolically transformed by the body. The availability and qual-
ity of fresh drinking water are controlled by earth and atmospheric pro-
cesses that generate the water cycle (e.g., NRC, 2004a, 2004b, 2004c). Wa-
ter that falls on the land surface and does not become part of glaciers or
polar ice caps eventually partitions into water that infiltrates into the

“ground and runoff, which moves by surface or shallow subsurface flow to

lakes and streams. The rates of water infiltration are controlled by surface
soil textures. The infiltrated water, in turn, partitions into water held in
shallow soils, from which it can be removed by plants, and water that
percolates downward to the water table where it becomes “recharge” to
groundwater. Groundwater moving through geological layers composed
of permeable materials (aquifers) eventually migrates to locations at or
near the land surface, where it either becomes available for loss to the
atmosphere by evapotranspiration or discharges to either fresh surface
water bodies or the ocean (e.g., Dingman, 2002). The rates of flow and
residence time of groundwater are influenced by the characteristics of the
geological layers (Brusseau and Tick, 2006).

At deeper levels of the earth’s crust, water occupies the interstices
(void spaces) in porous rocks such as fractured lava flows and sandstones,
siltstones, and shales (mudrocks). These layered formations may accumu-
late in depositional basins to thicknesses of tens of kilometers, and conse-
quently the interstitial water contained in such rocks is subjected to in-

63




64 EARTH MATERIALS AND HEAL.TH

ALL WATER

Oceans 97%
- Fre§hwater 3%

Ice caps &

Glaciers 79% FRESHWATER

Accessible Surface

0,
Groundwater Freshwater 1%

29%
ACCESSIBLE
SURFACE
FRESHWATER

Lakes 52%

Water within living
organisms 1% Soil moisture 38%

Rivers 1%
°  vapor 8%
FIGURE 4.1 Distribution of the world’s water.

SOURCE: Courtesy “Earth Update” CD-ROM, Rice University and the Houston
Museum of Natural Science; used with permission.

creased pressures and temperatures due to burial and compaction. The
increased pressure and temperature result in enrichment of aqueous solu-
tions within the rocks by soluble chemical species, especially salts. Such
interstitial brines may be several times saltier than the world’s oceans,
and thus fresh groundwater is typically limited to near-surface reservoirs.

Within the earth’s hydrosphere, fresh water comprises only 3% of the
total water in the earth system. Because most fresh water is held in gla-
ciers and polar ice caps, only ~30% of fresh water reserves are available as
surface water or groundwater for human use (Dingman, 2002; see Figure
4.1). In many arid areas of the world, and even in some more humid loca-
tions, groundwater extraction rates by humans exceed natural recharge
rates, and the available water stored in aquifers is decreasing. Agriculture
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the main user of fresh water, amounting to approximately 70% world-
ide and up to 90% in developing countries. Together, irrigation and
rainage (especially drainage water reuse) are a major source of salts and
xic trace elements in arid and semiarid regions.

Water, in both quantity and quality, is inextricably linked to public
ealth. The availability of safe water is a basic human necessity and often
the first resource to become critically short in a natural disaster (such as
recently encountered along the U.S. Gulf Coast in the aftermath of Hurri-
cane Katrina). The availability and sustainability of safe water from sur-
face and underground sources, particularly in the context of climate
changes and population pressure, is a critical area of research that is be-
yond the scope of this report. This chapter will be limited to a description
of the constituents in drinking water as potential benefits to public health
(e.g., fluoride) and as potential hazards to public health (e.g., microbial
contamination or dissolved toxic elements). The chapter will focus on the
threshold research areas, with particular attention to the aspects of water
and health that are directly influenced by earth science and the geological
framework.

Drinking water contains a variety of substances that result from inter-
actions with geological materials or from other sources such as atmo-
spheric deposition, land application of fertilizer and wastes, mine drain-
age, and discharge of waste to surface water bodies. These include metals,
major and trace elements, natural and anthropogenic organic substances,
and microorganisms. Some of these constituents are essential nutrients;
many have unknown or only suspected health benefits; and others are
clearly health hazards.

