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Preface

The National Research Council (NRC) first provided
guidance on potable reuse of reclaimed wastewater in the report Quality
Criteria for Water Reuse, developed in 1982 to provide input to an experi-
mental program commissioned by Congress to study the wastewater-
contaminated Potomac Estuary as a potential new water source for the
District of Columbia. That report focused on the scientific questions con-
cerning what quality criteria should be applied if a degraded water sup-
ply is to be used as a source of drinking water. At the time, only a few
communities in the United States—notably Denver, Colorado; Los Ange-
les and Orange Counties, California; and Washington, D.C.—were con-
sidering water reuse to augment drinking water supplies.

The 1982 report produced a number of findings regarding the appli-
cation of existing drinking regulations as applied to a reuse situation, the
importance of treatment reliability and confirmatory data, and limita-
tions concerning the identification, measurement, and long-term health
risks from trace organic chemicals. The panel that wrote the report rec-
ommended that in the absence of an absolute, ideal water standard, the
ability of a water reclamation facility to produce potable water should be
judged—chemically, microbiologically, and toxicologically—in compari-
son with conventional drinking waters that are presumed to be safe. The
panel suggested that all new projects develop an experimental pilot plant
facility and recommended comprehensive toxicological testing to evalu-
ate the potential health risks of unidentified trace organic chemicals. The
report also “strongly endorse[d] the generally accepted concept that
drinking water should be obtained from the best quality source avail-

ix
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able” and noted that “U.S. drinking water regulations were not estab-
lished to judge the suitability of raw water supplies heavily contami-
nated with municipal and industrial wastewater.” The report suggested
that planners should consider “the much greater probability that ad-
equately safe [reclaimed] water could be provided for short-term emer-
gencies rather than for long-term use.”

Since then, a number of factors have changed the way people think
about drinking water and wastewater. The demand for water in some
parts of the country is now so great that the best available sources have
already been developed to their maximum extent, forcing municipalities
to consider ways to creatively and inexpensively augment drinking wa-
ter supplies. In addition, changes in water and wastewater treatment
technologies have occurred since 1982, with advanced technologies such
as advanced-oxidation (including ozone), membrane, and biofilm pro-
cesses seeing increasing use in the United States and Europe. Finally,
several public health concerns have surfaced over drinking water in gen-
eral, and these concerns may affect the use of reclaimed water for drink-
ing purposes. These include the control of Cryptosporidium and other
potentially dangerous human pathogens, increased awareness of the po-
tential dangers of disinfection by-products and other unidentified trace
organic chemicals, and the problem of biological instability of wastewa-
ters. When degraded water from whatever source is used, such issues
complicate the challenge of meeting acceptable quality standards and
ensuring that the water maintains its quality during distribution.

Since the 1982 NRC report, studies on the health implications of us-
ing reclaimed water for potable purposes have been completed at a num-
ber of projects in the United States. Many of the projects have used a
comparative approach, testing both reclaimed and conventional drinking
water sources. More advanced methods have been developed and tested
for identifying organic chemicals and microbiological agents in reclaimed
water, and some have involved whole-animal toxicological studies. A
series of epidemiological studies was completed in Los Angeles County,
where indirect potable reuse through ground water recharge has been
practiced since 1962. None of the studies detected significant effects from
chemical toxicants or infectious disease agents; all found the quality of
highly treated reclaimed water as good as or better than the current drink-
ing water sources for most or all measures of physical, chemical, and
microbiological parameters.

However, limitations in methodology and testing have prevented
many within the scientific and technical community from issuing abso-
lute statements that planned potable reuse carries no adverse health-ef-
fect implications. Opponents of the use of reclaimed water for potable
use point out that communities involved in the practice are subject only
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to existing drinking water standards that have been developed exclu-
sively for natural sources of water. No national standards exist for the
variety of contaminants (many of them poorly characterized) that may be
present in potable water derived from treated municipal wastewater.
Meanwhile, proponents have argued that the planned reuse situation is
no different (and possibly safer because of tighter controls) than that faced
by many communities using water supplies that receive significant up-
stream discharges of wastewater.

In conducting the review presented in this report, the Committee to
Evaluate the Viability of Augmenting Potable Water Supplies With Re-
claimed Water based its evaluation on published literature and the ex-
pertise of committee members and others consulted during this project.
The committee used as its starting point the findings and recommenda-
tions of the 1982 NRC report. To gather further information, the commit-
tee hosted a two-day workshop in Irvine, California, with principal in-
vestigators and project managers of several of the potable reuse projects
that have conducted analytical and health-effect studies.

Iwould personally like to thank my colleagues and fellow committee
members for their cooperation, hard work, mutual respect, and enthusi-
asm. I would also like to thank the staff of the NRC’s Water Science and
Technology Board (WSTB), especially Gary Krauss and Jackie
MacDonald, study directors, and Ellen de Guzman, senior project assis-
tant. On behalf of the committee and WSTB, I would like to thank several
people who provided important insight and contributed valuable infor-
mation to the committee. These include Margie Nellor, Robert Baird, and
Bill Yanko of the County Sanitation Districts of Los Angeles County;
Michael Pereira of the Medical College of Ohio; Bill Lauer of the Denver
Water Department; Bob Bastian of the Environmental Protection Agency;
Joe Smith of the U.S. Bureau of Reclamation; Michael Wehner of Orange
County Water District; and Adam Olivieri of the Western Consortium for
Public Health. Finally, I would like to acknowledge the committee’s deep
appreciation to Richard Engelbrecht, the original chair of this committee,
whose spirit and inspiration continued to help direct our efforts.

This report has been reviewed by individuals chosen for their di-
verse perspectives and technical expertise, in accordance with procedures
approved by the NRC’s Report Review Committee. The purpose of this
independent review is to provide candid and critical comments that will
assist the authors and the NRC in making the published report as sound
as possible and to ensure that the report meets institutional standards for
objectivity, evidence, and responsiveness to the study charge. The con-
tent of the review comments and draft manuscripts remain confidential
to protect the integrity of the deliberative process. We wish to thank the
following individuals for their participation in the review of this report:
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Executive Summary

Growing populations and increasingly scarce new water
sources have spurred a variety of water management measures over the
last few decades, including the processing and reuse of water for many
purposes. In a small but growing number of communities, these mea-
sures include the use of highly treated municipal wastewater to augment
the raw water supply. This trend is motivated by need, but made pos-
sible by advances in treatment technology.

However, important questions remain regarding the levels of treat-
ment, monitoring, and testing needed to ensure the safety of such “po-
table reuse.” A 1982 National Research Council (NRC) report, Water Qual-
ity Criteria for Reuse, initially explored some of these questions. The
significant advances, interest, and research in potable reuse since then,
however, have spurred a reevaluation of these issues and this current
report.

This study assesses the public health implications of using reclaimed
water as a component of the potable water supply. It examines the differ-
ent types of water reuse, discusses considerations for ensuring reliability
and for evaluating the suitability of water sources augmented with
treated wastewater, and seeks to identify future research needs regard-
ing potable reuse safety testing and health effects

When considering potable reuse as an option for public water sup-
plies, a critical distinction must be made between “direct” and “indirect”
reuse. Direct potable reuse refers to the introduction of treated wastewa-
ter (after extensive processing beyond usual wastewater treatment) di-
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rectly into a water distribution system without intervening storage. Di-
rect use of reclaimed wastewater for human consumption, without the
added protection provided by storage in the environment, is not cur-
rently a viable option for public water supplies. Instead, this report fo-
cuses on planned indirect potable reuse, which refers to the intentional
augmentation of a community’s raw water supply with treated munici-
pal wastewater. The reclaimed water might be added to a water course,
lake, water supply reservoir, or underground aquifer and then with-
drawn downstream after mixing with the ambient water and undergoing
modification by natural processes in the environment. The mix of re-
claimed and ambient water is then subjected to conventional water treat-
ment before entering the community’s distribution system.

Planned indirect potable reuse cannot be considered in isolation from
more general drinking water issues. Many communities currently use
water sources of varying quality, including sources that receive signifi-
cant upstream discharges of wastewater. In this sense, cities upstream of
drinking water intakes are already providing water reclamation in their
wastewater treatment facilities—for they treat the water, then release it
into the raw water supply used by downstream communities. For ex-
ample, more than two dozen major water utilities use water from rivers
that receive wastewater discharges amounting to more than 50 percent of
the stream flow during low flow conditions. Although most water sys-
tems using such raw water supplies meet current drinking water regula-
tions, many of the concerns about planned, indirect potable reuse raised
in this report also apply to these conventional water systems. The focus
of this report, however, is planned indirect potable reuse of treated waste-
water.

OVERALL CONCLUSIONS

The several indirect potable reuse projects currently operating in the
United States generally produce reclaimed water that meets or exceeds
the quality of the raw waters those systems would use otherwise, as mea-
sured by current standards. In some instances the reclaimed water meets
or exceeds federal drinking water standards established by the Safe
Drinking Water Act. Current potable reuse projects and studies have
demonstrated the capability to produce reclaimed water of excellent mea-
surable quality and to ensure system reliability. In communities using
reclaimed water where analytical testing, toxicological testing, and epi-
demiological studies have been conducted, significant health risks have
not been identified. This suggests that reclaimed water can likely be
used safely to supplement raw water supplies that are subject to further
treatment in a drinking water treatment plant. However, these projects
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raise some important questions: Can data from these projects safely be
generalized to apply elsewhere? If not, what additional data are required?
Do we know enough to establish criteria by which treated wastewater
can be judged suitable for human consumption?

Our general conclusion is that planned, indirect potable reuse is a
viable application of reclaimed water—but only when there is a care-
ful, thorough, project-specific assessment that includes contaminant
monitoring, health and safety testing, and system reliability evalua-
tion. Potable reuse projects should include multiple, independent barri-
ers that address a broad spectrum of microbiological and organic chemi-
cal contaminants. They should also conduct continuous toxicological
monitoring if, as a result of the reclaimed water, the drinking water sup-
ply contains significant levels of organic contaminants of wastewater ori-
gin. Further, indirect potable reuse is an option of last resort. It should
be adopted only if other measures—including other water sources, non-
potable reuse, and water conservation—have been evaluated and rejected
as technically or economically infeasible.

It is important to recognize that although indirect potable reuse can
be considered a viable option, many uncertainties are associated with
assessing the potential health risks of drinking reclaimed water. These
uncertainties are especially significant in toxicological and epidemiologi-
cal studies. However, similar concerns also apply to the adequacy of
these sciences for evaluating the safety of potable water from conven-
tional sources, particularly the large number of sources already exposed
to sewage contamination. These uncertainties are not an adequate rea-
son for rejecting indirect potable reuse because the best available current
information suggests that the risks from indirect potable reuse projects
are comparable to or less than the risks associated with many conven-
tional supplies.

That said, however, the intentional reuse of treated wastewater raises
issues that must be addressed to ensure protection of public health.
Drinking water standards cover only a limited number of contaminants.
They are intended for water obtained from conventional, relatively un-
contaminated sources of fresh water, not for reclaimed water, and there-
fore cannot be relied on as the sole standard of safety. The requirements
for indirect potable reuse systems thus should exceed the requirements
that apply to conventional drinking water treatment facilities.

The major recommendation of this report is that water agencies
considering potable reuse fully evaluate the potential public health
impacts from the microbial pathogens and chemical contaminants
found or likely to be found in treated wastewater through special mi-
crobiological, chemical, toxicological, and epidemiological studies,
monitoring programs, risk assessments, and system reliability assess-
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ments. This report provides guidelines and suggestions regarding how
such evaluations should be carried out. Thorough evaluation of the risks
of a proposed potable reuse project, in addition to full consideration of
other options for potable water supply augmentation, is essential for a
sound decision about whether the project is viable.

CHEMICAL CONTAMINANTS IN REUSE SYSTEMS

Municipal wastewater contains chemical contaminants of three sorts:
(1) inorganic chemicals and natural organic matter that are naturally
present in the potable water supply; (2) chemicals created by industrial,
commercial, and other human activities in the wastewater service area;
and (3) chemicals that are added or generated during water and waste-
water treatment and distribution processes. Any project designed to re-
claim and reuse such water to augment drinking supplies must ad-
equately account for all three categories of contaminants.

The organic chemicals in a wastewater present one of the most diffi-
cult challenges a public health engineer or scientist faces in considering
potable reuse. The challenge arises from the large number of compounds
that may be present, the inability to analyze for all of them, and the lack
of toxicity information for many of the compounds. Efforts to account
for the total mass of organic carbon in water are further frustrated by the
fact that the bulk of this material is aquatic humus, which varies slightly
in structure and composition from one molecule to the next and cannot
be identified like conventional organic compounds. These challenges are
not unique to potable reuse systems. In fact, the most protected water
supplies are those for which the smallest fraction of the organic material
can be identified. For potable reuse systems, however, anthropogenic
organic compounds pose the greatest concern and should be the major
focus of monitoring and control efforts.

The following recommendations suggest several important guide-
lines to account for chemical contaminants of potential concern in po-
table reuse systems:

® The research community should study in more detail the organic
chemical composition of wastewater and how it is affected by treat-
ment, dilution, soil interaction, and injection into aquifers. The com-
position of wastewater and the fate of the organic compounds it contains
need to be better understood to increase the certainty that health risks of
reclaimed water have been adequately controlled through treatment and
storage in the environment.

* Proposed potable reuse projects should include documentation
of all major chemical inputs from household, industrial, and agricul-
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tural sources. Reuse project managers can estimate household chemical
inputs on a per capita basis from general information about domestic
wastewaters. Project managers should undertake a major effort to quan-
tify the inputs of industrial chemicals, paying special attention to chemi-
cals of greatest health concern.

e Stringent industrial pretreatment and pollutant source control
programs should be used to reduce the risk from the wide variety of
synthetic organic chemicals (SOCs) that may be present in municipal
wastewater and consequently in reclaimed water. Guidelines for devel-
oping lists of wastewater-derived SOCs that should be controlled through
industrial pretreatment and source control should be prepared by the
Environmental Protection Agency (EPA) and modified for local use. Po-
table reuse operations should include a program to monitor for these
chemicals in the treated effluent, tracking those that occasionally occur at
measurable concentration with greater frequency than those that do not.

¢ Although Safe Drinking Water Act regulations cannot alone en-
sure the safety of drinking water produced from treated wastewater,
potable reuse projects must nonetheless bring contaminant concentra-
tions within those regulations’ guidelines. Potable reuse projects can
manage regulated contaminants by a combination of secondary or ter-
tiary wastewater treatment processes, dilution or removal in the receiv-
ing water, and removal in the drinking water treatment plant.

¢ The risks posed by unidentifiable or unknown contaminants in
reuse systems should be managed by a combination of reducing con-
centrations of general contaminant classes, such as total organic car-
bon, and conducting toxicological studies of the water. Reducing the
level of organic matter to the lowest practical concentration will reduce
but not necessarily eliminate the need for toxicological studies and moni-
toring. The nature of the organic carbon in the water will influence what
the appropriate total organic carbon limit should be. This judgment
should be made by local regulators, integrating all the available informa-
tion concerning a specific project.

® The research community should determine whether chlorination
of wastewater creates harmful levels of unique disinfection by-prod-
ucts that might pose concerns in potable reuse systems. Whether re-
claimed water forms significantly different by-products than natural wa-
ters upon disinfection is not yet clear.

¢ Finally, every reuse project should have a rigorous and regularly
updated monitoring system to ensure the safety of the product water.
This program should be updated periodically as inputs to the system
change or as its results reveal areas of weakness. Pretreatment require-
ments, wastewater treatment processes, and/or monitoring requirements
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may need to be modified to protect public health from exposure to spe-
cific chemical contaminants.

MICROBIAL CONTAMINANTS IN REUSE
SYSTEMS

Microbial contaminants in reclaimed water include bacteria, viruses,
and protozoan parasites. Even though classic waterborne bacterial dis-
eases such as dysentery, typhoid, and cholera have dramatically de-
creased in the United States, Campylobacter, nontyphoid Salmonella, and
pathogenic Escherichia coli still cause a significant number of illnesses,
and new emerging diseases pose potentially significant health risks.

Historically, coliforms, which serve as an adequate treatment indica-
tor or “marker” for many bacterial pathogens of concern, have been used
as general indicators of the levels of microbial contamination in drinking
water. Today, however, most outbreaks of waterborne disease in the
United States are caused by protozoan and viral pathogens in waters that
meet coliform standards. Yet few drinking water systems, either conven-
tional ones or those involving potable reuse, monitor for the full range of
such pathogens, and little information exists regarding the efficacy of
water and wastewater treatment processes in removing them. In addi-
tion, wastewater may contain a number of newly recognized or “emerg-
ing” waterborne enteric pathogens or potential pathogens.

To ensure the safety of drinking water, planners, regulators, and op-
erators of potable reuse systems should take steps to further reduce the
various existing and potential health risks posed by these microbial con-
taminants:

¢ Potable reuse systems should continue to employ strong chemi-
cal disinfection processes to inactivate microbial contaminants even if
they also use physical treatment systems to remove these contaminants.
Some new membrane water filtration systems can almost completely re-
move microbial pathogens of all kinds, but experience with them is not
yet adequate to depend on them alone for protection against the serious
risks posed by these pathogens. Therefore, strong chemical disinfectants,
such as ozone or free chlorine, should also be used, even in systems that
include membrane filters.

* Managers of current and future potable reuse facilities should
assess and report the effectiveness of their treatment processes in re-
moving microbial pathogens so that industry and regulators can de-
velop operational guidelines and standards. Reuse project managers
should provide data on number of barriers, microbial reduction perfor-
mance, and reliability or variation.
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¢ The potable reuse industry and the research community should
establish the performance and reliability of individual barriers to mi-
croorganisms within treatment trains and should develop performance
goals appropriate for planned potable reuse. Existing microbial stan-
dards for drinking water systems assume that the water source is natural
surface or ground water. Treatment standards and goals more appropri-
ate for potable reuse projects need to be developed.

METHODS FOR ASSESSING HEALTH RISKS OF
RECLAIMED WATER

Any effort to augment potable water supplies with reclaimed water
must include an evaluation of the potential health risks. Such assessment
is complicated by several factors, including uncertainties about the po-
tential contaminants and contaminant combinations that may be found
in reclaimed water and about the human health effects those contami-
nants may cause. Any such effort must evaluate health risks from both
microbial and chemical contaminants.

Microbiological Methods and Risk Assessment

The lack of information nationwide on the levels of viral and proto-
zoan pathogens in all waters and the efficacy of both conventional water
treatment and wastewater treatment for water reclamation in removing
those pathogens poses challenges to estimating risks from microbial con-
tamination in potable reuse systems. The Information Collection Rule
promulgated in 1996 by the EPA should help provide the exposure data
needed for more effective risk assessments, but additional steps are
needed to improve methods for assessing risks posed by microbial patho-
gens in water reuse projects:

* Potable reuse project managers should consider using some of
the newer analytical methods, such as biomolecular methods, as well
as additional indicator microorganisms, such as Clostridium perfringens
and the F-specific coliphage virus, to screen drinking water sources
derived from treated wastewaters. These screening methods should
cover some of the gaps in analysis left by the bacterial and cell culture
methods currently used for detecting pathogens in water. Additional
research should be sponsored to improve methods for detecting emerg-
ing pathogens in environmental samples.

e The EPA should include data on the concentrations of water-
borne pathogens in source water in the new Drinking Water National
Contaminant Occurrence Data Base and should develop better data on
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the reductions of pathogens accomplished by various levels of treat-
ment. The lack of monitoring data for evaluating exposure remains the
greatest single barrier to adequate risk assessment for microbial patho-
gens.

® The research community should conduct more research to docu-
ment removal rates of relevant protozoa by natural environmental pro-
cesses. Indirect potable reuse projects may rely on dilution in the envi-
ronment, die-off in ambient waters, and removal by soil infiltration to
reduce concentrations of microbial pathogens. While reductions of bac-
teria and virus concentrations in natural environments have been well
documented, information on protozoa survival in ambient waters re-
mains inadequate.

¢ Risk estimates should consider the effects pathogens may have
on sensitive populations and the potential for secondary spread of in-
fectious disease within a community. This precaution is necessary to
prevent pathogens from infecting sensitive populations (the elderly or
very young, or those with suppressed immune systems) in whom mor-
tality may be high and from whom diseases might spread to others.

e The research community should carry out further studies to
document the removal of pathogens of all types by membrane filtra-
tion systems. Certain membrane filtration systems show the potential
for nearly complete removal of pathogens. More research is needed to
demonstrate the suitability of these systems for potable reuse applica-
tions and to develop monitoring methods capable of continuously assess-
ing system performance.

Chemical Risk Assessment

Because of the uncertainty of the organic chemical composition of
reclaimed water, toxicological testing should be the primary component
of chemical risk assessments of potable reuse systems. However, recent
experience and research have shown that the conventional toxicological
testing strategies developed in the food and drug industries, as well as
the similar testing protocols recommended by the NRC in its 1982 report,
are not adequate for evaluating risks from the complex chemical mix-
tures found in reclaimed wastewater. These testing protocols, which
stress the use of concentrates of representative organic chemicals in both
in vitro (cell culture) and in vivo (whole-animal) tests, have several critical
limitations. These limitations include uncertainty as to whether the con-
centrates used for testing are truly representative of those in the waste-
water; higher than expected occurrences of false negative results; long
lag times between sample collection and the availability of results; diffi-
culty in tracing results to particular constituents; and lack of suitability
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for continuous monitoring. In addition, a truly thorough application of
the NRC protocol, which would involve extensive testing of concentrates
on live animals, is both expensive and time-consuming.

Given these complications, in waters where toxicological testing
appears to be important for determining health risks, emphasis should
be placed on live animal test systems that are capable of expressing a
wide variety of toxicological effects. Chapter 5 presents a suggested ap-
proach using fish populations in unconcentrated treated wastewater.

Further, toxicological testing standards for reclaimed water should
be supplemented by strict regulation of the processes for “manufactur-
ing” the water. Regulators should review the processes for manufactur-
ing the reclaimed water (that is, the treatment systems and environmen-
tal storage employed) on a plant-by-plant basis.

HEALTH-EFFECT STUDIES OF REUSE SYSTEMS

The few studies that have examined the health effects of drinking
reclaimed water suggest that the current approaches to safety testing of
reclaimed water, derived mainly from consumer product testing proto-
cols, are inadequate for evaluating reclaimed water and should be re-
placed by a more appropriate method. Even a brief look at these studies
makes clear the need for a new approach.

Toxicology Studies

This report includes a review of six planned potable reuse projects
that tried to analyze and compare the toxicological properties of re-
claimed water to those of the communities” current drinking water sup-
plies. In most of the six studies, testing was limited to assessing whether
the water caused genetic mutations in bacterial systems. Some studies
also used in vitro systems derived from mammalian cells, and two projects
also used chronic studies in live mammal systems. Only two studies,
carried out in Denver and Tampa, addressed a broad range of toxicologi-
cal concerns. Those studies suggested that no adverse health effects
should be anticipated from the use of Denver’s or Tampa’s reclaimed
water as a source of potable drinking water. However, these studies,
drawn from two discrete points in time and conducted only at a pilot
plant level of effort, provide a very limited database from which to ex-
trapolate to other locations and times.

Overall, the intent of toxicological testing can be grouped into (1)
chemical screening and identification studies; (2) surveys to determine
genetic mutation potentials; and (3) integrated toxicological testing. In
theory, all three stages will be applied when needed. In practice, the
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application of the third and crucial stage, that of integrated testing, has
been both uneven and impractically expensive.

Screening studies merely identify chemicals that may be causing mu-
tations; the mutagenic activity may or may not cause health problems.
Gauging the actual health risk such chemicals pose requires test systems
that can more directly measure a complete range of health hazards and
can define dose-response relationships that allow an estimate of the risks
associated with various levels of exposure. The most common method to
accomplish this goal in conventional product safety testing is to test the
chemicals or contaminants in question at doses approaching the maxi-
mally tolerated dose so as to establish the margin between environmen-
tal levels and those that produce adverse effects. For reclaimed water,
however, the high cost and methodological problems inherent in this
approach make it both unreliable and inefficient.

Accordingly, a new, alternative testing approach, such as one using
fish in source water, should be developed to allow continuous toxico-
logical testing of reclaimed water at reasonable cost. The system, an
example of which is discussed in detail in Chapter 5, should employ a
baseline screening test using a whole-animal rather than an in vitro ap-
proach and should be modified as results and research suggest improve-
ments. The tests should use water samples at ambient concentrations in
order to reduce the uncertainty and high costs of using concentrates.
Any losses in sensitivity from not using high doses should be offset by
the increased statistical power brought by using larger numbers of whole-
animal test subjects, such as fish.

Research efforts should investigate the qualitative and quantita-
tive relationships among responses in whole-animal test species, such
as fish, and adverse health effects in humans. In vitro short-term testing
using concentrations of chemicals should be confined to qualitative evalu-
ations of particular toxicological effects found in the product water in
order to identify potential sources of contaminants and to quickly guide
remedial actions.

For any toxicological test used for reclaimed water, a clear decision
path should be followed. Testing should be conducted on live animals
for a significant period of their life span. If an effect is observed, risk
should be estimated using state-of-the-art knowledge about the relative
sensitivity of the animal and human systems, and, if warranted, further
defined by more research. This decision path is quite workable if the
underlying basis of the biological response in question is understood (for
example, endocrine disruption). For some health outcomes, such as car-
cinogenesis, the mechanism is less well understood, and an observed
effect may have to be accepted as implying an impact on human health.

The need for toxicological testing of water is inversely related to
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how well the water’s chemical composition has been characterized. If a
water contains very few or very low concentrations of chemicals or chemi-
cal groups of concern, the need for toxicological characterization of the
water may be substantially reduced. Conversely, if a large fraction or
high concentrations of potentially hazardous and toxicologically
uncharacterized organic chemicals are present, toxicological testing will
provide an additional assurance of safety.

Epidemiologic Studies

Numerous epidemiologic studies have examined the relationship be-
tween contaminants in drinking water and health problems. However,
only three such studies apply to potable reuse of reclaimed water, and
only one set of epidemiological studies (Los Angeles County) has been
conducted in a setting that can be generalized to apply to other commu-
nities. These studies have used an ecologic approach, which is appropri-
ate as an initial step when health risks are unknown or poorly docu-
mented, but negative results from such studies do not prove the safety of
the water in question. These studies can only be considered as prelimi-
nary examinations of the risks of exposure to reclaimed water. Epide-
miological data that can be confidently applied to the potable use of re-
claimed water are lacking. Filling that knowledge gap would aid
planning and help ensure the safety of such projects.

The 1982 NRC report on potable reuse concluded that “unless epide-
miological methodology is improved, it is doubtful whether it can be
used to evaluate the potential carcinogenic risk of drinking reused wa-
ter” but recommended monitoring for acute waterborne diseases. Since
that report, at least 17 large epidemiological studies (using several de-
signs) have examined the association between chlorinated surface water
and cancer, and two large cohort studies have examined the risk of en-
demic waterborne disease due to infectious agents. These studies have
greatly increased our experience with exposure assessment, and outcome
measurements in this area could be used to help design future epidemio-
logic studies of reclaimed water.

Therefore, epidemiologic studies should be conducted at the na-
tional level using alternative study designs and more sophisticated
methods of exposure assessment and outcome measurement to evalu-
ate the potential health risks associated with reclaimed water. Ecologic
studies should be conducted for water reuse systems using ground water
and surface water in areas with low population mobility. Case-control
studies or retrospective cohort studies should be undertaken to provide
information on health outcomes and exposure on an individual level
while controlling for other important risk factors.
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RELIABILITY AND QUALITY ASSURANCE ISSUES
FOR REUSE SYSTEMS

To ensure that any temporary weaknesses in the treatment process or
water quality are promptly detected and corrected, potable reuse sys-
tems should provide multiple barriers to contamination and should moni-
tor both water quality and potential health effects of substandard water,
according to the following guidelines:

e Potable water reuse systems should employ multiple, indepen-
dent barriers to contaminants, and the barriers should be evaluated
both individually and together for their effectiveness in removing each
contaminant of concern. Further, the cumulative capability of all barri-
ers to accomplish removal should be evaluated, and this evaluation
should consider the levels of the contaminant in the source water.

* Barriers for microbiological contaminants should be more ro-
bust than those for forms of contamination posing less acute dangers.
The number of barriers must be sufficient to protect the public from ex-
posure to microbial pathogens in case one of the barriers fails.

* Because performance of wastewater treatment processes may
vary, such systems should employ quantitative reliability assessments
to gauge the probability of contaminant breakthrough among indi-
vidual unit processes. “Sentinel parameters,” indicators of treatment pro-
cess malfunctions that are readily measurable on a rapid (even instanta-
neous) basis and that correlate well with high contaminant breakthrough,
should be used to monitor critical processes that must be kept under
tight control.

e Utilities using surface waters or aquifers as environmental buff-
ers should take care to prevent “short-circuiting,” a process by which
treated wastewater influent either fails to fully mix with the ambient
water or moves through the system to the drinking water intake faster
than expected. In addition, the buffer’s expected retention time should
be long enough—probably 6 to 12 months, as outlined in recently pro-
posed California regulations—to give the buffer time to provide addi-
tional contaminant removal. Such a lag time also allows public health
authorities to take action in the event that unanticipated problems arise
in the water reclamation system.

* Potable reuse operations should have alternative means for dis-
posing of the reclaimed water in the event that it does not meet re-
quired standards. Such alternative disposal routes protect the environ-
mental buffer from contamination.

e Every community using reclaimed waters as drinking water
should implement well-coordinated public health surveillance systems
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to document and possibly provide early warning of any adverse health
events associated with the ingestion of reclaimed water. Any such sur-
veillance system must be jointly planned and operated by the health,
water, and wastewater departments and should identify key individuals
in each agency to coordinate planning and rehearse emergency proce-
dures. Further, appropriate interested consumer groups should be in-
volved with and informed about the public health surveillance plan and
its purpose.

¢ Finally, operators of water reclamation facilities should receive
training regarding the principles of operation of advanced treatment
processes, the pathogenic organisms likely to be found in wastewaters,
and the relative effectiveness of the various treatment processes in re-
ducing contaminant concentrations. Operators of such facilities need
training beyond that typically provided to operators of conventional wa-
ter and wastewater treatment systems.
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Reclaiming Wastewater: An
Overview

Growing urbanized populations and increasing con-
straints on the development of new water sources have spurred a variety
of measures to conserve and reuse water over the last two or three de-
cades. As part of this trend, some municipalities have begun to reuse
municipal wastewater for nonpotable water needs, such as irrigation of
parks and golf courses. And a small but increasing number of munici-
palities are augmenting or considering augmenting the general water
supply (potable and nonpotable) with highly treated municipal waste-
water.

These “potable reuse” projects are made possible by improved treat-
ment technology that can turn municipal wastewater into reclaimed wa-
ter that meets standards established by the Safe Water Drinking Act.
However, questions remain regarding how much treatment and how
much testing are necessary to protect human health when reclaimed wa-
ter is used for potable purposes. Some public health and engineering
professionals object in principle to the reuse of wastewater for potable
purposes, because standard public health philosophy and engineering
practice call for using the purest source possible for drinking water. Oth-
ers worry that current techniques might not detect all the microbial and
chemical contaminants that may be present in reclaimed water. Several
states have issued regulations pertaining to potable reuse of municipal
wastewater, but these regulations offer conflicting guidance on whether
potable reuse is acceptable and, when it is acceptable, what safeguards
should be in place.

14
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This report assesses the health effects and safety of using reclaimed
water as a sole source or as a component of the potable water supply.
The report was prepared by the Committee to Evaluate the Viability of
Augmenting Potable Water Supplies With Reclaimed Water, which was
appointed by the National Research Council (NRC) to evaluate issues
associated with potable reuse of municipal wastewater. The committee
members were appointed based on their widely recognized expertise in
municipal water supply, wastewater reclamation and reuse, and public
health. In its evaluation, the committee considered the following ques-
tions:

¢ What are the appropriate definitions of water reuse? What distin-
guishes indirect from direct reuse?

¢ What are the considerations for ensuring reliability and for evalu-
ating the suitability of a water source augmented with treated wastewa-
ter?

e Given the recent health-effect studies that have been conducted,
what further research is required?

The committee based its evaluation on published literature and the
expertise of committee members and others consulted during this project.
The committee used as its starting point the findings and recommenda-
tions of a 1982 NRC committee that examined quality criteria that should
be applied when a degraded water supply is used as a drinking water
source (see Box 1-1). As part of its information gathering effort, the com-
mittee hosted a two-day workshop in Irvine, California, featuring princi-
pal investigators and project managers of several of the potable reuse
projects that have conducted analytical and health-effect studies.

The committee views the planned use of reclaimed water to augment
potable water supplies as a solution of last resort, to be adopted only
when all other alternatives for nonpotable reuse, conservation, and de-
mand management have been evaluated and rejected as technically or
economically infeasible. This report should help communities consider-
ing potable reuse make decisions that will protect the populations they
serve. Some of the issues relate to similar concerns for drinking water
sources that receive incidental or unplanned upstream wastewater dis-
charges.

This chapter describes the history of potable reuse of municipal
wastewater, defines the different types of potable reuse, provides an over-
view of wastewater treatment technologies applicable to potable reuse
projects, and describes existing federal guidelines and state regulations
covering potable reuse. Chapter 2 describes the chemical contaminants
found in wastewater, treatments aimed at reducing them, and issues re-
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BOX 1-1
Results of the 1982 NRC Study of Quality Criteria for
Water Reuse

In 1982, the National Research Council issued a report titled Quality Criteria
for Water Reuse (National Research Council, 1982). The report was developed to
provide input to an experimental program commissioned by Congress to study
the wastewater-contaminated Potomac Estuary as a potential new water source
for the District of Columbia (National Research Council, 1982). The focus of the
1982 report was on the scientific questions concerning the quality criteria that
should be applied if a degraded water supply is used as a source of drinking
water. At the time, very few communities in the United States, aside from Denver,
Los Angeles, Washington, D.C., and Orange County, California, were considering
water reuse to augment drinking water supplies.

The report concluded that the most practical way to judge the potential health
hazards of reclaimed water is to compare it with conventional supplies, which
have risks, if any, that are presumed to be acceptable. Initially, conventional
water supplies and reclaimed water should be compared on the basis of identifi-
able individual compounds and microbiological organisms. The results of these
tests would influence the need to proceed with additional testing, because re-
claimed water that failed such a comparison would be rejected as not being as
suitable as a conventional supply. Because of the practical impossibility of identi-
fying and testing all of the individual compounds present in reclaimed water, the
report recommended testing of mixtures of chemicals. It also recommended that
the mixtures be concentrated to increase the sensitivity of the tests.

The report recommended that toxicological comparisons between reclaimed
and conventional water be based on the outcomes of a series of tiered tests
designed to provide information on the relative toxicities of the concentrates from
the two water supplies. Phase 1 tests would include in vitro assessments of mu-
tagenic and carcinogenic potential by means of microbial and mammalian cell
mutation and in vivo evaluations of acute and short-term subchronic toxicity,
teratogenicity (birth defects), and clastogenicity (the production of chromosomal
abnormalities). Phase 2 tests would include a longer term (90-day) subchronic
study and a test for reproductive toxicity. Phase 3 would consist of a chronic
lifetime feeding study.

The report concluded that, depending on the results of the various compara-
tive test phases, a judgment could be reached that reclaimed water is as safe as,
more safe than, or less safe than a conventional water supply. The final decision
to use treated wastewater for potable purposes or for food processing would only
be made after a careful evaluation of potential health effects, treatment reliability,
cost, necessity, and public acceptance. Still, the report “strongly endorse[d] the
generally accepted concept that drinking water should be obtained from the best
quality source available” and noted that “U.S. drinking water regulations were not
established to judge the suitability of raw water supplies heavily contaminated
with municipal and industrial wastewater.” The report suggested that planners
should consider “the much greater probability that adequately safe [reclaimed]
water could be provided for short-term emergencies rather than for long-term
use.”
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lated to analytical methods for measuring water quality. Chapter 3 ex-
amines similar concerns related to microbial contaminants. Chapter 4 dis-
cusses methodological issues for conducting microbiological analysis, risk
analysis, toxicological safety testing, and epidemiological studies. Chap-
ter 5 reviews the health-related studies conducted by selected potable
reuse projects. And Chapter 6 evaluates reliability and quality assurance
issues for potable reuse projects.

SELECTION OF DRINKING WATER SOURCES

Some public health authorities have been reluctant to allow or sup-
port the planned augmentation of water supplies with reclaimed munici-
pal wastewater under any circumstances, subscribing to the maxim that
only natural water derived from the most protected source should be
used as a raw drinking water supply. This maxim has guided the selec-
tion of potable water supplies for more than 150 years. It was affirmed in
the 1974 draft of the National Interim Primary Drinking Water Regula-
tions, which states, “Production of water that poses no threat to the
consumer’s health depends on continuous protection. Because of human
frailties associated with protection, priority should be given to selection
of the purest source. Polluted sources should not be used unless other
sources are economically unavailable” (U.S. EPA, 1975).

This principle was derived from earlier public health practices devel-
oped when understanding of drinking water contaminants was limited
and when natural processes (such as dilution in rivers and natural filtra-
tion by soils), rather than technology, were relied upon to produce suit-
able drinking water. It is also derived from a time when the U.S. popula-
tion was smaller, and our concern about protecting the environment from
the impact of human-made impoundments less formalized, and when
pristine water supplies were more available than they are today.

While a pristine drinking water source is still the ideal sought by
most municipalities, the U.S. population has expanded, so that many
large cities take water from sources that are exposed to sewage contami-
nation. When these supplies were originally developed, the only health
threats perceived were attributable to microbiological vectors of infec-
tious disease. These vectors would be attenuated during flow in rivers
and then easily eliminated with conventional water treatment processes
such as coagulation, filtration, and disinfection. Such water supplies were
generally less costly and more easily developed than higher quality up-
land supplies or underground sources. Today, however, most of these
supply waters receive treated wastewaters from other communities up-
stream. Thus, cities such as Philadelphia, Cincinnati, and New Orleans,
which draw water from the Delaware, Ohio, and Mississippi rivers, re-
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spectively, are already practicing unplanned indirect potable reuse of
municipal wastewater. In fact, more than two dozen major water utili-
ties, serving populations from 25,000 to 2 million people, draw from riv-
ers in which the total wastewater discharge accounts for more than 50
percent of stream flow during low flow conditions (Swayne et al., 1980).

Much of the impetus for water reuse comes from municipal utilities
in the arid western United States. Many communities there already use a
variety of measures to offset the rising costs of importing water long
distances. Moving water entails satisfying a large number of environ-
mental and health laws and permits, as well as the corresponding inter-
ests of competing users and local, state, tribal, and federal jurisdictions.

As high-quality water sources become scarcer and populations in
arid regions grow, the phrase “economically unavailable” has taken on
new significance. Communities looking for new water sources must ex-
amine a number of options, including water conservation, nonpotable
reuse, and investing more money in the treatment of water supplies that
are of poorer quality but more readily available. Most communities will
readily pay a premium to obtain a pristine supply for their drinking wa-
ter. But the premiums required get bigger each year, particularly in areas
where water is already scarce.

POTABLE REUSE AND CURRENT DRINKING
WATER STANDARDS

Much of the objection to planned potable reuse of wastewater arises
from a discussion of whether drinking water standards are adequate to
ensure the safety of all waters regardless of source. Some argue that
drinking water standards apply only to—and were designed only for—
waters derived from relatively pristine sources. Although this argument
has a long-standing basis in normal sanitation practice, it is becoming
more difficult to determine what is the best available water source. Wa-
ter sources in the United States vary from protected, pristine watersheds
to waters that have received numerous discharges of various wastes, as
illustrated in Figure 1-1. Highly treated wastewater does not differ sub-
stantially from some sources already being used as water supplies.

Because of the continuing degradation of raw water supplies in the
United States and increased public concern about water quality, federal
drinking water regulations, which in 1925 addressed only a handful of
contaminants and applied only to municipalities that provided water to
interstate carriers (such as buses, trains, and ships), now address nearly
100 contaminants and apply to all community water systems serving 25
people or more. The role of these drinking water standards should be
evaluated against the continuum of available source waters.
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Drinking water standards” main function is to provide a benchmark
for unacceptable risk from selected contaminants for which adequate
health information exists. Up to a point, increasing the number of stan-
dards increases the confidence that a particular water supply is not con-
taminated by harmful chemicals or pathogens. However, the standards
cannot guarantee that the water poses no health hazard. Modern analyti-
cal methods detect fewer than 10 percent of the organic chemicals typi-
cally present in a water (Ding et al., 1996). Further, drinking water stan-
dards exist only for a relatively small percentage of the possible chemical
contaminants. In addition, these standards do not currently require moni-
toring for specific microbiological contaminants, but only for coliform
bacteria, which merely indicate the possible presence of microbial patho-
gens—and only a fraction of microbial pathogens at that. Creating more
standards, therefore, does not ensure the safety of drinking water, be-
cause as more chemical contaminants and pathogenic organisms are dis-
covered the possibilities become almost infinite in scope.

In summary, caution is required when evaluating whether compli-
ance with drinking water standards—or proposed or hypothetical addi-
tional standards—will ensure a water source is safe. As a water source
comes to include (intentionally or not) increasing amounts of wastewa-
ter, a drinking water utility must become increasingly knowledgeable
about contaminant inputs into the wastewater. The utility might identify
potential contaminants of concern by surveying the industrial inputs into
the wastewater, examining the wastewater for chemical constituents
broader than those represented by drinking water standards, and/or us-
ing toxicological testing methods to ensure that the product water does
not contain substantial concentrations of chemicals whose toxicological
properties have not been established.

TYPES OF WATER REUSE

When discussing the reuse of treated municipal wastewater for po-
table purposes, it is useful to distinguish between “indirect” and “direct”
potable reuse and between “unplanned” and “planned” potable reuse.

Indirect potable water reuse is the abstraction, treatment, and distribu-
tion of water for drinking from a natural source water that is fed in part
by the discharge of wastewater effluent.

Planned indirect potable water reuse is the purposeful augmentation of
a water supply source with reclaimed water derived from treated mu-
nicipal wastewater. The water receives additional treatment prior to dis-
tribution. For example, reclaimed water might be added to ambient wa-
ter in a water supply reservoir or underground aquifer and the mixture
withdrawn for subsequent treatment at a later time.
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Unplanned indirect potable reuse is the unintentional addition of waste-
water (treated or not) to a water supply that is subsequently used (usu-
ally by downstream communities) as a water source, with additional
treatment prior to delivery. As noted earlier, many communities already
unintentionally practice such unplanned indirect potable reuse.

Direct potable water reuse is the immediate addition of reclaimed
wastewater to the water distribution system. This practice has not been
adopted by, or approved for, any water system in the United States.

With planned or unplanned indirect potable reuse, the storage pro-
vided between treatment and consumption allows time for mixing, dilu-
tion, and natural physical, chemical, and biological processes to purify
the water. In contrast, with direct potable reuse, the water is reused with
no intervening environmental buffer.

With planned indirect potable reuse and direct potable reuse, the
wastewater is treated to a much higher degree than it would be were it
being discharged directly to a surface water without specific plans for
reuse. The wastewater generally is first treated as it would be in a con-
ventional municipal wastewater treatment plant, then subjected to vari-
ous advanced treatment processes.

Conventional wastewater treatment begins with preliminary screen-
ing and grit removal to separate sands, solids, and rags that would settle
in channels and interfere with treatment processes (Henry and Heinke,
1989). Primary treatment follows this preliminary screening and usually
involves gravity sedimentation. Primary treatment removes slightly
more than one-half of the suspended solids and about one-third of the
biochemical oxygen demand (BOD) from decomposable organic matter,
as well as some nutrients, pathogenic organisms, trace elements, and po-
tentially toxic organic compounds.

Secondary treatment usually involves a biological process. Microor-
ganisms in suspension (in the “activated sludge” process), attached to
media (in a “trickling filter” or one of its variations), or in ponds or other
processes are used to remove biodegradable organic material. Part of the
organic material is oxidized by the microorganisms to produce carbon
dioxide and other end products, and the remaining organic material pro-
vides the energy and materials needed to support the microorganism
community. Secondary treatment processes can remove up to 95 percent
of the BOD and suspended solids entering the process, as well as signifi-
cant amounts of heavy metals and certain organic compounds (Water
Pollution Control Federation, 1989). Conventional wastewater treatment
usually ends with secondary treatment, except in special cases where
tertiary treatment is needed to provide additional removal of contami-
nants such as microbial pathogens, particulates, or nutrients.

Advanced treatment processes beyond tertiary treatment are neces-
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sary when wastewater is to be reclaimed for potable purposes. Table 1-1
provides a list of advanced treatment processes, arranged by the types of
constituents they are designed to remove.

The process used by Water Factory 21 in Orange County, California,
to treat wastewater prior to injecting it into selected coastal aquifers to
form a seawater intrusion barrier is illustrative (see Figure 1-2 and Box 1-
2). The advanced treatment of this water includes additional removal of
suspended material by chemical coagulation with lime, alum, or a ferric
salt. This process is generally quite effective in removing heavy metals as
well as dissolved organic materials (McCarty et al., 1980). Recarbonation
by the addition of carbon dioxide then neutralizes the high pH created by
the addition of lime. After that, mixed media filtration is used to remove
suspended solids. The flow is then split between granular activated car-
bon, which removes soluble organic materials, and reverse osmosis (RO),
which is used for demineralization, so that when blended with the re-
maining water the mixture will meet total dissolved solids requirements
specified for injected water. Reverse osmosis can also remove the major-
ity of the dissolved nonvolatile organic materials and achieve less than 1
mg/liter of dissolved organic carbon in the treated water. According to
measures of identifiable contaminants, water treated in this manner is
often of better quality than some polluted surface waters now used as

TABLE 1-1 Constituent Removal by Advanced Wastewater
Treatment Processes

Principal Type of

Removal Description Wastewater

Function of Process Treated”

Suspended solids removal Filtration EPT, EST

Microstrainers EST

Ammonia oxidation Biological nitrification EPT, EBT, EST

Nitrogen removal Biological nitrification/ EPT, EST
denitrification

Nitrate removal Separate-stage biological =~ EPT + nitrification
denitrification

Biological phosphorus Mainstream phosphorus RW, EPT

removal removal?

Sidestream phosphorus RAS
removal
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Principal Type of
Removal Description Wastewater
Function of Process Treated”?
Combined nitrogen and Biological nitrification/ RW, EPT
phosphorus removal denitrification and
by biological methods phosphorus removal
Nitrogen removal by Air stripping EST

physical or chemical
methods

Phosphorus removal
by chemical addition

Toxic compounds and
refractory organics
removal

Dissolved inorganic
solids removal

Volatile organic compounds

Microorganism removal®

Breakpoint chlorination
Ion exchange

Chemical precipitation
with metal salts or lime

Granular activated carbon

adsorption

Powdered activated carbon

adsorption
Chemical oxidation

Chemical precipitation

Ion exchange
Ultrafiltration
Reverse osmosis
Electrodialysis

Volatilization and gas
stripping

Reverse osmosis

Nanofiltration/
ultrafiltration

Lime treatment

EST + filtration
EST + filtration

RW, EPT, EBT,
EST

EST + filtration
EPT
EST + filtration

RW, EPT, EBT,
EST

EST + filtration

EST + filtration

EST + filtration

EST + filtration +
carbon adsorption

RW, EPT

EST + filtration
EST + filtration

EST

“EBT = effluent from biological treatment (before clarification); EPT = effluent from
primary treatment; EST = effluent from secondary treatment; RAS = return activated
sludge; and RW = raw water (untreated sewage).

bRemoval process occurs in the main flowstream as opposed to during sidestream

treatment.

“Microorganism removal is also accomplished by any of several chemical
disinfection processes (e.g., free Cl,, NH,Cl, ClO,, O3), but these are not usually
considered as advanced wastewater treatment processes.

SOURCE: Adapted from Metcalf and Eddy, Inc., 1991.
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BOX 1-2
Water Factory 21 in Orange County, California

The Orange County Water District (OCWD) has been injecting high quality
reclaimed water into selected coastal aquifers to establish a salt water intrusion
barrier. Seawater intrusion was first observed in municipal wells during the 1930s
as a consequence of basin overdraft. Overdrafting of the ground water contin-
ued into the 1950s. Overpumping of the ground water resulted in seawater intru-
sion as far as 5.6 km (3.5 miles) inland from the Pacific Ocean by the 1960s.

OCWD began pilot studies in 1965 to determine the feasibility of injecting
effluent from an advanced wastewater treatment (AWT) facility into potable water
supply aquifers. Construction of an AWT facility, known as Water Factory 21,
began in 1972 in Fountain Valley, and injection of the treated municipal waste-
water into the ground began in 1976.

Water Factory 21 accepts activated-sludge secondary effluent from the adja-
cent County Sanitation Districts of Orange County wastewater treatment facility.
The 5.7 x 107 liter/day (15 x 100 gal/day) water reclamation plant processes
consist of lime clarification for removal of suspended solids, heavy metals, and
dissolved minerals; recarbonation for pH control; mixed-media filtration for re-
moval of suspended solids; activated carbon absorption for removal of dissolved
organic compounds; reverse osmosis for demineralization and removal of other
constituents; and chlorination for disinfection and algae control (National Re-
search Council, 1994).

Prior to injection, the product water is blended 2:1 with deep well water from
an aquifer not subject to contamination. The blended water is chlorinated in a
blending reservoir before it is injected into the ground. Depending on condi-
tions, the injected water flows toward the ocean, forming a seawater barrier;
inland to augment the potable ground water supply; or in both directions. On
average, well over 50 percent of the injected water flows inland. It is estimated
that this injected water makes up no more than 5 percent of the water supply for
area residents who rely on ground water.

sources of drinking water supply. (The removal of particular chemical
and microbiological constituents of concern is discussed in more detail in
Chapter 2.)

HISTORY OF PLANNED POTABLE REUSE AND
ITS MOTIVATION

Direct potable reuse is not currently approved for use in U.S. water
systems. The only documented case of an operational direct potable re-
use system is in Windhoek, Namibia, in southern Africa. For 30 years,
this facility has been used intermittently to forestall water emergencies
during drought conditions (Harhoff and van der Merwe, 1996; see Box 1-
3). While direct potable reuse is not practiced in the United States,
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planned indirect potable reuse is used to augment several U.S. drinking
water systems, and pilot facilities have been constructed to evaluate the
potential for direct and indirect potable reuse.

The Denver Water Department initiated a series of research projects
from 1979 through 1990 on the viability of direct potable reuse of re-
claimed water (see Box 1-4). However, Denver presently has no plans for
direct potable reuse.

In the Washington, D.C,, area, the wastewater-contaminated Potomac
River Estuary was evaluated as a potential source of drinking water in an
extensive study conducted from 1980 to 1983 by the U.S. Army Corps of
Engineers and authorized as part of the Water Resource Development
Act of 1974 (see Box 1-1). The Potomac Estuary Experimental Water
Treatment Plant was completed in January 1980. The 3.8 x 10° liter/day
(1 x 10° gal/day) plant was operated with influent water designed to
simulate water quality during drought conditions, when as much as 50 to
nearly 100 percent of the estuary flow would consist of treated wastewa-
ter. The plant influent contained a blend of Potomac River Estuary water

BOX 1-3
Windhoek Direct Water Reclamation System

In 1968, a system for reclaiming potable water from domestic sewage was
pioneered in Windhoek, Namibia, to supplement the potable water supply. Sur-
face water sources and ground water extraction had been fully appropriated, and
direct reuse of reclaimed water was instituted just in time to avert a water crisis
caused by drought. The system has been producing acceptable potable water to
the city ever since as part of a larger program to conserve water and manage
water demand (Harhoff and van der Merwe, 1996). The reclamation plant has
been operated on an intermittent basis to supplement the main supplies during
times of peak summer demand or during emergencies.

This system went through a succession of modifications and improvements
over the years, accompanied by comprehensive chemical, bacteriological, virolog-
ical, and epidemiological monitoring. The current sequence of treatment process-
es involves primary and secondary treatment at the Gammans wastewater treat-
ment plant (primary settling, activated sludge, secondary settling, and maturation
ponds). The secondary effluent is then directed to the Goreangab water reclama-
tion plant, where treatment includes alum addition, dissolved air flotation, chlori-
nation, and lime addition, followed by settling, sand filtration, chlorination, car-
bon filtration, and final chlorination. The final effluent is then blended with
treated water from other sources before distribution. Water quality tests are con-
ducted on samples taken from different points in the treatment sequence: in the
storage reservoirs, at key points in the distribution system, and at consumer taps.
The treated wastewater is also continuously monitored to ensure a consistent,
high-quality maturation pond effluent.
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BOX 1-4
Denver’'s Direct Potable Water Reuse
Demonstration Project

In 1968, the Environmental Protection Agency (EPA) allowed Denver to divert
water from the Blue River on the west side of the Continental Divide on the
condition that it examine a range of alternatives to satisfy projected future de-
mands of a growing metropolitan area. The Direct Potable Water Reuse Demon-
stration Project was designed to examine the feasibility of converting secondary
effluent from a wastewater treatment plant to water of potable quality that could
be piped directly into the drinking water distribution system. In 1979, plans were
developed for the construction of a demonstration facility to examine the cost
and reliability of various treatment processes. The 1.0 mgd (44 liter/s) treatment
plant began operation in 1985, and during the first three years, many processes
were evaluated (Lauer and Rogers, 1996). Data from the evaluation period were
used to select the optimum treatment sequence, which was used to produce
samples for a two-year animal feeding health-effect study. Comprehensive analyt-
ical studies defined the product water quality in relation to existing standards and
to Denver’s current potable supply. The product water exceeded the quality of
Denver drinking water for all chemical, physical, and microbial parameters tested
except for nitrogen, and alternative treatment options were demonstrated for
nitrogen removal. The final health-effect study demonstrated no health effects
associated with either water. The raw water supply for the reuse plant is unchlo-
rinated secondary effluent (treated biologically) from the metropolitan Denver
wastewater treatment facility. Advanced treatment included high-pH lime treat-
ment, single- or two-stage recarbonation, pressure filtration, selective ion ex-
change for ammonia removal, two-stage activated carbon adsorption, ozonation,
reverse osmosis, air stripping, and chlorine dioxide disinfection. Side stream pro-
cesses included a fluidized bed carbon reactivation furnace, vacuum sludge filtra-
tion, and selective ion exchange regenerant recovery.

and nitrified secondary effluent from the adjacent Blue Plains Wastewa-
ter Treatment Plant.

Artificial recharge is being practiced in some areas of the United
States, including recharge of ground water sources with reclaimed water
(a form of indirect reuse) in order to replenish depleted underground
reserves or prevent salt water intrusion (National Research Council,
1994). Artificial recharge programs began in Whittier Narrows, near Los
Angeles, California (see Box 1-5), in the early 1960s using surface percola-
tion of blends of captured storm water, imported water, and treated
wastewater in unlined river channels or specially constructed spreading
basins (Nellor et al., 1984, 1995). In 1972, Orange County Water District
in Fountain Valley, California, began operation of Water Factory 21 (see
Box 1-2) to reclaim wastewater for injection into the aquifer as a salt
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BOX 1-5
County Sanitation Districts of Los Angeles County
Ground Water Recharge Projects

Since 1962, the Whittier Narrows Water Reclamation Plant (WRP) has used
reclaimed water along with surface water and storm water to recharge ground
water in the Montebello Forebay area of Los Angeles County by surface spreading
of the reclaimed water. The reclaimed water makes up a portion of the potable
water supply for the area residents that rely on ground water. From 1962 until
1973, the Whittier Narrows WRP was the sole provider of reclaimed water in the
form of disinfected secondary effluent. In 1973, the San Jose Creek WRP began
supplying secondary effluent for recharge. Some surplus effluent from a third
treatment plant, the Pomona WRP, is released to the San Jose Wash, which ulti-
mately flows to the San Gabriel River and becomes an incidental source for re-
charge in the Montebello Forebay (Nellor et al., 1984).

The WRPs start their wastewater treatment with primary and secondary bio-
logical treatment. In 1978, all three WRPs added tertiary treatment with mono- or
dual-media filtration and chlorination/dechlorination to their treatment regimes.

After leaving the reclamation plants, the reclaimed water is conveyed to one
of several spreading areas (either specially prepared spreading grounds or dry
river channels or washes). In the process of ground water recharge, the water
percolates through an unsaturated zone of soil ranging in average thickness from
about 3 to 12 m (10 to 40 ft) before reaching the ground-water table. The usual
spreading consists of five days of flooding during which water is piped into the
basins and maintained at a constant depth. The flow is then discontinued. The
basins are then allowed to drain and dry out for 16 days. This wet and dry cycle
maintains the proper conditions for the percolation process (Crook et al., 1990;
Nellor et al., 1984).

water intrusion barrier. On average, 50 percent of the injected water
flows inland to augment the general water supply for Orange County.

In West Texas, the Fred Hervey Water Reclamation Plant began op-
eration in 1985 as a wastewater treatment facility incorporating advanced
treatment processes designed for recycling wastewater from the north-
east area of El Paso back to the Hueco Bolson aquifer, which supplies
both El Paso, Texas, and Juarez, Mexico. This artificial recharge project is
necessary to protect the freshwater aquifer from depletion and salt water
intrusion. The overall recharge system consists of an advanced wastewa-
ter treatment plant, a pipeline system to the injection site, and 10 injec-
tion wells to reach the area’s deep water table (about 107 m (350 ft) below
the surface). After injection, the water travels approximately 1.2 km (0.75
mile) through the aquifer to production wells for municipal water supply
(Knorr, 1985).

The city of Phoenix and other municipalities in the Salt River Valley
of Arizona are interested in renovating part of their treated municipal
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wastewater by soil aquifer treatment (SAT) so that it can be stored under-
ground for eventual potable use. The feasibility of SAT in the Phoenix
area was studied with a small test project installed in 1967 and a larger
demonstration project installed in 1975. The latter could be part of a
future operational project that would have a basin area of 48 ha (119
acres) and a projected capacity of about 276 x 10°m3/year (73 x 10° gal/
year). Both projects were operated in the normally dry Salt River bed
(Bouwer and Rice, 1984).

Planned augmentation of surface water supplies with reclaimed wa-
ter is being investigated in both California and the eastern United States
for different reasons. San Diego is actively investigating the feasibility of
augmenting its general water supplies with reclaimed municipal waste-
water because of the high costs of importing water from other parts of
the state and the lack of local water sources (see Box 1-6). In Florida, both
water shortages and waste disposal requirements are generating in-
creased interest in the use of reclaimed wastewater. Increasingly strin-
gent requirements regulating discharge to sensitive receiving waters have

BOX 1-6
San Diego’s Total Resource Recovery Project

San Diego, California, imports virtually all of its water supply from other parts
of the state. New sources of imported water are not readily available, and the
availability of existing supplies is diminishing. The city is thus actively investigating
advanced water treatment technologies for reclaiming municipal wastewater that
is presently being discharged to the Pacific Ocean. Preliminary experiments were
conducted at the bench-scale (0.02 x 10° gal/day) Aqua | facility in Mission Valley
from 1981 to 1986. The pilot-scale (0.3 x 10° gal/day secondary, 0.05 x 100 gal/
day advanced) treatment Aqua Il Total Resource Recovery facility operated at Mis-
sion Valley from 1984 through 1992. The full-scale demonstration Aqua lll facility
(1 x 100 gal/day secondary, 0.5 x 100 gal/day advanced) was constructed in
Pasqual Valley and began full-time operation in October 1994.

The Aqua Il pilot facility uses channels containing water hyacinths for second-
ary treatment, followed by a 50,000 gal/day advanced treatment system de-
signed to upgrade the secondary effluent water to a quality equivalent to raw
water for potable reuse. The tertiary and advanced process trains were selected in
1985 by a technical advisory committee in conjunction with the city. Tertiary
treatment to produce a low-turbidity water suitable for reverse osmosis feedwater
was provided by a package water treatment plant, with ferric chloride coagula-
tion, flocculation, sedimentation, and multimedia filtration. The system included
ultraviolet light disinfection, cartridge filtration, chemical pretreatment, reverse
osmosis using thin-film composite membranes, aeration tower decarbonation,
and carbon adsorption. The final process train produces water that meets U.S.
drinking water standards.
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BOX 1-7
Tampa Water Resource Recovery Project

The Tampa Water Resource Recovery Project was developed to satisfy the
future water demands of both the city of Tampa and the West Coast Regional
Water Supply Authority. The proposed project involves the supplemental treat-
ment of the Hookers Point Advanced Wastewater Treatment (AWT) Facility efflu-
ent to achieve acceptable quality for augmentation of the Hillsborough River raw
water supply. A pilot plant was designed, constructed, and operated to evaluate
supplemental treatment requirements, performance, reliability, and quality (CH,M
Hill, 1993).

Source water for the pilot plant was withdrawn downstream from AWT Facility
denitrification filters prior to chlorination. The pilot plant facility evaluated four
unit process trains, all of which included preaeration, lime treatment and recar-
bonation, and gravity filtration, followed by either (1) ozone disinfection, (2) re-
verse osmosis and ozone disinfection, (3) ultrafiltration and ozone disinfection, or
(4) granular activated carbon (GAC) adsorption and ozone disinfection. The pro-
cess train including GAC adsorption and ozone disinfection was selected for de-
sign.

The City of Tampa's industrial base is mostly food oriented. Inputs to the
wastewater system were confirmed by a “vulnerability analysis.” Tampa has an
active pretreatment program, and there has been no interference with the plant’s
biological process since startup in 1978.

The design of the advanced treatment plant allows for rejection of water at
any level of treatment and diversion back to the main plant. The use of a bypass
canal for storage and mixing provides a large storage capacity and constant dilu-
tion of product water with canal and river water. Water can be diluted from the
aquifer when river water is not available. Flood control gates allow the canal to
be flushed if a problem is detected. Canal water can be drawn through a “linear
well field” along the canal to provide further ground water dilution. Five miles of
canal and river provide additional natural treatment prior to the intake for the
drinking water treatment plant.

forced many municipal wastewater utilities to upgrade their treatment
processes to decrease the level of nutrients in the effluent. This is causing
many communities to consider reuse alternatives for municipal waste-
water. For example, the City of Tampa has completed a feasibility study
(CH,M Hill, 1993) and intends to implement a program to augment its
river water supply with reclaimed water (see Box 1-7).

Since 1978, the Upper Occoquan Sewage Authority (UOSA), in north-
ern Virginia, has discharged reclaimed wastewater to the upper reaches
of the Occoquan Reservoir, which serves as the principal water supply
source for approximately one million people. The UOSA reclamation
plant was developed in 1978 in response to deteriorating water quality
conditions in the reservoir, which occurred as a result of discharges into
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the reservoir from several small and poorly operated wastewater treat-
ment plants. The state of Virginia regulates UOSA as a wastewater dis-
charger rather than as a water reclamation facility, though with some-
what more stringent discharge requirements and with recognition of its
connection to the water supply. Such indirect reuse may be viewed as
similar to the unplanned reuse that occurs when one city discharges its
waste into a river or stream used by a downstream community for its
water supply.

OVERVIEW OF RELEVANT FEDERAL
GUIDELINES AND STATE REGULATIONS

Aside from current drinking water regulations, no enforceable fed-
eral regulations specifically address potable reuse. The Environmental
Protection Agency (EPA) has developed suggested guidelines for indi-
rect potable reuse (U.S. EPA, 1992), and a few states have developed
regulatory criteria. California and Florida are in the forefront of promul-
gating specific criteria for planned indirect potable reuse. California has
prepared draft criteria for ground water recharge, and Florida has
adopted criteria for both ground water recharge and surface water aug-
mentation. In Arizona, regulations addressing ground water recharge
with treated wastewater are independent from the state’s reuse criteria.

Federal Guidelines

EPA’s guidance manual on water reuse, though not a formal regula-
tory document, provides recommendations for a wide range of reuse
practices, including indirect potable reuse by ground water recharge or
surface water augmentation, that should be useful to state agencies in
developing appropriate regulations. Table 1-2 summarizes the suggested
criteria related to indirect potable reuse.

In addition to specific wastewater treatment and reclaimed water
quality recommendations, the guidelines provide general recommenda-
tions to indicate the types of treatment and water quality requirements
that are likely to be imposed where indirect potable reuse is contem-
plated. The guidelines do not include a complete list of suggested water
quality limits for all constituents of concern because water quality re-
quirements are constantly changing as new contaminants are added to
the list of those regulated under the Safe Drinking Water Act. The guide-
lines do not advocate direct potable reuse and do not include recommen-
dations for such use.
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TABLE 1-2 EPA Suggested Guidelines for Reuse of Municipal

Wastewater

Type of Reuse

Treatment

Reclaimed
Water Quality?

Ground water recharge
by spreading on ground

above potable aquifers

Ground water recharge by
injection into potable aquifers

e Site-specific

® Secondary® and
disinfection? (minimum)

® May also need filtration®
and/or advanced
wastewater treatment/

® Secondary®

o Filtration®

« Disinfection?

e Advanced wastewater
treatment/r

e Site-specific

® Meet drinking
water standards
after percolation
through vadose
zone

Includes, but is not

limited to, the

following:

epH = 6.5-8.5

* Turbidity < 2 NTU!

* No detectable
fecal coliforms
per 100 ml- k

e Residual! >1
mg/liter Cl,

® Meet drinking
water standards
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Reclaimed
Water Monitoring

Setback
Distances?

Comments

Includes, but is not limited to,

the following:

e pH: daily

¢ Coliform: daily

¢ Cl, residual: continuous

¢ Drinking water standards:
quarterly

¢ Other8: depends on constituent

Includes, but is not limited to,

the following:

e pH: daily

¢ Turbidity: continuous

e Coliform: daily

¢ Cl, residual:
continuous

® Drinking water
standards: quarterly

e Others: depends on
constituent

* 600 m (2000 ft)
to extraction
wells; may vary
depending on
treatment
provided and
site-specific
conditions

© 2000 ft (600 m)
to extraction
wells; may vary
depending on
site-specific
conditions

® The depth to ground water
(i.e., thickness of the vadose
zone) should be at least 2 m
(6 ft) at the maximum ground
water mounding point

® The reclaimed water should
be retained underground for
at least 1 year prior to
withdrawal

® Recommended treatment is
site specific and depends on
factors such as type of soil,
percolation rate, thickness of
vadose zone, native ground
water quality, and dilution

* Monitoring wells are
necessary to detect the
influence of the recharge
operation on the ground
water

® The reclaimed water should
not contain measurable levels
of pathogens after percolation
through the vadose zone/

® Treatment reliability checks
need to be provided

¢ The reclaimed water should
be retained underground for
at least 1 year prior to
withdrawal

*Monitoring wells are
necessary to detect the
influence of the recharge
operation on the ground
water

* Recommended water quality
limits should be met at the
point of injection

¢ The reclaimed water should
not contain measurable levels
of pathogens at the point of
injection

Table continues on next page
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TABLE 1-2 Continued

Reclaimed
Type of Reuse Treatment Water Quality?
Augmentation of surface ¢ Secondary* Includes, but is not
supplies * Filtration? limited to, the
* Disinfection® following:
* Advanced wastewater *pH = 6.5-8.5
treatment/ o Turbidity > 2 NTU!

* No detectable fecal
coliforms per
100 ml-*

e Residual! >1
mg/liter Cl,

® Meet drinking
water standards

NOTE: NTU = nephelometric turbidity units.

4Unless otherwise noted, recommended quality limits apply to reclaimed water at the
point of discharge from the treatment facility.

bSetbacks are recommended to protect potable water supply sources from contamination
and to protect humans from unreasonable health risks due to exposure to reclaimed water.

cSecondary treatment processes include activated sludge, trickling filters, rotating bio-
logical contactors, and many stabilization pond systems. Secondary treatment should pro-
duce effluent in which both the BOD and suspended solids do not exceed 30 mg/ liter.

dDisinfection means the destruction, inactivation, or removal of pathogenic microorgan-
isms by chemical, physical, or biological means. Disinfection may be accomplished by
chlorination, ozonation, other chemical disinfectants, ultraviolet radiation, membrane pro-
cesses, or other processes.

¢Filtration means the passing of wastewater through natural undisturbed soils or filter
media such as sand and/or anthracite.

fAdvanced wastewater treatment processes include chemical clarification, carbon adsorp-
tion, reverse osmosis and other membrane processes, air stripping, ultrafiltration, and ion
exchange.
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Reclaimed Setback
Water Monitoring Distances? Comments
* A higher chlorine residual
and/or a longer contact time
may be necessary to ensure
virus inactivation
® Treatment reliability checks
need to be provided
Includes, but is not limited to, e Site-specific ® Recommended level of
the following: treatment is site-specific and
e pH: daily depends on factors such as
e Turbidity: continuous receiving water quality, time
¢ Coliform: daily and distance to point of
¢ Cl, residual: continuous withdrawal, dilution, and
® Drinking water standards: subsequent treatment prior
quarterly to distribution for potable
¢ Other8: depends on constituent uses

¢ The reclaimed water should
not contain measurable levels
of pathogens"

¢ A higher chlorine residual
and/or a longer contact time
may be necessary to ensure
virus inactivation

* Treatment reliability checks
need to be provided

gMonitoring should include measurement of the concentrations of inorganic and organic
compounds, or classes of compounds, that are known or suspected to be toxic, carcino-
genic, teratogenic, or mutagenic and are not included in the drinking water standards.

Nt is advisable to fully characterize the microbiological quality of the reclaimed water
prior to implementation of a reuse program.

iThe recommended turbidity limit should be met prior to disinfection. The average tur-
bidity should be based on a 24-hour time period. The turbidity should not exceed 5 NTU at
any time. If suspended solids content is used in lieu of turbidity, the average suspended
solids concentration should not exceed 5 mg/liter.

jUnless otherwise noted, recommended coliform limits are median values determined
from the bacteriological results of the last seven days for which analyses have been com-
pleted. Either the membrane filter or the fermentation tube technique may be used.

kThe number of fecal coliform organisms should not exceed 14/100 ml in any sample.

ITotal chlorine residual after a minimum contact time of 30 minutes.

SOURCE: Adapted from U.S. EPA, 1992.
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California Wastewater Reclamation Criteria

California currently includes general requirements for indirect po-
table water reuse via ground water recharge under the state’s Wastewa-
ter Reclamation Criteria (State of California, 1978). These requirements
are presently being replaced with more detailed regulations focusing spe-
cifically on ground water recharge (State of California, 1993). The pro-
posed regulations, which have gone through several iterations, are de-
signed to ensure that ground water extracted from an aquifer recharged
by reclaimed water meets all drinking water standards and requires no
treatment prior to distribution. Table 1-3 summarizes the proposed treat-
ment process and site requirements. The criteria are intended to apply to
any water reclamation project designed for the purpose of recharging
ground water suitable for use as a drinking water source (Hultquist,
1995).

The proposed regulations prescribe both microbiological and chemi-
cal constituent limits, some of which are summarized in Table 1-3. The
proposed regulations would require that concentrations of minerals, trace
inorganic chemicals, and organic chemicals in reclaimed water prior to
recharge must not exceed the maximum contaminant levels established
in the state’s drinking water regulations. The total nitrogen concentra-
tion of the reclaimed water cannot exceed 10 mg/liter unless it is demon-
strated that in the process of percolating into the ground water, enough
nitrogen will be removed from the reclaimed water to meet the 10 mg/
liter standard.

Based principally on information and recommendations contained in
a report prepared by an expert panel commissioned by California (State
of California, 1987), the proposed regulations specify that extracted
ground water should contain no more than 1 mg/liter of total organic
carbon (TOC) of wastewater origin. TOC is considered to be a suitable
measure of the gross organics content of reclaimed water for the purpose
of determining organics removal efficiency in practice. The requirements
shown in Table 1-3 are intended in part to ensure that the TOC concen-
tration of wastewater origin is limited to 1 mg/liter in public water sup-
ply wells. Requirements for reduction of TOC concentrations are less
restrictive for projects in which the reclaimed water is recharged into the
ground via surface spreading than for projects in which the reclaimed
water is injected directly into the aquifer, because additional TOC re-
moval has been demonstrated to occur in the unsaturated zone with sur-
face spreading projects (Nellor et al., 1984). Similarly, the proposed regu-
lations require that the composition of the water at the point of extraction
not exceed either 20 percent or 50 percent water of reclaimed water ori-
gin, depending on site-specific conditions, type of recharge, and treat-
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TABLE 1-3 Proposed California Ground Water Recharge Criteria

Project Category”

Treatment and Recharge
Site Requirements I II III v

Required treatment

Secondary X X X X

Filtration X X X

Disinfection X X X X

Organics removal X X
Maximum allowable reclaimed

water in extracted well

water (%) 50 20 20 20
Depth to ground water at initial

percolation rate of

<0.5 cm/min (<0.2 in/min) 3m (10 ft) 3m (10ft) 6m (20 ft) n.a.c

<0.8 cm/min (<0.3 in/min) 6m (20 ft) 6 m (20 ft) 15m (50 ft) n.a.c
Minimum retention time

underground (months) 6 6 12 12
Horizontal separation? 150 m 150 m 300 m 600 m

(500 ft) (500 ft) (1000 ft) (2000 ft)

ACategories I, II, and III are for surface spreading projects with different levels of
treatment. Category IV is for injection projects.

bX means that the treatment process is required.

“Not applicable.

dFrom edge of recharge operation to the nearest potable water supply well.

SOURCE: Adapted from State of California, 1993.

ment provided. The proposed dilution requirement must be met at all
extraction wells.

To ensure removal of pathogens and trace organic constituents in
surface spreading operations, the criteria include standards regarding
percolation rates and depth to ground water. These standards are in-
tended to provide unsaturated vadose zones that will allow the develop-
ment of aerobic biological processes that retain or degrade organic chemi-
cals and remove microorganisms from the water. The proposed minimum
vadose zone depth varies from 3 m (10 ft) to 15 m (50 ft) depending on
site-specific conditions and treatment. Studies have shown that a soil’s
initial percolation capacity must be less than 0.8 cm/min (0.3 in/min) if it
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is to provide these benefits (State of California, 1979). If a soil’s initial
percolation capacity is less than 0.5 cm/min (0.2 in/min), the criteria
provide an additional “credit” for soil column treatment that reduces the
required vadose zone percolation distance. Maximum percolation capaci-
ties are to be determined from initial percolation test results conducted
before the recharge operation starts and not from equilibrium infiltration
rates (Hultquist, 1995).

The proposed criteria for minimum underground retention time are
designed to ensure further die-off or removal of enteric viruses. The re-
tention times are typical of those in current projects judged by state regu-
lators to be safe (Hultquist, 1995). The criteria call for the actual retention
time underground to be determined annually at the first (in time) domes-
tic water supply well to receive reclaimed water. The California Depart-
ment of Health Services does not quantify the expected level of virus
reduction underground. Rather, the retention time requirement simply
provides an extra barrier to virus survival.

California has not developed criteria for indirect potable reuse via
surface water augmentation, although a framework has been proposed
(California Potable Reuse Committee, 1996). Augmentation of surface
drinking water sources with reclaimed water in California requires two
state permits—a waste discharge or reclamation permit from a California
Regional Water Quality Control Board and an amended water supply
permit from the Department of Health Services.

Florida Water Reuse Requirements

Until the late 1970s, the primary force driving implementation of re-
use projects in Florida was effluent disposal. The state’s first reuse-re-
lated regulations addressed the land application of municipal wastewa-
ter (Florida Department of Environmental Regulation, 1983). In the late
1970s, however, demand for water supplies increased, treated wastewa-
ter began to be viewed as a drinking water resource, and the state em-
barked on a program to encourage water reuse and develop regulations
that would provide appropriate public health and environmental protec-
tion. In 1989, Florida added a chapter entitled “Reuse of Reclaimed Wa-
ter and Land Application” to its administrative code; these regulations
have since been revised (Florida Department of Environmental Protec-
tion, 1996). Surface water augmentation is covered by Chapter 62-610 of
the Florida Administrative Code (F.A.C.), entitled “Reclaimed Water and
Land Application,” and Chapter 62-600 F.A.C., entitled “Domestic Waste-
water Facilities.” Florida now requires the state’s water management
districts to identify water resource “caution areas” that have critical wa-
ter supply problems or that are anticipated to have critical problems
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within the next 20 years (Florida Department of Environmental Protec-
tion, 1995). State legislation requires preparation of water reuse feasibil-
ity studies for wastewater treatment facilities located within such caution
areas and requires a “reasonable” amount of reclaimed water use unless
such reuse is not economically, environmentally, or technically feasible.
In addition, if reuse is found to be feasible, disposal by surface water
discharge or deep well injection is limited to backups for reuse systems.

Table 1-4 summarizes Florida’s requirements for reclaimed water
used to augment potable water sources. Daily monitoring is required for
fecal coliform organisms, carbonaceous biochemical oxygen demand
(CBOD), and total suspended solids (TSS). The allowable limits for
coliforms, CBOD, and TSS, as well as treatment requirements, vary de-
pending on how the reclaimed water is discharged into the water supply
source and the characteristics of the water source.

The first types of water reuse shown in Table 1-4, rapid-rate infiltra-
tion basin systems and absorption field systems, have less stringent wa-
ter quality limits and treatment requirements than do the other types of
reuse because the water receives some treatment as it percolates through
the soil. Any wastewater land application system located over a poten-
tial source of drinking water must meet these standards. For absorption
fields, a more stringent TSS limitation of 10 mg/liter may be imposed to
protect against formation plugging. Loading to these systems is limited
to 23 cm/day (9 in/day), and wetting and drying cycles must be used.
For systems having higher loading rates or unfavorable geologic condi-
tions that rapidly move reclaimed water into aquifers, the reclaimed wa-
ter must receive secondary treatment, filtration, and high-level disinfec-
tion and must meet primary and secondary drinking water standards.
These criteria are similar to those in the California regulations for surface
spreading of reclaimed water.

The other types of water reuse shown in Table 1-4 involve rapid
infiltration of reclaimed water into basins in which soil percolation will
not provide appreciable additional treatment, direct injection into ground
water, and discharge to class I surface waters used for potable supply.
Accordingly, such waters must meet stricter standards regarding detect-
able fecal coliforms, total suspended solids, and chlorine residuals. The
rules acknowledge that higher chlorine residuals and/or longer contact
times may be needed to meet the fecal coliform requirement.

For augmentation of surface water sources, outfalls for discharge of
reclaimed water cannot be located within 150 m (500 ft) of a potable
water intake.

Water quality and treatment requirements are most stringent for in-
jection into formations of the Floridian and Biscayne aquifers where total
dissolved solids (TDS) do not exceed 500 mg/liter. For these situations
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TABLE 1-4 Florida Treatment and Quality Criteria for Reclaimed

Water

Type of Use

Water Quality Limits Treatment Required

Rapid infiltration basins and
absorption fields

Rapid infiltration basins in
unfavorable geohydrologic
conditions

Injection to ground water

Injection to formations of
Floridian or Biscayne aquifers
having TDS <500 mg/liter

Discharge to class I surface
waters used for potable

supply

200 fecal coliform /100 ml
20 mg/liter TSS*

20 mg/liter CBOD?

12 mg/liter NOj (as N)

Secondary plus
disinfection

No detectable fecal
coliforms/100 ml®

5.0 mg/liter TSS

Primary and secondary U.S.
drinking water standards

Secondary, filtration,
and disinfection

No detectable fecal
coliforms/100 m1?

5.0 mg/liter TSS

Primary and secondary U.S.
drinking water standards

Secondary, filtration,
and disinfection

No detectable fecal
coliforms/100 m1?

5.0 mg/liter TSS

5 mg/liter TOC

0.2 mg/liter TOX?

Primary and secondary U.S.
drinking water standards

Secondary, filtration,
disinfection, and
activated carbon
adsorption

No detectable fecal
coliforms/100 ml4

5 mg/liter TSS

20 mg/liter CBOD

10 mg/liter NOj (as N)

Primary and secondary U.S.
drinking water standards

Secondary, filtration,
and disinfection

aTSS = total suspended solids.
bCBOD = carbonaceous BOD.

cNo detectable fecal coliform organisms per 100 ml in at least 75% of the samples, with
no single sample to exceed 25 fecal coliform organisms/100 ml.

4 TOX = total organic halogen.

SOURCE: Florida Department of Environmental Protection, 1993, 1996.
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the regulations specify that reclaimed water must meet drinking water
standards, be treated with activated carbon adsorption to remove organ-
ics, and have average TOC and total organic halogen (TOX) concentra-
tions less than 5.0 mg/liter and 0.2 mg/liter, respectively. The rules also
require that such systems undergo two years of full-scale operational
testing.

The Florida Department of Environmental Protection (DEP) is cur-
rently refining the requirements for indirect potable reuse. The DEP is
considering allowing streamlined pilot testing requirements for projects
involving injection into formations of the Floridian and Biscayne aquifers
where the TDS does not exceed 500 mg/liter. In addition, the average
and maximum TOC limits may be reduced to 3 mg/liter and 5 mg/liter,
respectively. Strict limits on TOC and TOX that are currently applicable
only to high-quality (TDS < 500 mg/liter) portions of the Floridian and
Biscayne aquifers may be extended to a wider range of injection applica-
tions.

Arizona Water Reuse Regulations

Arizona’s water reclamation and reuse regulations specifically pro-
hibit the use of reclaimed water for direct human consumption (State of
Arizona, 1991). Ground water recharge projects are regulated by the
Arizona Department of Environmental Quality (ADEQ) and the Arizona
Department of Water Resources (ADWR).

In general, ADEQ regulates ground water quality and ADWR man-
ages ground water supply. These agencies require several different per-
mits for any ground water recharge project. A ground water recharge
project must obtain an aquifer protection permit from ADEQ. Addition-
ally, both the owner of the wastewater treatment plant that provides the
reclaimed water for ground water recharge and the owner or operator of
the ground water recharge project that uses the reclaimed water must
obtain permits from the ADWR before any reclaimed water can be re-
charged (Arizona Department of Water Resources, 1995). A single per-
mit may be issued if the same applicant applies for both permits and the
permits are sought for facilities located in a contiguous geographic area.

To obtain an aquifer protection permit from ADEQ, the recharge
project applicant must demonstrate that the project will not cause or con-
tribute to a violation of an aquifer water quality standard. If aquifer
water quality standards are already being violated in the receiving aqui-
fer, the permit applicant must demonstrate that the ground water re-
charge project will not further degrade aquifer water quality. All aqui-
fers in Arizona currently are classified for drinking water use, and the
state has adopted National Primary Drinking Water Maximum Contami-
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nant Levels (MCLs) as aquifer water quality standards. These standards
apply to all ground water in saturated formations yielding more than 20
liters/day (5 gal/day) of water (which is essentially all ground water in
Arizona). Thus, reclaimed water must be treated to meet drinking water
standards before it can be injected into an aquifer.

A ground water recharge project that uses reclaimed water is also
required to obtain an underground storage facility permit from ADWR.
To get this permit the applicant must demonstrate that (1) the applicant
possesses the technical and financial capability to construct and operate
the ground water recharge project; (2) the aquifer contains sufficient ca-
pacity for the maximum amount of reclaimed water that could be in
storage at any one time; (3) the storage of reclaimed water will not cause
unreasonable harm to land or to other water users; (4) the applicant has
applied for and received any required floodplain use permit from the
county flood control district; and (5) the applicant has applied for and
received an aquifer protection permit from ADEQ. If received, the un-
derground storage facility permit will prescribe the design capacity of
the ground water recharge project, the maximum annual amount of re-
claimed water that may be stored, and monitoring requirements.

Before recovering any of the reclaimed water that has been stored
underground, the person or entity seeking to recover the water must
apply to ADWR for a recovery well permit. If the recovery well permit is
for a new well, ADWR must determine that the proposed recovery of the
stored water will not unreasonably increase damage to surrounding land
or other water users. If the recovery well permit is for an existing well,
the applicant must demonstrate that it has a right to use the existing well.
A recovery well permit includes provisions that specify the maximum
pumping capacity of the recovery well.

CONCLUSIONS

The historical approach to water supply development has been to
withdraw water from the best available source. In some parts of the
United States, however, high-quality source waters are becoming increas-
ingly scarce, and some municipalities are using or are beginning to con-
sider using reclaimed municipal wastewater to augment their potable
water supplies. While the maxim that drinking water should be obtained
from the best available source should still be the guiding principle for
water supply development, in some instances the best available source of
additional water to augment natural sources of supply may be reclaimed
water. No enforceable federal regulations currently govern the use of
reclaimed water for potable purposes, and only a few states have devel-
oped detailed criteria for water reuse. Any water utility considering a
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potable water reuse project should carefully consider the public health,
water treatment, and quality assurance issues discussed in this report to
ensure that its consumers are protected from any potential adverse ef-
fects of water reuse.
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Chemical Contaminants in
Reuse Systems

Municipal wastewater contains many chemicals that
present known or potential health risks if ingested. The concentration of
these contaminants must be reduced before such water is used to aug-
ment a water supply.

The mix of chemicals in wastewater varies depending on what types
of industries and land uses the service area includes, the nature of the
wastewater collection system, and the effectiveness of industrial pretreat-
ment and source control programs. As summarized in Table 2-1, waste-
waters contain known inorganic chemicals and minerals that are present
naturally in the potable water supply; chemicals from industrial, com-
mercial, and other human activities in the wastewater service area; and
chemicals added or generated during water and wastewater treatment
and distribution. In addition, unidentified or poorly characterized syn-
thetic organic compounds, derivatives, and breakdown products may be
present at potentially harmful levels.

Any of the chemical types shown in Table 2-1 might pose some long-
term risk, and the risks may change from one location and time to the
next. The ability to evaluate and manage those risks is greatest for min-
erals and trace inorganic chemicals, less for identifiable organic com-
pounds and disinfection by-products, and minimal for the unidentified
mix that comprises the majority of the organics in the water.

ac
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TABLE 2-1 A Categorization of Chemical Constituents in
Wastewater

Category Examples

Recognized Chemical Constituents

Naturally occurring minerals and Chloride, sodium, sulfate, magnesium,
inorganic chemicals, generally at calcium, phosphorus, nitrogen
concentrations greater than 1 mg/liter

Chemicals of anthropogenic origin, Regulated contaminants and priority
generally at concentrations less than pollutants (trace inorganic and organic
1 mg/liter chemicals)

Chemicals generated as a result of Known disinfection by-products, humic
water and wastewater treatment substances

Unknown or of Potential Concern

Possibly present as a component of Proprietary chemicals and mixtures from
organic mixtures industrial applications and their
metabolites; unidentified halogenated
compounds (unknown disinfection by-
products); pharmaceuticals; endocrine
disruptors

RECOGNIZED CHEMICAL CONTAMINANTS

Naturally occurring minerals, such as calcium, sulfate, and magne-
sium, are typically present in most conventional water supplies at con-
centrations greater than 1 mg/liter. They are regulated according to sec-
ondary U.S. drinking water standards, based primarily on their aesthetic
effects. The concentrations of these chemical species and of nitrogen-
containing compounds and other inorganic salts increase as the water is
used and then collected as wastewater. However, the potential hazards
they pose to downstream consumers remain manageable because these
minerals and salts can be accurately quantified in water, and well-estab-
lished treatment processes can usually reduce their concentrations to lev-
els complying with national drinking water standards or recommended
limits.

Levels of phosphate and nitrogen, two other chemicals commonly
found in wastewater, are often monitored at treatment plants because of
their potential effects on the ecology of receiving waters. Phosphorus
can be efficiently removed from wastewater by chemical precipitation or
various biological processes, and nitrogen can be removed by biological
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nitrification and denitrification or by ion exchange either before or after
nitrification.

Although the comparable data regarding trace inorganics (e.g., met-
als) and specific identifiable organic contaminants (including some disin-
fection by-products) are less extensive than those for major inorganic
ions such as minerals and salts, substantial research and practical experi-
ence do exist regarding these compounds in municipal wastewater and
their removal during waste treatment. For instance, removals of some
priority pollutants and other potentially toxic organic compounds in
wastewater treatment plants have been reported by a number of research-
ers, including Richards and Shieh (1986), Hannah et al. (1986), and
Petrasek et al. (1982).

The ability of advanced wastewater treatment (AWT) processes to
remove many trace chemical contaminants is well established. Numer-
ous potable reuse studies have shown that AWT can produce water that
meets U.S. drinking water standards. Table 2-2, for example, compares
the quality of water produced by San Diego’s Aqua III pilot plant,
Tampa’s Hookers Point AWT pilot plant, and Denver’s Potable Reuse
Demonstration Project to drinking water standards. (See Chapter 1, Boxes
1-4, 1-6, and 1-7 for a description of the treatment processes used in those
AWT facilities.)

Most of the potable reuse projects reviewed in this report have con-
ducted extensive analyses for identifiable organic compounds, including

The Aqua II pilot facility, used to demonstrate the feasibility of wastewater recla-
mation for San Diego, California. Photo courtesy of the City of San Diego.
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TABLE 2-2 Comparison of Inorganic and General Water Quality
Parameters of Three Reclaimed Water Systems and U.S. Drinking
Water Standards

Reclaimed Water

U.S. Drinking

Constituent Water Standards San Diego Tampa Denver
Physical

TOC — 0.27 1.88 0.2
TDS 500 42 461 18
Turbidity (NTU) — 0.27 0.05 0.06
Nutrients

Ammonia-N — 0.8 0.03 5
Nitrate-N — 0.6 0 0.1
Phosphate-P — 0.1 0 0.02
Sulfate 250 0.1 0 1
Chloride 250 15 0 19
TKN — 0.9 0.34 5
Metals

Arsenic 0.05 <0.0005 0° ND?
Cadmium 0.005 <0.0002 07 ND
Chromium 0.1 <0.001 07 ND
Copper 1.0 0.011 07 0.009
Lead —€ 0.007 07 ND
Manganese 0.05 0.008 07 ND
Mercury 0.002 <0.0002 07 ND
Nickel 0.1 0.0007 0.005 ND
Selenium 0.05 <0.001 07 ND
Silver 0.05 <0.001 07 ND
Zinc 5.0 0.0023 0.008  0.006
Boron — 0.29 0 0.2
Calcium — <2.0 — 1.0
Iron 0.34 0.37 0.028  0.02
Magnesium — <3.0 0 0.1
Sodium — 11.9 126 4.8

NOTES: NTU = nephelometric turbidity units; TDS = total dissolved solids; TKN = total
Kjeldahl nitrogen; TOC = total organic carbon. San Diego physical and nutrient concentra-
tion values are arithmetic means. Any nondetected observations were assumed to be
present at the corresponding detection limit. Metal concentration values are geometric
means determined through probit analysis. Tampa values are arithmetic means of detected
values. Denver values are geometric means of detected values.

“Not detected in seven samples.

bNot detected in more than 50% of samples.

‘Lead is regulated according to a treatment standard.
dNoncorrosive limit for iron.

SOURCE: CH,M Hill, 1993; Lauer et al., 1991; Western Consortium for Public Health,
1997.
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priority organic pollutants regulated under U.S. drinking water standards
as well as additional compounds of concern. The organic analytes evalu-
ated by San Diego included 62 volatile organic compounds; 68
semivolatile organic compounds, including trihalomethanes, benzene, N-
nitrosamines, chlorinated aromatics, phenols, and polynuclear aromatic
hydrocarbons; pesticides and polychlorinated biphenyls (PCBs); chlori-
nated dibenzodioxins/dibenzofurans; and low molecular weight alde-
hydes (Western Consortium for Public Health, 1997). Concentrations of
all regulated contaminants were below U.S. and state drinking water stan-
dards. Similar evaluations of organic chemicals, with similar results, were
conducted at Tampa (CH,M Hill, 1993) and Denver (Lauer et al., 1991).
The Denver reuse project conducted an organic challenge study in
which 15 different organic compounds were dosed at approximately 100
times the normal levels found in the reuse plant influent (Lauer et al.,
1991). Table 2-3 shows the initial doses and removal rates of these com-
pounds for four different treatment processes. Five of the compounds
were removed completely (i.e., to below detectable limits) by lime treat-
ment, and eight of the remaining ten were removed completely by the
granular activated-carbon filters. The reverse-osmosis membranes al-
lowed 1.1 mg/liter of chloroform to pass through; this chloroform was
subsequently removed by air stripping. The study showed that even

TABLE 2-3 Reuse Plant Organic Challenge Study (cumulative %
removals)

Initial Dose Reverse Plant

Compound (mg/liter) Lime Carbon  Osmosis Effluent
Acetic acid 5054 100 — — —
Anisole 23 100 — — —
Benzothiazole 86.2 63 100 — —
Chloroform 229.6 26 99.7 99.9 100
Clofibric acid 17.1 0 100 — —
Ethyl benzene 25.1 100 — — —
Ethyl cinnamate 67.8 100 — — —
Methoxychlor 44.6 84 100 — —
Methylene chloride 230 8 100 — —
Tributyl phosphate 69.4 51 100 — —
Toluene? 25 97 100 —
Benzene? 40 100 — —
Ethylbenzene? 36 100 — —
Xylene? 32 100 — —

“Dosed as 2115 mg/liter of gasoline.

SOURCE: Modified from Lauer et al., 1991.
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when the given organic compounds are dosed at 100 times the normal
concentrations, the AWT processes can remove the contaminants to
nondetectable levels.

Orange County Water District conducts an extensive monitoring pro-
gram to measure organics at various steps within Water Factory 21’s
treatment process. In more than 18 years of research, only 25 of the 100
organic priority pollutants analyzed have been routinely present above
detection limits in the secondary effluent feedwater. The organics de-
tected typically include disinfection by-products, such as trihalomethanes
(THMs), at concentrations substantially lower than the current federal
drinking water maximum contaminant level (MCL) of 100 pg/liter of
total THMs. THMs have not been detected in the monitoring wells. Lev-
els of other priority pollutants in the final product water were less than 1
ug/liter in 1995 (Mills, 1996).

Los Angeles County has conducted long-term analysis of organic con-
taminants at the Montebello Forebay, where artificial recharge with re-
claimed water has been conducted since 1962. The most recent reports
on this project show that the average concentration of target organic com-
pounds has not exceeded the most stringent water quality standards and
guidelines (Water Replenishment District of Southern California, 1996).

Effective source control programs, enforcement and monitoring of
water quality standards, and reliability of water and wastewater treat-
ment systems are standard measures for the protection of public health.
Although a water reclamation plant could fail, monitoring at the water
treatment plant would probably identify elevated levels of a regulated
contaminant if such events occurred with some frequency. For most of
these contaminants, the risk is associated with lifetime contamination
rather than acute toxicity at the low levels likely to be present. Given the
low probability that a spike of a regulated contaminant would pass un-
noticed through the wastewater treatment plant, the environmental
buffer, and the water treatment plant, along with the small likelihood
that it would have acute effects on consumers, the risks associated with
this type of event are small.

As a result, identifiable and quantifiable contaminants in wastewater
(which include inorganic contaminants, radionuclides, organic priority
pollutants, and many other trace organic compounds) pose a manageable
risk with respect to their appearance in finished potable water.

MANAGING CHEMICAL INPUTS TO REUSE
SYSTEMS

One of the most effective ways to manage and reduce chemical con-
tamination of drinking water systems is effective source control of pollut-
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ants by pollution prevention and industrial pretreatment programs. In
this regard, the health concerns for planned potable reuse projects differ
little from those associated with unplanned potable reuse, where drink-
ing water is obtained from sources that receive upstream wastewater
discharge. The 1996 amendments to the Safe Drinking Water Act make
source water protection a national priority by encouraging a prevention
orientation to pollution control. The law creates a new program and fund-
ing for states to conduct assessments of source water areas to determine
the susceptibility of drinking water sources to contamination. The Envi-
ronmental Protection Agency (EPA) is currently engaging stakeholders
to develop guidelines for implementing the program.

The industrial pretreatment provisions of the Clean Water Act and
its 1990 amendments (42 U.S.C. 13101, et seq.) established maximum al-
lowable concentrations that limit discharges of priority pollutants to
wastewater treatment plants. Municipalities have authority to limit the
discharges of other potentially harmful compounds on a case-by-case ba-
sis. The Clean Water Act also limits the discharge of these compounds
from treatment plants (and other direct dischargers) to receiving waters.
The existence of such permitting programs allows regulators to identify
pollutants of concern and to enforce risk reduction strategies. The Clean
Water Act also requires users of the chemicals to improve their manage-
ment practices and/or to develop effective treatment processes.

For example, the County Sanitation Districts of Los Angeles County
(CSDLAC) take steps to exclude from the sewer system certain contami-
nants that might adversely impact the quality of the reclaimed water
being produced. The primary measure aimed at protecting water quality
is CSDLAC’s industrial waste pretreatment program, created in 1972. As
illustrated in Table 2-4, these measures have significantly reduced load-
ings to the project’s wastewater treatment plant. The program presently
regulates an extensive and varied industrial base consisting of over 3400
industrial users. It controls noncompatible waste discharges through rig-
orous up-front permitting and pretreatment requirements, field presence
by the inspection staff and monitoring crews, and aggressive enforce-
ment actions for all violations. To further protect effluent quality, indus-
trial discharges have been diverted to “nonreclaimable waste lines” wher-
ever possible. These interceptor sewers typically divert predominately
residential wastewater to the water reclamation plants or route industrial
wastewater around the reclamation plants to the wastewater treatment
plant for ocean disposal. Thus, the water reclamation plants treat mainly
residential and commercial waste, with less than 10 percent of the influ-
ent coming from industrial sources.