In groundwater, inorganic constituents are transported primarily in a
dissolved or nanoparticulate form. These constituents are able to enter the
drinking water distribution system unless the water is subjected to appro-
priate treatment processes. Natural organic matter is also a component of
natural waters, with largely unknown direct health implications. These
substances have a well-established ability to form complexes with metals
and potentially enhance the dissolution of minerals and mobilize spar-
ingly soluble metal ions (Hem, 1985). In addition, natural organic matter
interacts with chlorine and other drinking water disinfectants to form a
dilute mixture of disinfection byproducts that may be mutagenic and/or
carcinogenic (Jolley et al., 1984; NRC, 1987; Gerba et al., 2006). Anthropo-
genic organic materials have a wide variety of potential source points and
a wider range of potential health impacts. For virtually all anthropogenic
organic compounds, the geological framework—including surface topog-
raphy, soils, and the vadose zone—exerts a fundamental control on the
transport properties from source point to receiver.
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HEALTH BENEFITS OF WATERBORNE EARTH MATERIALS

Some beneficial elements, such as calcium, magnesium, and fluoride,
either occur naturally in water at sufficiently high concentration to posi-
tively influence human health or can be added to water as supplements,
In addition, some microbes result in remediation of waterborne contamj-
nants (bioremediation).

Calcium and Magnesium (Hard Water)

Calcium (Ca) and magnesium (Mg) are two of the three most abun-
dant cations (along with sodium) in natural waters. These cations result
from dissolution of a variety of rock-forming minerals, including feld-
spars, carbonates, and sulfate evaporites such as gypsum. Water “hard-
ness” is a measure of the combined calcium and magnesium concentra-
tions in water (see Figure 4.2). Because high concentrations of Ca and Mg
generate residues when used with soaps, and boiler scale when water is
heated and evaporated, “softening” by ion exchange is recommended for
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FIGURE 4.2 Water hardness across the United States, 1975 (milligrams per liter).
SOURCE: USGS web product; http://water.usgs.gov/owq/map]l.jpeg.
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can be added to water as supplements . There are documented beneficial health effects from the intake of cal-
in remediation of waterborne Contami.. ;um and magnesium, and some calcium and magnesium comes from
aily water intake. Calcium is particularly important in the prevention of
steoporosis, with a recommended daily allowance for peri- and post-
enopausal women of 1,200 mg (Wilkins and Birge, 2005). Whether cal-
jum and magnesium in drinking water have a beneficial effect on the
ardiovascular system is controversial—although many geographic stud-
es have suggested an inverse association between water hardness and
ardiovascular mortality, a recently published large case control study
demonstrated no effect of calcium and magnesium intake from drinking
water on the occurrence of myocardial infarction (Rosenlund et al., 2005).
Magnesium plays an important role as an activator of more than 300
enzymatic reactions, and the recommended daily magnesium intake for
an adult is about 300400 mg (SCF, 1993; NRC, 1997). Magnesium defi-
ciency increases the risk to humans of developing various pathological
conditions, such as vasoconstriction, hypertension, cardiac arrhythmia,
atherosclerotic vascular disease, acute myocardial infarction, eclampsia
in pregnant women, possibly type II diabetes mellitus, and osteoporosis
(Rude, 1998; Innerarity, 2000; Saris et al., 2000). These relationships—re-
ported in multiple clinical and epidemiological studies—have recently
been supported by the results of experimental studies on animals (Sherer

et al., 2001).
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Fluoride

Fluoride, as it occurs in drinking water, has two beneficial effects. It
helps prevent dental caries, particularly in children, and it contributes to

=y bone mineralization and bone matrix integrity (ADA, 2005). The value of
[Rl60-120 I adding fluoride to water that has low natural fluoride levels has been
E:::;:: ‘ recognized internationally, with community water fluoridation programs
LR implemented in at least 60 countries. There have been periodic assess-

. ; ments of the benefits and risks of fluoridation. A 1991 report recom-
& mended the continued use of fluoride in the United States to prevent den-
20 40 somie PUERTO Rico tal caries and advocated continued support for fluoridation of drinking
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water (HHS, 1991). The report also recommended the initiation of scien-
tific assessments to determine the optimal exposure level of fluoride from
all sources (i.e., combined exposure, not only from drinking water).