As part of its feasibility study for planned potable reuse, Tampa,
Florida, conducted a “vulnerability assessment” to determine the suscep-
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TABLE 2-4 Reductions in Los Angeles County
Wastewater Influent Loadings from 1975 to 1995

Percent
Constituent Reduction
Arsenic 68
Cadmium 92
Chromium 95
Copper 58
Lead 92
Mercury 46
Nickel 77
Zinc 73
Cyanide 95
Total identifiable chlorinated hydrocarbons 99

SOURCE: County Sanitation Districts of Los Angeles County, 1995.

tibility of the Hookers Point AWT facility to an upset due to an industrial
user’s release of chemicals to the sanitary sewer system (CH,M Hill, 1993).
Of the service area’s 45 industrial users, 31 already had emergency provi-
sions to divert a catastrophic chemical release away from the sewers. A
detailed evaluation was made of the 14 remaining industrial users with
floor-drain connections to the sewer system to determine the potential
for accidental spills. Evaluations were made of emergency response plans
and the potential effects of a chemical spill on the AWT facility. It was
concluded that the AWT facility was well protected from plant upset,
pass-through, or interference due to an accidental spill of chemicals at an
industrial user’s facility. This type of vulnerability assessment can be
quite useful for gathering the information necessary for emergency con-
tingency planning as well as to provide safety assurance for the technical
operation of potable reuse. (Chapter 6 contains a discussion of treatment
plant reliability.)

Table 2-5 summarizes the concentrations of certain priority organic
pollutants following secondary biological treatment in four different mu-
nicipal districts as of 1987: Washington, D.C.; Orange County, California;
Phoenix, Arizona; and Palo Alto, California. The Palo Alto system re-
ceives wastewater from a typical residential/commercial community as
well as from a major university and from several electronics industries.
Its wastewater contains high concentrations of chlorinated solvents. The
Orange County wastewater comes from a variety of industries as well as
municipal and commercial activities; it contains relatively high concen-
trations of petroleum-related chemicals, including various aromatic hy-
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drocarbons (benzenes and naphthalenes). Phoenix, Arizona, represents
another large municipality with a variety of commercial activities.

The wastewater from Washington, D.C., comes largely from residen-
tial and government-related activities, and the above-noted organic con-
taminants are relatively low in concentration. It should be noted that the
concentrations listed for the Washington, D.C., water are for a blend of
biologically treated municipal wastewater and Potomac River water. The
concentrations would be higher for many of the contaminants in the
wastewater itself.

Table 2-5 also contains a comparison of data from Orange County for
two different time periods to illustrate the effects of using different bio-
logical treatment processes and of segregating wastewaters to reduce the
industrial contribution to reclaimed water. During the first period noted,
all wastewaters from Orange County were treated by trickling-filter bio-
logical treatment, and this water was used as the influent to Water Fac-
tory 21, the AWT system. During the second period, the wastewaters
were treated by the activated sludge process, and segregation reduced
the industrial contribution in the water sent to Water Factory 21. These
changes significantly reduced the chemical oxygen demand (COD) of the
treated wastewater and the concentrations of both chlorinated and
unchlorinated benzenes and naphthalene. However, the concentrations
of trihalomethanes, which normally result from water disinfection, in-
creased. As anticipated, better AWT effluent quality was achieved for
contaminants when their influent concentration was lower—confirming
that virtually any effort to improve the quality of incoming wastewater
will improve the treated water’s quality.

MANAGING DISINFECTION BY-PRODUCTS IN
REUSE SYSTEMS

Disinfection ranks as the most important single process for inactivat-
ing microorganisms in water and wastewater treatment. However, in
some cases, reactions of disinfectants with organic and inorganic con-
stituents in the source water can create potentially harmful (in some cases,
carcinogenic) disinfection by-products (DBPs) (Bull and Kopfler, 1991;
ILSI, 1995). The most common disinfectants are chlorine-based oxidants,
but ozone and ultraviolet light are also used. Other disinfectants, such as
gamma radiation, bromine, iodine, and hydrogen peroxide, have been
considered for disinfection of wastewater, but they are not generally used
because of economical, technical, operational, or disinfection efficiency
considerations.

A limited number of DBPs are regulated or being considered for regu-
lation. Chief among these are the trihalomethanes, haloacetic acids
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TABLE 2-5 Average Concentrations of Selected Contaminants in
Municipal Wastewater Following Secondary Biological Treatment
(concentrations in pg/liter unless otherwise indicated)

Orange County
Water District

Washington,  1st 2nd Palo

Contaminant D.CA Period Period Phoenix? Alto
Total organic carbon

(TOC), mg/liter 4.5 30 16 9 11
Total organic halides 85 131 87 192
Trihalomethanes
CHCl, 1.5 1.6 3.5 3.5 13
CHBrCl, <0.3 0.1 0.5 0.3 0.2
CHBr,Cl1 <0.2 0.2 0.7 0.2 0.1
CHBry 0.1 0.5 0.1 0.0
Total 2.0 2.0 5.2 4.1 13.3
Other Chlorinated Organics
1,1,1-Trichloroethane <0.2 4.7 4.8 1.4 65
Trichloroethylene <0.1 0.9 1.1 0.4 25
Tetrachloroethylene <0.8 0.6 3.6 1.7 44
Chlorobenzene 2.5 0.1 0.3
o-Dichlorobenzene <0.05 2.4 0.7 24 2.7
m-Dichlorobenzene 0.08 0.7 0.2 0.4 3.6
p-Dichlorobenzene <0.11 2.1 1.9 1.8 5.4
1,2,4-Trichlorobenzene <0.02 0.5 0.3 0.4 11.3
Nonchlorinated Organics
Toluene <0.12
Ethylbenzene <0.02 1.4 0.04 0.2 0.03
o0-Xylene <0.04 0.4
m-Xylene <0.05 0.01 0.8 0.2
p-Xylene <0.05 0.05 0.2 0.06
Naphthalene <0.04 0.6 0.1 0.2 3.3

4After mixing with a 1:1 blend of Potomac River water and Blue Plains-treated effluent.
bSamples taken from spreading basins after secondary treatment.

SOURCE: Modified from California Department of Water Resources, 1987.

(HAAs), bromate, and haloacetonitriles. THMs and HAAs are the most
thoroughly studied and probably the dominant chlorinated DBPs that
form under “normal” disinfection conditions used to treat drinking wa-
ter and municipal wastewater. Such compounds typically account for
between 30 and 50 percent of the total halogen incorporated into organic
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compounds as a result of chlorination, although they may account for as
little as 3 percent or as much as 80 percent of the total. Most of the
remaining organic chlorine is thought to be incorporated into larger, as
yet unidentified organic compounds. Many of these disinfection by-prod-
ucts remain poorly characterized toxicologically. The total concentration
of chlorine and other halogens incorporated into organic compounds is
collectively referred to as the “total organic halogen” (TOX) concentra-
tion.

When treated wastewater is used to augment potable water supplies,
the two main DBP-related issues are (1) whether the wastewater contrib-
utes more precursors for formation of DBPs than does the conventional
water source and (2) whether the wastewater provides precursors that
lead to formation of DBPs different from those formed in potable water
systems. Seemingly innocuous organic compounds subject to microbial
degradation and found at higher concentrations in wastewater than in
the general environment could contribute to the formation of high con-
centrations of certain by-products. More research is needed to identify
such chemicals. For example, amino acids are a precursor of the
very mutagenic compound 3-chloro-4-dichloromethyl-5-hydroxy-2(H)-
furanone (otherwise known as “MX”; Horth et al., 1990). The concentra-
tions of amino acids and other MX precursors commonly found in sur-
face water sources are so low (measured in nanograms per liter) that
significant MX formation is considered very unlikely (ILSI, 1996). How-
ever, higher concentrations of MX precursors in wastewater may allow
higher concentrations of MX to be formed.

Table 2-6 illustrates the variability in DBPs produced in reclaimed
water. The reclaimed water studied came from five wastewater plants in
southern California using secondary biological treatment, nitrification,
filtration, and chlorine disinfection (using a concentration x time value of
450 mg/liter X min). Two samples were collected from each plant. The
first sample was collected from a point upstream of the chlorine addition
point, representing the effluent of the tertiary filters prior to addition of
the chlorine. The second sample was collected from the effluent of the
chlorine contact chamber. The samples were analyzed for the indicated
chlorination by-products, including HAAs, aldehydes, THMs, chloral
hydrate (CH), and TOX. To provide some perspective, the table includes
other standard water quality measurements as well.

Substantial levels of DBPs were formed in all chlorine contact cham-
bers. The levels of THMs in the chlorinated samples ranged from a low
of 35 ug/liter to a high of 86 ug/liter, with an average of 67 ug/liter. The
levels of HAAs in the chlorinated samples ranged from a low of 99 pg/
liter to a high of 262 ug/liter, with an average of 191 pg/liter. TOX
values ranged from 432 to 785 pg/liter. While the THM levels would
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TABLE 2-6 Results of Water Quality Parameters and Disinfection
By-Products Sampling Program

Plant 1
Analyte Unit Inf. Eff.
General Physical Parameters
Cl, dose mg/liter 16 —_
Ammonia-N mg/liter as N 0.01 0.05
pH — 7.1 6.6
TOC mg/liter 7.0 6.3
DOC mg/liter 5.5 5.4
Alkalinity mg/liter as CaCOg 100 75
UVys, (filtered) cm! 0.108 0.072
UV,5, (unfiltered) cm™! 0.116 0.078
TSS mg/liter 13 2.0
Turbidity NTU? 5.0 1.0
Disinfection By-Products
THMs ug/liter 0.9 35
HAAs ug/liter 1 115
HANSs ug/liter ND 14
cP ug/liter ND ND
HKs ug/liter ND 8.4
CH ug/liter ND 44
CNCl1 ug/liter ND 1.9
Aldehydes ug/liter 1 21
TOX ug/liter 74 495

NOTE: ND = indicates not detected at the following limits: individual HAAs 1 pg/liter;
CNCl1 0.5 pg/liter; individual HANs 0.5 ug/liter; CP 0.5 pg/liter; individual HKs 0.5 pg/
liter; CH 0.5 pg/liter. Acronyms are as follows: CH = chloral hydrate; CNCI = cyanogen
chloride; CP = chloropicrin; DOC = dissolved organic carbon; HAAs = haloactetic acids;
HANs = haloacetonitriles; HKs = haloketones; TOC = total organic carbon; THMs =
trihalomethanes; TSS = total suspended solids.

generally meet the current standards for drinking water of 100 pg/liter,
the levels found may be considered high if these reclaimed waters were
to be used to augment potable supplies. Unless they were reduced by
dilution in the receiving waters or by degradation, many would violate
the DBP MCLs proposed for the EPA interim drinking water standards
(80 pg/liter THMs and 60 pg/liter HAAs).

In another study, a survey of several wastewater treatment plants as
well as literature values, Hull and Reckhow (1993) found that the TOX
generated by chlorination of municipal wastewater after secondary bio-
logical treatment ranged from 50 to more than 1500 pug/liter when the
wastewater was chlorinated in the laboratory at the chlorine dose nor-
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Plant 2 Plant 3 Plant 4 Plant 5
Inf. Eff. Inf. Eff. Inf. Eff. Inf. Eff.
24 — 13 — 12 — 15 —
0.2 <0.01 <0.01 <0.01 1.0 <0.01 0.2 <0.01
7.5 7.0 7.3 7.0 6.7 6.3 7.5 7.5
7.3 7.3 6.7 6.8 10.9 8.4 8.0 7.8
7.3 6.9 6.6 6.5 8.4 8.2 6.4 6.3
160 125 180 160 145 95 235 240
0.136 0.085 0.123 0.076 0.114 0.071 0.122 0.085
0.140 0.095 0.128 0.077 0.125 0.076 0.154 0.116
0.8 2.4 1.0 0.6 5.2 14 3.2 1.6
0.6 3.0 0.6 0.3 3.0 0.5 1.5 2.3
1.9 68 0.7 83 3.2 86 1 62
4 247 2 231 6 262 1 99
ND 32 ND 27 ND 33 ND 19
ND 1.5 ND 1.2 ND 3.7 ND 1
ND 10.5 ND 9.7 ND 17 ND 6.5
0.8 54 ND 52 0.8 76 ND 57
ND ND ND 1.6 ND 3.9 ND 3.7
9 114 3 87 12 113 10 47
97 605 52 548 110 785 54 432

ANTU = nephelometric turbidity units.

SOURCE: Montgomery Watson, 1997. Personal communication from Rhodes Trussell and
Issam Najm, Montgomery Watson, Pasadena, Calif.

mally applied at the corresponding full-scale facility. The median in-
crease in TOX upon chlorination was between 100 and 200 pg/liter. In
all cases, monochloramine is likely to have been the dominant oxidant
present once the chlorine and wastewater mixed. The variability in or-
ganic halogen formation among the plants appeared to be strongly asso-
ciated with the nature of the incoming organics. The greatest TOX for-
mation occurred at a treatment plant dominated by wastewater from a
paper mill. The formation of TOX was also influenced by the chlorine-to-
ammonia ratio.

Hull and Reckhow (1993) also found more DOX (dissolved organic
halides) formed per unit of dissolved organic carbon in the sample in
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secondary effluent than in untreated wastewater, based on an experi-
ment in which all samples were chlorinated under standardized condi-
tions expected to produce a high monochloramine concentration. The
results suggest that secondary biological treatment leaves a mix of or-
ganic compounds in the water that is, on average, more susceptible to
chlorine substitution than are the organics in untreated water.

Tertiary treatment of municipal wastewater reduces the potential for
DBP formation. Based on ongoing work in the Montebello Forebay area
of Los Angeles County, Leenheer (1996) reported that the yield of haloge-
nated organics in a tertiary treated (secondary biological treatment, filtra-
tion, and chlorine disinfection) wastewater effluent is approximately an
order of magnitude less than in chlorinated surface water containing or-
ganic compounds derived from terrestrial sources. This finding is prob-
ably more applicable to potable reuse of wastewater than are Hull and
Reckhow’s findings, because wastewater intended for potable reuse is
typically subject to advanced treatment to remove organics and ammo-
nia prior to chlorination, so that the oxidant would be free chlorine (as in
Leenheer’s study) rather than chloramines (as in Hull and Rechhow’s
study). As in reclaimed water, TOX production in natural water varies
considerably depending on the nature of the dissolved organic carbon.
Whether any differences in TOX formation between disinfected reclaimed
water and other “natural” water sources reflect differences in the original
mix of organics or in the processes that altered them before chlorination
is not yet clear.

MIXTURES OF UNIDENTIFIED ORGANIC
COMPOUNDS IN RECLAIMED WATER

The vast majority of the compounds in municipal wastewater cannot
be identified at the molecular level. Under these circumstances, certain
lumped parameters have been widely used to provide partial informa-
tion about the mixture.

The broadest measures of organic molecules in water are total or-
ganic carbon (TOC) and dissolved organic carbon (DOC). These analy-
ses, which measure all carbon-containing molecules, are traditionally
used as indicators of potential contamination that may be associated with
organic matter. DOC concentrations in wastewater that has been sub-
jected to effective secondary treatment typically range from 5 to 15 mg/
liter. TOC concentrations are strongly influenced by the efficiency with
which biological solids are captured in the settling and/or filtration steps
that follow biological treatment. They may range from 5 to 25 mg/liter in
secondary treated municipal wastewater. Advanced treatment processes
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incorporating carbon filters and/or reverse osmosis can reduce concen-
trations to less than 1 mg/liter TOC in the finished water.

Other parameters that characterize the unidentified organic com-
pounds in wastewater are more discriminating than TOC. Many of the
approaches used to characterize such compounds were first developed to
characterize “natural” organic matter (NOM)—that is, the complex mix-
ture of organic compounds found in any natural aquatic system. Ana-
lytical approaches typically begin by broadly distinguishing between hy-
drophobic and hydrophilic compounds, then further subdividing these
into acidic, basic, and neutral compounds. These separations are based
on the pH-dependent affinities of the organic molecules for certain types
of commercially available adsorbing resins. The placement of a NOM
molecule in a particular category describes only its dominant characteris-
tic; any given organic molecule may contain multiple and disparate sub-
units that may not be characterized by these separations.

Other descriptors widely used to characterize organics in natural
waters include the organics’ molecular weight distribution, elemental
composition (e.g., percent C, N, O, H, P), functional group distribution
(e.g., aromatic versus aliphatic carbon), and chemical or biochemical clas-
sification (e.g., carbohydrates, amino acids). In general, the more sophis-
ticated and specific an analytical technique becomes, the smaller is the
fraction of the total organic content of a natural water or wastewater that
it can characterize. For instance, the characterization of organic matter
into (predominantly) acidic, basic, or neutral fractions can be applied to
virtually 100 percent of the organic compounds in a sample, whereas
attempts to identify compounds that fit into specific chemical classes char-
acterize only about 15 to 20 percent.

Usually, less than 1 percent of the organic carbon in the sample can
be identified as specific compounds. In one of the most intensive charac-
terization studies completed to date, Ding et al. (1996) identified approxi-
mately 10 percent of the dissolved organic matter in a highly treated
wastewater as specific compounds; somewhat more than half of the iden-
tifiable mass was ethylenediaminetetracetic acid (EDTA). Table 2-7
shows the results of this research.

Concentration, Isolation, and Identification
Methods

Considerable effort has been expended over the past two decades to
identify and characterize the complex mixture of chemicals in pristine
natural waters, municipal wastewaters, and treated wastewaters. Most of
this effort has been directed at organic compounds. As explained in Chap-
ter 4, concentration techniques are also used in the preparation of samples
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TABLE 2-7 Positive and Tentative Identifications and Estimated
Concentrations of Organic Residues from GAC and Chlorinated
GAC Effluents

Estimated
Concentration
(ng/liter)
Positive and Tentative Identification -
Peak or Compound Class MW* GAC  CI-GAC
1 CHj3-CO-CH(OC3Hy), (methyl glyoxal)b 174 2.8 9.6
2 Aldehyde compound N¢ 0.7 2.0
5 N,N,N-trimethylbenzeneamine® 135 0.9 —
6  Aldehyde compound N 0.8 0.6
10 CHj3-(C4H,0)-COOC;C; (methyl furylic acid)? 168 0.7 2.9
11 C,H5OCH,CH,CH,-CH(OC3H>), 218 77 18
12 Butanedioic acid, dipropyl ester® 202 5.1 13
15 C3H5-CH(OC3H,), 172 1.1 1.1
17 (C3H,0),CH-CH(OC3Hy), (glyoxal)b 262 44 11
19  Aldehyde compound N 0.8 1.4
20  Nitrilodiacetic acid (NDA), dipropyl ester® 217 0.7 1.8
22 Hexanedioic acid, dipropyl ester® 230 0.6 29
23 Diethoxypropoxydicarboxylic acid, dipropyl ester 276 1.6 2.7
24  Diethoxypropoxydicarboxylic acid, dipropyl ester 276 0.9 1.4
25  C3H,00C-CH,0-C3HzO-CH,-COOC3H, 276 3.4 5.9
28  Nitrilotriacetic acid (NTA), tripropyl ester® 317 0.9 2.0
29  C3H,00C-CH,0-(C3H0),-CH,-COOC3H, 334 1.5 2.7
30 Diethoxypropoxydicarboxylic acid, dipropyl ester ~ 334 1.2 1.8
31  Diethoxypropoxydicarboxylic acid, dipropyl ester ~ 334 1.0 1.5
32 C3H,00C-(C3Hg)-CyHy-OCH,-COOC3H, 322 14 —
33  C3H,00C-(C3Hg)-CyHy-OCH,-COOC3H, 322 83 —
34  Naphthalenedicarboxylic acid, dipropyl ester 300 7.8 16
35  C3H,00C-CH,-(C4Hg)-C¢Hy-OCH,-COOC3;H, 350 1.0 —
36 CgH,00C-(C3Hg)-(C3Hg)-CoHy-OCH,-COOC3H, 364 67 —
37  C3H,00C-(C3Hg)-CHy-OC,H,-OCH,-COOC3H, 366 1.7 —
38  C3H,00C-(C3Hg)-(C3Hg)-CoHy-OCH,-COOC3H, 364 11 —
39  C5H,00C-(C4Hg)-( C4Hg)-CcH,-OCH,-COOC3H, 392 1.0 —
40  C3H,00C-(C4Hg)-( C4Hg)-CxHy-OCH,-COOC3H, 392 1.5 —
41 Ethylenediaminetetraacetic acid (EDTA),
tetrapropyl ester® 460 110 140
42 C3H,00C-(C5Hy)-(C3Hg)-CoHy-OC,Hy-
OCH,-COOC3H, 408 09 —
43 C3H,00C-(C5Hg)-(C3Hg)-CgHy-OC,Hy-
OCH,-COOC3H; 408 21 —
44 C3H,00C-(C3Hg)-CHzBr-OCH,- COOC3H7 400 — 1.3
45 C3H,00C-(C5Hg)-CH3Br-OCH,- COOC3H7 400 — 1.3
46 C3H,O0C-(C5Hg)-CH3Br-OCH,- COOC3H7 422 — 2.0
47 C3H,00C-(C3Hg)-CHzBr-OCH,- COOC3H7 442 — 0.8

48 CyH;00C-(C3Hg)-(CyHg)-CoHyBr-OCoH,-OCH -
COCOC,H 486 — 2.0
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TABLE 2-7 Continued

NOTE: GAC = granular activated carbon; MW = molecular weight.

"Molecular weight calculated for the propylated derivative, obtained from i-butane
chemical ionization mass spectrum.

YChemical name in parentheses indicates the parent compound.

€A compound was considered positively identified if the spectra for the compound
agreed with reference spectra from the National Biological Survey and EPA-National
Institutes of Health libraries or if both its retention time and spectra agreed with
those of a standard, reference compound.

?Brominated compounds only found in chlorinated GAC effluent.

“N—not identified.

SOURCE: Reprinted, with permission, from Ding et al., 1996. © 1996 by Springer-
Verlag, New York.

for in vitro and in vivo toxicity testing of reclaimed water. Substantial
advances in these techniques can be attributed to improvements in three
areas:

1. concentrating the analytes—that is, selectively removing water
from the sample so that the analytes’ concentrations increase;

2. isolating the analytes—that is, selectively removing the analyte(s)
from solution so that their concentration increases and substances that
might interfere with the analysis are eliminated; and

3. developing new and improved analytical tools.

Although the quality of the reagents and instrumentation for carry-
ing out these tasks has improved in recent years, the basic approaches
have not changed. Rather, the techniques have been better integrated,
making the distinctions among them less critical. The most advanced
chemical characterization methods involve an extensive combination of
concentration, isolation, and analytical steps.

Techniques for concentrating nonvolatile organics include low-tem-
perature evaporation, membrane processes (reverse osmosis and nano-
filtration), and adsorption/desorption using macroreticular resins as the
adsorbent followed by elution by a solvent or by changing the pH. Lig-
uid or gas chromatography is often used to further isolate analytes, fol-
lowed by mass spectrometry for identification of specific compounds.

Techniques for concentrating chemical contaminants by removing
water from the sample pose a notable challenge—that of achieving the
required concentration without the concentrated compounds interacting
and creating a solution or solid substantially different from the starting
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material. For example, when a sample is evaporated to dryness and is
then re-contacted with a volume of water equal to the original volume, a
portion of the solid material often fails to redissolve, at least within a
time frame of hours to days. Even if some moisture is left in the sample,
some solids can precipitate and interfere with the recovery of trace or-
ganic chemicals or with the subsequent isolation steps. Organic com-
pounds are often co-precipitated with inorganic salts when water is re-
moved from the sample. Therefore, attempts are usually made to remove
the salts at various points in the concentration process.

When membrane processes are used to concentrate the organics, the
key parameters that can be specified are the pore size and composition of
the membrane being used. Because many organic compounds of interest
are larger than dissolved inorganic species, membranes with appropriate
pore sizes can partially overcome the problem of inorganic-organic inter-
actions because they retain the organics while allowing most of the
inorganics to pass through. The trade-off, of course, is that the mem-
brane also fails to collect the lower molecular weight organics. Sun et al.
(1995) reported that reverse osmosis (RO) could recover from 74 to 94
percent of the dissolved organic carbon in natural water samples, with
the average recovery approaching 90 percent. They pretreated the water
by passing it through a cation exchange resin to replace polyvalent cat-
ions with either H* or Na*, thereby reducing the likelihood of coagula-
tion or precipitation of the organics in the RO concentrate. The mem-
brane retained the small, uncharged organic acids less successfully than
it did the corresponding ionized species. Sun et al. reported that some of
the remaining organic matter could be recovered by rinsing the mem-
brane with dilute NaOH; this suggests that the organics had attached to
the membrane surface as an acidic precipitate or by an adsorption reac-
tion. Silica also precipitated in the RO unit in some applications, leading
to a severe reduction in the flux of water through the membrane, but this
had little effect on the recovery efficiency for dissolved organics.

Another common technique for concentrating organics from these
types of samples is adsorption/desorption onto macroreticular resins.
Different fractions of the organic mixture in the sample are sorbed de-
pending on the hydrophobicity of the resin and the elution technique.
Then different subfractions are collected depending on the chemistry of
the eluent. Most inorganic salts are not sorbed by the resins; therefore,
desalting of the column eluents is sometimes necessary. The technique
was first popularized by a group of researchers at the U.S. Geological
Survey in the late 1970s and early 1980s and has been used extensively
since then (Aiken et al., 1979; Leenheer, 1981, 1984; Leenheer and Noyes,
1984; Thurman and Malcolm, 1981). Over the years, numerous modifica-
tions to the process have been suggested to improve the recovery effi-
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ciency of organic compounds and/or the ability to isolate various
molecular groups. Aiken and Leenheer (1993) recently reviewed the tech-
nique and its capabilities, and Town and Powell (1993) examined some of
its limitations.

The hydrophilic fraction of natural organics is particularly difficult to
concentrate, isolate, and characterize because the inorganic salts in the
sample are difficult to separate from the target species. Leenheer (1996)
recently described an approach to overcome many of these problems by
a combination of adsorption, elution, precipitation, and selective dissolu-
tion steps that separate the hydrophilic organics into neutral, acidic, and
“ultra-acidic” fractions.

Once the organic compounds in a complex mixture have been sepa-
rated and concentrated by one or a combination of the techniques noted
above, the various fractions can be characterized by a number of analyti-
cal methods that focus on composite properties of the compounds. Com-
posite properties that are frequently reported include elemental composi-
tion; molecular weight distribution; UV, IR, and 'H- and 3C-NMR
(nuclear magnetic resonance) spectra of the samples; and GC-MS (gas
chromatography-mass spectrometry) spectra of the fractions, sometimes
after further processing, such as by pyrolysis.

Comparison of Wastewater to Natural Water

The physical, chemical, and biological processes that generate and
modify organic compounds in wastewater and in natural systems share
many similarities. For instance, the universality of basic metabolic path-
ways for the degradation of organic material ensures that most of the
biologically generated organic matter from these different sources will
have a great deal in common. Indeed, biological treatment processes in
wastewater plants have been developed using natural systems as mod-
els, with the engineering aimed largely at compressing the time and vol-
ume required for the natural processes to occur. Many of the abiotic
processes that remove organic molecules from solution in natural sys-
tems (chemical oxidation, photolysis, volatilization, and sorption) also
have analogues in wastewater treatment systems. As a result, the chemi-
cal characteristics of wastewater-derived and naturally derived organic
compounds probably overlap extensively.

Furthermore, after discharge to the ambient receiving water, organ-
ics of wastewater origin are gradually transformed into organics that
more closely resemble natural compounds. Gray and Bornick (1996) used
pyrolysis-GC-MS to analyze changes in the wastewater-derived mixture
after passage through an artificial wetlands. They reported that over
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time, the organics in the mixture increasingly shifted toward a distribu-
tion characteristic of natural systems.

On the other hand, researchers have identified some important dif-
ferences between natural and wastewater-derived organics. Some organic
compounds found not at all or only at low concentrations in natural sys-
tems appear at much higher concentrations in wastewater even after it
has been subjected to extensive treatment. Barber et al. (1996) illustrated
the use of several of these organic compounds to determine the origins of
organic contamination from municipal and industrial wastewater in the
Mississippi River (Table 2-8).

In an attempt to identify distinctive features that could be used as
indicators of wastewater contributions to a water sample, Peschel and
Wildt (1988) compared various characteristics of treated wastewaters with
those of natural waters. They reported that differences between waste-
water organics and natural organic matter from the Ruhr River were too
small to be useful for this purpose. On the other hand, Fujita et al. (1996)
concluded that aggregate parameters were useful for following “longer-
term processes involved in the turnover of organic carbon in aquifers”
and that specific organic compounds (such as EDTA and alkylphenoxy
ethoxycarboxylates, or APDCs) were useful as markers of wastewater. In
a similar study, researchers analyzed ground water in the Montebello
Forebay area, which is partially recharged with reclaimed water in
spreading basins (Nellor et al., 1984). They found that aliphatic com-
pounds comprised a substantially greater portion of the hydrophobic ac-
ids (the “fulvic acid” fraction) and that aromatic compounds existed in
smaller proportions in wells containing reclaimed water than in wells
less affected by human activity. The distinction apparently persists for
several years after reclaimed water is introduced into the aquifer. This
relationship probably derives from the fact that, in unperturbed environ-
ments, the precursor for much of the natural organic matter in water is
thought to be lignin, a highly aromatic polymer with limited solubility
that serves as a major structural component of plants. Further, natural
organic matter in reclaimed water has been subjected to more microbial
activity than natural organic matter in unperturbed water, and microbial
activity increases its solubility. Presumably for the same reason, the spe-
cific ultraviolet absorbance (or absorbance per unit mass of organic car-
bon) is lower in wastewater than in natural water without substantial
wastewater input (Debroux et al., 1996).

Risks of Nonionic Detergents in Reuse Systems

A group of nonionic detergents known as alkylphenylpolyethox-
ylates (or APnEOs, where n represents the number of ethoxy groups in
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TABLE 2-8 Organic Compounds Measured to Evaluate Wastewater
Contamination of the Mississippi River, 1987-1992

Contaminant

Abbreviation Compounds and Sources

Dissolved organic carbon

Fecal coliform bacteria

Methylene-blue-active substances

Linear alkylbenzenesulfonate

Nonionic surfactants

Adsorbable organic halogen

Fecal sterols

Polynuclear aromatic hydrocarbons

DOC

None

MBAS

LAS

NP, PEG

AOX

None

PNA

All natural and synthetic organic
compounds, regional-scale
natural sources

Bacteria derived from human
and animal fecal wastes; from
sewage effluents and feedlot
and agricultural runoff

Composite measure of synthetic
and natural anionic surfactants;
predominantly from municipal
sewage-wastewater discharges

Complex mixture of specific
anionic surfactant compounds
used in soap and detergent
products; primary source is
domestic sewage effluent

Complex mixture of compounds
derived from nonionic
surfactants that includes
nonylphenol (NP) and
polyethylene glycol (PEG)
residues; from sewage and
industrial sources

Adsorbable halogen-containing
organic compounds, including
by-products from chlorination
of DOC and synthetic organic
compounds, solvents, and
pesticides; from multiple
natural and anthropogenic
sources

Natural biochemical compounds
found predominantly in human
and livestock wastes; primary
source is domestic sewage and
feedlot runoff

Complex mixture of compounds,
many of which are priority
pollutants; from multiple
sources associated with
combustion of fuels

Table continues on next page
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TABLE 2-8 Continued

Contaminant Abbreviation Compounds and Sources

Caffeine None Specific component of beverages,
food products, and medications
specifically for human
consumption; most significant
source is domestic sewage
effluent

Ethylenediaminetetraacetic acid EDTA Widely used synthetic chemical
for complexing metals; from a
variety of domestic, industrial,
and agricultural sources

Volatile organic compounds VOCs A variety of chlorinated solvents
and aromatic hydrocarbons;
predominantly from industrial
and fuel sources

Semivolatile organic compounds TTT, THAP Wide variety of synthetic organic
chemicals including priority
pollutants and compounds
such as trimethyltriazinetrione
(TTT) and trihaloalkyl-
phosphates (THAP);
predominantly from industrial
sources

SOURCE: Modified from U.S. Geological Survey, 1996.

the polymer) have received a great deal of attention lately because their
breakdown products have been identified as potential hormone dis-
ruptors (U.S. EPA, 1997). Extremely low concentrations of these com-
pounds have been shown to cause hormonal changes in fish; effects on
humans are not yet established. Most types of household and industrial
detergents contain a mixture of such compounds, with n values ranging
from 1 to at least 18 and perhaps higher (Ahel et al., 1994b). Although the
detergent molecules themselves are thought to be relatively innocuous,
waste treatment breaks them down to smaller AP(#EO) compounds (al-
most all with n equal to 1 or 2), alkyl phenols (APs), and alkylphenylpoly-
ethoxycarboxylates (AP(nEC)s), which are more toxic than the parent
compounds (Ahel et al., 1994b).

Over the last two decades, Giger and various colleagues have exten-
sively studied the fate of the detergent compounds and their metabolites
in wastewater treatment systems and downstream (e.g., Ahel et al., 1994a,
1994b, 1996; Field et al., 1995; Giger et al., 1981, 1984). Detergent break-



CHEMICAL CONTAMINANTS IN REUSE SYSTEMS 67

down products resist further degradation and can accumulate in the en-
vironment. AP compounds, for instance, are hydrophobic and tend to
accumulate in the sludge generated during waste treatment or to adsorb
to organic matter in the receiving system (or in the soil if the wastewater
is used for aquifer recharge via soil infiltration). AP(nEO) compounds are
somewhat hydrophobic and may be present in either sludge or aqueous
effluent, from which they are likely to be removed subsequently by sorp-
tion and/or biological degradation. AP(nEC) compounds, on the other
hand, are hydrophilic and highly resistant to degradation, so they persist
in the treated effluent far downstream of the discharge point. Fujita et al.
(1996) found that AP(nEC) compounds persist through most tertiary
waste treatment processes (lime addition and coagulation, rapid sand
filtration, activated carbon adsorption, chlorination). That study also
found, however, that these compounds might be altered by carboxyla-
tion of the alkyl group and, possibly, bromination of the aromatic ring. In
addition, Fujitsu et al. (1996) found that reverse osmosis efficiently re-
moved AP(nEC) compounds from the reclaimed water.

The AP(nEO)-AP(nEC) system (including the carboxylated and bro-
minated derivatives) exemplifies the subtlety and complexity of the
chemical/toxicological issues associated with using wastewater to aug-
ment potable water supplies. Wastewater often contains a potentially
large number of chemicals and other environmental agents suspected of
affecting human and animal endocrine systems in addition to breakdown
products of nonionic detergents. General removal of TOC in advanced
wastewater treatment systems would probably reduce concentrations of
these compounds, but this issue has not been examined. As more or-
ganic chemicals are identified in wastewater at lower concentrations and
as their biochemical effects are better understood, these health issues will
arise more frequently. The development of rational approaches for un-
derstanding and reducing the associated risk from mixtures of organic
chemicals should be a key goal for future research.

Use of Surrogate Parameters

The absence of a reliable technique for detecting a compound or
quantifying its potential concentration in reclaimed water creates signifi-
cant uncertainty regarding health risks to the water’s consumers. The
impossibility of identifying the complete mix of compounds present in a
wastewater or a water supply source means that such uncertainty will
remain a perpetual issue in evaluations of potable reuse of wastewater.
This uncertainty could be partly reduced by a reliable method for toxico-
logical testing that could establish a measure of safety even when indi-
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vidual contaminants cannot be identified. Chapters 4 and 5 discuss such
toxicological testing issues.

Another approach is to establish a quantifiable limit of a surrogate or
composite parameter that would provide some information on the con-
centration or behavior of unknown or suspected target compounds. The
total organic carbon concentration, for instance, is widely used as a prac-
tical evaluator of water and wastewater treatment processes. Some would
argue that a parameter as indiscriminating as TOC provides negligible
value for indicating potential hazards associated with consumption of a
water; this assertion is probably justified if one wishes to compare the
risk associated with organics in different water sources, each of which
contains several milligrams of TOC per liter. Further, from a strict public
health perspective, removal of TOC is of limited objective value.

However, removing TOC from a water supply by any treatment pro-
cess almost certainly reduces (though not necessary proportionally) the
concentration of potentially hazardous, unidentified organic compounds.
Diluting wastewater, as by discharging it into a receiving water, has a
similar effect. Either method of reducing the contribution of treated
wastewater to the DOC or TOC of a water source in a reuse situation
might reduce user exposure to hazardous, unidentified wastewater com-
pounds.

Other surrogate parameters may provide qualitative rather than
quantitative information about unidentified organics. For instance, if two
treated wastewaters contain equal concentrations of TOC, but one has a
larger hydrophobic component and correspondingly greater value for
specific ultraviolet light absorption, those differences undoubtedly re-
flect real and possibly important differences in the suites of organic com-
pounds contributing to the TOC. Such analyses may make it possible to
design an AWT process that targets classes of compounds specific to or
particularly enriched in wastewater. Such a treatment process would con-
vert the wastewater’s population of organic molecules to one resembling
naturally occurring populations. Unfortunately, such an approach begs
the question of whether the distinctions being detected and reduced have
significant health risks. For example, if the wastewater organics are rela-
tively enriched in polysaccharides (a component of most foods), does it
make sense to focus on polysaccharide removal simply to cause the mix
of waste-derived organics to appear (and perhaps to be) more like natu-
ral organics?

Analytical chemistry techniques alone cannot address the question of
risks from unknown organic chemicals. Toxicological methods must be
used. However, the chemistry and toxicology can inform one another to
identify the most promising and least promising areas of investigation.
For example, the threat posed by endocrine disrupters was recently dis-
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covered when toxicological findings regarding abnormalities in fish in-
spired a search for possible explanations in wastewater effluents and re-
ceiving waters. That search identified several compounds that might be
responsible, including both synthetic chemicals produced industrially
and natural compounds produced as human metabolites. In the future, it
seems increasingly likely that new compounds of concern will be identi-
fied by this sequence of events. Chapters 4 and 5 discuss in more detail
such toxicological methods and issues relevant to potable reuse.

CONCLUSIONS

Municipal wastewater contains many chemicals that present known
or potential health risks if ingested and that must be removed or reduced
before such water is reused to augment a drinking water supply. Such
chemical contaminants fall into three groups: (1) inorganic chemicals
and minerals that are present naturally in the potable water supply; (2)
chemicals created by industrial, commercial, and other human activities
in the wastewater service area; and (3) chemicals that are added or gen-
erated during water and wastewater treatment and distribution pro-
cesses. Any project to reclaim and reuse such water to augment drinking
supplies must adequately account for all three categories of contaminants.

RECOMMENDATIONS

The recommendations below suggest several important guidelines
for protecting against risks from chemical contaminants in potable reuse
systems.

® The research community should study in more detail the organic
chemical composition of wastewater and how it is affected by treat-
ment, dilution, soil interaction, and injection into aquifers. Wastewa-
ter contains a much greater number of compounds than is covered by
drinking water standards. The composition of wastewater and fate of the
compounds it contains need to be better understood to increase the cer-
tainty that health risks of reclaimed water have been adequately con-
trolled through treatment and transport and storage in the environment.

* Projects proposing to use wastewaters as drinking water sources
should document all major chemical inputs into the wastewater. To the
extent that domestic inputs to wastewaters can be assumed to be consis-
tent throughout the United States, projects can estimate household chemi-
cal inputs on a per capita basis. For industrial inputs, projects should
undertake a major effort to quantify the inputs of industrial chemicals,
paying special attention to chemicals of greatest health concern.
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¢ For contaminants addressed by existing federal drinking water
standards, reuse projects should bring concentrations within those
standards” guidelines through a combination of source control within
the service area, removal by secondary or tertiary waste treatment pro-
cesses, dilution or removal in the receiving water, and removal in the
drinking water treatment plant. The regulations provided by the Safe
Drinking Water Act and other federal guidelines cannot alone ensure the
safety of drinking water produced from wastewater. However, for the
contaminants they do address, those regulations are the best means avail-
able for judging the water’s suitability for potable use.

® The research community should determine whether chlorination
of wastewater leads to formation of unique disinfection by-products or
provides conditions that would lead to formation of higher levels of
nonregulated but highly toxic by-products. Whether reclaimed water
forms significantly different by-products than natural waters upon disin-
fection is not yet clear. Clear guidance presently being developed for
these common by-products in drinking water will make it easier to assess
any threat they pose.

¢ The risks posed by unknown or unidentifiable chemicals in re-
use systems should be managed by a combination of reducing concen-
trations of general contaminant classes, such as total organic carbon,
and conducting toxicological studies of the water. Because it will never
be possible to identify all the potentially harmful chemicals in treated
wastewater, it will never be possible to definitively say the risk they pose
has been reduced to acceptable levels. Nevertheless, in the absence of
contravening data, one can generally assume that reducing the concen-
tration of general categories of contaminants, such as TOC, also reduces
risks posed by specific contaminants. If the proper controls and monitor-
ing of wastewater inputs are in place, the health concerns associated with
total organic carbon of wastewater origin should diminish as its overall
contribution to the water supply diminishes. Implementation of these
precautionary measures will reduce but not necessarily eliminate the
need for toxicological studies and monitoring. Although establishing a
TOC limit for potable reuse appears to be a legitimate risk management
strategy, the nature of the organic carbon will influence what the limit
should be. The committee believes this judgment should be made by
local regulators, integrating all the information they have available to
them concerning a specific project.

¢ Finally, any reuse project should include a focused program for
monitoring and ensuring the safety of the product water. This program
should be updated periodically as inputs to the system change or as its
results reveal areas of weakness. Pretreatment requirements, wastewater
treatment processes, and/or monitoring requirements may need to be
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modified to protect public health from exposure to specific chemical con-
taminants.
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Microbial Contaminants in
Reuse Systems

Traditionally, bacterial and other indicators have been
used to evaluate the effectiveness of water and wastewater treatment
systems in inactivating microorganisms. Except for special studies, rela-
tively little occurrence information is available for the pathogens that
actually pose health risks. Over the past few years, however, renewed
attention has been given the health risks from microbial contamination of
drinking water, and nationwide monitoring programs are being insti-
tuted. In the meantime, much of the information available on specific
pathogens comes from microbial monitoring and studies of nonpotable
and some potable reuse projects. Knowing the occurrence and concentra-
tion of specific pathogens in reclaimed water is critical to determining
exposure and thus assessing the potential health risks of potable water
reuse.

WATERBORNE DISEASES

Microorganisms associated with waterborne disease are primarily
enteric pathogens, which have a fecal-oral route of infection (either
human-to-human or animal-to-human) and survive in water. These bac-
teria, viruses, and protozoa can be transmitted by consumption of fecal-
contaminated water, but they can also be spread through person-to-per-
son contact, contaminated surfaces, and food. Any potable water supply
receiving human or animal wastes can be contaminated with microbial
agents. Even pristine water supplies have been associated with disease
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TABLE 3-1 Common Infectious Agents Potentially Present in

Untreated Municipal Wastewater

Agent

Disease

Protozoa
Entamoeba histolytica
Giardia lamblia
Balantidium coli
Cryptosporidium

Helminths
Ascaris (roundworm)
Trichuris (whipworm)
Taenia (tapeworm)

Bacteria
Shigella (4 spp.)
Salmonella typhi
Salmonella (1700 serotypes)
Vibrio cholerae
Escherichia coli (enteropathogenic)
E. coli 0157:H7 (enterohemorrhagic)
Yersinia enterocolitica
Leptospira (spp.)
Legionella pneumophila
Campylobacter jejuni

Viruses
Enteroviruses (72 types)
Poliovirus
Echovirus

Coxsackie A
Coxsackie B

Norwalk
Hepatitis A virus
Adenovirus (47 types)
Rotavirus (4 types)
Parvovirus (3 types)
Reovirus (3 types)
Astrovirus (7 types)
Calicivirus (2-3 types)
Coronavirus

Amebiasis (amebic dysentery)
Giardiasis

Balantidiasis (dysentery)
Cryptosporidiosis, diarrhea, fever

Ascariasis
Trichuriasis
Taeniasis

Shigellosis (dysentery)

Typhoid fever

Salmonellosis

Cholera

Gastroenteritis

Bloody diarrhea

Yersiniosis

Leptospirosis

Legionnaire’s disease, Pontiac fever
Gastroenteritis

Paralysis, aseptic meningitis

Fever, rash, respiratory illness, aseptic
meningitus, gastroenteritis, heart disease

Herpangina, aseptic meningitus,
respiratory illness

Fever; paralysis; respiratory, heart, and
kidney disease

Gastroenteritis

Infectious hepatitis

Respiratory disease, eye infections

Gastroenteritis

Gastroenteritis

Not clearly established

Gastroenteritis

Gastroenteritis

Gastroenteritis

SOURCE: Adapted from Hurst et al., 1989; Sagik et al., 1978.
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outbreaks, presumably due to Giardia contamination from wildlife in the
watershed.

Table 3-1 shows the bacteria, viruses, and protozoan parasites poten-
tially present in untreated municipal wastewater. Wastewater may also
contain helminths (intestinal worms), but these waterborne parasites will
not be discussed in this report because conventional wastewater treat-
ment removes helminths and their relatively large ova and cysts. Other
microorganisms, such as Legionella, are sometimes classified as water-
borne disease agents but will not be addressed because their airborne
routes of transmission are distinctly different from the transmission
routes of enteric microbial agents.

Concerns over particular waterborne microorganisms have changed
over the years due to improved sanitary conditions, the use of preventive
medicine, and improved microbiological and epidemiological methods
for identifying the microorganisms responsible for outbreaks. Microor-
ganisms were first identified as agents of waterborne disease during the
cholera outbreak in England in the 1860s. In the 1920s, typhoid fever was
linked to the waterborne bacterium Salmonella typhi. Giardia, a water-

1,000

2 100 -
8

S TYPHOID
3

3

£ 10

S

5

3

IS

2 14

0.1 T T T T T
1920-30 1931-40 1941-50 1951-60 1961-70 1971-80 1981-90

Years
FIGURE 3-1 Changing trends in waterborne diseases in the United States in the

twentieth century. NOTE: AGI = acute gastrointestinal illness of unknown etiol-
ogy; HAV = hepatitis A virus.
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borne protozoan, rose as a major concern in the 1960s; rotavirus and
Norwalk virus were associated with a large number of outbreaks begin-
ning in the 1970s; and Cryptosporidium, also a protozoan, was first associ-
ated with waterborne outbreaks in the 1980s (Figure 3-1).

Much of the information on the etiology of waterborne disease comes
from investigations of outbreaks by state and local health departments
and from voluntary reporting by physicians to the surveillance program
maintained by the Centers for Disease Control and Prevention (CDC)
and the Environmental Protection Agency (EPA). When an outbreak
occurs and waterborne pathogens are suspected, epidemiological stud-
ies are conducted to identify whether water is the vehicle of transmis-
sion. If possible, the etiologic agent is determined by detection in clinical
specimens collected from outbreak victims. For gastrointestinal illness,
routine stool examinations by hospital laboratories typically include cul-
turing for Salmonella, Shigella, and Campylobacter bacteria. At the specific
request of a physician, many laboratories can also test for rotavirus, Giar-
dia, and Cryptosporidium. Nevertheless, no specific agent is identified in
many outbreaks, leaving the cause classified only as acute gastrointesti-
nal illness of unknown etiology (AGI). Before 1982, in fact, most water-
borne outbreaks reported were listed as AGIL. Poor collection of clinical
and/or water samples and limitations of diagnostic techniques for many
enteric pathogens can prevent accurate determination of the pathogen.
Clinical symptoms suggest that many of the AGI outbreaks may be due
to viral agents, such as Norwalk virus and related human caliciviruses.

Diseases From Enteric Bacteria

Enteric bacteria are associated with human and animal feces and may
be transmitted to humans through fecal-oral transmission routes. Most
illnesses due to enteric bacteria cause acute diarrhea, and certain bacteria
tend to produce particularly severe symptoms. As measured by hospi-
talization rates during waterborne disease outbreaks (that is, the percent-
age of illnesses requiring hospitalization), the most severe cases are due
to Shigella (5.4 percent), Salmonella (4.1 percent), and pathogenic Escheri-
chia coli (14 percent) (Gerba et al., 1994). There is now evidence suggest-
ing that Campylobacter, Shigella, Salmonella, and Yersinia may also be asso-
ciated with illness that causes arthritis in about 2.3 percent of cases (Smith
et al., 1993).

Most E. coli are common, harmless bacteria found in the intestinal
tracts of humans and animals, but some forms of E. coli are pathogenic
and cause gastroenteritis. A particular strain, E. coli O157:H?7, is entero-
hemorrhagic (causes bloody diarrhea), and 2 to 7 percent of infections
have resulted in hemolytic uremic syndrome (HUS), in which red blood
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TABLE 3-2 Waterborne Bacterial Agents of Concern

Average Reported Annual

Cases in the Case-Fatality Percent

Bacteria United States Rate (%)% Waterborne?
Campylobacter 8,400,000 0.1 15
Pathogenic Escherichia

coli 2,000,000 0.2 75
Salmonella nontyphoid 10,000,000 0.1 3
Shigella 666,667 0.2 10
Yersinia 5,025 0.05 35

“The number of deaths per case expressed as a percentage and based on total cases
and deaths reported annually to the CDC.
bPercentage of cases attributed to water contact or water consumption.

SOURCE: Reprinted by permission of Elsevier Science from Bennett et al., 1987. ©1987 by
American College of Preventive Medicine.

cells are destroyed and the kidneys fail. HUS has one of the highest mor-
tality rates of all waterborne diseases. The microbial reservoir for E. coli
O157:H7 appears to be healthy cattle, and transmission can occur by in-
gestion of undercooked beef or raw milk as well as by contaminated
water. Two waterborne outbreaks of E. coli O157:H7 have been reported
in the United States (CDC, 1993). Drinking water was associated with an
outbreak of E. coli O157:H7 involving 243 cases, 32 hospitalizations, and 4
deaths in a Missouri community in 1989. Unchlorinated well water and
breaks in the water distribution system were considered to be contribut-
ing factors. The other waterborne outbreak of E. coli O157:H7 involved
80 cases in Oregon in 1991 and was attributed to recreational water con-
tact in a lake (Oregon Health Division, 1992). Prolonged survival of E.
coli O157:H7 in water has been reported by Geldreich et al. (1992), who
observed only a 2 log (99 percent) reduction after 5 weeks at 5°C.
Classical waterborne bacterial diseases such as dysentery, typhoid,
and cholera, while still very important worldwide, have dramatically de-
creased in the United States since the 1920s (Craun, 1991). However,
Campylobacter, nontyphoid Salmonella, and pathogenic Escherichia coli have
been estimated to cause 3 million illnesses per year in the United States
(Bennett et al., 1987). Hence, enteric bacterial pathogens remain an im-
portant cause of waterborne disease in the United States. Table 3-2 shows
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the number of enteric bacterial illnesses, the case-fatality rate reported
annually from all cases, and the percentage of illnesses attributed to con-
taminated water supplies, which ranges from 3 to 75 percent. Enteric
bacteria caused 14 percent of all waterborne disease outbreaks in the
United States from 1970 to 1990 (Craun, 1991).

Diseases From Enteric Protozoa

The enteric protozoan parasites produce cysts or oocysts that aid in
their survival in wastewater. Important pathogenic protozoa include Giar-
dia lamblia, Cryptosporidium parvum, and Entamoeba histolytica. (Helminth
ova are present in untreated wastewater; however, they are relatively
large and tend to drop out of effluent after primary and secondary treat-
ment.) Waterborne outbreaks of amebic dysentery, caused by Entamoeba,
have not been reported in the United States in over 15 years (Bennett et
al., 1987). Giardia is recognized as the most common protozoan infection
in the United States and remains a major public health concern (Craun,
1986; Kappus et al., 1992). The reported incidence of waterborne giardia-
sis has increased in the United States since 1971 (Craun, 1986). An aver-
age of 60,000 cases are reported annually, and 60 percent are estimated to
be waterborne (Bennett et al., 1987). Because Giardia is endemic in wild
and domestic animals, infection can result from water supplies that have
no wastewater contribution. Densities of Giardia cysts in untreated waste-
water have been reported as high as 3375 per liter (Sykora et al., 1991).

TABLE 3-3 Illness Rates From Enteric Viruses

Annual Reported

Cases in the Case-Fatality Morbidity
Virus Group United States? Rate (%) Rate (%)
Enteroviruses 6,000,000 0.001 Not known
Poliovirus 7 0.90 0.1-1
Coxsackievirus A Not known 0.50 50
Coxsackievirus B Not known Not known 0.59-0.94
Echovirus Not known Not known 50
Hepatitis A virus 48,000 0.6 75
Adenovirus 10,000,000 0.01 Not known
Rotavirus 8,000,000 0.01 56-60
Norwalk agent 6,000,000 0.0001 40-59

ACases reported to the CDC in 1985.

SOURCE: Bennett et al., 1987; Gerba and Rose, 1993.
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TABLE 3-4 Emerging and Potential Waterborne Enteric Pathogens

Microorganism Description Clinical Syndrome
Calicivirus Group of “small round Acute gastroenteritis, major
structured viruses” cause of outbreaks of
approx. 27-35 nm nonbacterial, acute
diameter, SS? RNA. gastroenteritis
Includes Norwalk virus,
Snow Mountain virus,
and Hawaii virus
Astrovirus Small, round structured Acute gastroenteritis,

Enteric adenovirus

Enteric coronavirus

Torovirus

Picornavirus

Pestivirus

Helicobacter pylori

virus approx. 28-30 nm
diameter, SS RNA,
7 serotypes

Approx. 70-80 nm
diameter, DS DNAP
virus, mainly serotypes
40 and 41

Between 100 and 150 nm
diameter, enveloped SS
RNA virus; major
gastrointestinal pathogens
of animals, putative enteric
pathogens for humans

Enveloped. Approx. 100-150
nm diameter, SS RNA
viruses; well-established
enteric pathogens for
animals, putative enteric
pathogens for humans

Approx. 25-30 nm diameter,
double-stranded RNA
viruses

Single-stranded RNA viruses

Typically, curved, gram-
negative rods 3 x 0.5 um,
microaerophilic

mainly in children and
the elderly

Gastroenteritis with duration
of 7-14 days; associated
with 5-12% of pediatric
diarrhea

Acute gastroenteritis

Acute gastroenteritis

Diarrhea

Pediatric diarrhea

Colonization of stomach
causes persistent low-grade
gastric inflammation;
chronic infections may
result in peptic ulcers and
gastric cancer



MICROBIAL CONTAMINANTS IN REUSE SYSTEMS 81

Evidence of Waterborne
Transmission

Reports of Occurrence References

Numerous reports of
waterborne outbreaks

Waterborne outbreaks
have been reported

None, but known to have
fecal-oral transmission

None, but epidemiologic
evidence of fecal-oral
transmission

None

None

None

Probable fecal-oral
transmission; some
epidemiologic studies
have implicated type
of water supply as an
important risk factor

Methods to detect in water Kapikian et al., 1996
are currently being

developed

No methods to detect in Matsui and Greenberg,
water 1996

Has been recovered from Foy, 1991
sewage Petric, 1995

No methods to detect in McIntosh, 1996
water

No methods to detect in Koopmans et al, 1991,
water 1993

No methods to detect in Pereira et al., 1988
water

No methods to detect in Yolken et al., 1989
water

Lab studies demonstrated Enroth and Engstrand,
H. pylori survival for 10 1995
days in freshwater; also Shahamat et al., 1989
evidence of prolonged West et al., 1990

survival as viable,
nonculturable coccoid bodies.
Recent report of PCR method
to detect H. pylori in water®

Table continues on next page
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TABLE 3-4 Continued

Microorganism Description Clinical Syndrome
Cyclospora cayetanensis ~ Protozoa with oocysts 8-10 Prolonged, self-limited
um in diameter diarrhea with average

duration of 30 days

2SS RNA = single-strand RNA.
bDS DNA = double-strand DNA.
‘PCR = polymerase chain reaction.

Giardia has also been detected in treated effluent and is much more resis-
tant to disinfection with chlorine than bacteria.

Cryptosporidium was first described as a human pathogen in 1976.
Cryptosporidiosis causes severe diarrhea; no pharmaceutical cure exists.
Average infection rates in the United States, as measured by oocyst ex-
cretion in a population, have ranged from 0.6 to 20 percent (Fayer and
Ungar, 1986). The disease can be particularly hazardous for people with
compromised immune systems (Current and Garcia, 1991). Since 1985,
seven reported waterborne outbreaks of cryptosporidiosis have occurred
in the United States (Lisle and Rose, 1995). In 1993, Cryptosporidium was
responsible for the largest waterborne disease outbreak ever recorded in
the United States, causing approximately 400,000 illnesses in Milwaukee,
Wisconsin. This outbreak was attributed to contamination of the surface
water supply by either animal or human wastes (MacKenzie et al., 1995).
All research to date suggests that the current standards for water chlori-
nation are inadequate for inactivation of Cryptosporidium oocysts (Korick
et al., 1990; Peeters et al., 1989). Cryptosporidium oocysts have been de-
tected in municipal wastewater, but their concentrations and removal by
wastewater treatment processes have not been fully evaluated (Madore
et al., 1987; Rose et al., 1996; Villacorta-Martinez et al., 1992).

Diseases From Enteric Viruses

The enteric viruses are obligate human pathogens, which means they
replicate only in the human host. Viruses are the smallest pathogenic
agents. Their simple structure of a protein coat surrounding a core of



MICROBIAL CONTAMINANTS IN REUSE SYSTEMS 83

Evidence of Waterborne

Transmission Reports of Occurrence References
Epidemiologic case- Methods to detect in water Ortega et al., 1993
control study in Nepal are currently under Shlim et al., 1991

implicated consumption development

of untreated water as

a risk factor; 1990 outbreak
in Chicago associated with
rooftop water storage tanks

genetic material (DNA or RNA) allows prolonged survival in the envi-
ronment. There are more than 120 identified human enteric viruses.
Some of the better described viruses include the enteroviruses (polio-,
echo-, and coxsackieviruses), hepatitis A virus, rotavirus, and Norwalk
virus. Most enteric viruses cause gastroenteritis or respiratory infections,
but some may produce a range of diseases in humans, including en-
cephalitis, neonatal disease, myocarditis, aseptic meningitis, and jaun-
dice (Gerba et al., 1995, 1996, Wagenkneckt et al., 1991; see Table 3-1).
Cases of poliovirus are low in the United States due to almost universal
immunization. Table 3-3 shows the average number of viral illnesses
that occur annually in the United States for the different enteric viral
groups. No general estimates exist regarding the percentage of viral ill-
nesses attributable to contaminated water supplies.

Norwalk and Norwalk-like viruses cause most waterborne viral dis-
eases. Norwalk virus usually causes mild diarrhea that lasts on average
for two days. A significant portion of the waterborne outbreaks reported
as AGI are probably caused by Norwalk-like viruses that are not identi-
fied because of diagnostic limitations; Kaplan et al. (1982) suggested that
such viruses may cause 23 percent of all waterborne outbreaks reported
as AGI. From 1989 to 1992, contaminated drinking water was implicated
in four outbreaks associated specifically with Norwalk-like viruses and
hepatitis A virus (Herwaldt et al., 1992; Moore et al., 1993). During the
same period, 37 waterborne outbreaks of AGI affected 15,769 people. In
85 percent of the outbreaks, the water quality met national drinking wa-
ter standards for coliform bacteria.



84 ISSUES IN POTABLE REUSE

Emerging and Unknown Waterborne Pathogens

One concern about potable reuse of reclaimed water is the potential
health risk from little-known or unknown pathogens. In more than half
of all reported outbreaks of waterborne disease, no etiologic agent was
ever determined. Some outbreaks that were thoroughly investigated sug-
gest the existence of unrecognized pathogens. For example, “Brainerd
diarrhea,” first described in an outbreak in Brainerd, Minnesota, in 1983
(Osterholm et al., 1986), is characterized by chronic diarrhea lasting an
average of 12 to 18 months. Similar symptoms were noted in several
subsequent outbreaks in seven other states where the disease etiology
was associated with poor-quality or untreated drinking water (Parsonnet
et al., 1989). Intense microbiological analyses failed to identify any etio-
logic agent for this syndrome.

“Emerging” infectious diseases have been defined as those whose
incidence in humans has increased within the past two decades or threat-
ens to increase in the near future (Institute of Medicine, 1992). Some
infectious agents, such as Cryptosporidium, were first described in the past
10 to 20 years but have more recently emerged as major causes of water-
borne disease. Drinking water from potable reuse systems may pose a
risk of exposure to emerging enteric pathogens because raw wastewater
contains many enteric pathogens, the removal of which by treatment pro-
cesses can only be inferred by other measures of microbial quality. The
occurrence and health significance of many of these agents in finished
drinking water are currently unknown.

Table 3-4 summarizes information on a number of recently recog-
nized enteric pathogens known to have waterborne transmission or to
have the potential for waterborne transmission via fecal-contaminated
water. The table includes the sizes of these organisms (when known),
since this may be relevant to their removal by specific water and waste-
water treatment processes. (Several emerging enteric waterborne patho-
gens that are important outside the United States e.g., hepatitis E virus,
group B rotavirus, and Vibrio cholerae O139 are not discussed here be-
cause these infections have not been transmitted within the United
States.)

Norwalk virus and related human caliciviruses are considered emerg-
ing pathogens because new diagnostic techniques have recently identi-
fied their roles as major waterborne and foodborne pathogens. A num-
ber of other viruses are known or putative enteric pathogens. However,
little or no evidence exists regarding waterborne transmission of these
organisms. Methods to detect them in water and wastewater have not
been developed, and little or no information exists about their survival or
transmission in water. For instance, astroviruses are recently recognized
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enteric pathogens. Initially there were only a few anecdotal reports of
transmission by contaminated water in the literature (Kurtz and Lee,
1987). More recently, large outbreaks and the importance of astroviruses
have been recognized, and evidence for waterborne transmission is
mounting (Abad et al., 1997). Enteric adenoviruses (serotypes 40 and 41,
also known as subgenus F) are DNA viruses that are a common cause of
pediatric diarrhea. Although adenoviruses have been recovered from
sewage (Foy, 1991), there has been no evidence of drinking water water-
borne transmission, though recreational outbreaks have been reported
(Crabtree et al., 1997).

Coronaviruses were first observed in feces of persons with gastroen-
teritis by electron microscopy in 1975, but since then they have also been
frequently detected in the feces of healthy people; their etiologic role in
human diarrhea remains doubtful. Epidemiologic evidence suggests that
fecal-oral transmission and personal hygiene may be key factors in trans-
mission since several studies have noted that the highest prevalence rates
were among populations with poor personal hygiene (Caul, 1994).

Toroviruses, which are well-established enteric pathogens of cattle
and horses, have been found in stool samples from children and adults
with diarrhea (Koopmans et al., 1991, 1993) but have remained uncon-
firmed as human pathogens. Similarly, picornavirus and pestivirus have
been detected in fecal specimens from adults and children with diarrhea,
but their clinical significance is not known.

The pathogenic bacterium Helicobacter pylori, formerly referred to as
Campylobacter pylori, causes indigestion and abdominal pain, and chronic
infection may result in peptic ulcers and gastric cancer. H. pylori infec-
tions occur throughout the world, and the prevalence of infection in-
creases with age. Fecal-oral transmission of H. pylori infection has been
suggested by several studies that implicated crowding, socioecomonic
status, and consumption of raw, sewage-contaminated vegetables as risk
factors for infection (Hopkins et al., 1993; Mendall et al., 1992; Mitchell et
al., 1992). Studies in Peru have identified type of water supply (munici-
pal vs. community wells) as a risk factor for infection with H. pylori and
found that water source appeared to be a more important risk factor than
socioeconomic status; children from high-income families who received
their water from the Lima municipal water supply, which comes from a
surface water source, were 12 times more likely to become ill than high-
income children who drank well water, with community wells posing a
higher risk than treated municipal supplies (Klein et al., 1991). Yet a
seroprevalence survey of 245 healthy children in Arkansas found no rela-
tion between H. pylori seropositivity and type of water supply (municipal
or well) (Fiedorek et al., 1991). However, the levels of fecal contamina-
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Channels containing water hyacmths, used to prov1de secondary treatment at
San Diego’s Aqua II pilot facility. Photo by Joe Klein.

tion in the Peruvian water sources were likely substantially higher than
those in Arkansas.

Cyclospora cayetanensis, formerly called “cyanobacterium-like bodies”
(CLB) or “big Cryptosporidium,” was identified as a new protozoan patho-
gen of humans in 1993 (Ortega et al., 1993). The organism causes persis-
tent diarrhea. Outbreaks and case reports of Cyclospora diarrhea have
been associated with exposure to fecal-contaminated water and fruit that
may have been irrigated with fecal-contaminated water (Hale et al., 1994;
Shlim et al., 1991). Cyclospora has also been implicated in waterborne
transmission, but not as often as Cryptosporidium and Giardia. In June
1994, several cases of diarrhea were detected among British soldiers and
dependents stationed in a small military detachment in Pokhara, Nepal
(Rabold et al., 1994). The drinking water for the camp was a mixture of
river and municipal water that was treated by chlorination. A candle
filtration system was also used to remove particles but was not guaran-
teed to filter Cyclospora-sized particles. Cyclospora was detected in 75
percent of the diarrhea samples examined, and a water sample taken
from the camp contained Cyclospora oocysts. Twenty-one cases of pro-
longed diarrhea in employees and staff physicians were noted on July 9,
1990, in a Chicago hospital (Huang et al., 1995). Upon investigation,
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Cyclospora oocysts were identified in the stools. Epidemiological investi-
gations implicated the tap water in the physicians” dormitory and indi-
cated that the storage tank may have been contaminated. Although this
outbreak has been identified as a waterborne outbreak, a plausible sce-
nario for the contamination of the water has not been developed.

Another set of emerging protozoan pathogens is microsporidia—a
general term that describes a large group of primitive, obligate, intracel-
lular protozoa. Most reported cases of microsporidial infections have
occurred among persons infected with human immunodeficiency virus
(HIV) (Bryan et al., 1991), and recent epidemiological studies suggest that
one species, Enterocytozoon bieneusi, is an important cause of chronic diar-
rhea in patients with AIDS (Weber et al., 1992). The development of
methods to detect H. pylori, Cyclospora cayetanensis oocysts, and micro-
sporidia spores in water and wastewater and to evaluate the risks associ-
ated with waterborne exposure to these pathogens was recently identi-
fied as a priority research need by the EPA (U.S. EPA, 1996).

A final emerging waterborne pathogen is Isospora belli, a protozoan
that has been associated with one documented waterborne disease out-
break in troops in Panama (Goodgame, 1996). The oocyst is large (20 to
30 um) and, while it is endemic in Africa, Asia, and South America, it is
extremely rare in the United States. For example, the organism infected
15 percent of AIDS patients in Haiti but only 0.2 percent of those in the
United States.

Aquatic Bacterial Pathogens of Possible
Concern for Potable Reuse Systems

Two types of aquatic microorganisms, aeromonads and cyanobacte-
ria, may be of concern for potable reuse systems because their densities
in water and/or their production of toxins could be influenced by waste-
water nutrients. Indirect reuse systems that contain sufficient nutrients
could create blooms of these organisms that may penetrate the treatment
barriers and/or proliferate in the distribution system.

Aeromonads are commonly found in water and soil. Densities in
water are related to fecal pollution and temperature, and aeromonads
proliferate in domestic and industrial wastewater (Schubert, 1991). Some
evidence suggests that Aeromonas may produce enterotoxins (Mascher et
al., 1988), and several reports have suggested an association between gas-
troenteritis and Aeromonas in drinking water (Burke et al., 1984; Schubert,
1991). One study in Iowa concluded that three strains of Aeromonas were
capable of causing diarrhea and that consumption of untreated water
was a risk factor for Aeromonas infection (Moyer, 1987). A study in Lon-
don found a correlation between Aeromonas isolates from water and iso-
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lates from fecal specimens (Nazer et al., 1990). However, two other stud-
ies reported little similarity between aeromonads isolated from diarrheal
feces and those found in drinking water (Havelaar et al., 1992; Millership
et al.,, 1988). Concern in the Netherlands about the possible health sig-
nificance of aeromonads has led to the development of drinking water
guidelines of less than 20 colony forming units (CFU) per 100 ml for
drinking water leaving the treatment plant and less than 200 CFU/100
ml for drinking water in the distribution system (van der Kooij, 1993).
Cooper and Danielson (1996) describe several methods of detecting these
organisms in water and wastewater.

Cyanobacteria (blue-green algae) occur naturally in fresh and brack-
ish waters worldwide. Although these are not infectious agents, some
species produce toxins during algal blooms that are triggered by nutrient
enrichment from natural waters, agricultural fertilizer runoff, or domes-
tic or industrial effluents (Codd et al., 1989). Acute effects of exposure to
these toxins have been well documented (Codd et al., 1989; Turner et al.,
1990). Potential chronic health effects of long-term exposure to cyano-
bacterial toxins in drinking water are unknown. One study suggested
that high rates of liver cancer in parts of China may be linked to cyano-
bacterial hepatotoxins in drinking water (Carmichael, 1994).

Control of cyanobacteria is problematic. Several studies indicate that
the toxins can remain potent for days after the organisms have been de-
stroyed by copper sulfate or chlorination (El Saadi et al., 1995; Hawkins
et al.,, 1985). Using toxicity data from mouse bioassays, the Engineering
and Water Supply Department of South Australia developed interim
guidelines for acceptable numbers of cyanobacteria in water supplies (El
Saadi et al., 1995). However, further research is needed on the acute and
chronic toxicity of cyanobacterial toxins, and suitable methods need to be
developed for monitoring the types and concentrations of cyanobacterial
toxins in natural and treated water supplies (Elder et al., 1993).

OCCURRENCE OF MICROBIAL CONTAMINANTS
IN MUNICIPAL WASTEWATER AND AMBIENT
WATER

Disease epidemics or outbreaks are dramatic events, and our capabil-
ity to identify the causes of such outbreaks is improving (described in
Chapter 4). More difficult is determining whether microbial contami-
nants might cause occasional illnesses or low levels of disease (Craun et
al., 1996; Frost et al., 1996). To assess this danger, researchers must rely
on information regarding the pathogens’ occurrences and concentrations
in drinking water and extrapolate using the best data available on the
pathogens” health risks.
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The occurrence and concentration of pathogenic microorganisms in
raw municipal wastewater depend on a number of factors that are not
entirely predictable. Important variables include the source and original
use of the water, the general health of the population, the existence of
“disease carriers” for particular infectious agents, excretion rates of infec-
tious agents, duration of the infection, and the ability of infectious agents
to survive outside their hosts under various environmental conditions.

Untreated Wastewater

Fecal coliform bacteria, which are used as an indicator of microbial
pathogens in wastewater, are typically found at 10° to 107 CFU per 100 ml
in untreated wastewater (see Table 3-5). Other indicator bacteria, such as
Enterococci, can range as high as 5 x 105 CFU per 100 ml (Rose et al., 1996).
The bacterial pathogens of concern are usually found at much lower con-
centrations and, within the United States, typically range from 10! to 102
CFU per 100 ml in untreated wastewater. Levels of viruses in sewage
vary greatly and reflect the variations in infection levels in the popula-
tion, the season of the year (outbreaks of viral disease are often seasonal),
and the methods used for their recovery and detection. Enteroviruses
tend to be prevalent in the spring, and rotaviruses are more common in
the winter (Gerba et al., 1985, 1996). In untreated domestic wastewater in
the United States, virus counts typically range between 1000 and 71,000
plaque-forming units (PFU) per 100 liters (Danielson et al., 1996; Rose et

TABLE 3-5 Microorganism Concentrations in
Untreated Municipal Wastewater

Microorganisms Concentration
(number per 100 ml)

Fecal coliforms 105-107
Fecal streptococci 10%-106
Shigella 1-103
Salmonella 102-10%
Pseudomonas aeruginosa 103-104
Clostridium perfringens 103-10°
Helminth ova 1-103
Giardia lamblia cysts 10-104
Cryptosporidium oocysts 102-10°
Entamoeba histolytica cysts 102-10°
Enteric viruses 103-104

SOURCE: Adapted from National Research Council, 1996.
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TABLE 3-6 Reported Levels of Pathogenic and Indicator
Microorganisms in Untreated Wastewater

Average Levels Reported (CFU, PFU, or cysts/
oocysts per 100 liters)

Total Fecal

Reference Clostridium Coliforms Coliforms

Occoquan, Virginia 36,667 2.4 x 107 9 x 10°
(Rose et al., 1997)

St. Petersburg, NT 8.2 x 107 2.2 x 107
Florida (Rose et al.,
1996)

South Africa NT 2.46 x 10° NT
(Grabow et al., 1978)

Tampa, Florida NT NT NT
(City of Tampa, 1990)

California NT NT NT
(Yanko, 1993)7

San Diego NT NT NT
(Danielson et al., 1996)

Denver NT 8 x 10° 4 x10*

(Lauer, 1991)

NOTES: Only one study reported on levels of a bacterial pathogen: 2.2 CFU-MPN/
100 ml of Salmonella (or 2200/100 liters) (Danielson et al., 1996). MPN = most
probable number; NT = not tested.

al., 1996, 1997; Yanko, 1993). In South Africa they have been recorded as
high as 4.0 x 10° viral units per 100 liters (Grabow et al., 1978).

Very few studies have examined the occurrence of enteric protozoa
in wastewater. Cryptosporidium levels in untreated wastewater vary
throughout the year from 100 to 1500 oocysts per 100 liters and are usu-
ally lower than enterovirus levels. Giardia is present in sewage at levels
comparable to enteroviruses, averaging between 3,900 and 49,000 cysts/
100 liters (Danielson, 1996; Rose et al., 1996, 1997). Table 3-6 summarizes
the information available from microbiological studies of untreated
wastewater. The more recent studies also monitored alternative micro-
biological indicator species—coliphage and Clostridium. The use of these
indicators for evaluating potable reuse systems is reviewed in Chapter 4.

Primary and Secondary Effluent

Primary treatment does little to remove biological contaminants from
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Cryptosporidium  Giardia

Enterococci Coliphage Enterovirus Oocysts Cysts
5 x 10° 3.8 x 10° 1,085 1,484 49 x 10*
NT 2.8 x 100 1,000 1,500 6.9 x 103
6,400 3.8 x 104 71,000 NT NT
NT NT 7,000 30 3,900
NT NT 5 x 103 NT NT

4 x 104
NT NT 2 x 103 2 x 102 3.25 x 104
Fecal 5 x 104 NT 100 200
streptococcib
7,000

"Data reported from three reclamation plants.
bAll fecal streptococci measured.

wastewater. However, some protozoa and parasite ova and cysts will
settle out during primary treatment, and some particulate-associated mi-
croorganisms may be removed with settleable matter.

Secondary treatment, however, is designed to remove soluble and
colloidal biodegradable organic matter and suspended solids. In some
cases it also removes nitrogen and phosphorus. Secondary treatment
consists of an aerobic biological process whereby microorganisms oxi-
dize organic matter in the wastewater. The aerobic biological processes
include activated sludge, trickling filters, rotating biological contactors,
and stabilization ponds. Generally, primary treatment precedes these
biological processes; however, some secondary processes, such as stabili-
zation ponds and aerated lagoons, are designed to operate without sedi-
mentation. Table 3-7 lists typical microorganism removal efficiencies for
activated sludge and trickling-filter secondary treatment processes.

Conventional secondary treatment reduces pathogens but does not
eliminate them from the effluent, even with disinfection. A Florida sur-
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TABLE 3-7 Typical Percentage Removal of Microorganisms by Conven-
tional Treatment Processes

Secondary Treatment

Primary Activated Trickling
Microorganism Treatment Sludge Filter
Fecal coliforms <10 0-99 85-99
Salmonella 0-15 70-99 85-99+
Mycobacterium tuberculosis 40-60 5-90 65-99
Shigella 15 80-90 85-99
Entamoeba histolytica 0-50 Limited Limited
Helminth ova 50-98 Limited 60-75
Enteric viruses Limited 75-99 0-85

SOURCE: Reprinted, with permission, from Crook, 1992. © 1992 by Academic Press, Inc.

vey of wastewater treatment plants using activated-sludge secondary
treatment after disinfection found viruses averaging 10 to 130 PFU/100
liters in 40 to 100 percent of the samples (Rose and Gerba, 1990). In a
similar survey in California, 67 percent of the samples taken from sec-
ondary wastewater treatment facilities following disinfection contained
viruses at levels ranging from 2 to 200 PFU /100 liters (Asano et al., 1992).
Other studies of secondary effluent report similar findings, ranging from
3.5 to 650 PFU/100 liters (Rose et al., 1996, 1997; Yanko, 1993). However,
Irving (1982) reported levels of enteroviruses as high as 715,000 viral
PFU/100 liters. Likewise, protozoa can survive secondary treatment and
disinfection. Cryptosporidium oocysts have been reported in secondary
effluent at a level of 140 oocysts/100 liters (Rose et al., 1996), while Giar-
dia cysts were found to range from 440 to 2297 cysts/100 liters (Rose et
al., 1996, 1997). Table 3-8 summarizes the reported levels of pathogenic
and indicator microorganisms in secondary effluent. These data suggest
that wastewater discharges are contributing enteric pathogens to ambi-
ent waters, many of which may be used downstream for drinking pur-
poses. All planned potable reuse projects and demonstration studies in
the United States have used treatment in addition to secondary treat-
ment, and such additional treatment is essential for protecting against
risks of microbiological contamination.

Ambient Waters

In indirect reuse (either planned or unplanned), reclaimed water is
discharged to a natural system (surface water or ground water), where it
typically spends a period of time before being further treated for use as
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drinking water. During this time, natural processes tend to reduce the
concentrations of enteric microorganisms beyond what occurs due to di-
lution alone. This “natural inactivation” or die-off rate is usually reported
in terms of the time required for a 90 percent reduction in the viability of
the microbial population. Many factors influence the inactivation rate,
including the amount of solids, oxygen, salinity, and ultraviolet light the
water is exposed to. However, temperature appears to play the most
significant role. Enteric pathogens generally survive longer at lower tem-
peratures. Table 3-9 summarizes the survival rates of some pathogens at
selected temperatures.

The survival of the pathogenic bacteria corresponds closely to sur-
vival of the coliform indicator bacteria (Feachem et al., 1983; Korhonen
and Martikainen, 1991; Olson, 1993; Singh and McFeters, 1990; Terzieve
and McFeters, 1991). As shown in Table 3-9, the time required to achieve
90 percent reductions of Salmonella may range from 1 to 8 days at 10 to
20°C. Atlower temperatures, between 5 and 10°C, a 99.9 percent reduc-
tion in the bacterial levels might require up to 24 days.

Virus survival is also related to water temperature. At ambient tem-
peratures between 15 and 25°C, an inactivation rate of 99.9 percent can
occur within 6 to 10 days. However, at 4°C, only 90 percent inactivation
may occur after 30 days (Kutz and Gerba, 1988). The presence of undis-
solved solids may also aid virus survival. Kutz and Gerba (1988) showed
that viruses survived longer in both sewage-polluted waters and ambient
surface waters at any given temperature compared to tap water.

Very few data exist on survival of protozoan pathogens in ambient
waters. DeRegnier et al. (1989) found that mice could no longer be in-
fected with Giardia cysts collected after 56 days in river and lake water at
5°C. Using a more sensitive test (vital dyes) that can determine the poten-
tial viability of a single cyst, Robert et al. (1992) demonstrated that in
river water between temperatures of 5 and 10°C, only 55 percent of the
Cryptosporidium oocysts were dead after 47 days, 75 percent were dead
after 60 days, and a 99 percent reduction in viability required 176 days.
One can estimate a -0.01 to 0.05 log,, per day inactivation rate at low
temperatures from their data.

MICROBIAL DATA FROM WATER REUSE
APPLICATIONS

The public health hazards posed by microbial pathogens have been
recognized since the practice of water reclamation and reuse began. Be-
sides bacterial pathogens, viruses were a major concern, and almost all of
the reuse projects and studies undertaken, whether pilot scale or full
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TABLE 3-9 Survival of Enteric Pathogens and Indicator Bacteria in
Fresh Waters

Time Reported (days) for 90 Percent Reduction in

Microorganism Viable Concentrations
Coliforms 0.83 to 4.8 days at 10 to 20°C, average 2.5 days
E. coli 3.7 days at 15°C
Salmonella 0.83 to 8.3 days at 10 to 20°C
Yersinia 7 days at 5-8.5°C
Giardia 14 to 143 days at 2 to 5°C
3.4 to 7.7 days at 12 to 20°C
Enteric viruses 1.7 to 5.8 days at 4 to 30°C

SOURCES: Feachem et al., 1983; Korhonen and Martikainen, 1991; Kutz and Gerba, 1988;
McFeters and Terzieva, 1991.

scale, began monitoring for enteric viruses in addition to the routine indi-
cator bacteria.

Aside from water reuse projects, relatively few data exist regarding
the levels of specific pathogenic microorganisms in wastewater or drink-
ing water treatment processes, because monitoring is not routine or re-
quired in the United States. Neither federal nor state water quality stan-
dards specify concentrations of viruses or protozoa in drinking water,
ambient waters, wastewaters, or reclaimed waters. Instead, microbial
water quality standards have largely relied on bacterial indicators or
treatment performance. Total coliform is used as a national standard for
drinking water (the standard is less than 1/100 ml), while total or fecal
coliforms are used in some states for reclaimed water. Indicators of treat-
ment performance and water quality have been based on measurements
of turbidity and suspended solids. More recently, enterococci, coliphage
(a bacterial virus), and the Clostridium bacterium have been examined as
biological indicators of treatment performance. (Chapter 4 further dis-
cusses microbial indicators.)

The increase in identified waterborne giardiasis and cryptosporidiosis
outbreaks has made the drinking water industry more sensitive to proto-
zoan contamination of water supplies. Through the Surface Water Treat-
ment Rule (U.S. EPA, 1989), EPA developed performance standards for
drinking water that require a 99.9 percent reduction of Giardia cysts and a
99.99 percent reduction of viruses by filtration and/or disinfection. EPA’s
goal is to achieve an annual risk no greater than a 1 in 10,000 chance of
infection by a waterborne microbe from drinking water (Regli et al., 1991).
While the rule does not specifically address wastewater contamination, it
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TABLE 3-10 Concentrations of Parasites and Viruses in
Disinfected Secondary Effluents Used for Crop Irrigation in Arizona

Plant 1: Plant 2:
Activated Sludge Activated Sludge
(aeration, (aeration, denitrification,
Microbial Agent chlorination) chlorination)
Giardia cysts/100 liters 66.8 (5/5) 1.57 (2/4)
(positive samples)
Cryptosporidium 0/1) No data
oocysts/100 liters
(positive samples)
Enteroviruses 0.125 (3/52) (0/54)

PFU/100 liters
(positive samples)

NOTES: Numbers in parentheses are number of positive samples per total samples
taken. Treated wastewater is being used for cotton crop irrigation. The Arizona
standard for public access irrigation was less than 2.5 PFU or cysts per 100 liters.

states that greater reductions may be required if a source water is of poor
quality. Due to the lack of monitoring information, EPA has recently
promulgated the Information Collection Rule, or ICR, to develop an oc-
currence database for Cryptosporidium, Giardia, and viruses in source wa-
ters, in some treated waters, and in various treatment processes. In light
of a national move toward watershed-based requirements, the ICR will
likely influence future microbial standards and monitoring requirements
pertaining to both planned potable reuse projects and potable water sup-
plies influenced by upstream wastewater discharges.

Microbial Data From Nonpotable Reuse
Applications

Arizona is currently the only state with standards and required moni-
toring for concentrations of viruses and Giardia in reclaimed water.
Arizona’s current standard is less than or equal to 1 cyst or viral PFU per
40 liters (2.5 cysts or PFU/100 liters). The following sections summarize
the monitoring data available from Arizona, as well as the results of spe-
cific microbial studies from California and Florida based largely on ter-
tiary-treated wastewater (secondary treatment, filtration, and chlorina-
tion) used for nonpotable reuse applications.



MICROBIAL CONTAMINANTS IN REUSE SYSTEMS 97

Plant 3: Lagoon Plant 4: Plant 5: Plant 6: Lagoon
(5 days retention time, Biotowers Activated Sludge  (mechanical
mechanical aeration, (compressed air, (oxygen, aeration,

UV light disinfection) chlorination) chlorination) chlorination)
18.3 (6/11) 26 (35/38) 43.5 (36/42) 0/7)

11.4 (2/2) 3.4 (16/30) 3.7 (15/34) 1.5 (2/5)

7.75 (11/45) 0.725 (6/16) 0.75 (3/47) No data

SOURCE: C. P. Gerba, personal communication, 1996.

Microbial Monitoring in Arizona

Data on concentrations of Giardia, Cryptosporidium, and enteroviruses
are available from wastewater and reclamation facilities in Arizona where
the effluent is used for irrigation. Arizona currently has no requirements
for monitoring of Cryptosporidium in reclaimed waters; however, this pro-
tozoan was included in most monitoring programs. Monitoring fre-
quency is established on a case-by-case basis and is determined partly by
the flow, treatment design, and designated reuse application. Frequency
ranges from once per month to twice per year. Table 3-10 summarizes
the monitoring results for six reclamation facilities that use a variety of
secondary treatment options followed by disinfection with chlorination
or ultraviolet light. The effluents were used primarily for irrigating cot-
ton crops.

Collectively, Giardia was found in 78.5 percent of the effluent samples
from all plants at an average concentration of 31.3 cysts/100 liters.
Cryptosporidium was found in 59 percent of the samples from all plants at
an average concentration of 5 oocysts/100 liters. Viruses were found in
18 percent of the samples from all plants at an average concentration of
2.2 most probable number (MPN) PFU per 100 liters. No differences in
protozoa levels were readily detected in the two plants using lagoon ef-
fluents.

Table 3-11 illustrates the efficacy of combining sand filtration and
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TABLE 3-11 Concentrations of Parasites and Viruses in Filtered,
Disinfected Secondary Effluents in Arizona

Plant 97 :
Filtration
Plant 7: Plant 8: (deep bed dual
Lagoon Activated Sludge media sand
(aeration, (aeration, and coal
filtration, filtration, pressure filters,
Microbial Agent chlorination)  chlorination) chlorination)
Giardia cysts/100 liters 11.25 (10/16) 7.4 (4/9) 6.98 (25/50)
(positive samples)
Cryptosporidium No data 1.88 (1/2) 3.02 (17/50)
oocysts/100 liters
(positive samples)
Enteroviruses PFU/100 No data No data 0.15 (2/45)

liters (positive samples)

NOTE: Numbers in parentheses are number of positive samples per total samples taken.
Arizona’s standard for public access irrigation was less than 2.5 PFU or cysts per 100 liters.

“Plant 9 operated with secondary treated sewage from Plant 4 in Table 3-10.

SOURCE: C. P. Gerba, personal communication, 1996.

disinfection after secondary treatment. The effluents from these three
plants are used to irrigate golf courses. Giardia was found in 55 percent
of all the samples from the three plants at an average concentration of 10
cysts/100 liters. This represents a reduction of 70 percent compared to
the nonfiltered effluents in Table 3-10. Cryptosporidium oocysts were de-
tected in 56.2 percent of all samples at an average concentration of 2.5
oocysts/100 liters, representing a reduction of 51 percent compared to
nonfiltered effluent.

The filter plants varied in design; however, none of the plants used
coagulants during the filtration process, which would have further im-
proved protozoa removal. Viruses were detected in only 4.4 percent of
the samples in Plant 9 (the only plant that sampled for viruses) at a level
of 0.15 MPN-PFU/100 liters. This represents a reduction of 93.5 percent
compared to nonfiltered effluents. Dual-media filtration is particularly
effective in removing suspended solids and turbidity, which enhances
the efficacy of chlorination.
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TABLE 3-13 Reduction of Microorganisms by Process for the St.
Petersburg, Florida, Reclamation Facility

Unit Process Reduction (logy)

Biological

Treatment

and Complete
Parameter Clarification  Filtration Chlorination Storage Treatment
Total coliforms 1.75 0.51 4.23 0.61 7.10
Fecal coliforms 2.06 0.05 4.95 0.36 7.42
Phage 0.75 3.81 1.03 1.03 6.62
Enterovirus 1.71 0.81 1.45 1.04 5.01
Giardia 1.19 2.00 0.65 0.30 4.14
Cryptosporidium 1.14 1.68 0.41 0.04 3.27

SOURCE: Reprinted, with permission, from Rose et al., 1996. ©1996 by Elsevier
Science.

Virus Studies in California

In the 1970s, California adopted stringent treatment requirements for
reclaimed waters destined for public access applications. The treatment
was designed to reduce viruses by 5 log;, (99.999 percent) and included
coagulation, flocculation, sedimentation, sand filtration, and disinfection
with a 5 mg/liter total chlorine residual for 1.5 hours. Asano et al. (1992)
summarized the virus monitoring data for Orange County Sanitation Dis-
trict, the Monterey Regional Water Pollution Control Agency, the County
Sanitation Districts of Los Angeles, and the Las Virgines Municipal Wa-
ter District—a 3- to 10-year data set. In the unchlorinated secondary
effluents, 66.7 percent of 424 samples collected were positive for viruses.
Geometric averages ranged from 2 to 200 MPN-PFU/100 liters. In the
finished product water, Asano et al. (1992) found less than 1 percent of
814 samples positive for viruses. These few positives were attributed to
operational difficulties during chlorination. Yanko (1993) found similar
results in summarizing 10 years of analysis of six reclamation facilities in
Los Angeles County. He reported that only 0.17 percent (1/590) of the
samples from reclamation facilities were positive for viruses.

Microbial Studies in Florida

Florida requires less stringent treatment than California for reclaimed
water that may be used in areas accessible to the public. Performance
criteria specify secondary treatment plus sand filtration to meet a sus-
pended solids standard and a minimum chlorination level of 1 mg/liter
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for 15 minutes of peak flow to meet a fecal coliform standard of less than
1/100 ml. St. Petersburg has been operating a full-scale wastewater treat-
ment and reclamation facility for more than 20 years. This plant pro-
duces 16 million gallons of reclaimed water per day. Advanced treatment
includes dual-media rapid sand filtration with in-line addition of alum
and polymer coagulants. The final effluent is chlorinated and stored in
an 8 million gallon tank for an average of 16 to 24 hours prior to release
into a distribution system used for golf course and residential landscape
irrigation. Rose et al. (1996) evaluated the St. Petersburg treatment pro-
cesses and documented partial removal of bacteriophages and enterovi-
ruses at each stage of treatment (see Tables 3-12 and 3-13). Bacterioph-
ages were reduced by the total treatment process by 6 log;, and
enteroviruses were reduced by 5 log,,. An average of 0.7 PFU/100 liters
of bacteriophages was found in 25 percent of the samples from the stor-
age tank containing the final reclaimed water. This facility maintains a
much more stringent disinfection standard (4 mg/liter chlorine and 45
minutes contact time) than Florida requires, and the virus reductions are
similar to those seen in California facilities.

St. Petersburg’s advanced treatment process reduced the numbers of
Giardia cysts and Cryptosporidium oocysts by 4.14 and 3.27 log,,, respec-
tively, and removal was observed at each stage of treatment (Rose et al.,
1996). In the final effluent from the storage tank, 25 percent of the samples
were still positive for Giardia cysts and 17 percent were positive for
Cryptosporidium oocysts. Methodological limitations prevented a deter-
mination of the viability of the cysts and oocysts detected.

In a study of drinking water treatment, researchers reported a 99
percent inactivation rate for Giardia cysts after 50 to 180 minutes of con-
tact time with 5 to 16 mg/liter of monochloramine (Hoff, 1986). Studies
of Cryptosporidium in drinking water suggest that levels of 15 mg/liter of
chloramines for 240 minutes are needed to reduce viable oocysts by 99
percent (Finch, 1994). In the St. Petersburg reclamation facility, the stor-
age tank contains an average of 2.5 mg/liter of total chlorine and in-
volves approximately 16 to 24 hours more contact time. No studies have
examined the inactivation of protozoan cysts and oocysts in wastewater
or reclaimed water, leaving the mechanisms for inactivation and the effi-
cacy of chlorine disinfection against Giardia cysts or Cryptosporidium oo-
cysts poorly understood.

Advanced Treatment for Potable Reuse

Table 3-14 summarizes microbial monitoring data available from
seven potable reuse facilities using advanced treatment. Orange County
Water District conducted two significant microbial studies at the Water
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TABLE 3-14 Monitoring Data at Potable Reuse Projects for
Microbial Pathogens of Concern

Facility (barriers
to pathogens)”

Testing Performed

Cultivable Enteric Viruses

Denver (lime, sand
filtration, carbon,
RO, or UF)

Water Factory 21 1979
study (lime, ammonia
stripping, carbon,
RO, chlorination)

Water Factory 21
1980-1981 study
(lime, ammonia
stripping, carbon,
RO, chlorination)

Potomac study (lime,
intermediate chlorination,
dual-media filtration,
carbon, chlorination
or ozonation)

Tampa (lime; sand filtration;
RO, UF, or carbon;
ozonation
or chlorination)

Concentration
Positive samples
Percent reduction

After Lime
Positive samples
Percent reduction

After Chlorination
Positive samples

Concentration
Positive samples
Percent reduction

Prechlorination
Concentration
Positive samples
Percent reduction

Concentration
Positive samples
Percent reduction

After Lime
Concentration
Positive samples
Percent reduction

After Chlorination
Concentration
Positive samples
Percent reduction

After Ozone
Concentration
Positive samples
Percent reduction

<1/1000 liters
0/37
n.a.

28/28
99.87%

1/142

<0.1/100 liters
0/21
>99%

0.2/100 liters
1/19
99.4%

<1/1700 liters
0/56
>87%

0.06/100 liters
4/25
98.3%

0.02/100 liters
1/15
99.4%

<0.01/100 liters
0/4
>99%
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Cryptosporidium

Giardia

Other Microbial
Pathogens Examined

<1/100 liters
0/4
>97.5%

Not tested

Not tested

Not tested

0.13 /100 liters
1/16
99.6%

<1/200 liters?
0/6
>99.8%

<1/100 liters
0/15
>99.4%

Not tested

Not reported

0/20

0% (+); after
chlorination and RO

<0.05/100 liters

>86.9% removals

None detected using
light microscopy

<1/200 liters
in final effluent
>99.97%

Shigella, Salmonella,
Campylobacter, Entamoeba
tested, none detected

Not tested

Helminths: none found

Not tested

Table continues on next page
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TABLE 3-14 Continued

Facility (barriers

to pathogens)” Testing Performed Cultivable Enteric Viruses

San Diego (Aqua III, water Concentration <1/1000 liters
hyacinth, ponds, dual- Positive samples 0/32
media filtration, UV, RO, Percent reduction >99.995%
carbon)

Windhoek, South Africa Concentration 1/10 liters
(ponding, lime, sand Positive samples 0/31
filtration, chlorination, Percent reduction n.a.
carbon)

Upper Occoquan Sewage Concentration <1/500 liters
Authority (lime, filtration,  Positive samples 0/11
carbon, chlorination) Percent reduction >99.995%°¢

2All testing is on final effluent unless otherwise noted. Carbon = carbon
adsorption; lime = chemical lime treatment, pH 11.2, recarbonation; RO = reverse
osmosis; UF = ultrafiltration; UV= ultraviolet disinfection.

bAfter filtration.

CBased on raw sewage counts; all other removals based on counts entering reclamation
facility.

Factory 21 reclamation plant, in 1979 and 1981. In the 1979 study (James
M. Montgomery, Inc., 1979), one of the 142 final, disinfected effluent
samples was positive for viruses, and the study recommended that the
disinfection procedure be optimized to increase the contact time and to
increase chlorine residual to 5 mg/liter. In the second study (James M.
Montgomery, Inc., 1981), no samples were positive for viruses in the final
effluent, an improvement due to improved disinfection and the reduc-
tion of influent virus levels by upgrading the secondary treatment from a
trickling filter effluent to an activated sludge system. This study also
demonstrated that reverse osmosis was not a good substitute for disin-
fection. Without disinfection, 5.3 percent of the samples from reverse
osmosis effluent still contained viruses. Studies conducted by San Diego
during the Aqua II project also noted relatively high virus breakthrough
in reverse osmosis systems (Western Consortium for Public Health, 1992).
During the Tampa project, viruses were detected in 6.7 percent of the
samples after chlorination, but this occurred during an operational pe-
riod when pH levels were suboptimal during lime treatment and there
was a loss in normal chlorine residuals (Western Consortium for Public
Health, 1992).
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Cryptosporidium

Giardia

Other Microbial
Pathogens Examined

1/1000 liters
2/294
99.995%

Not tested

<1/1000 liters
0/29
>99.9997%

Not tested

1/500 ml (Salmonella)
0/29
>99%

Not tested

0.44 /100 liters 6.6 /100 liters
1/11 2/11
99.97% 99.986%

dPositives seen during spiking trials.

SOURCES: CHpM Hill, 1993; Grabow, 1990; James M. Montgomery, 1979, 1981, 1983; Lauer
et al., 1990; Western Consortium for Public Health, 1992.

At two reclamation facilities in San Diego and Denver, seeding stud-
ies were conducted in which viruses were artificially inoculated in the
secondary influent feedwater to advanced wastewater treatment. The
results suggest that as much as a 10 log,, reduction of viruses can be
achieved by multiple barriers within a reclamation facility (Lauer et al.,
1991; Western Consortium for Public Health, 1992). Therefore, the main
issues for virus control are the known levels entering the plant, the num-
bers of barriers required, and the reliability of those barriers.