United States, 1975 (milligrams per liter). Excess fluoride consumption beyond recommended levels, however,

ater.usgs.gov/owq/mapl.jpeg. may cause fluorosis (a condition that results in striations in tooth enamel)
as well as skeletal deformities that can sometimes be severe, resulting in
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functional impairments from diminished mobility. A recent analysis con-
cluded that EPA’s drinking water standard of 4 mg L-! is too high to pro-
tect against adverse health effects (NRC, 2006a). Because of this potential
for both positive and detrimental health effects, there has been consider-
able research by earth scientists to determine the range of fluoride con-
centrations in natural waters and to elucidate the processes controllin
hydrogeochemical cycling of fluorine (Edmunds and Smedley, 2005). Con-
centrations in surface waters are generally much lower than the range of
0.7-1.2 mg L1 that promotes dental health (NRC, 2006a), and typically
the natural abundance of fluoride in surface waters does not result in a
net health benefit. Exceptions are lakes and rivers in volcanic areas where
these water bodies may receive acidic geothermal fluids containing high
concentrations of dissolved fluoride. The large ranges of fluoride concen-
trations in groundwater partially result from the variability of fluorine
concentrations in geological materials and partially because dissolved cal-
cium limits free fluoride by precipitating minerals that incorporate fluo-
rine. Primary mineral sources in igneous rocks include biotites, amphib-
oles, apatite, and natural fluorite also occurs in hydrothermal veins. Soils
may contain fluoride from the parent rock material as well as from an-
thropogenic inputs, particularly phosphate fertilizers and sewage sludge.
Fluoride concentrations are highly variable on a local scale, due to the
inherent heterogeneity of geological materials and the variations in flow
paths and residence times that control water-rock interactions. Accord-
ingly, geological and hydrogeological expertise is essential for both water
supply programs in areas of potentially high fluoride concentrations and
research efforts designed to relate health effects, such as skeletal fluorosis,
to fluoride exposure.

Microbes—Natural Attenuation

Although waterborne pathogens are a globally important health prob-
lem (see below), beneficial microorganisms in ground and surface waters
are also a fundamental part of the biogeochemical cycling of elements and
nonpathogenic organisms, and these can be responsible for the rapid deg-
radation of a range of organic contaminants. Contamination of shallow
aquifers by petroleum products, including both gasoline and crude oil, is
widespread both in this country and around the world. During past de-
cades, leaking pipelines, transportation accidents, leaking tanks, and well-
head leakage resulted in fears of a pending environmental catastrophe.
As more data were collected during site investigations and cleanup, how-
ever, it was noted that in many cases the extent of the contaminant plume
originating from the floating pool of hydrocarbon rarely extended farther
than about 150 m from the source, no matter how big the source was or
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how fast the groundwater was moving (Mace et al., 1997). While many
processes contribute to the fate and transport of hydrocarbons in ground-
water, the overwhelmingly most important process is the microbial deg-
radation of petroleum compounds. In virtually all aquifers the rate of mi-
crobial degradation of the hydrocarbon contaminant by the native
microbial consortium is fast enough that, combined with other attenua-
tion mechanisms (dilution, sorption, and volatilization), the plumes were
attenuated within ~150 m. This realization substantially changed the
remediation strategy for hydrocarbon contamination of groundwater, and
the term “natural attenuation” has now entered the lexicon of the envi-
ronmental professional (NRC, 2000a). However, natural attenuation is not
as effective for chlorinated organic solvents such as TCE and perchlorate,
where reduced rates of natural degradation allow plumes to travel sev-
eral kilometers (Brusseau and Tick, 2006).

HEALTH HAZARDS OF WATERBORNE EARTH MATERIALS

Health hazards from drinking water arise from natural or anthropo-
genic contamination of source waters used for potable use. In particular,
contamination of groundwater is dependent on the earth’s materials that
host the aquifer. The physical properties of the subsurface result in sig-
nificant differences in the behavior of groundwater compared to that of
surface waters. For example, residence times for groundwater range from
a few years to hundreds of years or more. Dilution effects, either in water
or the atmosphere, are much less significant for groundwater compared
to surface water systems. In addition, the absence of light eliminates the
possibility of photochemical reactions, a major route of transformation in
lakes or streams. The net result is that once groundwater and the subsur-
face geological units are contaminated, they are very difficult to decon-
taminate, and therefore pollution prevention is critical for maintaining
sustainable groundwater resources.