The San Diego Aqua II project evaluated protozoa and detected no
Giardia cysts in 29 samples from the final effluent; however, Cryptospo-
ridium oocysts were detected after a spiking trial (Western Consortium
for Public Health, 1992). This suggests that if high concentrations of
oocysts were to enter the facility, a few might penetrate the barriers. The
San Diego study also demonstrated that protozoa can be detected at a
limit of 1 cyst/oocyst in 1000-liter samples of highly treated reclaimed
water. The Tampa study (CH,M Hill, 1993) examined individual unit
processes and demonstrated that chemical lime treatment removed 99
percent of the cysts and oocysts. However, Rose et al. (1997) found no
decrease in viability of the oocysts after exposure to high pH or to a
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TABLE 3-15 Reductions of Pathogenic and Indicator Microorganisms
in the UOSA Reclamation Facility Compared to Influent
Concentrations

Percentage and Log;y Reductions of Microorganisms
Compared to Untreated Wastewater

After Treatment
in Reclamation

Facility Clostridium Total Coliform Fecal Coliform
Secondary treatment -0.92 -2.15 -2.06
87.8 99.29 99.14
Chemical lime treatment  -3.86 -5.3 -4.59
99.986 99.9995 99.997
Poststabilization basin® -3.35 —4.12 -3.2
99.955 99.992 99.94
Multimedia filtration -4.31 -5.13 -4.39
99.995 99.9992 99.996
GAC upflow adsorption -4.22 -5.16 -4.63
99.994 99.9993 99.998
Chlorination -4.02 -7.18 >-5.95
99.9905 99.999993 >99.9999

NOTE: GAC = granular activated carbon.

TInfluent to multimedia filtration through an open basin.

combination of high pH and disinfection in studies at the Upper
Occoquan Sewage Authority (UOSA). Therefore the removal mechanism
for protozoa after chemical lime treatment appears to be physical removal
of the oocysts. Rose et al. (1997) also found that multimedia filtration
further reduced enteric protozoa by 85 to 95.7 percent. However, proto-
zoan cysts and oocysts were still detected in the final effluent of the UOSA
facility, which incorporates lime, multimedia filtration, carbon absorp-
tion, and chlorination.

Approximately 4 to 6 log,, removals of Giardia and Cryptosporidium
cysts and oocysts have been documented in both San Diego and UOSA
by a combination of processes. Table 3-15 shows the percentage and log
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Enterococci Coliphage Enterovirus Cryptosporidium  Giardia
-2.36 -2.62 -1.16 -1.3
99.56 99.76 93 95.3
—4.33 —4.88 -3.69 -2.63 -2.46
99.995 99.998 99.98 99.8 99.65
-3.67 —4.82 -3.56 -1.67 -2.34
99.98 99.998 99.97 97.9 99.55
-3.61 —4.57 -3.48 -3.22 -2.90
99.97 99.997 99.97 99.94 99.87
—4.67 —4.62 -3.52 -2.74

99.998 99.998 99.97 99.82

-5.27 -5.86 >-4.34 -3.53 -3.87
99.9995 99.99986 >99.995 99.97 99.986

reduction of pathogens and microbial indicators by unit process in the
UOSA facility (Rose et al., 1997). The bacterial indicator Clostridium best
reflects the removal of enteroviruses for secondary treatment and chemi-
cal lime treatment. Coliphage appears to better reflect the removal of
viruses during the disinfection process.

Reverse osmosis was found to be the single most effective barrier to
cysts and oocysts. Chemical treatment was the next most effective and
sand filtration the least. No studies to date have examined the disinfec-
tion of cysts and oocysts or the optimization of sand filtration in waste-
water or reclaimed water.
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TABLE 3-16 Relative Removal of Pathogens and Coliform Indicators
by Various Treatment Processes

Unit Process Enterovirus Giardia  Cryptosporidium  Coliform

Biological secondary

treatment + + ND +
Coagulation-flocculation-

sedimentation-filtration ++ ++ + ++
Chlorination (free) +++ + - 44+
Combined chlorine + - - ++
Ozone disinfection ++++ ++ + 4+
UV disinfection ++ + ND ++++
Reverse osmosis +++ +++ +++ +++
Lime treatment” ++ ++ ++ +++
Microfiltration + +++ 44+ R
Ultrafiltration ++++ ++++ ++++ ++++

NOTE: + signs indicate removal from low (+) to very high (++++); minus sign indicates no
significant removal; ND indicates absence of data to make a judgment. For disinfectants,
assessment is based on the rate of inactivation of organisms rather than log removals.

4Chemical lime treatment adds a disinfection barrier to bacteria and viruses due to its
high pH and a removal barrier to protozoa via the precipitate formed and the sedimenta-
tion process.

Chemical treatment, disinfection (chlorine or ultraviolet), and reverse
osmosis are effective barriers for the removal of viruses. Effective barri-
ers for removing protozoa include chemical treatment, reverse osmosis,
and, to lesser degree, sand filtration. The efficacy of disinfection, in par-
ticular ozone, awaits further evaluation for protozoa removal. Table 3-16
summarizes the relative efficiency of various unit processes in water rec-
lamation systems as barriers to microbial pathogens.

CONCLUSIONS

Microbial contaminants in reclaimed water include the enteric bacte-
ria, enteric viruses, and enteric protozoan parasites. Classic waterborne
bacterial diseases, such as dysentery, typhoid, and cholera, while still
important worldwide, have dramatically decreased in the United States.
However, Campylobacter, nontyphoid Salmonella, and pathogenic Escheri-
chia coli still cause a significant number of illnesses, and new emerging
diseases also pose potentially significant health risks.

Historically, coliforms have served as an effective indicator for many
bacterial pathogens of concern. However, most recognized outbreaks of
waterborne disease in the United States are caused by protozoan and
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viral pathogens in waters that have met current coliform standards. Table
3-17 summarizes how the three main microorganisms of concern, Giardia,
Cryptosporidium, and the enteric viruses, rank with regard to their occur-
rence in wastewater, resistance to water treatment, adequacy of monitor-
ing, and severity of health risk. Giardia is one of the most frequently
identified microbial pathogens, occurring consistently in high numbers
in untreated wastewater, secondary effluent, and secondary effluent re-
ceiving sand filtration and disinfection. However, the health threat it
poses is relatively low because the resulting gastroenteritis is less severe
and more amenable to treatment than infections caused by the viruses or
Cryptosporidium. Cryptosporidium, which may cause severe diarrhea in
immunocompromised individuals, is found in highly variable levels in
wastewater. It is highly resistant to disinfection and difficult to detect in
untreated wastewater with current methods. Studies in California show
that disinfection standards using a concentration/contact time approach
can reliably reduce enteroviruses in reclaimed waters. However, moni-
toring has not been conducted for other viruses of concern, such as
adenoviruses, rotaviruses, and Norwalk and related human caliciviruses.

Wastewater may also contain a number of newly recognized or
“emerging” waterborne enteric pathogens or potential pathogens. For
some of these organisms there is no evidence of waterborne transmis-
sion, and their occurrence in wastewater is suspected but not docu-
mented.

RECOMMENDATIONS

To ensure the safety of drinking water produced from reclaimed wa-
ter, planners, regulators, and operators of potable reuse systems must
account for the various existing and potential health risks posed by mi-
crobial contaminants.

* Potable reuse systems should continue to employ a combination
of advanced physical treatment processes and strong chemical disin-
fectants as the principal line of defense against most microbial con-
taminants. Some new membrane water filtration systems can almost
completely remove microbial pathogens of all kinds, but experience with
them is not yet adequate to depend on them alone for protection against
the serious risks posed by these pathogens. Therefore, strong chemical
disinfectants, such as ozone or free chlorine, should also be used, even in
systems that include membrane filters.

® Current and future facilities should assess and report the effec-
tiveness of their treatment processes in removing microbial pathogens
so that the industry and regulators can develop guidelines and stan-
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TABLE 3-17 Ranking of Microbial Contaminants of Most Concern in
Reclaimed Water

Relative Concentration in Variation in
Rank Wastewater Concentration
Most concern Giardia at highest levels, Giardia appears to be
always present constant
Moderate concern Enteroviruses, always present Enteroviruses moderately
variable
Least concern Cryptosporidium sometimes Cryptosporidium highly
present variable, but often
undetectable

dards for operations. Facilities should report number of barriers, micro-
bial reduction performance, and the reliability or variation. They should
conduct seeded tracer and pilot studies to provide data on performance
in addition to information on the occurrence, concentrations, and varia-
tions in loadings of indigenous microorganisms. Appropriate disinfec-
tion studies should also be undertaken for the enteric protozoa and for
some viruses.

e To provide protection against emerging pathogens, the EPA
should support research to develop methods for detecting emerging
pathogens in environmental samples. Research is also needed on the
effectiveness of various water or wastewater treatment processes and
disinfectants in removing or inactivating these pathogens.

¢ Both the industry and the research community need to establish
the performance and reliability of individual barriers to microorgan-



MICROBIAL CONTAMINANTS IN REUSE SYSTEMS

Ability to Monitor

Barriers Available Microorganisms
Resistance to to Control or Adequate Health
Treatment Microorganism Surrogate Outcome
Cryptosporidium Giardia by filtration Giardia cysts Some
most resistant and possibly directly enteroviruses
disinfection (no data cause serious
on wastewater or illness (e.g.,
reclaimed water heart disease,
disinfection of cysts) chronic
sequelae)
Giardia more Enteroviruses by Enteroviruses Cryptosporidium
resistant to disinfection directly; diarrhea; 1.0%
disinfection than coliphage is hospitalization;
bacteria or viruses a possible 50% mortality
surrogate in immuno-

Enteroviruses more

Cryptosporidium

Cryptosporidium

compromized
population

Giardia causes

resistant than by filtration oocysts directly; diarrhea,
bacteria Clostridium is a sometimes
possible surrogate chronic; 0.45%
hospitalization;
0.0001%
mortality

isms within treatment trains and to develop performance goals appro-
priate to planned potable reuse. Most present regulations and guide-
lines for microbial water quality and treatment performance are based on
nonpotable reuse studies focusing on incidental or recreational contact
with reclaimed water. Since potable reuse poses greater risks, existing
state reuse regulations may not be sufficiently stringent. And while na-
tional standards for water treatment are based on scientific risk assess-
ment procedures, they generally assume that the source water is natural
surface water or ground water. Potable reuse projects, as well as water
sources that are heavily impacted by upstream wastewater discharges,
may need to achieve greater levels of pathogen reduction. Only Califor-
nia has established treatment barriers for viruses that are more protective
than those used in ordinary drinking water treatment facilities. Treat-
ment standards and goals more appropriate to potable reuse projects need
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to be developed so they will be in place as the number of potable reuse
projects increases.
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4

Methods for Assessing Health
Risks of Reclaimed Water

Any plan to augment potable water supplies with re-
claimed water must include an evaluation of the potential health risks.
Yet as described in earlier chapters, such assessment is complicated by
several factors, including uncertainties about the potential contaminants
and contaminant combinations that may be found in reclaimed water
and about the human health effects those contaminants may cause.

This chapter discusses methods and strategies for assessing the health
risks of drinking reclaimed water. Previous National Research Council
(NRC) reports have provided similar guidance on assessing health risks
of reclaimed water (see, most recently, Ground Water Recharge Using Wa-
ters of Impaired Quality, published in 1994). This chapter updates and
expands on information in those earlier reports. The chapter also dis-
cusses the complications of and alternative strategies for using epidemio-
logical studies to evaluate health risks of potable water reuse.

EVALUATING MICROBIAL CONTAMINANTS

Efforts to monitor water quality for microbiological safety have his-
torically relied on measurements of one or more groups of coliform bac-
teria as indicators of fecal contamination, treatment efficiency, and the
integrity of the water distribution systems. Fecal coliform bacteria are
indicative of fecal contamination and associated health risks; however,
the measurement and control of total coliforms (rather than only fecal
coliforms) during disinfection is considered to be a more stringent treat-

118



METHODS FOR ASSESSING HEALTH RISKS OF RECLAIMED WATER 119

ment goal. Water quality standards have used either or both measures
depending on the type of water use.

While coliform bacteria serve well as indicators of bacterial patho-
gens, they do not predict the inactivation or removal of enteric protozoa
and viruses (Gerba and Rose, 1990; LeChevallier and Norton, 1993;
LeChevallier et al., 1991a, 1991b; Rose et al., 1991). For instance,
LeChevallier and Norton (1993) found that multiple linear regression
models using coliforms and temperature could predict only 57 percent of
the variation in Giardia cyst concentration, whereas no model using indi-
cator bacteria could adequately predict Cryptosporidium oocyst levels.

Methods to detect viruses in water were first developed by Paul and
Trask (1947) for measuring enteroviruses in untreated wastewater. Coin
(1966) was one of the first to detect viruses in finished drinking water
meeting the existing coliform standard. In the 1970s, improvements in
collection filters and the use of antibodies led to the first isolation of
rotavirus and hepatitis A virus from water. Today, standard methods for
the detection of enteric viruses are based on the ability of viable enteric
viruses to destroy monkey kidney cells grown in vitro; this cell-destroy-
ing ability is known as cytopathic effect or CPE (Benenson, 1995).

Methods for detecting microbial protozoa were first developed for
Entamoeba in the 1940s. Starting in 1965, research focused on the detec-
tion of Giardia. In the 1980s, a standardized approach for Giardia detec-
tion was developed that used filtration for collection and antibodies la-
beled with a fluorescent isothiocyanate (FITC) for enhanced microscopic
detection (Rose et al., 1988a, 1988b). This approach was applied to the
detection of Cryptosporidium after its first recorded waterborne outbreak
in the United States in 1985.

As more protozoan and viral waterborne outbreaks occurred in wa-
ters meeting existing water quality standards, the limitations of using
indicator bacteria became apparent. In response to these health concerns,
the Environmental Protection Agency (EPA) promulgated the Surface
Water Treatment Rule for drinking water in 1989 (U.S. EPA, 1989a,
1989b). The rule established treatment-based performance goals of 99.99
percent reductions of viruses and 99.9 percent reduction of Giardia. The
rule also emphasized the use of sand or multimedia filtration for the
removal of Giardia and the use of improved disinfection methods for the
control of both viruses and Giardia. The target reduction level was based
on anticipated levels of pathogens in ambient surface waters, and the
performance goals were derived from a desired annual risk of microbial
disease of not greater than 1in 10,000. An Enhanced Surface Water Treat-
ment Rule (U.S. EPA, 1996) is under development; the enhanced rule will
include an assessment of Cryptosporidium in source waters and its re-
moval by treatment processes.
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Arizona is the only state that has standards for the concentration of
enteric viruses and Giardia in reclaimed water; it is also the only state in
which water reuse is regulated by a laboratory certification program,
although specialized studies have been undertaken in Florida and Cali-
fornia for viruses and protozoa.

To address the lack of information nationwide on levels of viral and
protozoan pathogens and the efficacy of water treatment, EPA promul-
gated the Information Collection Rule (ICR) in 1996. Detection processes
for the enteroviruses by cell culture and for protozoa by microscopy have
been standardized for this rule, and laboratories are undergoing an ap-
proval process. The data will be used in future risk analyses to establish
the necessary drinking water treatment performance criteria for the pro-
tection of public health. The results will be applicable to potable reclama-
tion projects as well. However, when considering wastewater as a source
of drinking water, particular attention should be paid to current limita-
tions and other issues involved with the methodology used to detect
microbial pathogens.

Microbial Detection Methods

Microbial detection methods can be described and compared in terms
of recovery (the efficiency of the method for collecting microorganisms
from water samples), sensitivity (a measure of the minimum number of
microorganisms that can be detected per unit volume), and specificity
(the proper taxonomic identification of the microbial agent). No method
is 100 percent efficient; estimates of recovery tend to range from 5 to 60
percent. A method’s sensitivity is often expressed as a detection limit,
such as 1/100 ml, meaning that it is able to detect one microorganism in a
100 ml sample. In untreated wastewater, concentrations of microorgan-
isms can be high enough to be readily detected in small test volumes.
However, such methods are not sufficiently sensitive for testing the
highly treated reclaimed water typically produced by potable reuse
projects. With highly treated reclaimed water, larger volumes of water
are needed for analysis, and microorganisms may occur at concentra-
tions too low to be detected.

Table 4-1 presents the major microbial detection techniques as they
are applied to the detection and quantification of bacteria, viruses, and
protozoa. Culture techniques have long been used for the detection and
enumeration of viable bacteria and viruses, while microscopy techniques
have a long history in the identification of bacteria and protozoa.

Table 4-2 summarizes the advantages and disadvantages of some
methods for evaluating the microbiological quality of reclaimed water.
The polymerase chain reaction (PCR) has only recently been applied to
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wastewater to identify a variety of microorganisms based on their spe-
cies-specific nucleic acid sequence.

Use of Polymerase Chain Reaction Techniques

Polymerase chain reaction, or PCR, is a molecular technique used to
detect a variety of microorganisms in environmental samples (Atlas et
al.,, 1992; Bej et al.,, 1990; Johnson et al.,, 1995; Kopecka et al., 1993;
Mahbubani et al., 1991; Tsai and Olson, 1991). PCR can rapidly identify a
specific organism. However, before PCR can be used routinely for envi-
ronmental monitoring, several issues must be addressed, including the
test’s sensitivity, the viability of detected pathogens, and assay interfer-
ence by inhibitors in the spectrum.

The sensitivity (or the limit of detection) of PCR is constrained by the
technology. In most cases, only very small volumes (100 pl or less) can be
processed through the thermal cyclers (machines that control the sample
temperatures during processing) used in PCR assays. Therefore, concen-
tration of samples is necessary. (Alternatively, larger-capacity machines
could be developed in order to increase the sample volume.)

Further, because PCR does not distinguish live from dead microor-
ganisms, a cell cultivation procedure must be performed before the re-
sults have relevance to health risks. This is especially true for samples
taken from water that has undergone disinfection. PCR may therefore be
most useful in untreated waters (source waters, recreational waters, shell-
fish harvesting waters, ground waters) where viability can be assumed,
or in the evaluation of processes designed to physically remove micro-
biological particles (such as membrane processes).

Water quality is also an issue, since physical and chemical constitu-
ents in water can mask the target nucleic acid or inhibit the enzyme reac-
tion that the PCR process uses to amplify the target DNA, creating a false
negative result. Recently developed antibody capture procedures appear
to have great promise in addressing the problem of interference for both
protozoa (Johnson et al., 1995) and viruses (Deng et al., 1994).

Finally, PCR remains only qualitative in that the results are presented
as positive or negative. The development of quantitative techniques us-
ing PCR would be very useful for assessments of the microbiological
quality of drinking water.

Detection of Bacteria

Several well-established methods for detecting and enumerating
coliform and fecal coliform bacteria indicators exist and are useful for
evaluating the effectiveness of disinfection in water and wastewater treat-
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ment. Generally, any treatment process that inactivates the indicator
bacteria also inactivates pathogenic enteric bacteria to similar degrees.
Nevertheless, the use of indicator bacteria has limitations. For instance,
recent findings suggest that very low levels (10 to 100 colony-forming
units (CFU) per liter) of Salmonella may be related to incidences of reac-
tive arthritis (Smith et al., 1993), suggesting that Salmonella should be
measured directly. In addition, Singh and McFeters (1990) reported a
noncultivable but viable state for Yersinia bacteria after disinfection. The
public health significance of these noncultivable bacteria has not been
fully assessed. Future regulations may dictate that greater reductions of
pathogenic bacteria be achieved and documented.

Directly detecting pathogenic bacteria has traditionally been a tedious
process, requiring many biochemical tests to identify the genus and/or
species. Most testing has been done with presence/absence tests or the
most probable number (MPN) approach. A standard MPN procedure
has been developed for detecting Salmonella in sludge (U.S. EPA, 1992);
however, the sensitivity of the test has been questioned (National Re-
search Council, 1996). No standard procedure exists for Salmonella test-
ing in reclaimed water. As described above, PCR is a rapid detection
method that can be combined with more traditional cell culture tech-
niques to assess viability of bacterial pathogens. This approach has been
successfully applied in the food industry (Fung, 1994) and may hold
promise for use in reclaimed water as well.

Detection of Protozoa

Detecting low concentrations of protozoan cysts or oocysts in highly
treated reclaimed water requires passing large volumes of water through
a filter with an appropriate pore size (typically 1.0 um). Unfortunately,
this method also concentrates unwanted constituents in the sampled wa-
ter (e.g., particulates, precipitated minerals), and these constituents must
then be separated in the subsequent analysis using a concentration and
clarification procedure (LeChevallier and Trok, 1990; Rose et al., 1989).
The semipurified sample, consisting of the larger organisms with some of
the unwanted constituents removed, is then mixed with fluorescent-
tagged monoclonal antibodies specific to the cyst and oocyst wall using
an indirect fluorescent antibody (IFA) procedure. The sample can then
be examined and the protozoa identified by one or more techniques, such
as epifluorescence or differential interference contrast (DIC) microscopy
(LeChevallier et al., 1991a).

The efficiency of cyst/oocyst recovery for Cryptosporidium and Giar-
dia is quite variable, and losses occur at each of the various steps of the
detection process; thus many of the organisms contained in the original
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water sample will be lost. Reported efficiencies are: 88-99 percent for
sample collection; 16-78 percent for filter elution; 66-77 percent for con-
centration and clarification; and 9-59 percent for microscopic detection
using the IFA method (LeChevallier and Trok, 1990; LeChevallier et al.,
1991a; Ongerth and Stibbs, 1987; Rose et al., 1988b, 1989, 1991b). Given
these variations in recovery, current methods for detecting protozoa tend
to underestimate the true concentrations in environmental samples.

Indirect fluorescent antibody techniques using antibodies labeled
with fluorescent isothiocyanate have greatly enhanced the ability to de-
tect Cryptosporidium and Giardia in environmental samples. However,
most antibody techniques provide no species identification (e.g., bird ver-
sus mammalian isolates), nor do they determine whether cysts and oo-
cysts are viable. LeChevallier et al. (1991a, 1991b) reported that 10 to 30
percent of the organisms detected by IFA were not empty and therefore
viable. Other inaccuracies may occur due to background fluorescence
from naturally fluorescing organisms and from nonspecific binding of
the antibody. Such problems may produce either false positives or false
negatives. Although false positives can create inconvenience or necessi-
tate further testing, Clancy et al. (1994) noted that false negatives (failing
to detect protozoa that are present) pose more serious problems.

A number of IFA systems have been developed for Cryptosporidium
and Giardia (Garcia et al., 1987; Rose et al., 1989; Stibbs et al., 1988). New
methods under development should allow a better assessment of enteric
protozoa. These methods include the use of cell cultures to detect viable
and infectious oocysts, the use of immunomagnetic separation (IMS) tech-
niques to enhance the recovery of cysts/oocysts (Jakubowski et al., 1996;
Linquist, 1997; Slifko et al., 1997), and the use of internal stains for im-
proved identification and detection.

Detection of Viruses

Viruses may be concentrated from water using either electropositive
or electronegative filters. Either can concentrate viruses from large vol-
umes of water, but clogging, particularly in positively charged filters,
may occur if the water is high in suspended solids or turbidity (Rose et
al., 1989). The adsorbed viruses are eluted and concentrated to a smaller
volume using an organic flocculation procedure. This final concentrate
may be inoculated into cell cultures to detect cytopathic effects, or it may
be tested by PCR or other types of tests.

Detection methods have primarily been developed for the enterovi-
rus group, which consists of poliovirus, echoviruses, and coxsackie-
viruses. Microbiological studies in the San Diego potable reuse project
demonstrated the feasibility of recovering 1 virus in 1000 liters of water.
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When large volumes of water are sampled, one of the unresolved techni-
cal issues is whether a given filter will adsorb an equivalent amount of
viruses per unit volume of water as more water is passed through the
filter or whether the filter’s performance will decrease as the quantity of
water sampled increases. Further, some research has suggested that not
all enteroviruses are adsorbed by filters at the same rate (Powelson and
Gerba, 1995).

Cell culture techniques using CPE (cytopathic effect, or cell destruc-
tion) on monkey kidney cell lines provide the principal method for virus
detection. In contrast to processing procedures for detecting protozoa,
the debris collected along with viruses is more easily separated before
cell culture. The types of viruses are further identified by the use of
specific antibodies to neutralize the virus’s cytopathic effect. However,
these cell culture methods may detect only a small percentage of the
viruses found in polluted waters because not all viruses will cause CPE.
When Payment and Trudel (1987) used labeled antibodies to determine
the numbers of infectious foci in the cell culture, they found levels of
viruses up to 100 times greater than what they detected by CPE.

While enteroviruses are the most heavily studied waterborne viruses,
the limited data on virus identification indicate that retroviruses typi-
cally occur at higher levels in wastewater (Gerba and Rose, 1990). Hurst
et al. (1988) found that adenoviruses could be detected at levels 94 times
higher than enteroviruses when using molecular techniques (gene probes)
to verify the results of cell cultures.

In sum, although methods exist for detecting some viruses, we lack
sufficient data to determine the concentrations and diversity of the many
viruses of concern in wastewater, reclaimed water, and ambient waters
(Hurst et al., 1989). These include emerging viruses of concern such as
Norwalk viruses.

Indicator Techniques

Several types of microorganisms have been suggested as alternatives
to coliform bacteria as indicators of water quality, fecal pollution, and
public health risks. These include the bacteria Enterococcus and
Clostridium perfringens and the F-specific coliphage bacterial virus.

The Enterococcus bacteria comprise a subgroup of the fecal Strepto-
cocci bacteria and include S. faecium, S. faecalis, S. durans, and related bio-
types (Clausen et al., 1977). Enterococci are generally more resistant to
water treatment than bacterial pathogens or fecal coliforms, and mem-
brane filtration procedures are available for sampling them (Cohen and
Shuval, 1973; Davies-Colley et al., 1994; Sinton et al., 1994). Some epide-
miological investigations found that levels of Enterococcus correlated with
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an increased incidence of gastrointestinal symptoms associated with ex-
posure to polluted recreational waters (Cabelli et al., 1979; Dufour, 1984).
The EPA has suggested that Enterococcus may be the best microbial indi-
cator for ambient waters (U.S. EPA, 1986). A few states have adopted the
use of Enterococcus, but most continue to use total and/or fecal coliforms
for evaluating recreational water quality and the wastewater effluents
that may impact these waters.

Clostridium perfringens is a pathogenic bacterium found in human and
animal feces. Because it forms resistant spores, Clostridium has been rec-
ommended as a conservative indicator of water quality and as a valuable
supplement to other water quality tests, particularly in situations where
the detection of viruses or fecal contamination is desirable (Fujioka and
Shizumura, 1985; Payment and Franco, 1993). This microorganism is
consistently present in municipal wastewater at concentrations of 10° to
10* CFU/100 ml. Fairly rapid and simple membrane filtration methods
are available for the enumeration of C. perfringens. Researchers have
found a significant correlation between levels of C. perfringens and enteric
viruses and protozoa in evaluations of the treatment efficiency of filtra-
tion and disinfection (Fujioka and Shizumura, 1985; Payment and Franco,
1993). These authors suggested that the removal of this indicator by a
factor 7 to 8 log,, essentially ensures the removal of enteric protozoa and
viruses at current limits of detection. However, no jurisdictions in the
United States are known to have adopted Clostridium as a regulatory
standard (Cabelli, 1997).

The coliphages are viruses that infect Escherichia coli, and therefore
the presence of coliphages in water indicates the presence of their host E.
coli, which is excreted by animals and humans. Coliphages may serve as
better indicators for human enteric viruses than bacterial indicators do
because coliphages more closely resemble human enteric viruses in size,
shape, and resistance to treatment processes. In a comparison of un-
treated and treated wastewater, river water, treated river water, and
treated lake water, Havelaar et al. (1993) found significant correlations
between levels of coliphage and levels of enteric viruses. However, this
correlation was not evident for the untreated and treated wastewater
samples, which suggests that other unknown factors may complicate the
use of this indicator when evaluating recent wastewater inputs into a
water body.

Payment and Franco (1993) examined the removal of coliphages and
enteroviruses in drinking water treatment. The total removal and/or
inactivation of enteroviruses by the complete drinking water process was
estimated at 7 log,,, based on coliphage removal. Coliphages have also
been used as biological tracers in the environment to evaluate the move-
ment of septic tank effluent (Paul et al., 1995). An advantage of using
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coliphages to evaluate treatment processes is that large concentrations
can be seeded into pilot or full-scale systems, and low numbers can be
monitored after dilution and reduction by treatment to indicate process
removal (Rose et al., 1996). Such seeded studies may provide useful data
more rapidly than monitoring of indigenous microorganisms can.

Microbial Risk Assessment

Human health risk assessment is a scientific process that attempts to
identify and quantify the health risks from exposure to environmental
hazards. The use of risk assessment in drinking water began in 1974 with
the congressional mandates of the Safe Drinking Water Act. A series of
studies and reports from the National Research Council evaluated health
risks from contaminants in drinking water (National Research Council,
1977-1989). The EPA used the results of these studies and risk assess-
ment to set maximum contaminant levels (MCLs) for a number of inor-
ganic and organic chemicals. The Surface Water Treatment Rule (U.S.
EPA, 1987) used a risk assessment approach, based on the presumed
levels of pathogens in surface waters, to mandate certain treatment pro-
cesses designed to reduce the annual risk of disease occurrence from
viruses and protozoa to less than one disease occurrence per 10,000
people served (Regli et al., 1991).

Microbial risk assessments have been performed for nonpotable re-
claimed water systems based on hypothetical exposure scenarios (Asano
et al., 1992) and on monitoring data (Rose et al., 1996), but no approach
has been formally developed for reclamation systems used for potable
water supplies.

Recently, a conceptual framework for evaluating the risks associated
with exposure to microbial contaminants has been developed (ILSI, 1996).
This approach modifies a four-step paradigm developed by the National
Research Council for chemical contaminants (see Box 4-1) into one better
suited to microbial contaminants. The first phase of the process involves
characterizing the human health effects and determining the dose-re-
sponse relationship. This information comes from clinical, epidemiologi-
cal, and public health surveillance data. The second phase involves esti-
mating exposure and using the dose-response models to quantify the
health risk. This two-phase approach is described below.

Human Health Effects and Dose-Response Modeling

Microbial risk assessment requires adequate knowledge about the
relationship between exposure to microorganisms and consequent health
effects. Clinical and epidemiological studies provide the information nec-
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BOX 4-1
Steps in Risk Assessment

In 1983 the National Research Council defined four steps in the risk assess-
ment process:

1. hazard identification, involving definition of the human health effects asso-
ciated with any particular hazard;

2. dose-response assessment, involving characterization of the relationship
between the dose administered and the incidence of the health effect;

3. exposure assessment, involving determination of the size and nature of the
population exposed and the route, amount, and duration of the exposure; and

4. risk characterization, or integration of the three steps in order to estimate
the magnitude of the public health problem.

These guidelines have generally been followed in evaluating the health risks of
specific chemicals in the environment and, with some modification, have been
used for microbial contaminants.

essary to determine the dosage or exposure level necessary to cause in-
fection or disease. Infection is the colonization of microorganisms in the
body and may or may not cause symptoms. Infectious dose is often ex-
pressed as the dose required to cause an infection in 50 percent of the
population who are exposed (IDs).

Infectious dose has been evaluated in human volunteers for many
enteric microorganisms in order to develop dose-response curves. Haas
(1983) first developed dose-response models using data from human vol-
unteers who ingested various levels of viruses, protozoan cysts or oo-
cysts, or bacteria. The individuals were then monitored for infection and,
in some cases, disease. The ratio of those infected to those exposed at
each dose formed the basis for the dose-response curve.

Some recently developed models provide a good fit to human dose-
response data sets. Haas et al. (1993) found that a beta-Poisson model
best described the probability of virus infection; Rose et al. (1991) and
Haas et al. (1996) also developed exponential models to evaluate the
risks of Giardia and Cryptosporidum infections. Table 4-3 summarizes
the dose-response models for six different microorganisms from various
studies. Estimates of risk may be obtained by substituting a given value
for exposure in the table, represented as N or number of microorganisms
ingested.
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TABLE 4-3 Probability of Infection Models and Best Fit Dose-
Response Parameters for Various Human Feeding Studies

Organism Best Model” Model Parameters?
Rotavirus Beta-Poisson a=0.26
B =042
Giardia Exponential r=0.0198
Salmonella Exponential r =0.00752
E. coli Beta-Poisson o = 0.1705
B =1.61x10°
Shigella Beta-Poisson o = 0.248
B =3.45
Cryptosporidium Exponential r = 0.00467
“Models
P; = 1-(1+N/B)™® (beta-Poisson)
P; = 1 -exp (-rN) (exponential)

bModel parameters:
P; =  probability of infection (ability of the organism to establish and
reproduce in the intestine)

N =  exposure, expressed as numbers of microorganisms ingested
(CFU of bacteria, cysts, or oocysts of Giardia or Cryptosporidium,
or PFU (plaque-forming units) of viruses)

oB, r = constants for specific organisms that define the dose-response

model

SOURCE: Haas et al., 1996; Rose et al., 1991a.

Exposure and Risk Characterization

Using previously defined models for infection and data from human
health effects, one can estimate the health risk a pathogen poses at vari-
ous exposures. Table 4-4 compares four microbial contaminants for risks
of infection, severity of symptoms, mortality in normal populations, and
mortality in vulnerable populations. The values for exposure in drinking
water were estimated based on concentrations reported in surface waters
and using treatment reductions of 99.9 percent for Giardia, 99.99 percent
for rotavirus, and 99.9999 percent for Salmonella. With these assumptions,
the risk of infection ranged from a low of 2.7 x 104 to a high of 4.9 x 103,
depending on the microorganism. While the dose models shown earlier
(Table 4-3) indicate that the infectivities of rotavirus, Giardia, and Crypto-
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sporidium vary, their overall risks of infection are similar because of the
differences in their potential exposure. The bacteria, represented by Sal-
monella, represent the lowest risk of infection. When evaluating mortality
rather than just infection, the bacteria and viruses become more signifi-
cant (by a hundredfold) than protozoa.

Risks from microbial contamination depend not only on the dose of
microorganisms ingested but also on the host’s immune status. Sensitive
populations, including the elderly, infants, and people with compromised
immune systems, stand at greater risk of severe outcomes (Gerba et al.,
1996). For example, case-fatality ratios go from 0.001 percent for Crypto-
sporidium in the general population to 50 to 60 percent in the immuno-
compromised population (Rose, 1997). The immunocompromised pop-
ulation’s risk of mortality is 100 times greater for viruses and bacteria
and 10,000 times greater for Cryptosporidium.

An individual who contracts an infection from exposure to a water-
borne agent may in turn serve as a source of infection for other individu-
als regardless of whether symptoms are apparent. These secondary infec-
tions should be considered when assessing the risk of a particular
exposure.

Such secondary cases may arise by a variety of mechanisms. Among
close family members, household secondary cases can arise by direct or
indirect (such as from surface or food contamination) contact; this is par-
ticularly a concern when the infected individual is a child (Griffin and
Tauxe, 1991; MacKenzie et al., 1995). Table 4-5 summarizes secondary
transmission statistics obtained from a variety of waterborne and non-
waterborne outbreaks. It is unclear whether these secondary statistics
would be applicable in nonoutbreak situations.

The spread of infectious disease in a population may be modeled
using standard population-state models from mathematical epidemiol-
ogy (Bailey, 1975, 1986). When applied to the transmission of waterborne
infectious disease, such models contain many parameters, including some
for which only poor or no estimates are available. However, a prelimi-
nary illustration of the methodology as applied to reclaimed potable wa-
ter does exist (Eisenberg et al., 1996). These models account for typical
numbers of infected, ill, recovering, and immunocompromised subpopu-
lations in computing the passage of an infectious disease through a com-
munity.

Actual levels of exposure to microorganisms through drinking water
have been difficult to estimate, because the data on reductions of many
pathogens are limited and extrapolations are often needed to determine
tap water concentrations. A limited amount of data on virus and proto-
zoa removals during water treatment is available (LeChevallier et al.,
1991a; Payment and Franco, 1993; Payment et al., 1985; Stetler et al., 1984).



134 ISSUES IN POTABLE REUSE

TABLE 4-5 Summary of Secondary Case Data in Waterborne
Disease Outbreaks

Secondary Secondary
Attack Prevalence in Source of
Organism Ratio? Households? Outbreak
Cryptosporidum parvum 0.33 0.33 Contaminated apple
cider
(Millard et al., 1994)
C. parvum N/AC 0.042 Drinking water in
Milwaukee
(MacKenzie et al., 1995)
Shigella 0.28 0.26 Child day care center
(Pickering et al., 1981)
Rotavirus 0.42 0.15 Child day care center
(Pickering et al., 1981)
Giardia lamblia 1.33 0.114 Child day care center
(Pickering et al., 1981)
Viral gastroenteritis 0.22 0.114 Drinking water in
Colorado
(Morens et al., 1979)
Norwalk virus 0.5-1.0 0.19 Swimming

(Baron et al., 1982)
Escherichia coli
0O157:H7 N/A 0.184 Child day care center
(Spika et al., 1986)

“Ratio of secondary cases to primary cases.

bProportion of households with one or more primary cases who have one or more
secondary cases.

®N/A = information not available.

@Proportion of persons in contact with one or more primary cases who have a
secondary case.

Nevertheless, the lack of monitoring data for evaluating exposure re-
mains the greatest barrier to adequately assessing risks posed by micro-
bial pathogens.

A final difficulty in assessing risks from microbial contamination of
reclaimed water is in evaluating the environmental fate of pathogens in
indirect potable reuse projects. As explained in Chapter 2, pathogens die
slowly under certain environmental conditions, with the rate of die-off



METHODS FOR ASSESSING HEALTH RISKS OF RECLAIMED WATER 135

dependent primarily on temperature. However, monitoring the fate of
pathogens in the environment is extremely difficult due to dilution and a
lack of knowledge of the hydrology of the receiving water.

These complicating factors introduce great uncertainty in the assess-
ment of potential risks due to microbial contamination of reclaimed wa-
ter. System reliability is therefore crucial. As discussed in Chapter 6, the
reliability of treatment processes in reducing risks will need to be criti-
cally assessed, and multiple treatment barriers will be needed in case one
of the processes fails. Further, public health officials involved with sur-
veillance programs (also discussed in Chapter 6) in areas using reclaimed
water will need to be aware of the symptoms associated with infections
arising from waterborne pathogens, including emerging pathogens, and
may need to broaden the scope of public health monitoring.

EVALUATING THE RISK OF CHEMICAL
CONTAMINANTS

Evaluating the risk posed by chemical contaminants poses challenges
in any context, and some unique challenges in reclaimed water.

Safety Evaluations of Reclaimed Water

Calculations of health risk from chemicals in drinking water are
largely based on extrapolations of the results of toxicological experiments
on animals and estimates of human exposure to the chemical. Based on
such risk information, national standards have been established for a
limited but growing number of chemical contaminants in drinking water.
This approach has been considered adequate for drinking water derived
from relatively pristine sources or from sources that have been used for a
long time without evidence of harm. In this sense, the regulation of
drinking water resembles the approach used for establishing the safety of
commercially produced foods, in that it assumes the use of an approved
(and relatively safe) source of raw materials, then concentrates on moni-
toring for common contaminants in these materials or for problems in
their processing (e.g., a lack of good manufacturing practices).

However, current drinking water standards are not intended to en-
sure the safety of reclaimed water because the wastewater may introduce
new, unknown, or unquantified sources of contamination (as explained
in Chapter 2). For instance, we have poor toxicological data on the wide
variety of organic compounds in wastewater. Thus, even if a water reuse
system could identify all the organic material in its processed wastewater
(which, as explained in Chapter 2, is impossible), there would be no basis
for assigning risks to most of the identified compounds. Because of this
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and because many compounds are unidentifiable, toxicological testing of
reclaimed water may be the only way to ensure the water’s safety. How-
ever, applying toxicological methods to reclaimed water is difficult be-
cause of the water’s variable chemical composition and the difficulty of
obtaining representative samples. The challenge becomes how to test
high doses of essentially unknown contaminants so that standards with
some margin of safety can be established.

The chemical hazards in reclaimed water derived from municipal
wastewater may vary depending upon a number of factors, including (1)
the composition of chemicals intentionally or unintentionally discharged
to the system from domestic and industrial sources, (2) variability in the
removal of these chemicals by treatment, (3) the introduction of chemi-
cals during the treatment process, and (4) the creation of entirely new
chemicals as a result of chemical reactions during the treatment. If all
wastewaters had the same composition, one could extrapolate the appar-
ent safe consumption of a drinking water augmented with treated waste-
water from one community to another. However, the complexity and
potential variability in the chemical composition of wastewaters from
different localities make such extrapolation quite difficult.

Recent research on the toxicity of different chemical mixtures has
shown that the main health hazards of a chemical mixture are frequently
posed by very low concentrations of highly potent chemicals (National
Institutes of Health, 1993). The potencies of chemicals as toxicants or as
carcinogens easily span 6 to 9 orders of magnitude. Therefore, toxic ef-
fects of chemicals in a wastewater are not necessarily attributable to the
chemicals that occur in the highest concentrations.

Another factor in evaluating uncharacterized mixtures from treated
wastewater is the presence of large amounts of nontoxic chemicals that
complicate the testing of mixtures. For example, most drinking water
contains inorganic salts that pose absolutely no health concern at the
concentrations at which they occur. Yet these salts must be separated out
before the water’s organic chemicals can be evaluated, because concen-
trating the salts would dehydrate and kill experimental animals in the
same way that sea water would.

The earlier National Research Council review Quality Criteria for Wa-
ter Reuse (NRC, 1982) made some recommendations related to the type of
testing that should be applied to establishing the safety of reclaimed
wastewater. Much of the remainder of this section assesses the adequacy
of that approach. Of particular importance is the evolution of how the
results of specific tests are interpreted, how they fit in an overall scheme
of health-effect testing procedures, and how decision rules (sometimes
unstated) are applied to the results of tests.
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Checking the reverse osmosis unit at San Diego’s Aqua III water reclamation
facility. Photo by Joe Klein.

Approaches to Toxicological Testing

The most common way to evaluate chemical hazards to human health
is to test compounds in live animals (usually mammals), a process known
as in vivo testing. For special purposes, testing of lower life forms, such as
bacteria in cell cultures, is used; this is known as in vitro testing. Food
and drug industries have developed fairly standardized testing strate-
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gies of both types to detect adverse health effects of a given chemical
with some level of certainty. First, screening tests identify which organs
and/or physiological functions are most sensitive to the effects of the
chemical. Then more specialized investigations assess the precise effects
on physiological functions and seek to establish dose-response relation-
ships. Conducted rigorously, such testing yields information that can be
accurately extrapolated to humans.

In general, in vivo testing is the most effective screening method be-
cause mammals possess all the physiological systems that can be affected
by a chemical in humans, and gross effects can be readily identified. In
vitro investigations usually seek to evaluate the mechanism of a
chemical’s impact rather than its actual effects or, more recently, to pro-
vide direct sensitivity comparisons of human cells relative to those of the
animals in which prior screening work has been done. Usually such in-
formation must be related back to the whole animal or human to deter-
mine how much active metabolite of a chemical reaches the receptor site
at a given dose. Ideally, dose-response relationships are then developed
to compare the internal concentration of the chemical resulting from ex-
ternal exposure of humans and experimental animals.

In vivo testing provides the best screening data but requires consider-
able investment. For example, experiments designed to detect the carci-
nogenic properties of a chemical generally involve treatments over a
significant fraction of a test animal’s life span. Reproductive or develop-
mental effects require specific assessments of reproductive competence
of sexually mature animals or observations of development in pregnant
animals, which in turn requires observations over more than one genera-
tion.

Because of the expense involved in live animal testing, many in vitro
tests have been developed for screening purposes with the hope that they
would be predictive of carcinogenic and reproductive effects. These in
vitro screening tests are not intended as a substitute for in vivo testing, but
merely to identify chemicals needing further testing.

In the 1970s, a series of inexpensive in vitro tests was introduced into
common use in safety testing. The most widely used was the Salmonella/
microsome assay, commonly known as the Ames test. Its purpose was to
test for mutagenic activity, because mutation plays an important role in
the development of cancer. This test was subsequently applied to a wide
variety of environmental problems, including drinking water and re-
claimed water, in the hopes that it would provide a cost-effective method
for evaluating carcinogenic hazards in the environment. The apparent
success of the test spawned an interest in developing in vitro techniques
to detect other toxicological end points.

As illustrated in Table 4-6, a safety testing strategy emerged that in-
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TABLE 4-6 Progression in Safety Testing

139

Screening/
Hazard Identification

Dose-Response
Determination

Risk Assessment

Short-term in vitro
Point mutation
Clastogenesis
Reproductive effects
Developmental effects
Neurotoxicity
Immunotoxicity
Target organ testing

Short-term in vivo

Controlled human
experimentation
(in vivo can only be done
in special circumstances,
e.g., drug development)

Animal studies, including
two species tests for
specific end points and
studies of metabolism and

Epidemiological studies

Determination of human
exposure

Application of
conventional risk
assessment techniques
to in vivo data

Mutagenesis
Clastogenesis
Carcinogenesis

Target organ identification
Developmental effects
Reproductive effects
Neurotoxicity
Immunotoxicity
Endocrine disruption
Metabolism effects

pharmacokinetics

corporates short-term in vitro and in vivo testing for screening purposes.
Broadly speaking, the purpose of screening is to make sure that no sig-
nificant health effect is overlooked. These testing schemes seek to estab-
lish a finite, cost-effective set of tests that can quickly and inexpensively
identify the chemicals that pose enough possible risk to warrant more
extensive testing. Depending the nature of the chemical, the extent to
which prior toxicological data are available, and the chemical’s intended
use, a chemical may undergo testing by some or all of the screening tests
listed in Table 4-6. For example, an organophosphorus pesticide (which
works by interfering with neurological functions) would be tested both
in vivo and in vitro for its ability to produce delayed neurotoxicity. If the
screening tests suggest the compound has a toxic potential, then careful
dose-response studies would be conducted. Further testing is especially
important if a chemical seems capable of producing specific types of tox-
icity (e.g., neurotoxicity, reproductive toxicities, teratogenesis) at dose
levels that are not lethal to the animal being tested. Generally the tests
are run on at least two species to ensure that no large interspecies differ-
ences in responses are distorting the test results.

Conventionally, risk assessments are made from these data, with ap-
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propriate uncertainty factors included to compensate for lack of direct
data in humans. It is occasionally possible to make quantitative compari-
sons of internal dosimetry between experimental animals and humans if
appropriate in vitro-to-in vivo and in vitro-to-in vitro comparisons of me-
tabolism and pharmacokinetics of the chemical exist. These data, in turn,
can be used to improve the accuracy of a conventional risk assessment
procedure, which typically incorporates large uncertainty factors.

This general strategy has a history of use in the testing of food addi-
tives and new therapeutic drugs. The EPA has used the strategy under
the Federal Insecticide, Fungicide, and Rodenticide Act and the Toxic
Substances Control Act, and the Food and Drug Administration (FDA)
uses the process as well. The general practice has been to test such prod-
ucts to the point where there is clear evidence of some toxic effect, then
compare the toxic doses to the levels normally used in food or drugs to
ensure an appropriate margin of safety.

The Role of Toxicological Testing in
Water Reclamation Projects

The 1982 National Research Council evaluation of health consider-
ations for the potable use of reclaimed water found that it was a practical
impossibility to identify and test the toxicity of all of the individual com-
pounds present in reused water, and that it was ultimately necessary to
test the toxicity of mixtures of chemicals instead. Because the available
toxicological tests were insensitive to the low concentrations present in
reclaimed water, it was recommended that the mixtures be concentrated
so that chemicals would be present in concentrations high enough to
detect effects. Recognizing the complex and essentially unverifiable na-
ture of the mixtures involved, the 1982 report recognized that the follow-
ing factors complicate the experimental results of any toxicological test-
ing:

¢ The changing consistency of samples can be dealt with only by
frequent resampling and testing.

¢ Additive, synergistic, or antagonistic effects of the mixture compo-
nents may vary with individual samples and change with time.

¢ The concentration procedures could influence the chemical or
physical composition of samples.

¢ The chemical and physical stability of concentrates is essentially
an unknown.

¢ The mechanics of sample preparation for administration to animals
may influence results.
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TABLE 4-7 Toxicological Tests Recommended by the 1982 NRC
Report Quality Criteria for Water Reuse

Phase I Phase II Phase III

In Vitro
Mutagenicity
In vitro transformation

In Vivo
Acute toxicity Subchronic 90-day study Chronic lifetime feeding
Teratogenicity in at least one rodent study in one species of
Short-term repeated species, preferably in two rodent

dose studies—14 days  species
(includes cytogenetics Reproductive toxicity
assay)

SOURCE: NRC, 1982.

Notwithstanding these complications, and based on the general test-
ing logic outlined in Table 4-6, the 1982 NRC panel recommended that a
final comparison should be made between reused and conventional wa-
ter based on the outcomes of a series of tiered tests designed to give
information on the relative toxicities of the concentrates from the two
water supplies (Table 4-7). Phase I of this recommended protocol in-
cludes in vitro assessments of mutagenic and carcinogenic potential by
means of microbial and mammalian cell mutation and in vivo evaluations
of acute and short-term subchronic toxicity, teratogenicity, and clasto-
genicity. Phase Il includes a longer term (90-day) subchronic study and a
test for reproductive toxicity on live animals. Phase III is a chronic life-
time animal feeding study.

Several studies of reclaimed water have included toxicological test-
ing of organic concentrates derived from water. Unfortunately, in most
of these studies the selected screening-level tests that correspond to
NRC’s Phase I were not always followed up with the more detailed Phase
IT and III studies necessary to confirm and elaborate on the results of the
screening tests. As shown in Chapter 5, much of the testing was limited
to in vitro tests designed to detect specific end points (e.g., mutagenicity
and cytotoxicity). The value of in vitro testing is unclear when used alone
to examine low-level risks in the environment. Much of the problem
arises from inadequate follow-through on the decision rules of safety
evaluations. These issues are explored in more detail in the following
discussion.
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Limitations of In Vitro Testing

There are several reasons why in vitro testing alone does not reliably
measure health risk. As used in product safety testing, the original vision
for mutagenicity tests was that they would have a low false negative rate
for carcinogenic compounds and that any false positive data would be
revealed by further testing. In practical terms, if a test is positive, a deci-
sion can be made either to drop the product altogether or to test further
with systems that better assess the chemical’s carcinogenicity.

However, several studies have shown the Ames test to be a poor
predictor of carcinogenicity in general (Ashby and Tennant, 1988; Dou-
glas et al., 1988; Parodi et al., 1983). A particular concern is a higher than
anticipated false negative rate in these tests that has not been improved
significantly by combining different types of tests for mutagenic effects.

To be useful (i.e., to provide information that cannot be gained in
another way), in vitro test systems must focus on a single end point (e.g.,
carcinogenicity, mutagenicity, teratogenicity, reproductive toxicity, liver
toxicity, neurotoxicity, kidney toxicity) or, in some cases, on one of sev-
eral modes of action that can produce an end point (e.g., on mutagenesis,
which can produce cancer). No single in vitro testing system addresses a
substantial fraction of the many potential health effects that chemicals
can have on animals or humans, and there seems little hope that any
combination of in vitro tests will do so or be able to substitute for experi-
ments on live animals in the foreseeable future. Negative results in a
single mutagenesis test, for instance, provide no confidence that the
chemical or product causes no nerve damage, liver damage, reproductive
problems, and so on.

In vitro test systems do have considerable value as tools to resolve
questions of extrapolation, for they allow very directed studies of mecha-
nisms of action. However, such studies assume that some specific type
of pathology has already been identified in an intact animal or human.
Therefore, the toxicological use of in vitro systems is moving away from
screening toward risk assessment of identified contaminants. The results
of such risk assessment studies are used to select the extrapolation model
rather than to provide data that would be used in a quantitative fashion.

These limitations raise the question of whether screening tests for
specific end points should involve in vitro tests at all. Only in intact ani-
mals can all forms of toxicity be recognized in one test system. This
becomes even more important when the material being tested is a com-
plex mixture such as reclaimed wastewater. Using a large battery of tests
to identify each and every potential toxic effect of a complex chemical
composition that varies in time and place would be very expensive and
time-consuming and produce results of questionable utility. Moreover,
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testing must eventually return to an in vivo system before in vitro data
can be related in any plausible way to actual risk.

Extrapolation of Test Results to Human Risk

Toxicological investigations of food additives or drugs make extrapo-
lations from experimental systems to the human system and from the
high experimental doses to the lower doses that are usually encountered
by humans. Extrapolation from the high doses used in toxicological ex-
periments to the low doses that might be present in reclaimed water
creates uncertainty because effects that occur at high doses may not occur
at low doses. In the case of presumed stochastic responses, particularly
those that arise from chemically induced mutation, an assumption is
sometimes made that low doses create the same responses as high doses,
but with less frequency or severity—that is, that the response curve is
linear. But this assumption ignores the role of nonmutagenic processes
that occur only at high doses, such as those used in studies in experimen-
tal animals. These problems can be addressed by research on individual
chemicals. However, the data that would allow reasonable quantitative
conclusions to be made are still quite limited and do not clearly apply to
the highly complex mixtures of chemicals found in wastewaters.

For these reasons and others, a recent workshop on molecular and
cellular approaches to risk assessment concluded that the current state of
knowledge does not allow meaningful risk assessments to be made
purely on in vitro data (Sutter, 1995). Workshop participants recom-
mended parallel in vitro/in vivo experiments in animals to validate an in
vitro-to-in vivo extrapolation. In vitro measurements should then be made
for critical end points in the appropriate human cells before the results
can be extrapolated to humans (see Figure 4-1).

When considering potable reuse of treated wastewater, extrapola-
tions to other locations and forward through time may also be necessary.
While the few fairly extensive toxicological studies of reclaimed water
that have been conducted (see Chapter 5) have shown no toxicological
effects produced by reclaimed water, the extrapolation of these results to
other reuse systems is greatly complicated by possible differences be-
tween municipal wastewaters from different systems, potential changes
in wastewater composition over time, and the types of monitoring that
would be needed to ensure continued toxicological safety of the reclaimed
water.

Further complicating these extrapolations are the many chemicals
present at low dose levels in drinking water from either natural or waste-
water-influenced sources, which may interact with one another in an ad-
ditive, synergistic, or antagonistic manner to produce biological effects
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Normalization of dose

L PBPK models
Rodents: in vivo >

Humans: in vivo

T Extrapolation
Testable predictions using PLand
PBPK models
Comparative testing
Rodents: in vitro » | Humans: in vitro

FIGURE 4-1 Parallelogram approach to risk assessment from whole-animal and
in vitro testing procedures. The essential features are to confirm the critical toxi-
cological response at the in vitro level and to adjust predictions of risk for hu-
mans based upon confirmation of in vivo observations in the appropriate target
cell in intact animals. Development of the dose-response curve for humans would
then involve modeling of target site dose with physiologically based pharmaco-
kinetic (PBPK) models and response by pharmacodynamic (PD) models.

(NRC, 1989). Further, individuals within an exposed population vary in
their susceptibility to chemical-induced injury, depending on factors such
as age, nutritional status, gender, or genetic predisposition. Immuno-
compromised individuals, such as those undergoing organ transplant
treatments or cancer chemotherapy or those infected with HIV, may suf-
fer further immunosuppressive effects by exposure to some chemicals in
drinking water at even very low dose levels. Given the millions of people
using public drinking water supplies, it is reasonable to expect that such
scenarios currently exist, and they should be factored into risk assess-
ment strategies for treatment of public water supplies from any origin.

There is often limited information regarding how closely a sample
used for testing represents the original constituents (see Chapter 2). Fur-
ther, there has been little follow-up on the relationship between in vitro
bioassays and live animal studies using samples derived from reclaimed
water concentrates. Only two studies—one in Denver (Lauer et al., 1990)
and one in Tampa (CH,M Hill, 1993)—have used live animal testing.
While the Tampa study documented mutagenic activity in some samples
through in vitro testing, no sample produced a significant positive re-
sponse in vivo. Therefore, within the limits of the sensitivity of the in vivo
tests that were used, the mutagenicity tests were not predictive.

In evaluating the safety of reclaimed water, additional uncertainties
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also exist in extrapolating the results from one location to another and
from the present to the future at a given location. The confidence with
which data can be extrapolated from one circumstance to another de-
pends upon the completeness of the data and the representativeness of
the samples.

In setting guidelines for evaluating the chemical safety of reclaimed
water, it may be useful to consider the two general approaches used in
safety testing of other products. The first approach is used for products
whose chemical composition can be reasonably well defined. In general,
such products are pure chemicals or relatively simple mixtures. For such
products, very specific safety standards can be established.

A second approach, for products having poorly defined chemical
composition, is to provide strict guidelines on production procedures.
Standards on the chemical composition of such products can still apply,
but they are supplemented by the guidelines and regulations regarding
production techniques. For this type of situation, manufacturing may be
approved on a plant-by-plant basis to ensure that production methods
meet relevant guidelines.

Both approaches are used to regulate drinking water from non-re-
claimed sources: maximum contaminant levels set explicit standards for
specific chemicals, but treatment processes are also regulated. A similar
combined approach can be used to regulate the toxicological safety of
reclaimed water. That is, standards can be set specifying the types of
toxicological testing that the water must undergo, but the processes for
“manufacturing” the reclaimed water can and should also be strictly
regulated.

EPIDEMIOLOGICAL METHODS FOR
EVALUATING HEALTH RISKS

Human epidemiologic studies attempt to measure adverse health ef-
fects in a population exposed to a health hazard. A related but distinct
activity is public health surveillance (described in Chapter 6), which col-
lects information on morbidity and mortality but does not determine risk.
Surveillance systems may reveal trends in disease morbidity and mortal-
ity but do not necessarily relate these trends to water quality. Determin-
ing whether an observed pattern of disease is associated with exposures
to contaminants in drinking water requires a specifically designed epide-
miologic study.

The use of epidemiologic methods to study health risks associated
with drinking water has been recently reviewed by Craun et al. (1996)
and Savitz and Moe (1997). Most epidemiologic investigations of drink-
ing water and health have been conducted following waterborne disease
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outbreaks, when the investigators were primarily concerned with identi-
fying the factors causing the particular outbreak and controlling the out-
break as quickly as possible. Epidemiologic studies designed to detect
endemic waterborne disease or other health risks that may be associated
with low levels of microbial or chemical contaminants in drinking water
have proved more challenging.

In situations where there have been no obvious health problems or
observed outbreaks and where endemic waterborne disease is low, the
study population must be large enough to allow investigators to accu-
rately measure and calculate whether a true difference exists between the
disease patterns in the exposed population and the disease patterns in
the unexposed population. In the study design phase, statistical-power
calculations can be used to indicate the minimum risk that can be de-
tected with a specific study population size. In the data-analysis phase,
statistical-power calculations can also be used to interpret negative find-
ings by providing information about the minimum risk that could have
been detected given the size of the study population and the measured
disease rates. Epidemiologic studies cannot prove that reclaimed water
poses no risk; rather, negative findings can only show that the risk, if
any, was less than what the study was capable of detecting.

Another critical issue in epidemiologic studies of reclaimed water is
the problem of comparability. Any epidemiologic study requires com-
parisons of health outcomes or exposure experiences between different
populations. In areas using or considering the use of reclaimed water,
reclaimed water may be of better quality than other area water sources.
If so, defining the appropriate “unexposed” or control group is difficult.
The “unexposed” group may be a population in the same geographic
area that consumes poor-quality water that is not reclaimed water, a
population in a different geographic area that consumes high-quality
water that is not available in the study area, or a population consuming
bottled water. When considering the possible health risks associated with
potable water reuse, one must also consider the risks associated with
these other available water sources.

Basic Study Designs

Ecologic studies, also known as geographic studies, are often used in
investigating the possible health effects of exposure to environmental
contaminants. These studies are descriptive, are relatively inexpensive
and easy to perform, and usually take advantage of existing data on mor-
tality, morbidity, and demographics. Exposure and health outcome are
characterized on an aggregate level. For example, initial studies of the
potential health risks from chlorination by-products in drinking water
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used ecologic designs in which exposure and cancer rates were character-
ized on a community level. Cancer mortality rates in communities with
chlorinated surface water supplies were compared to the rates in control
or “unexposed” communities served by ground water.

Ecologic studies are valuable for developing hypotheses that can be
tested in analytical epidemiologic studies. However, ecologic studies have
limitations. For instance, such studies do not take into account individual
risk factors (such as smoking or occupational exposure) or individual
water exposure patterns (such as the use of bottled water or the length of
residence in the study community). In addition, they assume that the
distribution of individual risk factors and behaviors will be relatively
equal in the exposed and control communities. In studies examining po-
tential health effects with long latency periods (such as cancer), the re-
sults may be weakened by a mobile study population, since migration in
and out of the study area over time will reduce the sample size of the
truly exposed population.

In another type of study, the case-control study, the exposure histo-
ries of individuals with the disease of interest (“cases”) are compared to
the exposure of individuals without the disease (“controls”). With this
design, cases and controls are queried directly about their residence his-
tory and water consumption habits, which provides greatly improved
estimates of risk associated with exposure to water from different sources.
Case-control studies allow the association between exposure and a single
disease or health outcome to be evaluated while controlling for individual
risk factors. However, case-control studies cannot prove that the expo-
sure caused the disease or health outcome, because they do not provide
evidence that the exposure preceded the disease. Case-control studies are
useful in examining risk factors for specific health outcomes and are gen-
erally more efficient than cohort studies (described below), especially for
rare health outcomes, because they require fewer participants for ad-
equate statistical power.

In a cohort study, also known as a longitudinal study, the disease
rates among a group of people who are exposed to the substance of inter-
est (such as reclaimed water) are compared over time to the disease rates
in a group of people who are not exposed to the substance. Because this
design identifies the study population and determines exposure before
the development of disease, it can be used to determine the temporal
relationship between exposure to reclaimed water and the development
of various health outcomes. These studies are typically the most expen-
sive epidemiologic designs, especially if they require long follow-up
times. Retrospective cohort studies cost less and take less time than pro-
spective ones. Studies of occupational exposures have used retrospective
cohort designs in situations where historical exposure of a group of indi-
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viduals (“cohort”) was well characterized; health outcomes are then mea-
sured in the past or present. Although this study design has some limita-
tions (such as the difficulty of collecting accurate historical exposure
data), it has potential for future epidemiologic studies of possible health
effects associated with potable reuse.

Each of these study designs has strengths and limitations, and no
single study can conclusively establish the risks that may be associated
with exposure to reclaimed water. Epidemiologists must examine a body
of evidence collected from several studies and study designs and con-
sider the following questions to determine whether the association be-
tween exposure and disease is a causal relationship:

1. Temporal association: Did the exposure of concern precede the
development of disease?

2. Study precision and validity: Was the study well designed and
conducted, and was the study population sufficiently large to detect
meaningful differences in exposure and health outcomes?

3. Strength of association: Was the measure of association large
enough to be a credible rather than a spurious result?

4. Consistency: Is there consistency of results across several studies
with various designs and study conditions?

5. Specificity: Does the exposure result in a specific health outcome?

6. Biological plausibility: Is there scientific evidence from other fields
(such as toxicology) to suggest that the exposure of concern results in the
observed health effects?

7. Dose-response relationship: Was there evidence that increased
exposure resulted in greater risk and/or more severe health outcomes?

8. Reversibility: Does removal of the exposure of interest result in a
reduction of risk and/or disease?

The absence of one or more of the above conditions does not rule out
causality. For example, some causal relationships can be weak and can
result in multiple health outcomes. However, taken together, these crite-
ria allow critical evaluation of specific epidemiologic findings in a broader
context.

Exposure Assessment

Estimating actual exposure to microbial pathogens or chemical con-
taminants in drinking water is a difficult task. In general, populations
who are served by a given water supply are considered to be “exposed.”
Yet there can be a significant range in the degree and mode of exposure,
depending on individual water consumption habits, household treatment
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devices, and variabilities within the treatment and distribution system.
In addition, inhalation and contact also serve as potential transmission
routes for waterborne diseases and must be included in estimates of ex-
posure (Savitz and Moe, 1997).

In epidemiologic practice, exposure to waterborne chemical or infec-
tious agents is assessed by either (1) routinely measuring the actual mi-
crobial pathogen or chemical contaminant of concern or a proxy (such as
a microbial indicator organism) in tap water or (2) estimating the pres-
ence, and possibly the amount, of the contaminant based on characteris-
tics of the water source and treatment processes (such as a chlorinated
surface water supply versus an untreated ground water supply). Indi-
vidual consumption of or exposure to the water supply can then be de-
termined by conducting interviews that collect information on lifetime
residence history and self-reported water consumption habits (Savitz and
Moe, 1997). Attempts to reconstruct the lifetime water exposure history
of deceased cases by interviewing family members or using the last resi-
dence listed on death certificates should be avoided since these methods
may misclassify exposure and introduce bias into the study (Craun et al.,
1996).

Biomarkers of Exposure or Susceptibility

There has been increasing interest in the use of biomarkers (biochemi-
cal or molecular markers) of exposure or susceptibility in epidemiologic
studies. For example, epidemiologists can use serological surveys to de-
termine the prevalence of specific antibodies in a population and then
compare the prevalence of specific infections, such as Cryptosporidium,
between populations with different water sources in order to study the
endemic risks of waterborne cryptosporidiosis (Craun et al., 1996). Such
techniques may strengthen our ability to detect and classify exposure
and disease (especially early stages of disease), clarify the steps between
exposure and development of disease, and study the role of host factors
that may account for variation in response. These techniques also may
enhance the use of epidemiologic data to provide individual and group
risk assessments (Schulte, 1993). Biomarkers could be particularly valu-
able for studying health effects of reclaimed water where there are a
variety of possible exposures (microbial and chemical) and health out-
comes of interest (infectious diseases, cancers).

Biomarkers in epidemiologic studies should be approached with cau-
tion since they can introduce confounding factors or bias (Pearce et al.,
1995). For example, appropriate laboratory techniques must be chosen to
measure the relevant antibodies, and the results must be interpreted care-
fully, since the presence of antibodies to a particular microorganism does
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not explain whether the infection was water related and may not indicate
how long ago the infection occurred.

Sensitivities to chemical agents can also be highly variable. Genetic
polymorphisms are proteins of the same general class that exist in differ-
ent forms. These different forms have different functional properties.
Individuals who express one form versus another can exhibit different
sensitivities to chemical or microbial agents. As a consequence, molecu-
lar markers of genetic polymorphisms can be used to identify susceptible
subpopulations and can enhance epidemiologic research by more accu-
rately describing risk in specific groups, rather than assuming an average
risk for the whole population. For instance, a biomarker that may be of
relevance to health-effect studies of reclaimed water is the glutathione S-
transferase theta 1 (GSTT1) gene. It has been hypothesized that polymor-
phisms in the GSTT1 gene may contribute to susceptibility to colon and
rectal cancer. GSTT1 is involved in detoxification of a variety of haloge-
nated organic compounds, including organic compounds present in chlo-
rinated drinking water (bromoform, dibromochloromethane, dichloro-
bromomethane, and dichloromethane) (Casanova et al., 1997; Smith et
al., 1995; Thier et al., 1993). Laboratory studies suggest that individuals
with one or more intact copies of the GSTT1 gene could experience a
different risk for colon and rectal cancer if exposed to chlorination by-
products or other halogenated organic compounds in water.

Outcome Measurement

As discussed in Chapter 3, microbial agents in water have been asso-
ciated with a diverse range of health problems. Waterborne enteric and
aquatic microorganisms can cause acute and persistent gastroenteritis,
dysentery, infectious hepatitis, febrile illness, meningitis, myocardiopa-
thy, herpangina, encephalitis, hemolytic uremic syndrome, poliomyelitis,
conjunctivitis, pharyngitis, ear infections, wound infections, dermatitis,
Legionnaires” disease, Pontiac fever, stomach cancer, and various types
of toxin poisoning. Chemical agents in water are known to have various
acute and chronic toxic effects, and to cause reproductive problems, and
they have been associated with cancer (bladder, liver, colon, rectal, kid-
ney, esophagus, stomach, pancreas, and breast), depending on the type
of agent, concentration, and duration and route of exposure.

Waterborne illnesses range from common, mild symptoms to rare,
severe events, with results ranging from a successful natural immune
response to death (see Chapter 3). Given this wide array of health effects
and the variety of types and concentrations of contaminants that may be
found in reclaimed water, it can be difficult to choose appropriate health
outcomes for epidemiologic studies of reclaimed water. The choice of
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health outcomes to focus on for a particular study will affect the size of
the study population and choice of study design. Some designs, such as
prospective cohort and cross-sectional, are more amenable to the exami-
nation of frequent episodes of common illnesses, while other designs
(case-control and retrospective cohort) are recommended for the study of
rare, severe outcomes. Measuring both acute and chronic health outcomes
in a single study is very challenging, because different measurement strat-
egies may be required. Changes in disease incidence are a more sensitive
outcome measure for environmental exposure than death, because (1)
incidence would be expected to change earlier than mortality in response
to an environmental exposure, (2) incidence is not affected by survival
factors, and (3) incidence data are gathered from diagnostic information
in patient medical records, which may be more informative than cause-
of-death information from death certificates (Sloss et al., 1996).

The best method for measuring health outcomes in epidemiologic
studies of health effects associated with water exposure depends on the
study design and the health outcomes in question. Prospective studies of
endemic waterborne infectious diseases have used personal health dia-
ries to record episodes of gastrointestinal symptoms (Payment et al.,
1991). Case-control studies of disinfection by-products and cancer have
used medical records or death certificates (Craun, 1993). Ecologic studies
of reclaimed water have used passive surveillance for infectious diseases
and tumor registries and death certificates for evidence of chronic dis-
eases (Sloss et al., 1996). Some outbreak investigations have used various
forms of active surveillance, including lab-based active surveillance, tele-
phone surveys, and monitoring of illness in institutions such as nursing
homes and other “sentinel” or high-risk populations (MacKenzie et al.,
1994). The quality of health outcome data collected by these diverse
methods can vary, and data quality should be considered in the interpre-
tation of results. Underdiagnosis and underreporting of disease and
misclassification of health status may bias the results of an epidemiologic
study.

Epidemiologic studies of water-associated health effects must con-
sider several attributes of the exposure-disease relationships of interest.
The timing of exposure relative to development and detection of disease
varies considerably for different health outcomes. For most chemical
agents suspected of causing cancer, risk arises from prolonged exposure,
and there may be prolonged latency. Epidemiologic studies of these
health outcomes must choose study populations who have had (or will
have) sufficient lengths of exposure and follow-up time. For some can-
cers the latency time may be as long as 15 to 30 years. In contrast, chemi-
cal exposure that may affect reproductive health outcomes is of interest
only during a brief interval early in pregnancy. Waterborne infectious
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diseases typically have short incubation periods and occur in response to
a “slug” of microbial contamination in the water supply. For both chronic
and acute diseases, the time course can vary depending on dose of the
agent, prior exposure to the agent, and specific host factors (Savitz and
Moe, 1997).

The ability to attribute a specific health outcome to a particular water-
borne agent is related to the specificity of the exposure-disease relation-
ship (Savitz and Moe, 1997). Diseases such as acute gastroenteritis and
bladder cancer have many known and potential causes, some of which
are completely unrelated to waterborne exposures. Of all reported cases
of a particular disease or set of symptoms, only a subset can be poten-
tially attributable to specific water exposures. For infectious diseases,
clusters of cases due to a point source of contamination may be identified
by molecular typing of clinical and environmental isolates. In contrast, it
is extremely difficult to ascribe chronic diseases such as cancer to specific
waterborne contaminants. When there are multiple transmission routes
of the contaminant or multiple causes of the health outcome, the study
must consider the effects of confounding factors (such as occupational
exposures, smoking, and health behaviors) that can distort the relation-
ship between water exposure and health outcome.

Sources of Bias and Error

When planning epidemiologic studies or reviewing the results of pre-
vious studies, one must examine whether the results could be affected by
systematic errors in the sampling strategy or data collection procedures.
Nonrandom error in a study that leads to distorted results is called “bias.”
Epidemiologists have described four major types of bias (Greenberg,
1993), and certain types of study designs are more prone to specific types
of biases.

Usually, the first consideration is the potential for bias in the selec-
tion of the study subjects, or selection bias. The study must select sub-
jects who are representative of the population of interest. Selection bias
is a design issue and cannot be corrected in data analysis. In ecologic
studies, the whole community is theoretically included in the study.
However, certain segments of the population may be underrepresented
because of the way health outcome data are collected. For example,
health care facilities in poor neighborhoods may not have the resources
to accurately diagnose and report specific health outcomes. When select-
ing control communities for ecologic studies, it is important for the con-
trol community to be similar to the test community in every way (demo-
graphics, income, education, etc.) except for exposure to the substance of
interest (i.e., the water supply). In case-control studies, how cases and
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controls are selected is critical to the correct design of the study. Cases
and controls must be selected without knowledge of their exposure. The
strengths and limitations of various recruitment strategies need to be
carefully considered. For example, choosing prevalent cases of cancer
rather than incident cases will favor survivors; choosing controls from a
hospital may select people with disease conditions that could also be
influenced by environmental factors; and choosing community controls
via telephone recruitment will favor those who have telephones and are
available to answer the telephone (i.e., those who spend more time in the
home). In cohort studies, the study population must be selected without
knowledge of disease. Loss of certain members of the cohort during the
follow-up period may result in bias if those who drop out of the cohort
are unique in a certain way and become underrepresented in the final
cohort. An example of such a unique group is families with young chil-
dren; these families may find that they do not have time to participate in
studies that require maintaining health diaries or responding to exten-
sive interviews.

Information or misclassification bias can occur in the determination
of exposure or of health outcome. This bias results from systematic er-
rors in measuring either the exposure or the disease. In water studies,
misclassification of exposure is a major concern. Information on an
individual’s exposure to a specific water supply may be based on infor-
mation from death certificates or water utility bills. However, this mea-
sure only indicates exposure at a specific point in time that may not be
the exposure time frame relevant to the disease of interest. For example,
risks of bladder cancer may be strongly associated with the type of water
supply an individual was exposed to 20 years previously and may not be
related to that person’s current water supply. When evaluating this type
of bias, it is important to determine whether it is “differential” or “non-
differential.” Differential misclassification occurs when either (1) expo-
sure was measured differently for cases than for noncases or (2) health
outcomes were measured differently for exposed than for unexposed
people. Differential misclassification will result in either an overestimate
or an underestimate of the measure of association between exposure and
disease. Nondifferential misclassification occurs when either (1) expo-
sure is measured equally incorrectly for both cases and controls or (2)
health outcomes are determined equally incorrectly for the exposed and
unexposed people. In these situations, the measure of association be-
tween exposure and disease is underestimated.

Recall bias can be a concern when data are gathered retrospectively
and is most likely to occur in exposure assessment. For example, lifetime
water histories may be recalled differently by cases than by controls, be-
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cause ill people may be more likely to remember (and blame) specific
exposures for their illness.

Confounding bias is a problem when the exposed and unexposed
groups differ in the occurrence of some factor or factors that affect the
development of the health outcome of interest. Common confounders
are demographic characteristics such as age, gender, race, and occupa-
tion or behavioral characteristics such as smoking or alcohol abuse. For
example, in an ecologic study, the study community may house a chemi-
cal manufacturing plant, and therefore it may have more individuals with
occupational exposure to hazardous chemicals than the control commu-
nity. This difference, rather than water supply, may account for higher
cancer rates in the study community. The effect of confounding bias on
the measure of association can be controlled in the study design either by
restricting the study population to persons with a narrow range of a
confounder (such as white, male, nonsmokers between the ages of 30 and
50) or by matching study groups based on confounders (such as match-
ing cases and controls for age, gender, race); or confounding bias can be
controlled in the analysis phase of the study by using techniques that
account for the effect of the bias. All of these control methods rely on
being able to identify and measure the relevant confounders for the health
outcome of interest.

CONCLUSIONS AND RECOMMENDATIONS

A number of methodological issues make it difficult to definitively
determine the public health risks of drinking reclaimed water.

Despite these uncertainties, any utility considering the implemen-
tation of a potable reuse project should estimate the increased risk from
microbial and chemical contaminants in reclaimed water relative to
those from other available sources of water.

Microbiological Methods and Risk Assessment

There is a lack of information nationwide on the levels of viral and
protozoan pathogens in all waters and the efficacy of both conventional
water treatment and wastewater treatment for water reclamation in re-
ducing these levels. The Information Collection Rule, promulgated in
1996 by the EPA, is a first step toward providing some of the exposure
data needed for more effective risk assessments, but additional steps are
needed to improve methods for assessing risks posed by microbial patho-
gens in water reuse projects.

Potable reuse projects should consider using some of the newer
analytical methods, such as biomolecular methods, as well as new in-
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dicator microorganisms, such as Clostridium perfringens and the F-spe-
cific coliphage virus, to screen drinking water sources derived from
treated wastewaters. The microbial methods currently used for detecting
bacterial, viral, and protozoan pathogens in water all have limitations
when used to detect pathogens in reclaimed water. Bacterial techniques
do not account for viable, noncultivable bacteria, and the new techniques
for assessing the viability of protozoan cysts or oocysts will require evalu-
ation. Standard cell culture methods employing tests of cytopathic ef-
fects have been limited to the detection of well-known enteroviruses and
do not account for many other enteric viruses that may be found in waste-
water. New analytical methods for rapid measurement of health-related
microbial contaminants, such as the polymerase chain reaction, are being
developed. However, treatment performance and water quality goals
have not been developed for these methods. In addition, several new
indicator microorganisms are available, including Clostridium perfringens
and the F-specific coliphage virus, and should be considered as alterna-
tives to using the coliform bacteria as indicators for water quality. In
particular, F-specific coliphage can be used in seeded studies to provide
useful data on unit process removals.

The EPA should include data on the concentrations of waterborne
pathogens in source water in the new Drinking Water National Con-
taminant Occurrence Data Base and should develop better data on re-
ductions of waterborne pathogens by various levels of treatment. The
lack of monitoring data for evaluating exposure remains the greatest
single barrier to the development of risk assessment for microbial patho-
gens. Microbial risk assessment requires better estimates of exposure,
which should be based on monitoring data, to identify the concentration
of microbial pathogens in raw wastewater, wastewater treated with vari-
ous processes, ambient water, and drinking water treated with various
processes.

State officials, water utilities, and water research scientists should
document survival rates of relevant protozoa in natural environments.
Indirect potable reuse projects may rely on dilution in the environment
and reduction by natural processes (i.e., die-off in ambient waters and
removal by soil infiltration systems) to remove pathogens of all kinds;
however, while reductions of bacteria and viruses have been well docu-
mented, the information on protozoa survival in ambient waters remains
inadequate. More research is needed to fill that gap.

Risk estimates should consider the effects on sensitive populations
and the potential for secondary spread of infectious disease within a
community. This precaution is necessary to prevent pathogens from in-
fecting sensitive populations (the elderly or very young, or those with
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suppressed immune systems) in whom mortality may be high and from
whom diseases might spread to others.

The research community should conduct further studies to docu-
ment the removal of pathogens of all types by membrane processes.
Membrane systems, such as microfiltration, ultrafiltration, nanofiltration,
and reverse osmosis, show the potential for nearly complete rejection of
pathogens above certain size classes (in the case of the latter three pro-
cesses, all size classes). More work is needed to demonstrate the suitabil-
ity of these processes for potable reuse applications and to develop moni-
toring methods capable of continuously assessing process performance.

Chemical Risk Assessment

Analysis of reclaimed water is complicated by the fact that toxico-
logical data on the wide variety of organic compounds in wastewater are
much less complete than those for inorganic compounds. Thus, even if
the organic material in the water could be analyzed completely, there
would be no basis for assigning risks to most of the identifiable com-
pounds present. This situation complicates the management of risks from
chemical contaminants.

A conventional toxicological safety testing strategy developed in the
food and drug industries uses both live animal (in vivo) and cell culture
(in vitro) testing. While this approach has been used to develop risk as-
sessments and regulations for recognized chemical contaminants in
drinking water, there has been little experience in applying the strategy
to determine health risks posed by the poorly characterized mixtures of
organic chemicals in reclaimed water. The current state of knowledge in
toxicology is too limited to make meaningful risk assessments based on
in vitro data alone. So far, most toxicological studies of potable reuse have
focused on bacterial and/or in vitro mammalian tests of genotoxicity of
product waters rather than comprehensive testing on live animals. These
bacterial or in vitro tests do not accurately evaluate the risks posed by the
complex mixtures of contaminants in reclaimed wastewater.

Because of the uncertainty in the organic composition of reclaimed
water, toxicological testing should be the primary component of chemi-
cal risk assessments of potable reuse systems. Attempting to ensure the
safety of reclaimed water by analyzing only for known chemical con-
taminants, such as those regulated under the Safe Drinking Water Act,
will not provide adequate protection of public health.

In waters where toxicological testing appears to be important for
determining health risks, emphasis should be placed on live animal
test systems capable of expressing a wide variety of toxicological ef-
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fects. Chapter 5 presents a proposed system using fish in ambient wa-
ters.

Further, toxicological testing standards for reclaimed water should
be supplemented by strict regulation of the processes for “manufactur-
ing” the water. Regulators should review the processes for manufactur-
ing the reclaimed water (that is, the treatment systems and environmen-
tal storage employed) on a plant-by-plant basis.

Epidemiological Methods

Several methodological challenges complicate epidemiologic investi-
gations of the health effects of potable water reuse. These challenges
include (1) obtaining accurate measures of individual or group exposure
to the waterborne agent of interest, (2) selecting the appropriate health
outcomes to monitor, (3) accurately measuring health outcomes through
either a surveillance system or individual health records, (4) estimating
the fraction of disease cases due to waterborne exposure, (5) selecting an
appropriate comparison group, and (6) recruiting a study population
large enough to detect a true effect.

Given these challenges, the results of epidemiologic studies should
be interpreted with caution and a recognition of the potential for sys-
tematic and random error and potential biases. The strongest observa-
tional study design for establishing a cause-and-effect relationship be-
tween exposure to waterborne disease agents and disease occurrences is
a cohort study, which compares the disease rates over time among indi-
viduals who are exposed to reclaimed water to disease rates among indi-
viduals who use a different water source.
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5

Health-Effect Studies of Reuse
Systems

While there is a general lack of toxicological and epide-
miological data regarding potable reuse (see Chapter 4), a handful of
such studies have specifically explored the public health implications of
direct and indirect potable reuse. This chapter reviews six such health-
effect studies conducted at operational or proposed planned potable re-
use projects. Table 5-1 summarizes information from these studies. Most
of the studies sought to analyze and compare the toxicological properties
of reclaimed water to those of the current drinking water supply.

Windhoek is the only city in the world that has implemented direct
potable reuse. The facility has operated since 1968 and has been the sub-
ject of epidemiological studies. In Denver, Colorado, direct reuse was
studied extensively from about 1968 to 1992, but not adopted. In a related
vein, a U.S. Army Corps of Engineers study was conducted in the early
1980s to assess the feasibility of using the wastewater-contaminated
Potomac Estuary as a potential drinking water source for Washington,
D.C. San Diego, California, and Tampa, Florida, have both conducted
feasibility studies on adding reclaimed water to their surface water sup-
plies and are moving toward implementation. Finally, California’s Or-
ange and Los Angeles counties, which have had operational indirect po-
table reuse systems in place for over 30 years, conducted a series of
studies from 1975 to 1987 on the health effects of ground water recharge
using reclaimed water.
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TOXICOLOGY STUDIES

The studies conducted at the six projects varied from simple two-test
studies to more comprehensive evaluations. The studies and their main
findings are described briefly below; Table 5-1 provides further details.

Potomac Estuary Experimental Water Treatment
Plant

In 1980, the U.S. Army Corps of Engineers began a two-year testing
program of the Potomac Estuary Experimental Water Treatment Plant
(EEWTP). Influent to the EEWTP was a 1:1 blend of estuary water and
nitrified secondary effluent from the Blue Plains Wastewater Treatment
Plant, which treats municipal wastewater from Washington, D.C. The
blended water received further treatment by aeration, coagulation, floc-
culation, sedimentation, pre-disinfection, filtration, carbon adsorption,
and post-disinfection.

Short-term in vitro tests (specifically, the Ames Salmonella/microsome
test and a mammalian cell transformation test) were run on the EEWTP’s
blended influent, its effluent, and product water from three local conven-
tional water treatment plants. For the toxicological parameters measured,
the study found the EEWTP product water comparable to the finished
waters from the local water treatment plants (James M. Montgomery,
1983). However, a National Research Council review panel (NRC, 1984)
did not concur with this conclusion, because of the limited toxicological
tests that were conducted.

Orange and Los Angeles Counties Health-Effect
Study

The only toxicological study conducted to date on an operating indi-
rect potable reuse project was performed as part of a five-year health-
effect study, initiated in 1978, that evaluated possible effects resulting
from surface spreading of reclaimed water in the Montebello Forebay
area of Los Angeles County, California. Since inception of the potable
reuse project in 1962, reclaimed water has been blended with local storm
water and river water prior to percolation. At the time of the study, re-
claimed water supplied about 16 percent of the total inflow to the ground
water basin. Disinfected secondary effluent was used for recharge from
1962 to 1977, at which time dual-media filtration was added to the three
wastewater treatment plants producing the product water. The toxico-
logical study sought to detect, isolate, characterize, and if possible, trace
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the origins of previously unidentified carcinogens in the ground water’s
replenishment sources and well waters.

The Ames test and Salmonella tester strains (TA98 and TA100) were
used to screen for mutagenic organics in concentrates of reclaimed water
(before it was spread), storm water, imported water, and unchlorinated
and chlorinated ground water. While 13 of the 56 sample concentrates
tested were free of mutagens, at least one mutagenic concentrate was
found from each source. Nellor et al. (1984) reported that storm water
and reclaimed water yielded the highest levels of mutagenicity, followed
by well water and then imported waters. More than half of the mutagens
observed appeared to derive from chlorination processes. The potency of
the mutagenic responses did not appear to be related to the estimated
percentages of reclaimed water at the various wells.

The study also compared the mutagenicity of samples of the ground
water with mutagenic responses of known compounds and found that
the ground water contained low concentrations of individual mutagens.
While these tests (gas chromatography-mass spectroscopy (GC-MS)
methods) found four identifiable Ames mutagens (fluoranthene, benzo-
(a)pyrene, N-nitrosomorpholine, and N-nitropiperidine) in 6 of the 34
tested samples, Nellor et al. (1984) concluded that these compounds could
not have caused the mutagenicity in all of the samples, because their
frequency of occurrence, distribution in the fractions, and concentrations
were not consistent with the bioassay results.

Further testing by chemical derivation techniques (including nega-
tive ion chemical ionization of GC-EIMS fractions and Ames assays of
ground water and replenishment water before and after derivation) sug-
gested that epoxides, organic halides, and two classes of electrophiles
may have played a part in causing the observed mutagenicity. However,
the results were not conclusive because the reactive components appeared
only at part-per-trillion levels. The study identified neither the struc-
tures of these compounds nor their sources.

Since positive chemical identifications of specific mutagens could not
be made and many of the estimated concentrations were very low, Nellor
et al. concluded that the health significance of epoxides and organic ha-
lides at the levels found in the reclaimed waters remains in doubt. They
stated that further characterization of the molecular structure and bio-
logical effects of the large numbers of apparently mutagenic halogenated
organic compounds in the various waters would be necessary to confirm
whether those materials pose any health risk.

Denver Potable Reuse Demonstration Project

The 3.8 x 103 m3/day (1.0 million gallons per day (mgd)) Potable



170 ISSUES IN POTABLE REUSE

Water Reuse Demonstration Plant in Denver, Colorado, began operations
in 1984. The product water was treated by secondary treatment via bio-
logical oxidation, high-pH lime treatment, recarbonation, filtration, ultra-
violet radiation, granular activated-carbon adsorption, reverse osmosis,
air stripping, ozonation, and chloramination. A small ultrafiltration unit
was evaluated as a possible replacement for reverse osmosis.

The health-effect studies, serving as a backup to analytical water qual-
ity monitoring, were implemented in the project’s second year. They
sought to evaluate the safety of the resulting product water compared to
Denver’s current drinking water, which comes from the Foothills Water
Treatment Plant (Lauer, 1993). The studies incorporated acute toxicity
testing, reproductive and teratogenic effects testing, subchronic toxicity
testing, and chronic effects testing on animals.

The studies found that the quality of reclaimed water from the Den-
ver Potable Reuse Demonstration Plant equaled or exceeded that of the
existing drinking water supply and that it exceeded all federal and state
standards for definable constituents (Lauer and Rogers, 1996). In addi-
tion, a two-year chronic toxicity/carcinogenicity study, which gave con-
centrated doses of organic samples to more than 1500 rats over two gen-
erations, revealed no toxicologic, carcinogenic, reproductive, or
developmental effects.

San Diego Total Resources Recovery Project

The City of San Diego, California, imports virtually all of its water
from other parts of the state, and current supplies are projected to be
insufficient to meet future demands. San Diego investigated indirect
potable reuse as one measure to help alleviate water shortages in the
future. The San Diego Total Resources Recovery Project developed a
series of pilot treatment facilities that included primary treatment by ro-
tary disk filter, a 1.9 x 103 m3/day (0.5 mgd) water hyacinth secondary
treatment facility, and 190 m3/day (0.05 mgd) advanced wastewater
treatment (AWT) facilities. The AWT treatment train included coagulant
addition, filtration, disinfection by ultraviolet radiation, reverse osmosis,
air stripping via an aeration tower, and granular activated-carbon ad-
sorption.

A health-effect study (Western Consortium for Public Health, 1992)
compared the reclaimed water quality and its health risks to those of the
city’s current raw water supply from the Miramar reservoir. The study
used four types of bioassay systems to evaluate genetic toxicity and po-
tential cancer-causing effects. The tests used included the Ames test, the
micronucleus test, the 6-thioguanine resistance assay, and the mamma-
lian cell transformation assay. Forty-eight water samples collected be-



HEALTH-EFFECT STUDIES OF REUSE SYSTEMS 171

tween February 1988 and June 1990 were concentrated and then used for
these various bioassay systems. In addition to the total concentrate, many
of the fractions and a few of the subfractions were also tested.

The Ames test, which sought to measure hereditable genetic alter-
ations in special strains of Salmonella, was performed on 23 samples of
reclaimed water and 25 samples of Miramar water. It found weak but
statistically significant mutagenic activity in a number of the samples
from both waters. The Miramar water samples exhibited more mutagenic
activity than those from the reclaimed water.

The mouse micronucleus assay, which is a short-term assay that as-
sesses genetic damage to the bone marrow of mice exposed to concen-
trates, was run on seven samples of both waters. It revealed no statisti-
cally significant effect in the majority of samples from either water source
until the doses of concentrates were raised to near-lethal levels, at which
point a possible trend toward increased genetic damage was observed
with both reclaimed water and Miramar water. An approximately three-
fold increase in micronuclei frequency was observed in the two high
doses of reclaimed water samples, but was not confirmed by follow-up
experiments.

The 6-thioguanine resistance assay measures mutagenic inactivation
of a certain gene (known as HGPRT) in a cell line established from ham-
ster ovaries. It was run repeatedly on one sample each of whole concen-
trate from reclaimed water and Miramar water and five fractions, but
showed no apparent mutagenic effect.

Finally, the mammalian cell transformation assay, which measures
the ability of chemicals to induce changes in a certain strain of cells (called
C43H10T1/2 cells) that are injected into immunosuppressed mice, was
run several times on one sample collected from each water. The Miramar
sample produced a strong positive response that appeared to be dose
related. However, the response was not observed in two other samples.
As a result, the authors suggested that this single positive test was not
significant.

In sum, the study found that organic extracts from both reclaimed
water and Miramar water sources did exhibit some genotoxic activity,
primarily in the Ames test and to a lesser extent in the other bioassays.
The activity, however, was stronger in the Miramar water than the re-
claimed water. The study’s authors could or did not identify the reason
behind the higher activity in Miramar water; however, they speculated
that the greater activity exhibited by Miramar water may reflect differ-
ences in composition of original source waters, including chlorination of
Miramar water. The report concludes that, based on short-term bioassay
results of organic extracts of both reclaimed water and Miramar water,
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reclaimed water is unlikely to be more genotoxic or mutagenic than the
current raw water supply source for San Diego.

Tampa Water Resource Recovery Project

In the 1980s, the City of Tampa, Florida, evaluated the acceptability
of using reclaimed water to augment Tampa'’s current water supply from
the Hillsborough River. An AWT pilot treatment plant was completed in
1986 and operated from January 1987 through June 1989. Toxicological
testing of concentrates was completed in August 1992.

Influent to the AWT pilot facility consisted of treated wastewater
from the Hookers Point Wastewater Treatment Facility, which provided
secondary treatment, filtration, and denitrification. The pilot plant influ-
ent was withdrawn prior to disinfection to reduce the concentration of
chlorinated organic compounds. The project evaluated four different unit
process trains. All of the process trains included preaeration, high-pH
lime treatment, recarbonation, gravity filtration, and disinfection with
ozone. Three of the trains also included organic removal processes that
differed only in selection of the unit process added between gravity fil-
tration and disinfection; one train added granular activated carbon
(GACQ), one train added reverse osmosis, and one train added ultrafiltra-
tion. The pilot plant was originally operated using chlorine as the disin-
fectant, but results of Ames testing indicated that ozone-disinfected prod-
uct waters were less mutagenic than chlorine-disinfected product waters.
For similar reasons, the treatment train using GAC was selected for toxi-
cological testing based on preliminary screening using the Ames assay.

The Hillsborough River water was disinfected with ozone prior to
analysis to make it more analogous to the AWT pilot plant product wa-
ter. Concentrated extracts from both the Hillsborough River water and
the reclaimed water were used to create doses for toxicological testing at
up to 1000 times the potential human exposure of a 70 kg (154-pound)
person consuming 2 liters of water per day. Toxicological tests evaluated
mutagenicity, genotoxicity, subchronic toxicity, reproductive effects, and
teratogenicity.

Four concentrate samples from each of the two waters were tested
extensively for mutagenic activity. In all, eight toxicological studies were
conducted on the reclaimed water and ozone-disinfected Hillsborough
River reference water. These tests evaluated potential genotoxic effects
(Ames and sister chromatid assays), carcinogenicity (strain A lung ad-
enoma and SENCAR mice initiation-promotion studies), fetotoxicity
(teratology in rats and reproductive effects in mice), and subchronic tox-
icity (90-day gavage studies in mice and rats). The results were reported
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to be uniformly negative for the product water from the AWT pilot plant
(Hemmer et al., 1994).

EVALUATION OF TOXICOLOGY STUDIES

Do we have sufficient data to indicate that reclaimed wastewater can
be reliably used as a source of drinking water? To answer this question,
the results of the toxicological studies described above must be examined
against the “decision logic” for which the assay systems they used were
designed. Important differences exist among the available toxicological
studies regarding the intent and extent of toxicological testing done. The
studies fall into three categories:

1. screening and identification studies,
2. surveys of mutagenic activity, and
3. integrated toxicological testing.

While several of the studies fit more than one of these categories, it is
important to highlight the differences in philosophical approach that
these categories represent.

Screening and Identification Studies

As described in more detail in Chapter 4, screening and identifica-
tion studies seek to identify specific chemicals in the water sample that
could present a hazard to health. This approach is an alternative to ex-
haustive chemical analyses. The approach does not attempt to measure
risk or to be a comprehensive test of potential health effects. Rather, it
seeks to identify compounds that could pose major problems at low doses
(i.e., potential genotoxic carcinogens). Such an approach assumes that
the risks posed by any compounds so identified will receive additional
study, either through the literature or by more complete characterization
of their toxic effects in systems that would provide an acceptable basis
for estimating risk.

This use of bioassays for screening is well accepted in the scientific
community. Bioassays have been used in most of the world’s extensive
studies of drinking water, leading to the identification of numerous
highly mutagenic chemicals produced in the chlorination of drinking
water (Bull and Kopfler, 1991). These chemicals are now receiving the
toxicological evaluations they warrant (Bull et al., 1995). The higher-
level toxicological evaluations indicate that these chemicals are less im-
portant as potential carcinogens than would be anticipated from their
mutagenic potency (ILSL 1995). They present no greater a carcinogenic
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risk than do several nonmutagenic compounds, such as dichloroacetate,
that are produced at much higher concentrations in chlorinated drinking
water (ILSI, 1995).

The water reclamation projects reviewed here very rarely took the
approach of screening with bioassays and then applying more detailed
toxicological evaluations. In fact, this approach was applied only to one
aspect of the health-effect study conducted by Orange and Los Angeles
Counties (OLAC) (Baird et al., 1980, 1987; Jacks et al., 1983). The bulk of
this OLAC work was performed using the Salmonella/microsome assay.
The first efforts were directed at simply identifying the relative mutagenic
activity of chemicals that could be isolated from differing source waters.
Certain of the more mutagenic waters were then fractionated and stud-
ied in more detail. While the approach met with some modest success,
the mutagenic activity of the fractions was greater than could be ac-
counted for by known mutagens. Part of the discrepancy was probably
caused by the reliance on gas chromatography-mass spectrometry (GC-
MS) as the analytical tool, because most of the chemicals in water, includ-
ing some that are potent mutagens, cannot be measured with GC-MS.

The OLAC study also attempted to use derivatization methods
(which use a second chemical to react with and thus detect the target
chemical) to detect certain chemical targets (Baird et al., 1987; Jacks et al.,
1983). While this test produced some significant modifications of mu-
tagenic activity in some water samples, it revealed no consistent pattern
of mutagen reduction. This suggests that the chemicals present in differ-
ent waters may be of different characters.

It is of interest to contrast the inconclusive nature of the OLAC
study’s results with the progress that has been made in drinking water
chlorination. The initial studies of mutagenicity in drinking waters
around the world first traced mutagenicity to the process of chlorination;
the major mutagenic activity was found to be associated with a very
potent mutagen referred to as MX (Meier et al., 1987), which is produced
in chlorination. The whole-animal carcinogenesis testing of this chemical
recently ended and concluded that MX induces tumors (Tuomisto et al.,
1995). However, a recent workshop (ILSI, 1995) focused on the toxicol-
ogy data for MX and concluded that MX is probably not a major con-
tributor to cancer via drinking water because it is found at extremely low
levels in chlorinated drinking waters.