Risk assessment is an essential element of effective management of
groundwater resources. There are two components to the risk of pollution
from groundwater—groundwater vulnerability and contaminant load.
Groundwater vulnerability is the intrinsic susceptibility of the specific
aquifer in question to contamination (see Table 4.1). An aquifer that is
close to the surface, overlain by sandy soil, and located in an area with
high precipitation rates would clearly be more vulnerable to contamina-
tion than an aquifer in an area of low precipitation that is hundreds of
meters below ground surface and overlain by clay soils or other relatively
impervious material.

Factors involved in the contaminant load are the type of contaminant,
the amount of contaminant released, the timescale of release, and the
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TABLE 4.1 Factors Affecting Groundwater Vulnerability to
Contamination

Factor Increases Vulnerability Decreases Vulnerability

Depth to groundwater Shallow Deep

Soil type Well drained (sandy) Poorly drained (high clay,
organic matter content)

Vadose zone physical Preferential flow channels ~ Horizontal low-permeability
properties layers

Recharge High precipitation, Low precipitation, low
high infiltration infiltration

Subsurface attenuation Minimal attenuation Significant attenuation
processes

SOURCE: Brusseau and Tick (2006).

mode of release. The pollution potential of a contaminant is controlled by
its transport and fate behavior. Transport of contaminants from the source
zone to groundwater necessitates travel through the soil and vadose zone,
where attenuation processes such as sorption and biodegradation can act
to reduce and limit such transport. For this reason, the soil and vadose
zone are often referred to as a “living filter.” The degree to which con-
taminants will be attenuated is a function of the type of contaminant and
the nature of the subsurface (NRC, 2000a). Generally, the greater the
amount of contamination released, the greater the pollution potential, al-
though the timescale and mode of release can also affect pollution poten-
tial. For example, releases from buried storage tanks may be more prone
to cause groundwater contamination than releases from tanks stored
above ground on concrete pads.

The greatest groundwater pollution risk is associated with locations
where the aquifer has a high vulnerability and the contaminant loading is
also high. There are several classes of contaminants within each of the
major categories of chemical contaminants: organic, inorganic, and radio-
active (see Table 4.2).

A variety of substances associated with human activity can contami-
nate surface and subsurface water supplies, many of which are virtually
unaffected by the geological framework. Nitrate, for example, is an im-
portant contaminant in water (see Box 4.1)—principally derived from sew-
age or fertilizer contamination (NRC, 1995)—that does not significantly
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TABLE 4.2 Examples of Organic, Inorganic, and Radioactive
Groundwater Contaminants

Organic Contaminants
Petroleum hydrocarbons (fuels)-—benzene, toluene, xzylene, polycyclic aromatics,
methyl tertiary butyl ether (MTBE)
Chlorinated solvents—trichloroethene, tetrachloroethene, trichloroethane, carbon
tetrachloride
Pesticides—DDT (dichloro-diphenyl-trichloro-ethane), 2,4-D (2,4-dichlorophenoxy-
acetic acid), atrazine
Polychlorinated biphenyls (PCBs)—insulating fluids, Placticizers, pigments
Coal tar/creosote—polycyclic aromatics
Pharmaceuticals/food additives/cosmetics—drugs, surfactants, dyes
Gaseous compounds—chlorofluorocarbons (CFCs), methane, sulfur gases
Agricultural fumigants—methyl bromide
Inorganic Contaminants
Inorganic “salts”"—sodium, calcium, nitrate, sulfate, fluoride, perchlorate
Heavy/trace metals—lead, zinc, cadmium, mercury, arsenic
Asbestiform minerals such as crocidolite, chrysotile, and erionite
Radioactive Contaminants
Occurring in solids—uranium, radium, strontium, cobalt, plutonium, cesium
Occurring in gaseous form—radon

SOURCE: Brusseau et al. (2006).

sorb or react with geological materials. In contrast, arsenic and radium
(plus radon) are examples of inorganic solutes that have natural earth
material sources and significant potential to react with the geological sys-
tem. These substances have received considerable attention from both the
earth science and health science communities, but many uncertainties re-
main related to sources, exposures, and health effects.