Surveys of Mutagenic Activity

Other studies used the Salmonella/microsome assay and other tests
to simply compare reclaimed wastewater to other drinking water sources.
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The OLAC, Tampa, San Diego, Windhoek, and Potomac River studies
included this type of effort.

The OLAC study found that residues of organic chemicals prepared
by a high volume concentrator with samples taken from wastewater,
storm water runoff, and chlorinated and unchlorinated wells had only
minor differences in the mutagenic activities that could be isolated. On
the other hand, imported water (state project water and Colorado River
water) appeared to be consistently less mutagenic (Nellor et al., 1984).

One surprising finding was that the chlorinated wells were, if any-
thing, lower in mutagenic activity than unchlorinated wells. However,
the well waters reacted differently than do most chlorinated waters to the
addition of a chemical called S-9, which in most waters sharply reduces
mutagenic activity (Cheh et al., 1980; Meier et al., 1983), but which pro-
duced only modest decreases in the chlorinated OLAC waters. This dif-
ference suggests that the nature of the mutagenic activity found in the
OLAC well water samples is atypical of that likely to be found in chlori-
nated surface water supplies in the United States. (It actually is more
reminiscent of the types of activity that have been associated with the
industrially polluted Rhine River in Europe in a series of studies by Dutch
workers (Kool et al., 1982).)

The Tampa project also used the Salmonella/ microsome assay to com-
pare mutagenic activity of reclaimed water to Hillsborough River water
(the current water supply). However, it added some potentially more
meaningful tests by measuring clastogenic activity of samples in vivo.
These tests were conducted on splenocytes that were isolated from mice
treated with concentrated organic material from different waters. No
positive results were found in ozone-disinfected GAC-treated product
water or the Hillsborough River water. None of the samples exhibited
increased frequencies of sister chromatid exchange or induction of micro-
nuclei in splenocytes isolated from the treated mice. However, cytotoxic-
ity occurred in the Hillsborough River water sample, which limited the
amount of the concentrate that could be evaluated. This is an unusual
result because the dosing was made in vivo, and cytotoxicity of this sort is
more often associated with in vitro experiments. This result suggests that
organic compounds concentrated to 300 times the normal dose from
Hillsborough River water may have some effects on splenic function.

In the Tampa project, positive mutagenic activity was associated with
both the river water and the AWT effluents after filtration, ultrafiltration,
and reverse osmosis. In most of these cases the addition of chlorine
tended to increase mutagenic activity in the Ames test, whereas ozonation
produced inconsistent effects.

The interpretation of the results of the Tampa study is subject to the
same ambiguity identified with other studies that have depended prima-
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rily on in vitro test systems. While screening assays showed some mu-
tagenic activity, there was no attempt to collect further data that would
allow a comparison of the relative actual risks of disease posed by these
two water sources.

The Potomac River study used in vitro testing procedures. Here the
Ames test detected mutagenicity in both the blended influent and the
finished drinking water at about the same levels and with the same fre-
quency (approximately 50 percent of the time) of positive results. The
effluent tested positive only about 10 percent of the time.

The Potomac River study, using cell transformation assays employ-
ing 10T1/2 cells, obtained some positive results, but it is difficult to ana-
lyze data because negative controls were not included in the data set
provided.

When in vitro mutagenicity testing is used alone, no clear meaning
can be assigned to the results. When the test is used at different stages in
the treatment process, a demonstrated reduction of mutagenic activity
might be meaningful because it would represent simple removal of activ-
ity that was present. However, if reactive chemicals (e.g., disinfectants)
modify mutagenic activity, it is impossible to determine whether this
modification is meaningful in terms of health risk, because mutagenic
activity alone does not imply carcinogenic risk to humans. A more accu-
rate determination of health risk requires test systems that can more di-
rectly measure a more complete range of health hazards and define dose-
response relationships that link degrees of risk to levels of exposure. Such
information cannot be derived from data generated by in vitro testing
alone.

A more serious drawback of relying only on mutagenic testing is that
such testing provides no “toxicological characterization” of potential haz-
ards. As pointed out in Chapter 4, negative results in such tests do not
guarantee safety. This uncertainty has three sources. First, many ad-
verse health effects of chemicals do not require a chemically induced
mutation. Second, research has shown virtually no correlation between
the genotoxic potency and the carcinogenic potency of chemicals. Third,
subsequent work has shown that the collective false negative rate for
carcinogenic chemicals in mutagenesis assays is much higher than ini-
tially believed (Ashby and Tennant, 1988), leaving more carcinogenic
chemicals undetected than previously thought.

Integrated Studies of Health Effects of
Reclaimed Wastewater

Only the Denver and Tampa studies addressed a broad range of toxi-
cological concerns. The actual approaches in the two studies differed
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Checking the ozone disinfection unit at San Diego’s Aqua III water reclamation
facility. Photo by Joe Klein.
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somewhat, though both contained most of the elements recommended
by the 1982 National Research Council report Quality Criteria for Water
Reuse (NRC, 1982). For instance, both studies minimized use of in vitro
screening techniques, as the 1982 NRC report suggested, focusing on tests
on experimental animals instead; the Denver project did not use in vitro
testing at all.

The Denver study used organic concentrates from reclaimed water
and the finished water for Denver’s drinking water treatment plant to
produce 150x and 500x doses. The samples were administered to whole
animals. The concentrates were fortified with a limited number of vola-
tile organic compounds presumed to have been lost during the concen-
tration procedure. The comparative testing included a chronic toxicity
test combined with the equivalent of a two-year carcinogenicity bioassay
in both rats and mice. This was supplemented by a study of reproduc-
tive toxicity in Sprague-Dawley rats in which the offspring were system-
atically evaluated for birth defects through two generations. The study
did not include measures of mutagenic activity, either in vitro or in vivo.

These in vivo studies identified no treatment-related effects. This
suggests that no adverse health effects can be anticipated from the po-
table reuse of Denver’s wastewater. There was no effect in the animals at
a dose level up to 500 times the concentration that humans would be
exposed to. These findings of course apply to a specific point in time and
the use of a particular treatment train, as derived from concentrated
samples that may not be representative of the material in the source wa-
ter. Despite these qualifications, there is reasonable certainty about the
safety of use of this reclaimed water as a source of drinking water, be-
cause its chemical constituents were tested in systems commonly ac-
cepted as a basis for establishing the safety of a product.

Tampa’s project on reclaimed water was similar in overall approach,
but substituted some shorter-term in vivo carcinogenesis experiments for
the two-year bioassay. These carcinogenicity tests were lung tumor in-
duction in strain A/J mice and the mouse skin initiation/promotion as-
say in SENCAR mice. The use of these tests in place of two-year bioas-
says in two species increases the sensitivity of the test to some agents but
tends to narrow the range of carcinogens that can be detected. Still, the
use of an intact animal allows testing of a broader range of toxicity than
do in vitro tests. Toxicity was also assessed with a reproductive study
conducted in mice and with a teratogenesis assay conducted in rats.
None of these tests produced positive findings of long-term effects de-
spite using concentration doses of 100x, 300x, and 1000x. Using the same
type of logic and qualifications that were applied to the Denver study,
one could say with some confidence that this study indicates that re-
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claimed water carries no significant impact on health with a nominal
margin of exposure of 1000.

In spite of these excellent efforts at conducting well-conceived, long-
term toxicological studies, there are technical problems with the testing
of organic concentrates. The preparation of representative concentrates
of organics in water is not simple. While recoveries of organic material
can approach 70 percent in some systems (Jenkins et al., 1983), they are
often significantly lower in many studies. In the studies reviewed here,
recovery levels were not always reported. Tampa reported 20.9 percent
recovery from ozone-disinfected Hillsborough River water and 9.1 per-
cent from ozone-disinfected GAC product water (CH,M Hill, 1993). Re-
covery in various OLAC studies ranged from less than 50 percent (Baird
et al., 1980) to 70 percent (Jenkins et al., 1983).

A second issue is the degradation of samples over time. While some
effort was made to stabilize the samples, it is impossible to know that no
changes occurred that could have affected the result. In a situation where
major portions of the material cannot be identified, obtaining objective
measures of stability is difficult.

A third commonly voiced criticism of using concentrates is that it is
impossible to know whether the concentration procedure itself produces
or destroys some products by accelerating chemical reactions. Each of
these criticisms is relevant to the confidence of negative results.

Other criticisms deal with the completeness of the testing. While the
tests applied had elements of currently accepted protocols for assessing
the safety of commercial products (FDA, 1982; U.S. EPA, 1979), prag-
matic concerns forced some potentially significant departures from con-
ventional practice. For example, conventional practice in safety testing
dictates that materials should be tested at the maximum tolerated dose
(MTD). But in the Denver and Tampa studies, the cost of concentrate
preparation limited the amount of concentrate that could be prepared,
and the MTD was not approximated. The MTD may not have been ap-
proached even if the concentration factors had been increased by another
order of magnitude. Nevertheless, in the opinion of the committee, these
two studies approach the practical limit of the type of study that could be
performed using organic concentrates of reclaimed wastewater.

An issue in any retrospective evaluation such as this is that public
health concerns evolve over time. The focus of safety testing in the 1990s
has moved beyond where it was in the 1970s and 1980s when most of
these studies were performed. For example, there is now considerable
concern about chemicals loosely referred to as endocrine disrupters
(Kavlock et al., 1996). Much of the controversy over this type of chemical
concerns estrogen-like chemicals such as dioxin and polychlorinated bi-
phenyls (PCBs) and their potential relationships with diseases like breast
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cancer. The concern has recently broadened to include chemicals, such
as alkylphenol ethoxylate, that have produced apparent estrogen effects
in fish (see Chapter 2). Endocrine disrupters are specifically identified
for evaluation of health impacts in the latest reauthorization of the Safe
Drinking Water Act. A potentially important issue for potable use of
reclaimed water is that chemicals producing endocrine disruption have
been associated with municipal wastewater effluents (Sumpter, 1995).

Implications for Future Safety Testing

The Denver and Tampa studies found no signs of significant adverse
effects of consumption of reclaimed water. However, two sets of data
drawn from two discrete points in time and conducted at a pilot plant
level of effort provide a very limited database from which to extrapolate
to other locations and times.

If these data are inadequate, what more should be done? Clearly the
approach taken in the Tampa and Denver studies does more to establish
safety than other studies have. However, there are several reasons to
believe that such testing will always be less than satisfactory.

One critical problem is with the preparation of the water sample to
be tested. As long as the sample can be considered less than fully repre-
sentative of the chemical constituents in the source water, the testing can
be criticized as incomplete. As discussed in Chapter 4, organics are con-
centrated both to increase the effective dose for testing purposes and to
separate inorganics that might dehydrate the test organisms. But the pro-
cesses that concentrate the organics may create reactions that remove or
add chemical compounds, thus changing the mixture of chemicals. So
far we have no reliable way to verify how well a sample represents the
water from which it is derived. As explained in Chapter 2, certain chemi-
cal characteristics can be used to describe the nature of the organic chemi-
cals in water. It is possible that a confirmatory procedure could be devel-
oped that would (1) verify the consistency of the chemical characteristics
of samples produced and (2) verify that the process of concentration did
not cause chemical components of the mixture to react and change. De-
veloping such a procedure would require a very significant research ef-
fort.

Another major issue is the expense of completing an adequate safety
evaluation. Cost estimates should consider not only the investment for
original testing at the pilot stage but also for ongoing measures to moni-
tor and ensure the safety of the product water over time. Such ongoing
efforts must address not only potential changes in the quality of the wa-
ter but also changing priorities regarding what health risks should be
addressed.
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These difficulties suggest that alternative strategies for testing re-
claimed water must be sought. One option is to employ conventional
safety testing protocols used to evaluate new food additives and drugs.
However, there are problems with this approach. One is that the deci-
sion logic used in conventional safety testing calls for testing at or ap-
proaching the MTD. The lack of substantive effects in the Denver and
Tampa studies at 500- to 1000-fold concentration factors suggests that
testing at the MTD is impractical, if not impossible.

A final problem is the timing of results. For potable reuse projects,
continuous toxicity testing is desirable to provide project operations with
an additional “warning system” in the event of unanticipated changes in
product water quality. Conventional methods of toxicity testing do not
allow for such continuous monitoring and the production of rapid re-
sults.

Another problem in applying the logic of safety testing to reclaimed
water is that, unlike product developers, water utilities cannot simply
drop their product lines. If a commercial product is shown to be mu-
tagenic by simple in vitro tests, the producer can avoid the costs of fur-
ther testing by terminating its production. This is not a reasonable op-
tion for drinking water, which always requires further testing. For
example, most drinking waters in the United States would show a mu-
tagenic response associated with disinfection (Cheh et al., 1980; Meier et
al., 1987) if so tested; yet this does not mean the water is unsafe, since
mutagenesis does not necessarily indicate carcinogenicity or other health
threats. And in view of the well-established contribution that disinfection
makes to public health, it would be foolish to discard either the water or
the disinfection process simply because disinfection increases mutagenic
activity. Thus, the question should not be whether a chemical is mu-
tagenic in a bacterial system but whether it presents a carcinogenic haz-
ard to humans and at what levels of exposure. And determining carcino-
genicity requires tests of intact animals regardless of whether the in vitro
mutagenesis test is positive or negative.

Final problems with trying to apply conventional safety testing to
reclaimed water are timing of the results and determining what action is
required if a positive response is detected in live animals. For example,
what should be done if a chronic rodent study (which typically takes
two years to run and another year to analyze) finds a marginally signifi-
cant increase in the incidence of tumor-bearing animals exposed to the
test water? It is highly unlikely that a specific chemical agent could be
identified within a reasonable time frame. In this situation, one is caught
in the dilemma of deciding whether this test (1) was a statistical fluke, (2)
reflected some transient changes in water quality that occurred during
the sample, or (3) represented a true hazard. The only way to answer the
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question might be to rerun the study. Consistent results from a second
study would be clear cause for concern. But what if the second test was
negative? Would a tiebreaker be needed? While the testing scheme pro-
posed by the NRC (1982) was the proper approach to be taken from a
toxicologist’s point of view, the approach is exceedingly difficult to imple-
ment for testing reclaimed water projects. It also does not provide results
rapidly enough to respond to important changes in water quality.

Thus, a critical difference between “new product” testing and the
testing of reclaimed waters is the timing of the testing. In the case of new
products, the system is designed to prevent the introduction of danger-
ous chemicals. Testing is often done before anyone is exposed to the
chemical. Clear positive evidence of adverse health effects, even at doses
substantially greater than would be anticipated in the environment, can
prevent the product’s introduction into commerce. On the other hand,
once the product has been established as safe by appropriate testing,
fairly straightforward manufacturing practice and quality control proce-
dures should ensure continued safety of the product into the future. In
the case of drinking reclaimed water, on the other hand, it is possible
(although not highly likely) that a significant but unknown chemical haz-
ard could be introduced into wastewater in such a subtle way that it may
not be detected in time with conventional toxicity tests.

Potential New Approaches for Judging the
Safety of New Water Sources

Potable reuse projects need a new approach to toxicity testing. Fu-
ture toxicological characterizations of wastewaters intended for potable
reuse or water derived for potable use from wastewaters should focus
specifically on data needed for risk assessment. Because the substance
being tested is essentially unknown, it is important that whole animals be
used for testing to allow the concurrent evaluation of multiple end points.
If only in vitro tests are conducted, the test system becomes a potentially
large collection of independent tests that frequently cannot be integrated
into a realistic estimate of human health risk. Also essential is a toxicity
testing system that can allow continuous monitoring and produce timely
results.

One toxicity testing system that has been the subject of increasing
research since the early 1980s and that may meet the needs of potable
reuse systems uses fish as the subjects of testing (see, for example, Anders
et al., 1984; Bunton, 1996; Calabrese et al., 1992; Courtney and Couch,
1984; Hatanaka et al., 1982; Hawkins et al., 1984, 1985; Krause et al., 1997,
Lopez and De Angelo, 1997; Sato et al., 1992; Walker et al., 1985). Some
of this research has focused specifically on the use of fish for assessing
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the carcinogenicity of drinking water contaminants. Further research
would be needed to develop fish-based toxicity testing systems for po-
table reuse projects, but a sufficient body of research exists to begin try-
ing such an approach.

Using a fish testing system departs from previous recommendations
of the NRC (1982) in four general ways:

1. The baseline screening test would use whole-animal testing rather
than screening tests based largely on in vitro assays. While use of a mam-
malian species would be ideal because of the long experience in using
such animals as surrogates for humans, using one or more fish species
provides important practical advantages, such as cost and timeliness.

2. The baseline screening tests could be conducted using water
samples at ambient concentrations. The uncertain and expensive use of
concentrates could be abandoned.

3. Research efforts would need to be undertaken to identify and un-
derstand the qualitative and quantitative relationships of responses in
fish test species to adverse health effects in humans.

4. In vitro short-term testing could be confined to qualitative evalua-
tions of particular toxicological effects found in the product water in or-
der to identify potential contaminants and quickly guide remedial ac-
tions. Such studies would probably have to use concentration techniques
to increase the sensitivity of in vitro tests.

Use of Fish as the Baseline Test

Using fish to test the quality of wastewaters presents several advan-
tages:

1. Exposure to chemicals in the water is continuous and does not
require specialized procedures (such as preparing concentrates for fre-
quent administration to rodents by stomach tube).

2. Large numbers of fish are much simpler and less costly to handle
than large numbers of rodents.

3. Considerable current research and research over the last two de-
cades has focused on certain toxicological end points in fish and on the
similarities and differences in responses of fish, mammalian test species,
and humans.

The high exposure of fish and the relative ease of maintaining large
numbers of them offset some of the losses in sensitivity resulting from
not using concentrates of reclaimed water. Because of these advantages,
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some of the assumptions on low-dose extrapolation are now being tested
in fish.

In the past two decades, a significant body of research has developed
on the relationship of chemical effects in fish compared to other experi-
mental animals. Several fish species have been examined, medaka and
trout most extensively (see, for example, Bailey et al., 1996; Bunton, 1996).
The induction of cancer has received particular attention. Other recent
research has focused on the similarity of the responses of aquatic species
and mammalian species to endocrine disruption (Kavlock et al., 1996;
Nimrod and Benson, 1996; Sumpter, 1995; Toppari et al., 1996).

Although fish have important advantages as toxicological test organ-
isms, they also have disadvantages that are important to recognize. Dis-
advantages include the following:

1. Potentially important differences exist in the pharmacokinetics and
metabolism of chemicals in fish as compared to mammalian species.

2. Acute responses of fish to chemicals in the water are unlikely to be
representative of their effects on humans, reflecting the fact that a high
fraction of such responses involves toxicity to the gill.

3. Certain mammalian functions are absent in fish, and certain func-
tions in fish are not found in mammalian species.

4. Similar control mechanisms in both mammalian and fish species
may control different physiological functions or control the same physi-
ological function differently.

Some of these problems can be at least partly addressed by paying
careful attention to the factors underlying various functions in mamma-
lian and fish species. Measures of estrogenic responses in mammalian
and fish species illustrate this relationship, as shown in Figures 5-1 and 5-
2 (from Nimrod and Benson, 1996). As these figures illustrate, one sig-
nificant difference between estrogenic responses in mammals (Figure 5-
1) and fish (Figure 5-2) is that in fish, the liver plays a central role in
transmitting signals to the ovary, whereas the liver plays no such role in
mammals. In fish the liver secretes a protein, vitellogenin, that is ulti-
mately involved in development of the egg yolk (Sumpter and Jobling,
1995). This difference between fish and mammals is derived from differ-
ent responses to the hormone estradiol. In both fish and mammals, estra-
diol is secreted largely by the ovaries. In mammals, however, this hor-
mone is responsible for expression of secondary sex characteristics,
whereas in fish it regulates the secretion of vitellogenin from the liver.

Biochemically, then, the control of vitellogenin secretion in fish is
analogous to those processes that determine sexual characteristics in
mammals—two different outcomes stemming from the same essential
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FIGURE 5-1 Estrogenic response in mammals: the hypothalamic-pituitary-go-
nadal axis. NOTE: GnRH = gonadotropin-releasing hormone; GRIF = gonadotro-
pin inhibitory factor; GtH = gonadotropins.

biochemical dynamic. There are clear differences in the resulting physi-
ology, but the basic underlying control mechanisms are the same. As a
consequence, a chemical that alters vitellogenin secretion in fish is likely
to have effects on the sexual characteristics of humans who consume the
chemical at an effective dose.

Similar biochemical relationships between fish and mammals may
affect the development of some health problems. For instance, carcino-
gens in general induce tumors in a variety of organs in mammalian spe-
cies, while in fish the liver appears to be the primary target (Bailey et al.,
1996; Bunton, 1996). This relationship could be significant for chemicals
that act by tumor promotion and/or selective toxicity, as opposed to
carcinogens that act by genotoxic mechanisms. Tumor promotion in par-
ticular tends to involve modifications in cell signaling systems respon-
sible for the attraction of certain compounds or microorganisms to spe-
cific tissues or organs. Understanding the relationships of these signaling
systems in fish and mammals would help answer whether liver tumor
induction in fish would be predictive of tumor promotion in the develop-
ment of breast cancer, for example. The parallels in endocrine disruption
between fish and mammals suggest that this approach may not be as far-
fetched as it first seems. Toxicity test systems using fish simply place
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FIGURE 5-2 Estrogen response in fish: the hypothalamic-pituitary-gonadal-he-
patic axis. NOTE: GnRH = gonadotropin-releasing hormone; GRIF = gonadotro-
pin inhibitory factor; GtH = gonadotropins; Vg = vitellogenin.

more emphasis on understanding the mechanisms by which chemicals
induce cancer.

The use of fish in testing the safety of reclaimed water would first
require the following objectives to be met:

1. The relationship of known responses in fish and mammals would
have to be better established. As an initial step, the existing database on
toxicological tests in fish could be rigorously compared to toxicological
results that have been obtained in rodent species and, where data exist,
in humans. A better understanding of the basis of toxicological responses
in fish and humans would also need to be established—at least with
respect to mode of action and, where practical, to mechanism of action.
Unfortunately, these data cannot be developed by testing of complex mix-
tures. Efforts should be aimed at individual chemicals that have toxico-
logical properties and are likely to be encountered in the water column.
Similar efforts are currently under way to develop an experimental base
for linking human and rodent responses in more quantitative ways.

2. Likely routes of exposure would have to be considered and ac-
counted for in interpretations of findings. For example, fish are sensitive
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to highly lipophilic compounds of known toxicological importance (e.g.,
endocrine disrupters). However, humans are unlikely to be exposed to
these chemicals via drinking water.

3. A research effort would have to be mounted to explore basic dif-
ferences between the delivery of hydrophilic organic compounds and the
delivery of hydrophobic organic compounds to the target organs in fish.
So far, research in aquatic species has focused on hydrophobic com-
pounds, which are not generally of importance in drinking water.

4. Scaling of the response variables in fish and mammalian species
would have to be systematically undertaken. This is best done by exam-
ining very specific responses in one species with careful consideration of
metabolic and pharmacokinetic differences. For example, the systemic
doses of an endocrine disrupter needed to produce perturbations in es-
tradiol levels could be examined in both fish and mammalian species. A
follow-up could determine the levels of estradiol perturbation necessary
to induce a change in uterine weight in rodents and an increase in vitello-
genin secretion in fish.

Operational Considerations When Using Fish

Some critical practical considerations apply when using fish as the
basic bioassay system. The interpretation of positive toxicological re-
sponses in fish must be confined to chronic rather than acute effects. The
considerable body of data on acute toxic responses in fish involves rela-
tively nonspecific toxic or irritant effects on the gill. In humans, the gas-
trointestinal tract greatly diminishes the importance of these irritant
effects when exposure is through drinking water. Therefore, the waste-
water must be of a quality that sustains fish for their normal life spans so
that chronic effects can be examined.

The chronic effects monitored in fish should be selected based on
their potential contribution to the development of disease in humans.
This means that effects should be limited to (1) the development of a
particular pathology (e.g., cancer, liver damage); (2) interference with
specific physiological functions and processes (e.g., reproduction, devel-
opment); or (3) molecular or biochemical effects that are recognized out-
comes in both species. Without a clear connection to a recognized health
effect, positive test results would be difficult to explain to the public.
Once a valid end point is accepted, it should be understood that a posi-
tive response does, in fact, represent a hazard to human health unless
new data indicate otherwise.

In some cases, secondary evaluations might show that a positive re-
sponse in fish does not indicate a legitimate health risk for humans. For
instance, it might be shown that the chemical causing the response in the
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test system does not reach the target site(s) in mammalian species at
sufficient concentrations and is thus unlikely to do so in humans. Simi-
larly, it might be demonstrated that the mechanism underlying the re-
sponse is not found in humans, or that the intrinsic sensitivity of humans
to the contaminant differs significantly from that of fish even after cor-
recting for differences in internal dosimetry. However, such evaluations
should be undertaken with the understanding that the assessment of
health effects of unidentified or uncharacterized chemicals carries some
inherent uncertainty.

Baseline testing of wastewaters with fish would need to be organized
on a schedule that accounts for variations in water quality. Detection of
day-to-day variability is both impractical and unnecessary for health
threats from chronic effects. However, the assessment of seasonal
changes in water quality may be useful. In-line tanks, either in series or
in parallel, could be set up and fish harvested on a quarterly basis for
examination of pathology and other indicators of adverse response. Stud-
ies that require less than three months to perform (e.g., developmental
and reproduction experiments) could use separate tanks. In the case of
chronic studies of carcinogenesis, it would be desirable to establish
enough animals to allow sacrifices to be made on a quarterly basis. In
order to obtain appropriate matching to the sampling requirements, a
new group of fish would have to be introduced into the system each
quarter.

Establishing relatively frequent sacrifices in groups with overlapping
schedules provides important protection against marginal and/or spuri-
ous results. A positive result in one group can be validated to some
extent by examining results with the group preceding or following it in
time. If these results are consistent, the level of concern would be raised.
If not, there would be sufficient justification for not addressing changes
in treatment until the next quarter’s results either confirmed or denied
the positive result.

It is beyond the scope of this report to specify in detail the end points
these studies should address. Obviously, routine observations should be
made related to reproduction, development, and carcinogenesis. Other
end points could be added, including immunotoxicity and neurotoxicity.
However, it would be prudent to add such areas of concern in a system-
atic way. The complexity of the functions to be tested to assess various
end points in fish and mammals will require careful consideration and
development before the results can be properly interpreted.

Certain shorter-term tests will likely prove useful in the testing of
treated wastewaters for particular end points of concern. However, these
systems should not be considered as screening tools, but as tools to help
identify chemicals that may be responsible for particular effects observed
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in the whole animal and then to trace the source of contamination. They
may also be used to investigate physiological mechanisms of action more
thoroughly.

The major advantage of such short-term systems is that their quicker
results will allow pursuit of a problem on a timely basis. Municipal
wastewater has multiple sources, and remedial action would require
knowing which of these sources is potentially responsible for an observed
health effect. A disadvantage of short-term tests for these purposes is
that there is little assurance of congruence with the whole-animal test
system (Arnold et al., 1996b), especially when unknown mixtures are
being tested. Many unexplained interactions may have nonspecific ori-
gins for which there has been no scientific accounting. In particular,
there are reports of synergistic responses in short-term systems that have
no known connection to effects that have been observed in intact animals
and/or human subjects (Arnold et al., 1996a).

In summary, there should be a clear decision path for toxicological
testing of reclaimed water, using a test system that tracks live animals for
a significant period of their life span. One possible approach is to use
fish as the basis of testing, a topic that has been the focus of increasing
research. If an effect is observed in the whole animal (such as the fish),
risk would be estimated using general knowledge about the relative sen-
sitivity of the animal and human systems. While these relationships will
contain some uncertainties at the outset of testing, it should be possible
to obtain refined estimates of the relative human susceptibility, if the test
parameters are carefully thought out beforehand. More specific research
can then be initiated to improve the risk assessment. Notwithstanding
the difficulties of testing unknown chemical mixtures in reclaimed water,
this decision path is quite viable in certain types of health outcomes or
end points if the underlying basis of the response is understood (e.g.,
endocrine disruption). For some health outcomes, such as carcinogen-
esis, the mechanism is less well-understood, and it is probable that an
observed effect will have to be accepted as implying an impact on human
health. The alternative is to identify the specific chemical responsible for
the observed effect and to reduce the risk associated with that chemical.

EPIDEMIOLOGIC STUDIES

In two locations, Los Angeles County and Windhoek, South Africa,
potable reuse systems operational for some time have been the subjects
of epidemiological studies. In addition, San Diego conducted baseline
health statistics and an epidemiological feasibility study to assess the
current population’s health status and evaluate methods in anticipation
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of implementation of a proposed potable reuse project there. These stud-
ies are reviewed below.

Windhoek

Reclaimed water was first introduced into the Windhoek water sys-
tem in November 1968 and was used sporadically after that. Augmenta-
tion of the water supply with reclaimed water was only practiced when
drought conditions made it necessary. When reclaimed water was sup-
plied, it was mixed with water from conventional sources (2 surface wa-
ter impoundments and 36 boreholes scattered throughout the city prior
to distribution). Therefore residents in areas that received reclaimed wa-
ter had only periodic exposure to reclaimed water.

Study Design

Using an ecologic study design, epidemiologic studies of the health
effects associated with the Windhoek reclaimed water supply began in
1973 and were expanded in 1976. Morbidity data were collected from
private health care providers, hospitals, clinics, and health authorities.
Diarrheal disease surveillance included the collection of data from every
patient at a hospital, clinic, or general practitioner’s office who had a
Windhoek address. Mortality data were collected from death certificates
in order to examine possible long-term health effects from the consump-
tion of reclaimed water. When reclaimed water was not used in the
system, baseline data on morbidity and mortality were collected. Dis-
ease rates for each ethnic group were compared between populations
that lived in areas receiving reclaimed water and populations in areas
with conventional water supplies.

Study Population

During the study period, the Windhoek population was 75,000 to
100,000 and was approximately 44 percent white, 44 percent black, and
12 percent “colored.” The population was residentially segregated ac-
cording to ethnic groups, and sanitation and hygiene conditions in the
black and colored populations were considerably lower than in the white
populations.

Exposure Assessment

Reclaimed water was supplied to some residential areas of each eth-
nic group, and much of the business district was served by reclaimed
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water. Exposure status was determined by place of residence. Investiga-
tors paid particular attention to children, since children tended to have
higher rates of diarrheal disease and generally attended school close to
their home, meaning they were likely to be exposed to one water supply.

Health Outcome Measurements

Investigators collected morbidity data on a number of infectious dis-
eases (Salmonella, Shigella, enteropathogenic Escherichia coli, cholera, en-
terovirus, schistosoma, viral hepatitis, meningitis, encephalitis, and non-
bacterial gastroenteritis). A single laboratory analyzed cultures from
diarrheal cases for Salmonella, Shigella, E. coli, and Vibrio cholerae for the
whole geographic area. Mortality data on diarrheal disease, tuberculosis,
measles, diabetes, nutrition deficiencies, meningitis, hypertensive disease,
ischemic heart disease, congestive cardiac failure, bronchitis/emphy-
sema/asthma, cancer, and all other causes were collected from death cer-
tificates. The results of the health studies from 1976 to 1983 are based on
the investigation of 15,000 episodes of diarrheal disease, 1000 cases of
jaundice, and 3000 deaths.

Study Findings and Interpretation of Results

Only the most severe cases of diarrheal disease (those seeking medi-
cal care) were reported in this study. The majority (86 percent) of the
diarrhea episodes reported at Windhoek occurred in children under 14
years of age. Diarrheal disease incidence was much higher in black and
colored children than in white children, regardless of water supply. The
major causes of mortality for whites were cardiovascular disease and
cancer, whereas for blacks and coloreds, the leading causes were diar-
rheal disease and tuberculosis.

Epidemiolgists conducting the study statistically compared diarrheal
disease incidence rates by year for whites living in areas receiving con-
ventional water and those in areas receiving reclaimed water. Overall,
they observed no significant difference over six years of observation.
However, during two years (1977 and 1982), diarrhea incidence among
whites (all ages) living in areas receiving water from conventional sup-
plies was significantly higher than the incidence in whites living in areas
receiving reclaimed water.

The investigators concluded that differences in diarrheal disease
prevalence were “entirely related to socioeconomic factors and not to the
nature of the water supply.” As an example, they cited the morbidity
patterns in two “socioeconomically similar groups of Windhoek resi-
dents.” The group that was exposed to reclaimed water consistently had
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equal or lower incidence of diarrheal disease than the group that con-
sumed water from conventional sources. Hepatitis A prevalence was
also found to be related to general environmental conditions and per-
sonal hygiene rather than to water supply. The investigators did not
attempt to relate mortality to water supply and felt that it would not be
possible to do this in the future unless a “sudden unrecognized defect” in
the water supply caused a “marked alteration in the mortality pattern”
(Isaacson et al., 1987).

Strengths and Limitations

While the study attempted to compare possible health effects due to
water across all ethnic and socioeconomic conditions, the small total
population of Windhoek made it difficult to collect enough data (espe-
cially mortality data) to make statistically significant comparisons.

The results of this study are not generally applicable to populations
in industrialized countries because of Windhoek’s unique environment
and demographic composition. The rate of diarrhea episodes reported in
the Windhoek study from 1977 to 1982 ranged from 6 to 14 episodes per
1000 people per year in the white population drinking conventional wa-
ter. In contrast, the rates of enteric infectious diseases reported to the
Los Angeles County Health Department over the period 1989-1990 were
0.75 case per 1000 people per year in the population in the control areas
and 0.9 case per 1000 people per year in the population using reclaimed
water.

Orange and Los Angeles Counties Health-Effect
Study

Two epidemiologic studies have been conducted by Orange and Los
Angeles Counties in the Montebello Forebay area of Los Angeles County
to examine health risks associated with exposure to reclaimed water used
to replenish the area’s ground water supply. The first study examined
health outcomes from 1969 to 1980 (Frerichs, 1984; Frerichs et al., 1982),
and the second one studied health outcomes from 1987 to 1991 (Sloss et
al., 1986). Los Angeles County started recharging ground water supplies
with treated wastewater in 1962, and for most systems in the study area,
the percentage of reclaimed water increased over the following 30 years.

Study Population

The study population in both studies was estimated from census tract
information for water districts and divided into areas known to use re-
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claimed water (exposed areas) and control areas, which were known to
use water supplies that did not receive any reclaimed water but pos-
sessed demographic characteristics similar to the reclaimed water areas.
In the first study, the population of the exposed areas of the Montebello
Forebay region was between 478,000 and 486,000, according to the 1970
and 1980 censuses. The population in the control areas was between
677,000 and 576,000.

In the second study, the size of the population exposed to reclaimed
water had almost doubled since the time of the first study, to around
900,000 people in the 1990 census. This represents about 10 percent of
the total population of Los Angeles County. The control areas were in
three parts of the county (parts of Montebello Forebay, Pomona, and
northeastern San Fernando Valley) and included about 700,000 people.

Study Design

Both studies used an ecologic study design in which the unit of analy-
sis was the census tract. Each census tract was assigned a categorical
exposure variable derived from estimates of the percentage of reclaimed
water in the water supply, as determined by the water suppliers serving
the area. Information on health outcomes came from existing morbidity
and mortality data collected by state and county surveillance programs,
death certificates, cancer registries, and the University of Southern Cali-
fornia Cancer Surveillance Program.

The first study also included a household survey in 1981 of randomly
selected women in the two study areas. Telephone interviews were con-
ducted with approximately 1200 adult females in “high” reclaimed water
areas and 1300 women in the control areas to investigate possible differ-
ences in spontaneous abortions and other adverse reproductive outcomes,
as well as other measures of general health (bed days, disability days,
perception of well-being) and specific diseases. Data were collected on
demographic and socioeconomic characteristics and possible confound-
ing factors such as smoking and alcohol consumption, level of education,
consumption of bottled water, and length of residence in the study area.

Exposure Assessment

The proportion of the water supply that originated from reclaimed
water varied over time and geographic location. Each water supplier in
the study area (32 in the first study, 39 in the second study) was queried
about its water sources, delivery practices, service areas, and production
levels during the study periods.

The actual amount of reclaimed water in the water supplies is un-
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known. To estimate the percentage of reclaimed water from each sup-
plier, both studies used a model based on measurements of sulfate ion
concentration in the ground water. Colorado River water, which has
been used since 1954 to replenish the Montebello Forebay ground water
basin, has high sulfate concentrations that allow its movement to be
traced. Reclaimed water, by contrast, has no such characteristic mineral
composition. However, the model assumes that the reclaimed water will
follow a movement pattern similar to that of the Colorado River water in
the ground water basin. In addition, the second study used regression
analysis, the Kriging analytic method (which assumes that percentage of
reclaimed water will be similar for neighboring wells), and analysis of
travel-time contours to estimate the percentage of reclaimed water used
between 1983 and 1990.

In the first study, estimates of overall reclaimed water concentrations
ranged from 0 to 23 percent annually and from 0 to 11 percent over a 15-
year period. Each census tract was categorized into one of four exposure
categories (first study) or five exposure categories (second study) based
on the estimated percentage of reclaimed water in the residential water
supplies. Four broad exposure categories were used:

1. high reclaimed water areas, meaning areas that had received wa-
ter containing 5 to 19 percent reclaimed water since 1969 or earlier;

2. low reclaimed water areas, meaning areas that had received water
containing 0 to 4 percent reclaimed water before 1969;

3. central control areas, which had not received reclaimed water be-
tween 1962 and 1981; and

4. northwest control area, a nearby area outside of the study area but
with similar demographic characteristics.

By the time of the second study, recharge with reclaimed water had
been practiced for over 30 years, and estimates of the amount of reclaimed
water used by many water systems had increased substantially. The maxi-
mum percentage of reclaimed water in 1990 was 31 percent, up from 19
percent in 1976. The annual maximum percentage of reclaimed water
over the 30-year period varied considerably and ranged from less than 4
percent to between 20 and 31 percent. Data were obtained from 27 of the
39 water systems in the Montebello Forebay area. Twelve small water
systems were excluded because their data either were unavailable or were
considered unreliable for estimating the percentage of reclaimed water in
the supplies. Five exposure categories were used, based on a 30-year
average (1960-1990) of reclaimed water percentages:
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1. RW1 (41 census tracts): average percentage of reclaimed water =
" 2. RW2 (28 census tracts): average percentage of reclaimed water =
. 3. RW3 (30 census tracts): average percentage of reclaimed water =
> 4. RW4 (23 census tracts): average percentage of reclaimed water =
° 5. RW5 (19 census tracts): average percentage of reclaimed water =
11.4

For the analyses using infectious disease health outcomes, the five expo-
sure categories were based on three-year averages of the percentage of
reclaimed water in order to reflect the shorter incubation period of infec-
tious diseases. Three control areas—areas of 15, 21, and 81 census tracts
in Los Angeles County—were chosen from water systems that had never
used reclaimed water.

Health Outcome Measurements

In the first study, 21 health outcome measurements were used, based
on data from three time periods: 1969 to 1971, 1972 to 1978, and 1979 to
1980. Measurements included the following:

* Mortality: all deaths, deaths from heart disease, from stroke, from
all cancer, and from specific cancers (stomach, colon, bladder, rectum)

¢ Birth outcomes: low birth weight, infant and neonatal mortality,
and congenital malformations

* Morbidity: incidence of stomach, colon, bladder, and rectum can-
cer; “potential waterborne diseases”; hepatitis A; and shigellosis

In the second study, 28 health outcome measurements were used,
based on data from 1987 to 1991. Measurements included the following:

* Mortality data (based on death certificates from 1989-1991): all
deaths, deaths from all cancer, from eight specific cancers (stomach, co-
lon, bladder, rectum, esophagus, pancreas, liver, kidney), from heart dis-
ease, from cerebrovascular disease, and from all other causes

¢ Morbidity data (based on 1987-1991 cancer registry records): inci-
dence of all cancers, of eight specific cancers (stomach, colon, bladder,
rectum, esophagus, pancreas, liver, kidney), and infectious disease mor-
bidity (based on reports to the Los Angeles County Health Department
from 1989 to 1990, including incidence of Giardia, hepatitis A, Salmonella,
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Shigella, amebiasis, cholera, gastroenteritis, leptospirosis, meningitis, and
typhoid fever

Analytical Techniques

Both studies compared rates of these health outcomes, standardized
by age and sex, to Los Angeles County rates. In the first study, differ-
ences in mortality and morbidity rates among the three exposure areas
and one control area were tested by analysis of variance and weighted
linear regression, followed by analysis of covariance or the Mantel-
Haenszel nominal test of association. Depending on the analysis and
availability of data, attempts were made to control for several confound-
ing variables (age, sex, race, age of mother, and birth weight).

The second study used Poisson regression to calculate a rate ratio
(morbidity or mortality rate in a reclaimed water area divided by the
morbidity or mortality rate in the control area) and a confidence interval
for each health outcome. In addition, sensitivity analyses were used to
compare three regression models, controlling for (1) age and sex; (2) age,
sex, and ethnicity; and (3) age, sex, ethnicity, and family income. All
models controlled for population size.

Study Findings and Interpretation of Results

Overall, neither study observed consistently higher rates of either
general or specific mortality or morbidity in the populations who lived in
areas receiving higher percentages of reclaimed water.

The first study reported higher but statistically insignificant rectum
cancer mortality rates in the three areas receiving reclaimed water com-
pared to the control areas, and the area with the higher percentage of
reclaimed water (5 to 19 percent) had greater rectum cancer mortality
than the area with the lower percentage of reclaimed water (less than 5
percent). However, the number of rectum cancer deaths in these areas
was relatively small. The investigators felt that the elevated levels of
rectum cancer mortality would have been more meaningful if similar
elevations in the mortality rates of stomach and colon cancer had also
been observed. They attributed the elevated rectum cancer mortality
rates to different death certificate coding practices by physicians in par-
ticular study areas (Sloss et al., 1996).

When examining the incidence rates of all potential waterborne in-
fectious diseases, infectious hepatitis, and shigellosis, statistically signifi-
cant differences were observed among the four study areas. However,
the illness rates were highest in the control areas and lowest in the study
area that received the highest percentage of reclaimed water. Also, sig-
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nificantly higher congenital malformations were observed in one of the
control areas. The investigators did not comment on these findings.

In the second study, no consistent dose-response relationship was
seen between exposure to reclaimed water and illness rates. The inci-
dence of liver cancer was significantly higher (rate ratio = 1.7, 95 percent
confidence interval = 1.1-2.7) in the study area that received the highest
percentage of reclaimed water. However, no consistent dose-response
relationship was observed in liver cancer incidence in the four other study
areas that received lower percentages of reclaimed water. The incidence
of stomach cancer and all cancers in the two study areas with the least
reclaimed water was slightly higher than the rates of those illnesses in
the control areas. Mortality from all cancers and from several specific
cancers (liver, rectum, stomach, and kidney) was higher in reclaimed
water areas compared to the control areas (rate ratios ranging from 1.12
to 1.71). However, most of these rate ratios were not statistically signifi-
cant, did not show a consistent dose-response relationship, and showed
very small magnitudes of differences between the experimental and con-
trol groups. The incidence of giardiasis, hepatitis A, and shigellosis was
significantly higher in two study areas receiving low to medium percent-
ages of reclaimed water. The infectious disease incidence rates in the
study areas with the highest percentages of reclaimed water were either
lower than the control areas or only slightly elevated.

In both studies, some significantly higher disease and/or mortality
rates were observed both in some of the study areas that received re-
claimed water and in some of the control areas. In their final interpreta-
tion of these results, the investigators considered the overall pattern of
the results and whether the association between an exposure and a par-
ticular health outcome indicated a causal relationship, using commonly
recognized criteria for causality (strength of the relationship, consistency,
temporality, biologic gradient or dose-response, plausibility, and coher-
ence). The absence of consistent dose-response relationships for all the
elevated health outcomes that were observed in the study was the major
argument against a causal association between exposure to reclaimed
water and adverse health effects. The investigators concluded that the
statistically significant associations that were observed occurred either
due to chance, because of the large number of rate ratios that were calcu-
lated in the analyses, or due to differences between the exposed and
control populations unrelated to the use of reclaimed water. The eco-
logic study design does not allow investigation of these differences.

Examination of the demographic characteristics of the study popula-
tions in the second study (from 1990 census information) indicates some
differences among groups in ethnicity, education levels, and percentage
employed in white-collar occupations. These demographic differences
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may affect risk factors for both chronic and acute diseases. The data
analyses controlled for age, sex, and ethnicity differences between the
reclaimed water areas and the control areas.

Strengths and Limitations

The major strengths of the OLAC studies are that they had large
study populations and examined a large number or health outcomes.
These are important features because one would expect the risks associ-
ated with reclaimed water exposure, if any, to be low, requiring a large
study population to detect them. Also, the possible health risks associ-
ated with reclaimed water are undefined and might include both acute
and chronic effects from microbial and chemical contaminants. There-
fore it is advantageous to examine a broad array of health effects in a
single study. The only health outcomes that were not included in these
studies were reproductive outcomes (spontaneous abortions, birth de-
fects, and infant mortality), which could be influenced by both acute and
chronic exposures to contaminants in drinking water. One additional
strength of the second study was that it could examine health effects that
may be associated with long-term exposure or historical exposure to re-
claimed water, since by the time the study was completed, reclaimed
water had been used for about 30 years.

Because of the nature of the ecologic study design, both studies were
unable to control for personal characteristics that might affect disease
rates, such as smoking, diet, alcohol consumption, and occupational ex-
posure. Ecologic studies assume that the study groups are roughly
equivalent in all possible risk factors (except for the exposure of interest)
for the health outcomes in question. These studies also assume that the
exposure of interest will have the same effect on all the study groups
(that is, that there will be no effect modification by group) (Sloss et al.,
1996).

The investigators note that while the quality of the cancer incidence
data used in these studies was high (due to a high-quality cancer regis-
try), the quality of the mortality and infectious disease rate data was less
than ideal (Sloss et al., 1996). Death certificates may not accurately record
the cause of death or place of residence at time of death. The infectious
disease surveillance by the Los Angeles County Department of Health
Services may not report all diseases with the same accuracy. However,
the quality of the health outcome data should be similar for both the
exposed and the control populations.

Despite the large study populations in these studies, both the num-
ber of cancer illnesses over four years and the number of deaths from
specific cancers over two years were very low compared to national aver-
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ages. This is probably due to the relatively short study periods for these
kinds of chronic diseases. Rectal cancer rates were particularly low, with
only 36 deaths in the exposed populations and 21 deaths in the control
areas from 1989 to 1991. For bladder cancer, there were only 48 deaths in
the reclaimed water study areas and 35 deaths in the control areas. There-
fore, in this study the risks associated with exposure to reclaimed water
cannot be adequately evaluated for several important health outcomes
because of the small number of events. Although the overall analyses do
not suggest an association between adverse outcomes and reclaimed wa-
ter in the drinking water supply, the public health significance of no or
low rates of incidence, especially for specific outcomes, should always be
interpreted in light of the statistical power of a study to detect an el-
evated risk. This caveat was not mentioned by the investigators.

The OLAC studies used a state-of-the-art model based on hydrogeo-
logic and statistical theory to estimate the proportion of reclaimed water
in the ground water at various times and locations. Attempts were made
to compare estimates derived from the model with levels of constituents
actually measured in the water. This model makes several assumptions
and may have introduced an unknown amount of measurement error
into the exposure estimates. In addition, the broad exposure categories
used in these studies may not have been sufficiently different to show a
clear dose-response relationship even if one was present. The studies
were also unable to estimate actual exposure to reclaimed water based on
personal differences in time spent away from home, consumption of
bottled water and other beverages, and time lived in study area. The
1980 household survey in the first study indicated that 28 percent of
respondents reported buying bottled water and 23 percent reported not
drinking tap water (Frerichs, 1984). Given nationwide trends toward
increased bottled water consumption during the 1980s, it is likely that the
percentage of households using bottled water was higher in the second
study.

Areas with highly mobile populations present difficulties in assess-
ing long-term health risks. Data on population mobility in the “high
reclaimed water” areas from the first study indicated that 40 percent of
the population had lived in the same house for less than five years, and
this was the most stable population of the four study areas (Frerichs et
al., 1982). In the second study, the percentage of persons who had lived
in the same house for less than five years ranged from 41 to 53 percent.
Although the role of environmental exposures in the development of dis-
eases with long latency periods (such as cancer) is a complex issue, it
seems likely that 50 percent or more of the “exposed” study population
would not have been exposed to reclaimed water long enough for re-
claimed water to have an effect on cancer morbidity and mortality, since
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the minimum latency period for many cancers is believed to be about 15
years. The investigators acknowledged that exposure misclassification of
people who recently moved into the study area would weaken the esti-
mates of the effect of exposure on diseases with long latency periods
(Sloss et al., 1996). Further, out-migration of “exposed” persons who had
lived in the reclaimed water areas for long periods of time would reduce
the statistical power of the study.