Arsenic

Arsenic is a metalloid element found ubiquitously in nature, occur-
ring in rocks and soil, coal, volcanic emissions, undersea hydrothermal
vents (“black smokers”), hot springs, and extraterrestrial material. It is the
twentieth most abundant element in the earth’s crust, with an average
concentration of 2 mg kg1.

Worldwide, water contamination is the most common source of ex-
posure to environmental arsenic. Currently, the regions of the world with
the largest affected populations are Bangladesh and West Bengal in India.
High arsenic levels in drinking water have been also reported in Argen-
tina, Chile, China, Colombia, Hungary, Mexico, Peru, Taiwan, Thailand,
and parts of the United States (NRC, 1999, 2001b). In Bangladesh alone
(see Box 1.1), it is estimated that more than 95% of the 120 million people
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living in this region drink tube well water and more than one-third of the
tube well water contains arsenic above 50 ug L (the guideline value rec-
ommended by the World Health Organization is 10 ug L1; WHO, 2001).
A range of health effects have been associated with long-term chronic
arsenic exposure, including cancer (skin, lung, bladder, and kidney), ath-
erosclerosis, and peripheral vascular disease. Epidemiological data have
also suggested a link with diabetes mellitus, hypertension, and anemia
(Lerman et al., 1980). Many of these studies have been conducted in popu-
lations where the exposure to arsenic has been predominantly through
contaminated drinking water (WHO, 2004; Smedley and Kinniburgh,
2005). :
Although results of national-scale surveys offer a general guide to
regions of the United States in which arsenic concentrations in drinking
water may be linked to disease (e.g., Figure 4.3), they are not comprehen-
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sive and cannot be used to reconstruct doses to individuals. Studies that
have examined data from wells over smaller regions in this country have
often found large variations in arsenic concentrations that do not corre-
spond to a simple spatial pattern (Ayotte et al., 1999; Peters and Blum,
2003; Root et al., 2005). Local-scale variations in concentration have been
detected as a function of the geolog1cal formation providing water to wells
and the depth of wells within a given formation. In some cases, large tem-
poral variations in a given well have also been observed as a function of
pumping conditions. From the earth science perspective, the development
of improved understanding not only of the distribution of geological
sources of arsenic, but also of the microbial, b1ogeochem1cal and
hydrogeological processes that control the mobilization of arsenic from
geological materials is a major research challenge.
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FIGURE 4.3 Arsenic concentrations found in at least 25% of groundwater samples
in each county across the United States.
SOURCE: Ryker (2001).

Mercury

Mercury (Hg) in the environment is one of the most widely recog-
nized and publicized pollutants. Natural phenomena, such as erosion of
mineral deposits and volcanoes, as well as human activities such as metal
smelting, coal-fired electricity generation, chemical synthesis and use, and
waste disposal, all contribute to environmental mercury contamination.

Three main forms of mercury occur in the environment—elemental
mercury (or quicksilver, Hg?); inorganic mercury (Hg'*, Hg?*); and or-
ganic methyl-, ethyl-, and phenylmercury. Each form has a different solu-
bility, reactivity, and toxicity. Because of biomethylation and
bioaccumulation, the effects of methylmercury (MeHg)—the most toxic
of the organic forms—vastly exceed those of inorganic mercury as a re-
sult of the transport of MeHg across the blood-brain barrier as a complex
with L-cysteine (Clarkson, 2002). Mercury is a potent neurotoxin which
can cause developmental effects in the fetus as well as toxic effects on the
liver and kidneys of adults and children. Over 60,000 babies born in the
United States each year are at risk of neurodevelopmental effects from in
utero exposure to methylmercury (NRC, 2000c). Sublethal effects of mer-
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cury toxicity include diminished ability to learn, speak, feel, see, taste,
“and move. Children under the age of 15 are most vulnerable because
. their central nervous systems are still developing.

' Although mercury toxicity can occur through skin contact, inhalation,
" or ingestion, the major route of human exposure to mercury released in
the environment is through consumption of contaminated fish. Elevated
concentrations of MeHg in fish occur even in the absence of direct anthro-
pogenic discharges of mercury to the water bodies in which the fish live.
Natural or geogenic sources of mercury also occur in lakes (Rasmussen,
1996). Elevated MeHg concentrations of fish in remote lakes are generally
considered to be influenced by inputs of atmospheric inorganic mercury
directly to the lakes and indirectly via their watersheds. Anthropogenic
mercury emissions are probable contributors to mercury loading of
lakes—these anthropogenic inputs originate as emissions from coal com-
bustion, as waste incineration, and as emissions from other industrial and
mining processes. Emissions from coal-fired power plants are a major
source of mercury in the atmosphere and hence, by deposition, on land
and in water. Volcanic emissions are a natural contributor of mercury to
the environment, and recently regional and intercontinental dust move-
ment has been suggested as a source of natural mercury contamination
(Holmes and Miller, 2004).

Because of human activities, there has been significant redistribution
of heavy metals, including mercury, from areas where they have little
impact on human and animal health to areas where they can be detrimen-
tal to human health. Significant gaps remain in our quantitative under-
standing of the mercury cycle; although much of the process that forms
MeHyg is highly site specific, it is superimposed on a global cycle in which
Hg(0) is the principal mercury species. Even basic questions, such as the
effect on mercury concentrations in fish if atmospheric mercury deposi-
tion is reduced, or the extent of mercury toxicity where there is interaction
with trace elements (e.g., selenium), have yet to be addressed. The com-
plexity of the problem will require input from many disciplines, includ-
ing public health and earth sciences.

Selenium and Molybdenum

Selenium and molybdenum frequently occur together in soils, and
these trace elements can be concentrated by agricultural practices, for ex-
ample, in the San Joaquin Valley in California (Ong et al., 1997). Agricul-
tural irrigation of soils high in selenium and molybdenum results in solu-
bilization, and ultimately bioaccumulation, of these trace elements.
Kesterson Reservoir in California is a highly cited example where irriga-
tion water that contained high selenium levels resulted in birth defects
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and embryonic abnormalities in birds (Ohlendorf et al., 1990). The result-
ing restrictions on utilization of subsurface drainage have led to innova-
tive technologies to reduce drainage volumes. These include reutilization
of drainage water to irrigate salt-tolerant crops or halophytes, so that the
volume of drainage water is reduced prior to salt concentration via solar
evaporators {Oster and Grattan, 2002). The role of selenium ingested in
food is described in more detail in the next chapter.

Radium and Radon

Radioactive contaminants occur naturally in groundwater originat-
ing from geological sources or are present in surface water as the result of
contamination from a range of sources that include weapons testing,
nuclear power plants, landfills, and medical applications. Radioactive con-
centrations may be several times higher in groundwater than in surface
water (NRC, 1999¢c). Exposure routes for radium and radon include direct
consumption of contaminated water and by inhalation (Appleton, 2005);
development of lung cancer has been linked to household inhalation of
radon (see Chapter 3).

Microbes

Microbial pathogens include bacteria, viruses, and protozoan para-
sites. Bacteria are common infectious agents implicated in many water-
borne disease outbreaks—Vibrio cholerae, Helicobacter, Campylobacter, Sal-
monella, E. coli, and Shigella are bacteria known to cause infections and
even death. Many bacterial diseases are due to failures of water treatment
systems, resulting in consumption of untreated groundwater or surface
water (e.g., Gerba and Pepper, 2006). One recent example involved inad-
equate treatment of the water supply in Walkerton, Ontario, which en-
abled high levels of a pathogenic strain of E. coli 0157:H7 to contaminate
the entire drinking water system, resulting in seven deaths and hundreds
of illnesses (Mcllroy, 2001). Worldwide, waterborne diseases result in mil-
lions of deaths each year. Some 2.4 billion people in developing countries
still have no access to basic sanitation, resulting in illnesses such as ty-
phoid fever, dysentery, and cholera (WHO and UNICEF, 2000).

The role that viruses play in the waterborne transmission of human
diseases is less well understood than that of many bacteria and protozoa,
mainly due to the difficulties associated with detecting viruses in water.
There are many routes of exposure, including consumption of drinking
water polluted by viruses, consumption of shellfish harvested from con-
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taminated water, consumption of food crops grown in soil irrigated with
wastewater or fertilized with sludge, and contact with contaminated rec-
reational water. Human enteric viruses are small (25-100 nm) and are
encased in a resistant structure that protects them from environmental
degradation and disinfection (Sobsey, 1989). Norwalk virus, the most
widespread human calicivirus, causes outbreaks of waterborne and
foodborne viral gastroenteritis. According to the Centers for Disease Con-
trol and Prevention (CDC), more than 96% of reported outbreaks of non-
bacterial gastroenteritis characterized by nausea, vomiting, diarrhea, and
an illness lasting one to three days are caused by Norwalk virus
(Fankhauser et al., 1998), with an estimated 23 million cases per year in
the United States (Mead et al., 1999).

Protozoan parasites are eukaryotic organisms that have been impli-
cated as agents of waterborne disease. These include Giardia lamblia and
Cryptosporidium parvum in particular, and the emerging pathogens
Microsporidia and Cyclospora. Another emerging pathogen, Naegleria
fowleri, is found in both soil and surface water environments. This proto-
zoan parasite infects humans by entering via the nose and subsequently
travels to the brain, where it multiplies in the central nervous system and
ultimately results in death via primary amebic meningoencephalitis
(Zhou et al., 2003). This parasite has recently been detected in 8% of drink-
ing wells in southern Arizona (C.P. Gerba, University of Arizona, per-
sonal communication, 2006).

The transport of microorganisms through soils or the vadose zone is
affected by a complex array of abiotic and biotic factors, including adhe-
sion processes, filtration effects, soil characteristics, water flow rates, pre-
dation, the physiological state and intrinsic mobility of the cells, and the
presence of biosolids. Viruses have a large potential for transport, al-
though transport is limited when they adsorb to soil colloidal particles
and biosolids. Virus sorption is controlled by the soil pH. The larger size
of bacteria means that soil acts as a filter, limiting bacterial transport. Soil
should also limit the transport of the even larger protozoa and helminthes.
Soils and aquifers in fractured rock and porous media contain zones of
preferential flow. Both water and small particles, including inorganic col-
loids and microorganisms, may be transported through these preferential
flow zones and macrochannels very rapidly, and since particles are not
subject to diffusion into the finer porosity matrix material, the result is
extremely rapid transport. The transport properties of pathogens passing
through heterogeneous porous and fractured media and colloid-facilitated
transport of contaminants are a critical area of research that will demand
expertise in hydrogeology, rock mechanics, geophysics, microbiology, and
public health.
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Pharmaceutical Substances

There are thousands of organic compounds that can potentially con-
taminate potable water sources, and many studies have examined the fate
and transport of various classes of organic contaminants found in drink-
ing water. Here the focus is on pharmaceuticals, including endocrine dis-
rupting compounds (EDCs)—chemicals that modify the function of endo-
crine glands and their target organs (NRC, 1999b; Arnold et al., 2006; see
Box 4.2)—as an example of an emerging organic contaminant category
that occurs in groundwater and is a concern in many countries (Plant and
Davis, 2003).

In 1999-2000 the U.S. Geological Survey (USGS) carried out a com-
prehensive reconnaissance in streams throughout the country that are po-
tentially affected by human activities (Kolpin et al., 2002). Up to 95 trace
chemicals frequently present in municipal wastewater were measured at
139 sites. Eighty percent of the waters tested by the USGS contained at
least one of the 95 trace contaminants, and 82 of the 95 were present at one
or more of the 139 sites (see Table 4.2).

Many studies of the potential for adverse effects from exposure to
EDCs in humans and wildlife have been carried out in the United States
and in Europe (e.g., NRC, 1999b; Arnold et al., 2006). EDCs in wastewater
effluent have adversely affected fish and other wildlife, but there is con-
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siderable controversy as to whether human health has also been adversely
affected by exposure to endocrine-active chemicals because of inconsis-
tent and inconclusive results. Dose-response relationships are likely to
vary for different chemicals and endocrine disrupting mechanisms, and
such relationships may be species dependent. The exposure sets that do
exist are primarily from chemical levels in various environmental media
such as air, food, or water and may not reflect internal concentrations in
blood or endocrine-regulated tissues. Exceptions to this are human breast
milk and adipose tissue (e.g., Swan et al., 2005). Overall, more research is
needed. It remains difficult to assess the risk to human and animal health
from endocrine disruptors due to the necessity to extrapolate from low-
dose exposures. An additional difficulty in assessing risk from endocrine
disruptors is the possible synergistic effect from other environmental haz-
ards. Because controversy will continue to surround EDCs and their po-
tential short- and long-term risks to environmental and human health and
welfare, EDCs remain an “emerging issue.”

OPPORTUNITIES FOR RESEARCH COLLABORATION

There is a rich array of opportunities for earth and public health sci-
entists to collaborate on research that addresses health and drinking wa-
ter quality. The earth science component of this research relates to im-
proving the understanding of sources, transport, and transformations of
potentially hazardous substances in water to ultimately determine the
concentrations to which people are exposed through their drinking water.
The health components of the research relate to quantifying and under-
standing the mechanisms of human responses to these exposures. The
overall goal in all cases is to be able to predict potential health effects
based on improved process-based understanding and, where appropri-
ate, through modeling. Prediction of potential adverse health effects will
provide the basis for development of effective prevention or mitigation
measures related to either the water source or the human health response.
High-priority collaborative research activities are to:

1. Determine the health effects associated with water quality
changes induced by technologies and other strategies currently being
implemented, or planned, for extending groundwater and surface wa-
ter supplies to meet increasing demands for water by a growing world
population. Of particular interest with respect to groundwater are
changes in water quality induced by:

* changes in rates and locations of groundwater extraction;
* treatment of sewage effluent for potable reuse;
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artificial recharge using stormwater and treated wastewater;
water “banking” via injection or aquifer storage and recovery;
extraction of brackish groundwater for desalination;
introduction of imported or recycled irrigation water; and

o changes in land use, vegetation, and irrigation practices that alter
rates of infiltration, drainage water runoff, and evapotranspiration.

All of these have the potential to alter the major and minor ion com-
position of groundwater. For example, fresh surface water stored in a
brackish aquifer during aquifer storage and recovery will experience an
increase in total dissolved solids due to mixing with ambient brackish
water and dissolution of minerals from the aquifer matrix. Many of these
may also introduce contaminants such as microbial pathogens, organic
contaminants such as pesticides or solvents, and inorganic contaminants
such as nitrates or metals. Of particular interest with respect to surface
water are changes in water quality induced by urban and agricultural
runoff, discharge of waste effluents from municipal or industrial sources
(including the extractive mineral and energy industries), construction and
operation of dams and reservoirs, drainage of wetlands, and channel
modifications for purposes of flood control, navigation, or environmental
improvement.

2. Identify and quantify the health risks posed by “emerging” con-
taminants, including newly discovered pathogens and pharmaceutical
chemicals. The health effects of many naturally occurring substances at
low concentrations and the health effects associated with interactions of
multiple naturally occurring substances are poorly understood. Public
health professionals and earth scientists will need to collaborate to iden-
tify emerging substances of potential concern and to improve understand-
ing of the processes controlling the mobility of these substances in the
environment, particularly in light of potential changes in concentrations
induced by human activities that alter the land or the hydrological cycle.
Of particular interest are “emerging” contaminants such as hormones,
pharmaceuticals, personal care products, and newly identified microbial
pathogens for which sources and transport processes are poorly under-
stood. The synergistic and antagonistic interactions of mixtures of con-
taminants with naturally occurring substances in water also pose priority
research questions. Examples of specific research priorities include an
understanding of the:

¢ fate and transport of prions from soil to groundwater and surface
water and their relationship to disease incidence;
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¢ fate and transport of viruses through soil and vadose zones to
groundwater and their relationship to disease incidence;

¢ fate and transport of Naegleria fowleri from soil to water and disin-
fection strategies for contaminated wells;

¢ fate and transport of endocrine disruptors through soil to
groundwaters and the influence of long-term, low-level exposure on hu-
man health; and

* fate, transport, and human health effects of perchlorate from soil
and groundwater.