San Diego Feasibility Study

A pilot feasibility epidemiology study was conducted as a compo-
nent of the San Diego Total Resource Recovery Project. The study sought
to provide baseline health information on the residents of San Diego
County that could be compared to future epidemiologic monitoring of
health effects if potable reuse was adopted. This study also evaluated the
feasibility, logistics, and cost of collecting various health data. Reproduc-
tive health and vital statistics (mortality and selected morbidity) were
chosen by the investigators as “biological conditions that offer the most
potential as environmental warning systems for environmental contami-
nation” (Western Consortium for Public Health, 1996).

Study Design

The first element of this study was a survey of reproductive
outcomes of women aged 15 to 44 in San Diego County. Telephone inter-
views were used to screen 19,504 residents for women eligible to partici-
pate in the reproductive health survey. From these interviews, approxi-
mately 1100 women were interviewed in their homes to collect
demographic and health information: age, area of residence, self-per-
ceived health, employment, height and weight, smoking exposures, alco-
hol consumption, diseases reported, income, ethnicity, and marital sta-
tus. In addition, data pertaining to pregnancies were collected: weight
gained, prenatal care, nausea, exposure to medication, diseases reported,
duration, and pregnancy outcome.

The second element involved the collection of existing vital and
health data routinely reported to San Diego County and the State of Cali-
fornia. This included broad and specific mortality data, information on
birth outcomes, and incidence of “various potential waterborne diseases”
from 1980 through 1989.

The third element was a survey of neural tube birth defects using the
California Birth Cohort Perinatal Files data from 1978 through 1985. The
purpose of this survey was to establish baseline birth defects prevalence
information in California as a whole and in San Diego County.



HEALTH-EFFECT STUDIES OF REUSE SYSTEMS 201

Study Findings

This epidemiologic feasibility study was a useful tool to evaluate
methods for conducting further epidemiologic research in this field. The
investigators concluded that while the vital statistics element was the
least expensive component, it did not provide the necessary “precision in
terms of data quality to address the health effects of wastewater recy-
cling” (Western Consortium for Public Health, 1996). Instead, they rec-
ommended continuation of the neural tube defects study as the most
cost-effective and reasonable approach to compare the rate of an appro-
priate health outcome in San Diego with that in the rest of California.

CONCLUSIONS AND RECOMMENDATIONS

Toxicology Studies

All six of the planned potable reuse projects reviewed in this chapter
attempted to analyze the toxicological properties of reclaimed water. In
most studies the testing was limited to mutagenic activity in bacterial
systems, usually including at least two strains of the bacteria in the Ames
Salmonella test. Some of the studies also used in vitro systems derived
from mammalian cells, usually in the form of transformation assays and
short-term in vivo clastogenesis assays (i.e., sister chromatid exchanges
and micronucleus assays). Two projects employed chronic studies in live
mammal systems to assess chronic toxicity, carcinogenicity, reproductive
effects, and the potential for such waters to produce birth defects. Over-
all, the intent of toxicological testing can be grouped into (1) chemical
screening and identification studies, (2) surveys of mutagenic activity,
and (3) integrated toxicological testing.

The application of bioassays for screening and identifying chemicals
that exhibit mutagenic activity, a methodology well accepted in the sci-
entific community, was used in most of the more extensive studies. How-
ever, further toxicological evaluations are necessary in order to demon-
strate whether or not the chemicals so identified have health effects.

The interpretation of the results from surveys of mutagenic activity is
subject to the same ambiguity identified with other studies that have
depended primarily on in vitro test systems. While the studies appeared
to show no differences between reclaimed water and the conventional
water source, positive results were obtained in screening assays, and there
was no attempt to collect data in a system that would allow a rigorous
comparison of relative risks associated with these two water sources.

Used alone, in vitro mutagenicity testing produces results of unclear
meaning, because mutagenic activity alone does not imply carcinogenic
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risk to humans. A more accurate determination of health risk requires
test systems that can more directly measure a complete range of health
hazards and can use procedures for defining dose-response relationships
to estimate the risks associated with varying levels of exposure. Such
information cannot be derived from in vitro testing alone.

Of the toxicological studies, only the Denver and Tampa studies ad-
dressed a broad range of toxicological concerns. Those studies suggested
that no adverse health effects should be anticipated from the use of
Denver’s or Tampa’s reclaimed water as a source of potable drinking
water. However, these studies, drawn from two discrete points in time
and conducted only at a pilot plant level of effort, provide a very limited
database from which to extrapolate to other locations and times.

Because of the high cost and methodological problems inherent in
the testing of concentrated samples on rats and mice and because of the
difficulty in applying the logic of safety testing to reclaimed water, the
strategy set forth by the 1982 National Research Council panel is poten-
tially too costly to implement and will not resolve health-effect questions
in a timely manner for an operational potable reuse system. Accord-
ingly, the committee recommends the following;:

* A new, alternative approach, such as the fish system described
in this chapter, should be developed and used to continuously test the
toxicity of reclaimed water in potable reuse projects. The testing sys-
tem described here should be viewed as a starting point for an approach
that needs to evolve as deficiencies become apparent or as concerns with
chemical contaminants focus on new health end points. It should em-
ploy a baseline screening test using a whole-animal rather than in vitro
approach. The baseline screening tests should be conducted using water
samples at ambient concentrations in order to reduce the uncertainty and
high costs of using concentrates. The higher exposure possible with fish
and the increased statistical power gained from using larger numbers of
subjects will tend to offset the losses in sensitivity from not using high
doses derived from concentrates.

* Research efforts should be undertaken to understand the quali-
tative and quantitative relationships among responses in whole-
animal test species, such as fish, and adverse health effects in humans.
In vitro short-term testing should be confined to qualitative evaluations
of particular toxicological effects found in the product water in order to
identify potential sources of contaminants and to guide remedial actions
in a more timely manner. Such studies will probably have to employ
concentration techniques.

¢ For the fish testing system or any other toxicological test system
used for reclaimed water, a clear decision path should be followed in
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toxicological testing. Testing should be conducted on live animals for a
significant period of their lifespan. If an effect is observed in the whole
animal, risk should be estimated using general knowledge about the rela-
tive sensitivity of the animal and human systems. While these relation-
ships will contain some uncertainties at the outset of testing, it should be
possible to obtain refined estimates of the relative human susceptibility if
the test parameters are carefully thought out beforehand. More specific
research can then be initiated to improve the risk assessment. Notwith-
standing the difficulties of testing unknown chemical mixtures in re-
claimed water, this decision path is quite viable for investigating certain
types of health outcomes or end points if the underlying basis of the
response is understood (e.g., endocrine disruption). For some health out-
comes, such as carcinogenesis, the mechanism is less well-understood,
and it is probable that an observed effect will have to be accepted as
implying an impact on human health. The alternative is to identify the
specific chemical responsible for the observed effect and to reduce the
risk associated with that chemical.

¢ The requirements for toxicological testing of water derived from
an alternative source should be inversely related to how well the chemi-
cal composition of the water has been characterized. If very few chemi-
cals or chemical groups of concern are present, and the chemical com-
position of the water is well understood, the need for toxicological
characterization of the water is low and may be safely neglected alto-
gether. Conversely, if a large fraction of potentially hazardous and toxi-
cologically uncharacterized organic chemicals is present, then toxicologi-
cal testing will provide an additional assurance of safety.

Epidemiology Studies

Numerous epidemiologic studies (ecological, case-control, cohort,
and outbreak investigations) have examined the relationship between
various microbial and chemical contaminants in drinking water and a
wide range of acute and chronic health outcomes in populations exposed
either to a specific contaminated water supply or to specific types of
source waters and treatment processes. However, only three such stud-
ies apply to potable reuse of reclaimed water, and only one set of epide-
miological studies (Los Angeles County) evaluating the health effects as-
sociated with the consumption of reclaimed water has been conducted in
a setting that is useful for assessing possible health effects in other parts
of the United States or other industrialized countries. These studies have
used an ecologic approach, which is appropriate as an initial step when
the health risks are unknown or poorly documented, but negative results
from such studies do not necessarily prove the safety of reclaimed water
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for human consumption. These studies can only be considered as pre-
liminary examinations of the risks of exposure to reclaimed water.

The committee recommends that alternative epidemiologic study
designs and more sophisticated methods of exposure assessment and
outcome measurement be undertaken at a national level to evaluate the
potential health risks associated with reclaimed water. Ecologic studies
should be conducted in a variety of water reuse situations (e.g., ground
water, surface water) in areas with low population mobility. Case-con-
trol studies or retrospective cohort studies should be undertaken to pro-
vide information on health outcomes and exposure for an individual level
while controlling for other important risk factors. Although cohort stud-
ies are the most difficult and expensive to perform, this is the only study
design that can examine the temporal relationship between exposure to
reclaimed water and the development of adverse health effects. Increas-
ing interest in and need for potable water reuse may justify such efforts.
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6

Reliability and Quality
Assurance Issues for Reuse
Systems

In recent years, the term “barriers” has come to serve as
a comprehensive descriptor of processes that tend to reduce the risk of
waterborne contaminants. Watershed protection programs, water treat-
ment processes, and maintenance of the water distribution infrastructure
are all considered barriers to certain types of contamination. The concept
of barriers is attractive because it promotes integrated thinking about
actions that at first appear unrelated. Potable reuse projects require more
robust multiple barriers than conventional water systems do, especially
for microbiological contaminants. For example, the presence of high con-
centrations of Cryptosporidium in a water supply for even a very short
period poses a significant risk, whereas high levels of lead would be
expected to cause detrimental effects only if the lead persisted for much
longer periods of exposure.

As an engineered system, every water reclamation facility has the
potential for out-of-specification performance. This chapter considers
the practical management alternatives for reducing the risks posed by the
potential for such performance failures. The chapter also considers the
role of public health surveillance in providing an early warning system
for potential health effects.

MULTIPLE BARRIERS

From 1946 until 1980, 41.7 percent of drinking water disease out-
breaks in community water supplies were attributed to inadequate or
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interrupted treatment (Lippy and Waltrip, 1984), and similar treatment
failures have been noted in more recent years (Herwaldt, 1991). Multiple
barriers to contaminant breakthrough are seen as one way of preventing
such outbreaks. In addition, increased concern over resistant viruses and
protozoa has led the water treatment community to pay more attention
to the concept of incorporating multiple barriers to such pathogens in the
water system.

Velz (1970) employed the term “multiple barriers” for the concept of
providing wastewater treatment when a receiving water is used for wa-
ter supply. In conventional (non-reuse applications) water treatment, the
use of multiple barriers to pathogens within a single facility was advo-
cated by the American Water Works Association Organisms in Water
Committee (1987). The multiple barriers concept has, in effect, been em-
bodied in the federal Surface Water Treatment Rule, as well as a number
of the state-specific reuse requirements noted earlier in this report. Cur-
rently, all processes that help to reduce the risk of waterborne contami-
nants are referred to as barriers. Thus, watershed protection programs,
engineered water treatment processes such as disinfection and filtration,
and maintenance of the water distribution infrastructure are all consid-
ered barriers to certain types of contamination (even though some of
these might cause certain aspects of water quality to deteriorate).

Different types of contamination require different types of barriers.
For instance, disinfectants aimed at microbial pathogens do not mitigate
chemically based risks and in fact may exacerbate them. Likewise, acti-
vated carbon will remove many chemical contaminants but does little to
remove viruses. Accordingly, each barrier must be examined separately
for its efficacy for removal of each contaminant. The cumulative capabil-
ity of all barriers to accomplish removal should be evaluated considering
the levels of the contaminants in the source water, the nature of the ex-
pected health effect associated with the contaminants, the goals that have
been set for the potable supply, and any additional safety factors.

The concept of multiple barriers is implicit in the design of many
advanced wastewater treatment projects investigating the feasibility of
reuse. These projects typically use several physical and chemical barriers
to pathogens, which can cause problems if present at high levels for even
a short time, but only one or two aimed at chemical contaminants, which
must generally be present longer to affect health. One such design is the
San Diego project, where a failure in the ion exchange process would
probably cause the finished water to exceed the nitrate target until the
ion exchange unit was repaired, but where there is no one process whose
failure would prevent virus goals from being met.

For drinking water supplies in general, using multiple barriers might
mean choosing the most pristine available water source, protecting it from
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current and future contamination, providing multiple engineering pro-
cesses to remove contaminants in a water treatment plant (e.g., pre-oxi-
dation, coagulation, filtration, and disinfection), and protecting the water
quality from deterioration in the distribution system (e.g., by adding cor-
rosion inhibitors and additional disinfectant and keeping the water un-
der pressure to prevent contaminated water from entering the system).
In places where reclaimed water is used to augment natural supplies or
where source water cannot be protected from upstream discharges of
water with impaired quality, the importance of the barriers at the water
treatment plant or wastewater reclamation plant is correspondingly in-
creased.

EVALUATING BARRIER INDEPENDENCE

The independence of multiple barriers is a key aspect of system reli-
ability and safety, especially for removal of pathogens. The greater the
degree of independence among different barriers, the more they can be
relied upon to serve as backups for one another. The water treatment
process train should incorporate multiple, independent treatment barri-
ers of sufficient redundancy that required contaminant removal levels
will be achieved even if the single most effective treatment barrier is not
performing. For example, sedimentation and filtration should not be
considered independent barriers if the success or failure of both depends
on proper coagulation prior to the sedimentation step. Failure in this
type of system contributed to the 1993 Cryptosporidium outbreak in Mil-
waukee. On the other hand, design of a sufficiently deep intake pipe for
surface water extraction and the use of disinfection are independent bar-
riers to microbial contamination.

Individual treatment barriers (or unit processes) should be evaluated
individually and collectively with regard to their capacity for contami-
nant removal and their prospects for failure. Analysis of the contami-
nant-removal capabilities of independent barriers involves several steps.
First, the contaminants of concern are identified, and reasonable maxi-
mum and target levels are determined. (The difference between target
level and maximum level provides a margin of error.) Based on informa-
tion on contaminant levels in the source water, the necessary contami-
nant reduction, usually expressed as logs of removal, is estimated. Each
treatment process is evaluated for its removal capability, and this infor-
mation is used to estimate the overall removal to be accomplished by the
process train. Finally, an estimate is made for how much the overall
removal will be compromised if the single most important independent
barrier (unit process) were to fail.

Table 6-1 illustrates this analysis for a hypothetical comparison of
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two treatment trains. The table compares overall efficiencies of the pro-
cess trains for removing four hypothetical microbial pathogens (A, B, C,
and D). This hypothetical analysis illustrates that both process trains
provide similar protection against pathogens A and B, but the train that
includes the membrane process provides considerably greater protection
against pathogens C and D.

USE OF ENVIRONMENTAL BUFFERS IN
REUSE SYSTEMS

By definition, indirect potable reuse projects include an “environ-
mental buffer,” that is, a natural water body that physically separates the
product water from the wastewater reclamation plant and the intake to
the drinking water treatment plant. A reservoir, river, or lake would be
the environmental buffer for planned surface water augmentation. With
ground water augmentation, the aquifer and/or soil (depending on
whether direct injection is used) acts as the environmental buffer between
the reclamation plant and the water production well. Surface water al-
ways receives subsequent treatment prior to distribution, while ground
water may or may not.

The effectiveness of environmental buffers as barriers to various types
of contamination is less well understood than that of engineered treat-
ment processes. In different wastewater reuse applications the environ-
mental barriers might include dispersion, dilution, sorption to the sedi-
ment and removal by deposition, chemical reaction, biodegradation, and
biological transformation processes (photolysis and hydrolysis). Analyz-
ing the effectiveness of environmental buffers for contaminant removal is
complex, for a number of reasons. There are different removal processes
for different contaminants, and different processes are expected to domi-
nate depending on whether the water infiltrates through surface layers of
the ground, is injected into deeper underground layers, or is discharged
to a surface water reservoir. Even if all controllable factors are identical,
local geology, biology, and climate undoubtedly affect the outcome.

In the absence of definitive research on the effectiveness of environ-
mental buffers, attitudes about this topic have developed from a combi-
nation of anecdotal evidence and attempts to extrapolate from the behav-
ior of other systems. The three perceived benefits of buffers are that they
provide (1) an opportunity to further reduce contaminants through natu-
ral processes, (2) a substantial lag time between the exit of the advanced
wastewater treatment system and entrance into the potable system, and
(3) the opportunity for the water of wastewater origin to blend with natu-
ral waters in the environment. These three potential benefits are discussed
below.
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Reduction of Contaminants Through Natural
Processes

The value of the soil-aquifer system in attenuating pathogens is long
known. During the middle of the nineteenth century, scientists and doc-
tors observed that epidemics of cholera and typhoid were more common
in cities served by river water than in cities served by ground water.
These observations stimulated the development of “natural filters,” a con-
cept similar to the filtration of drinking water through sand banks as
practiced in Germany today (Sontheimer, 1980). These techniques report-
edly worked well in controlling bacterial pathogens. Soil-aquifer systems
have demonstrated substantial capacity to remove bacterial pathogens
and organic chemicals (NRC, 1994). The ability of aquifer systems to
reduce viruses is less certain, and in some instances, viruses have been
reported to survive transport for long distances in ground water (NRC,
1994).

The differences between surface water and ground water storage as
environmental buffers are profound, both in terms of processes that may
reduce the levels of contaminants of concern and in terms of the degree
to which the environmental buffer can be influenced by short circuiting.
The potential for short-circuiting of flows introduced into a surface water
body deserves special attention.

More often than not, surface water bodies are vertically stratified due
to differences in density. Temperature is usually the primary driver of
this density difference, although salinity also plays a role. Raphael (1962)
demonstrated the importance of depth in determining mixing in reser-
voirs. He characterized the reservoir as a series of horizontal slabs, each
corresponding to a different density layer. Since then it has been shown
that this density stratification is extremely stable, that very little mixing
occurs between stratified layers, and that a small temperature difference
will induce stratification (Fischer et al., 1979). Many reservoirs are strati-
fied in this way for most of the year. In warm climates, stratification may
persist nearly year-round.

Figure 6-1(a) shows the structure of the Wellington Reservoir during
the summer months. The Wellington Reservoir is modeled as four slabs
of water covering a temperature range of about 3 to 4°C each. The top
slab (23-26°C) is the epilimnion and extends from a depth of 0 to 15 m.
The second slab (19-22°C) is the upper half of the thermocline, which is a
much thinner layer at a depth between 15 and 16 m. The third slab (16-
19°C) represents the bottom half of the thermocline, another thin layer
located 16-18 m deep. The fourth and last slab (13-15°C) is the hypolim-
nion, located between 18 and 30 m of depth.

Water introduced into a reservoir will travel vertically up or down to
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the slab that corresponds to its temperature, after which it will spread
horizontally. Horizontal mixing within the slabs is easily accomplished.
Vertical mixing between slabs is very limited, hence the term “slab.” In
the reservoir model shown in Figure 6-1(b), an influent water at a tem-
perature of 23°C would mix throughout slab 1 (epilimnion) and be di-
luted by mixing with nearly half the contents of the reservoir. An influ-
ent water at a temperature of 21°C, on the other hand, would mix only
within the much smaller percentage of reservoir water in slab 2 (the up-
per thermocline).

The location and depth of reservoir inlets do not heavily influence
this dynamic. No matter what depth water is introduced, it will seek
water of its own density. Cold water discharged into the warm layers on
the top will sink; warm water discharged into the cold layers on the
bottom will rise.

In contrast, the depth of the reservoir outlet can have an important
impact on whether the reclaimed water finds a “short-circuit” through
the natural system, preventing it from receiving all the benefits of natural
treatment. In Figure 6-1(b), if the reservoir’s outlet is 15.5 m deep and
water is discharged into the reservoir at 21°C, the mixing will be only
within slab 1, and the discharged water will move almost directly to the
outlet. The result will be a very serious short-circuiting problem. Tests
conducted at Lake Youngs for the Seattle Water Department under such
conditions showed that water marked by tracers passed through the sys-
tem in 31 hours—even though the lake’s nominal detention time was
about 30 days (Ellis, 1995).

In the Wellington example, if the outlet is placed at a depth of 25 m in
slab 4, short-circuiting can be prevented for a very long time because of
the poor circulation between slabs. Tracer tests conducted under such
conditions in the San Vicente Reservoir for the City of San Diego (Flow
Science for Montgomery Watson and City of San Diego, 1995) showed
that less than 0.2 percent of the tracer had passed through in 30 days. At
the time, this reservoir had a hydraulic detention time of approximately
12 months. This strategy of discharging to the epilimnion (top layer) and
withdrawing from the hypolimnion (bottom layer) is often a sound one
for indirect potable reuse projects. One of the principal reasons for this is
the fact that treated wastewater is usually as warm or warmer than the
epilimnion for most of the year.

Thus, the holding time that can be accomplished in a surface water
body can be much less than it might appear. While such a water body
might appear to be well mixed, it is more likely stratified into numerous
horizontal layers of different densities. Calculations of the hydraulic de-
tention time may have little relevance because water discharged to the
reservoir will seek a layer of equal buoyancy and mix with that layer
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FIGURE 6-1 Wellington Reservoir. (a) Temperature profiles in midsummer. (b)
Division into four slabs, each with a temperature range of 4°C. SOURCE: Re-
printed, with permission, from Fischer et al., 1979. © 1979 by Academic Press.
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only. If water mixes and is also withdrawn from the thin thermocline,
short-circuiting can be surprisingly rapid. Therefore, water repurification
projects using surface water bodies as environmental buffers should be
careful to locate drinking water intakes so that any introduced wastewa-
ter will have to pass through several layers of water to reach the intakes.
It should not be assumed that long hydraulic detention times will control
short-circuiting. Investigations into the stratification of surface water
bodies during the year are critical to designing effective ways to use them
as environmental buffers.

Little study has been devoted to the removal of contaminants from
water during transport or storage in surface water bodies. The limited
literature on virus removal suggests some removal is possible. The dis-
cussion in Chapter 3 on microorganism survival in ambient water notes
the importance of temperature. The literature also suggests that the re-
moval of some particularly volatile synthetic organic contaminants can
be expected during storage in a large surface water body, but the com-
mittee is unaware of data demonstrating removal of disinfection by-prod-
uct precursors or other organic components of health concern.

In summary, present evidence suggests that some contaminant re-
moval does occur during storage in or passage through environmental
buffers for soil-aquifer treatment systems and in aquifer and surface wa-
ter systems where residence times are long and short-circuiting is
avoided. On the other hand, the performance of environmental buffers
has not been extensively documented, the conditions that benefit or con-
found performance are poorly understood, and the necessary data on
underground conditions are difficult to obtain. As a result, while envi-
ronmental buffers can be expected to play a role in public health protec-
tion, particularly from microbial disease, the level of protection provided
is difficult to quantify.

Lag Time Between Discharge of Wastewater
and Entry Into the Potable Water System

When short-circuiting is controlled, using a large environmental
buffer provides a significant lag time between the time the reclaimed
water is produced and the time it enters the domestic supply. This in-
creased lag time allows any processes contributing to contaminant reduc-
tion to proceed longer and, presumably, accomplish more removal.

However, the lag time should be viewed as simply one factor affect-
ing the contaminant removal processes described above. A more subtle
yet important value of lag time is that it allows flexibility in responding
to changes in the quality of the treated water that are not understood at
the time the water is produced but become clear later. For instance, a
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substantial lag time increases the chance that a flaw in treatment perfor-
mance that goes undetected at one time will be discovered before the
affected water enters the potable water system. There is always value in
having additional time to react. This extra precaution might become less
necessary after decades of experience with potable reuse systems, but at
present it seems quite valuable.

On the other hand, some argue that storage time accomplishes noth-
ing, that it only ensures that the project will cost more and that if con-
taminants are inadvertently released, they could affect water supplies
over a longer term. Admittedly the alternatives for action are fewer when
water of poor quality has been discharged into a supply lake or aquifer.
Yet even when the quality of the reclaimed water is poor, mixing it with
higher quality water that is subsequently treated is probably a better
option than having that same poor quality enter the potable system more
quickly with little or no dilution and time lag. As long as the water is in
storage, measures can be taken to protect the public. In California, regu-
lations have been proposed requiring 6 to 12 months of hydraulic reten-
tion time in an environmental buffer before treated wastewater can be
reused as a potable water source. These storage times seem appropriate
for allowing the development and execution of alternative actions if
needed.

Loss of Identity of the Water of
Wastewater Origin

“Loss of identity,” meaning mixing of the reclaimed water with wa-
ter in a natural system, is certainly an important element in the concep-
tual view of water reuse by both public health authorities and the aver-
age citizen. When reclaimed water is introduced into a large aquifer,
lake, or further upstream in a river, the process of water reuse is less
visible.

Nevertheless, loss of identity alone would seem to have little serious
value where public health protection is concerned, because it is hard to
associate the loss of identity with any tangible reduction in risk. In the
absence of other documented conversion or removal processes, loss of
identity is simply dilution. While there might be some risk reduction
associated with such dilution, an honest appraisal of the benefit of loss of
identity should be presented in those terms.

Moreover, the loss-of-identity argument is not always well received
by the public. This can be particularly true when the quality of the re-
claimed water is perceived to exceed the quality of the water presently in
the environmental buffer. Under these conditions, blending the repurified
water with these sources can be seen as paying a premium to satisfy
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arbitrary requirements while risking contamination of the high-quality
reclaimed water. This was one of the reactions received from public work-
shops dealing with water reuse in San Diego, where there are plans to
introduce high-quality reclaimed water into Lake San Vicente.

In summary, it is clear that including an environmental buffer in a
potable reuse project can substantially reduce public health risk but that
this risk reduction cannot presently be assessed with any confidence. The
benefits that do accrue are likely to be associated with reduction in con-
taminant concentration and the introduction of a lag time. For these ben-
efits to be realized, short-circuiting must be avoided. Aquifers appear to
provide more protection as environmental buffers than do surface wa-
ters. Soil-aquifer treatment adds a further dimension of potential con-
taminant reduction. When surface water storage alone is used, more so-
phisticated treatment and longer storage times should be required.
Finally, loss of identity is an issue that seems more relevant to public
relations than public health protection. However, an environmental
buffer large enough to contribute to a loss of identity is probably also
large enough to bring real reductions in risk.

CONSEQUENCE-FREQUENCY ASSESSMENT

A water reclamation plant is an engineered system. Environmental
engineering texts have stated that “every water treatment facility must be
so designed that, when properly operated, it can produce continuously
the design rate of flow and meet the established water quality standards”
(James M. Montgomery Consulting Engineers Inc., 1985). However, any
engineered system has the potential for out-of-specification performance.
It is critical to understand the likelihood of failures that may compromise
product safety. The tools and concepts used to analyze reliability of other
engineered systems should also be used in analyzing potable reuse sys-
tems (Kumamoto and Henley, 1996).

Regardless of the treatment processes used, treated drinking water
from a given facility will vary in quality because of variations in the
influent stream as well as variability in the performance of the individual
process elements. For contaminants (such as carcinogens) associated only
with long-term health risks, variability is relatively unimportant, since
the effect depends primarily upon the long-term average dose. How-
ever, variability becomes quite important for contaminants, such as infec-
tious microbes or acute chemical toxins, that cause acute health effects at
high or single-dose exposures. Figure 6-2 presents two hypothetical data
sets showing concentrations of a hypothetical contaminant. In both cases
the mean concentration is 3. If the contaminant were one that caused an
acute effect when present above a concentration of 4, then the high-vari-
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FIGURE 6-2 Effect of treated water variability on the concentration of a hypo-
thetical contaminant.

ability situation would be undesirable, while the low-variability situation
would be acceptable.

Multiple-barrier systems tend to produce less variability in the levels
of contaminants that pass through the system. For instance, while single-
and dual-process systems may pose similar mean levels of risk for con-
taminant breakthrough, dual-process systems greatly reduce the chance
of high levels of contaminant breakthrough. This reduced variability
makes multiple-barrier systems preferable to single-barrier systems. Re-
alistic plant designs therefore contain many barriers, with the perfor-
mance characteristics of various barriers carefully considered so that they
complement each other.

Conceptually, the reliability of the overall treatment train can be ap-
proximated using event chain analysis, which has been formulated as a
systematic technique for some other types of engineered systems
(Kumamoto and Henley, 1996). The application of event chain analysis
to a portion of a hypothetical reclamation facility is indicated in Figure 6-
3, following Keeney et al. (1978).

In most cases, barriers neither perform perfectly nor fail completely,
but rather have performance distributions over a broad continuum. A
more precise method of reliability assessment than event chain analysis
would need to use statistical methods to reflect the performance distribu-
tions of each barrier. Such statistical analysis, known as consequence-
frequency assessment, has been previously used in microbial risk assess-
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ment for evaluating the probability of contaminant breakthrough for in-
dividual elements along a process connecting a source of microorgan-
isms to a potential receptor (Gerba and Haas, 1988; Haas et al., 1993;
Regli et al., 1991; Rose et al., 1991). Appendix A provides a detailed
example of the use of this method to assess the reliability of an advanced
wastewater treatment facility.

PERFORMANCE EVALUATION, MONITORING,
AND RESPONSE

One of the most important uses of reliability analysis is to determine
critical processes that must be kept under tight control to limit the prob-
ability of high levels of contaminant exposure. Operational variables
that provide early warning of failures in water treatment processes
should be identified and incorporated into an ongoing monitoring-and-
control strategy. These variables, which will be termed “sentinel param-
eters,” should ideally be readily measurable on a rapid (even instanta-
neous) basis and should correlate well with high contaminant
breakthrough. They need not be of particular health or environmental
interest in and of themselves.

Sentinel Parameters

Appropriate sentinel parameters will depend upon the contaminant
of interest and the particular process. The following are potential senti-
nel parameters for microbial breakthrough for some unit processes:

¢ For lime treatment and clarification, pH and turbidity can serve as
sentinel parameters.

¢ For filtration, elevated particle counts or turbidity can signal prob-
lems.

¢ For reverse osmosis, sentinel parameters could include conductiv-
ity, chloride levels, total organic carbon, or transmembrane pressure.

¢ For ozonation, the dissolved ozone residual or UV, could serve
as sentinel parameters.

The use of sentinel parameters, combined with a sufficiently large envi-
ronmental buffer or alternatives for diversion, might permit rapid opera-
tional adjustments to prevent microbial or other contaminant exposure of
the population. The application of sentinel parameter monitoring to wa-
ter reclamation facilities is analogous to the application of HACCP (haz-
ard analysis and critical control points) methods to the food processing
industry (Havelaar, 1994; Jay, 1992; Notermans et al., 1994).
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The concept of sentinel parameters should be separated from the
measurement of particular constituents that have direct health or regula-
tory interest. Sentinel parameters should be capable of being rapidly
measured with respect to the rate at which underlying process fluctua-
tions are anticipated and should be associated directly with potential
contaminant breakthrough. Parameters measured for compliance pur-
poses may require more time-consuming sample collection, preparation,
and analysis procedures. The term “sentinel” is also used in contrast to
“surrogate.” Surrogate parameters are those whose measurement is in-
tended to serve as a particular flag for the potential presence of a con-
taminant of health concern. Sentinel parameters are those designed to
serve as a flag for the potential deterioration in process performance.
While it is possible that some sentinel parameters may be surrogate pa-
rameters, and vice versa, this is not necessary.

Monitoring and Response

To ensure safety, every treatment facility should have in place rigor-
ous monitoring and control systems to detect and correct lapses in per-
formance.

Monitoring

The role of monitoring in a water reclamation plant, as in any water
treatment plant, is to verify that the routine operational characteristics
are in fact achieving the intended objectives. Typical routine monitoring
parameters might include total organic carbon (TOC), nitrogen, phos-
phorus, coliforms, phage, Clostridia, and plate counts (see Chapters 2 and
3). Less routine parameters used for monitoring might include viruses,
protozoa, pesticides, total organic halides, and heavy metals. Special
studies might also use toxicological responses involving appropriate as-
says (see Chapter 5). Ideally, the entire battery of monitoring should be
able to confirm that the routine operation of the facility and its design are
in control.

Advances in analytical capability should make new monitoring tools
and analytes available. However, as in any other environmental applica-
tion, the development of more sensitive or selective methods does not
necessarily mean that they should be employed on a routine basis. In-
stead, such developments in methodology should be used to verify that
plant design and operation continue to protect public health. If neces-
sary, special (nonroutine) studies might be necessary to develop new
sentinel parameters for incorporation into the plant operational strategy.



224 ISSUES IN POTABLE REUSE

Strategies for Monitoring and Control

A strategy for monitoring and controlling an indirect potable reuse
system can include (1) continuous monitoring, (2) routine monitoring,
and (3) ad hoc monitoring.

Continuous monitoring uses sentinel parameters that are directly rel-
evant to the control of the process and for which reliable instruments for
continuous monitoring are available. Monitoring must be at sampling
locations that are relevant to process control. Continuous monitoring
should always be carefully designed to allow sufficient time for blending
and chemical reactions upstream of the point of sampling. When con-
tinuous monitoring is used directly in process control, the design should
also consider lag times between the point where process changes are
made and the point where samples are taken, as well as the response
time for equipment conducting sample analysis and equipment involved
in making process changes. Reliable instruments are essential.

Routine monitoring refers to regularly scheduled sampling and
analysis that support both operation and regulatory compliance. For
operational support, samples of sentinel parameters are generally ob-
tained by grab samples and immediately analyzed on-site to help with
hour-to-hour decision making. Samples taken for routine monitoring to
support regulatory compliance are flow-proportioned composite samples
taken on-site but analyzed by a certified drinking water laboratory. A
routine monitoring program should comply with all regulatory monitor-
ing requirements, in terms of both sampling frequency and analytes se-
lected.

Ad hoc monitoring refers to special sampling and analysis designed
to investigate process performance or to demonstrate the removal of spe-
cial analytes that are not part of a permanent, routine monitoring pro-
gram. Examples of ad hoc monitoring for process performance would be
examining the profile of TOC removal throughout the process train or
conducting special seeding challenges to demonstrate the removal of a
particular contaminant in a particular unit process. Such ad hoc pro-
grams may use continuous, composite, or grab samples as appropriate.

The removal of special analytes, such as viruses, might be evaluated
by a special ad hoc monitoring program during the first year of opera-
tion—an analysis that might be too expensive for long-term routine moni-
toring. An ad hoc monitoring program may include an extensive list of
synthetic organic chemicals in order to determine those that should be
included in future routine monitoring. Another example might be an ad
hoc program to characterize the components of the organic carbon that
still persist in the advanced wastewater treatment (AWT) product water.
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Response

When a sentinel parameter monitoring program shows lapses in per-
formance, appropriate actions should be taken to correct the situation.
The appropriate action will depend upon the particular plant design.
Ideally, the design should allow the operator to respond to a variety of
circumstances. Such design flexibility might include extra pump capac-
ity with reconfigurable piping and intermediate storage capacity, such as
equalization and surge tanks.

Particular actions taken in response to process excursions might in-
clude the following:

¢ increasing the number of parallel process modules (filters, mem-
branes, etc.) in service;

¢ removing and regenerating individual parallel process modules;

¢ adding supplemental chemicals or increasing chemical dosing;

¢ recirculating product water to reclamation plant headworks; or

¢ diverting product flow to an outfall, or to a nonpotable use, rather
than into the potable supply stream.

Diversions should be implementable from all points within the recla-
mation facility, as shown in Figure 6-4 in the conceptual design for the
San Diego Reclamation Facility (Bernados, 1996). In addition, process
excursions might be used to trigger public health responses such as addi-
tional population surveillance, notification of sensitive subpopulations,
or provision of emergency alternative supplies. The nature of any public
health response will depend on the duration and magnitude of process
excursions and the delay time provided by the environmental buffer and
by finished water storage.

The existence of finished water storage (including perhaps storage of
injected product water into an aquifer prior to use) either within or fol-
lowing a reclamation plant provides increased flexibility for operations.
Such storage is beneficial in at least two respects. First, the additional
holding time further removes contaminants by processes such as natural
decay and biological and chemical reaction. Second, the storage may act
to buffer fluctuations in quality so that short-lived transient spikes in
undesirable contaminants are smoothed out prior to being sent for con-
sumption. Such finished water storage may help to mitigate the urgency
of process excursions. Conversely, the absence of such storage makes it
more vital to continuously monitor processes and attend to deviant con-
ditions. There is thus a trade-off between the stringency of reliability that
may be needed in treatment and the size of the finished water storage
area. Site-specific work will be necessary to quantify these trade-offs.
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REDUCING RISK FROM UNIDENTIFIED TRACE
ORGANIC CONTAMINANTS

The organic matter in the water produced by an aerobic biological
wastewater treatment plant consists of essentially two components: (1)
synthetic organic chemicals (SOCs) of anthropogenic origin, as defined
by the Environmental Protection Agency (EPA) Office of Drinking Wa-
ter, and (2) natural organic matter (NOM), which is mostly an ill-defined
set of compounds generated through microbial metabolism (see discus-
sion in Chapter 2). Reclaimed water generally holds higher concentra-
tions of both types of components than conventional drinking water sup-
plies do. However, in both reclaimed water and conventional drinking
water supplies, the SOCs may not be distinguishable from the NOM.
And either water may hold significant quantities of chemicals having
potent toxicological properties (e.g., endocrine disrupters, pharmaceuti-
cal agents or metabolites, or hormones).

The state of our knowledge concerning SOCs has improved since the
1982 National Research Council report Quality Criteria for Water Reuse
(NRC, 1982). Extensive lists of organic compounds have been generated
based on known ground water contaminants, the priority and toxic pol-
lutant lists of the Clean Water Act, and the Drinking Water Priority List
(53 Federal Register 1892, January 1988, updated 56 Federal Register 1470,
January 1991).

Using these lists as a guide, analytical methods have been developed
to detect most of the organic compounds of concern in industrial dis-
charges, in raw sewage and treated sewage, and in drinking water sup-
plies. The discharge of priority pollutants to the sewer and to the envi-
ronment has been regulated and enforced by monitoring requirements.
As a result of these efforts, more is known about the anthropogenic
chemicals in sewage today, and discharge of these compounds to the
nation’s sewers is more tightly controlled than was the case in 1982.
While concern about chemical risk from reclaimed water remains, the
potential for risk management is greater today than in 1982.

The largely uncharacterized organic matter in natural water, in con-
ventionally treated wastewater, and in reclaimed water consists of large
organic macromolecules usually identifiable in only the broadest way
(e.g., by functional groups, molecular weight, aromacity, or acid/base
solubility). As explained in Chapter 2, we have a poor understanding of
the differences, if any, between NOM generated in biological sewage
treatment processes and NOM generated in a conventional watershed. A
credible argument can be made that the same biochemical processes pro-
duce the organic matter in both circumstances, and their chemistry is
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likely to be much the same, with only subtle differences in molecular
weight and functional groups.

As in conventional drinking water supplies, the toxicity of
uncharacterized organic materials in reclaimed water may be of less con-
cern than the toxicity of by-products produced when these materials are
transformed by disinfection processes. Some experimental work with con-
centrates of organic chemicals from reclaimed water has shown no toxic
effects on animals (for example, the Tampa and Denver studies described
in Chapter 5). Nevertheless, as a society, we have less experience with
exposure to wastewater-derived organic matter than we do with the
NOM in conventional water supplies. Therefore, the concentration of
wastewater-derived organic matter should be minimized as part of any
prudent potable reuse plan.

To address SOCs, the EPA should develop a priority list of contami-
nants of public health significance that are known or anticipated to occur
in sewage. This list should then be used by utilities planning potable
reuse as they manage their industrial pretreatment programs so that the
introduction of these compounds into the sewer is regulated and moni-
tored. Finally, potable reuse operations should include a program to
monitor for these chemicals in the AWT effluent. Chemicals that occa-
sionally occur at measurable concentration should be monitored at
greater frequency than those are not typically detected.

Every community considering potable reuse should carefully review
its industrial pretreatment program to ensure that this program serves
sufficiently as the principal barrier to SOCs. The industrial pretreatment
program must accomplish three essential goals: (1) identify the poten-
tially toxic compounds used or produced by industry, (2) establish regu-
lations to prevent their discharge to the sewer, and (3) establish monitor-
ing to ensure that discharge does not occur and to detect the presence of
these compounds in the wastewater should controls fail. This same moni-
toring program can serve as a basis for designing the chemical monitor-
ing system for the reclaimed water.

To address health risks associated with the contribution of NOM to
the potential for disinfection by-product formation, the TOC of the re-
claimed water must be reduced to the lowest feasible level, as recom-
mended in Chapter 2. The additional barriers in indirect potable reuse,
such as dilution, soil-aquifer treatment, and long retention times in sur-
face reservoirs and/or ground water aquifers, will contribute to the over-
all reduction of organic carbon of wastewater origin to the water supply.
As TOC of wastewater origin diminishes, so do the health concerns asso-
ciated with it. In principle there comes a point where these concerns are
less important than other concerns already being addressed by the cur-
rent drinking water regulations and their associated monitoring require-
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ments. When the wastewater-derived TOC is below this level, no special
toxicological monitoring should be required. When the wastewater-de-
rived TOC is above this level, public safety should be protected with
continuous toxicological monitoring using in vivo systems (see Chapter
5).

Although establishing such a TOC level appears to be a legitimate
risk management strategy, there is no scientific basis for determining
what that level should be. The committee believes this judgment should
be made by local regulators, integrating all the information they have
available to them concerning a specific project.

PUBLIC HEALTH SURVEILLANCE

Public health surveillance programs are essential components of a
community-wide strategy to provide early warning of possible health
problems. Adequate disease surveillance requires continuing scrutiny of
all aspects of occurrence and spread of a disease that are pertinent to
effective control.

The most comprehensive and internationally accepted definition of
public health surveillance is that found in the American Public Health
Association report entitled Control of Communicable Diseases Manual
(Benenson, 1995). That report calls for the systematic collection and
evaluation of

1. morbidity and mortality reports;

2. special reports of field investigations of epidemics and individual
cases;

3. isolation and identification of infectious agents by laboratories;

4. data concerning the availability, use, and untoward effects of vac-
cines and toxins, immune globulins, insecticides, and other substances
used in disease control;

5. information regarding immunity levels in segments of the popula-
tion; and

6. other relevant epidemiologic data.

A report summarizing the above data should be prepared and distrib-
uted to all of those involved in public health protection. This procedure
applies to all jurisdictional levels of public health protection, from local
to international (Benenson, 1995).

This definition of surveillance of disease is distinct from health sur-
veillance of specific persons, which is a form of public health quarantine.
Any surveillance programs should be tailored to the needs of its commu-
nity, and not all of the elements of the definition above necessarily apply
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to populations exposed to potable water supplies augmented with re-
claimed water. Figure 6-5 diagrams relationships between the types of
public health surveillance (hazard surveillance, exposure surveillance,
and outcome surveillance) and the corresponding process by which an
environmental agent produces an adverse effect (Thacker et al., 1996).

Surveillance is distinct from epidemiological studies in that surveil-
lance is an ongoing public health program analogous to continuous moni-
toring. Epidemiology, in contrast, is an investigative activity on the pat-
terns of disease occurrence in particular human populations (or study
groups) to identify the factors that influence these patterns of disease.
The investigative activity may be descriptive, analytical, or experimental
in form. Findings identified in surveillance programs may generate hy-
potheses that could be tested by epidemiological studies.

The ability of a surveillance system to provide early warning of a
possible health problem in the community depends on its sensitivity or
threshold of detection. The sensitivity varies depending on the type of
surveillance (passive vs. active) and the resources available to maintain
the system. In most waterborne diseases, there is normally a low level of
sporadic cases in the population, known as “endemic” illness. As the
number of exposed individuals increases, the number of recognized cases
will rise. This may occur rapidly for an infectious disease with a short
incubation period or slowly for a chronic disease with a long or variable
latency period. An increase in the illness rate will be recognized by the
surveillance system as an outbreak when the disease rate exceeds the
threshold of detection. The outbreak event should trigger an epidemio-
logic investigation to determine (1) whether the reported increases in
disease are real or an artifact of the reporting or detection methods; (2)
whether the cases are related, as by geographic proximity or common
exposure; (3) whether the diseases may be related to any changes in mea-
sured water quality parameters; and (4) how the outbreak can be con-
trolled and further disease prevented.

The Uses of Surveillance

Public health surveillance can be put to many uses, including the
following (Teutsch and Churchill, 1994):

* developing quantitative estimates of the magnitude of a health
problem;

¢ portraying the natural history of disease;

¢ detecting epidemics;

¢ documenting the distribution and spread of a health event;

¢ facilitating epidemiologic and laboratory research;
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Agent is a hazard

Agent is present in the environment

Hazard Surveillance

Route of exposure exists

Host is exposed to agent

Agent reaches the target tissue —1— Exposure Surveillance

Agent produces adverse effect ——

Outcome Surveillance

Adverse effect becomes clinically apparent

FIGURE 6-5 The process by which an environmental agent produces an adverse
effect and the corresponding types of public health surveillance necessary to mon-
itor that effect. SOURCE: Reprinted, with permission, from Thacker et al., 1996.
© 1996 by American Journal of Public Health.

testing hypotheses;

evaluating control and prevention measures;
monitoring changes in infectious agents;
detecting changes in health practice; and
planning.

Surveillance may be used to identify and track waterborne health
hazards even when the water reclamation facility is operating in accor-
dance with applicable regulations and within generally accepted stan-
dards. In a report by Tilden et al. (1991), for example, dry fermented
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salami was shown to serve as a vehicle of transmission for O157:H7
strains of Escherichia coli, even when all the food production methods
used complied with existing regulations and recommended good manu-
facturing practices. In this case, Tilden et al. noted that “surveillance . . .
provides the ultimate feedback on the efficacy of the standard industry
safety plans.”

Public Health Surveillance and
Water Reclamation

Recent developments in the application of public surveillance to
drinking water uses in general are also relevant to reclaimed water
projects. The 1993 outbreak of cryptosporidiosis affecting more than
400,000 persons in Milwaukee stimulated a great deal of interest in the
role of public health surveillance in the early detection of harmful agents
in municipal water supplies.

The Centers for Disease Control and Prevention (CDC) held a work-
shop in September 1994 to assess the public health threat associated with
waterborne cryptosporidiosis (CDC, 1994). One of the workshop’s ma-
jor objectives was “to identify surveillance systems . . . for assessing the
public health importance of low levels of Cryptosporidium oocysts or el-
evated turbidity in public drinking water.” The major observations and
recommendation published in the report of that workshop are as follows:

® Local public health officials should consider developing one or
more surveillance systems to establish baseline data on the occurrence of
cryptosporidiosis among residents of their community and to identify
potential sources of infection.

* No single surveillance strategy is appropriate for all locations;
therefore, communities should select a method that meets local needs
and is most compatible with existing disease surveillance systems.

* Cryptosporidiosis should be reportable to the CDC.

¢ Sales of antidiarrheal medications should be monitored. The de-
velopment of an information exchange system between local pharmacists
and state or local public health officials is a cost-effective and timely way
to detect increases in diarrheal illness in some counties.

¢ Logs maintained by health maintenance organizations and hospi-
tals should be monitored for diarrheal illness.

¢ Information entered promptly into a computerized database can
effectively monitor both complaints of diarrhea and severity of gastro-
intestinal disease in a community.

¢ Incidence of diarrhea in nursing homes should be monitored. Di-
arrheal illness rates in residents of nursing homes that use municipal
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drinking water can be compared with illness rates in residents of other
nursing homes in the same community that use a different water source
(e.g., private well water).

* Laboratories should routinely test for Cryptosporidium in stool
specimens. Most laboratories presently do not look for Cryptosporidium
in specimens submitted for routine parasitologic examination.

e Tap water should be monitored for Cryptosporidium. This infor-
mation will allow researchers to see how often an increase in diarrheal
disease or Cryptosporidium diagnosis occurs during the first week to two
weeks after oocysts are found in drinking water.

¢ Local, state, and national public health agencies should coopera-
tively initiate and develop surveillance systems to assess the public health
significance of low levels of Cryptosporidium oocysts in public drinking
water.

A similar investigation was undertaken by the New York Depart-
ment of Environmental Protection (DEP). DEP commissioned an advi-
sory panel on waterborne disease assessment to determine whether New
York City’s active disease surveillance program (1) was adequate to de-
tect a waterborne disease outbreak; (2) could provide sufficient informa-
tion to assess the endemic rates of cryptosporidiosis and giardiasis; and
(3) could provide sufficient information to assess endemic waterborne
disease risks. The panel was also asked to assess whether an epidemio-
logic study or studies could be designed to address the question of in-
creased risk of enteric illness or infection associated with the consump-
tion of tap water.

The approach of the New York advisory panel on waterborne disease
assessment was similar to that of the CDC workshop, and its conclusions
are likewise relevant to the issue of augmenting potable water supplies
with reclaimed water. The panel made five major recommendations:

1. Designate a waterborne disease coordinator. The most important
aspect of a successful waterborne disease surveillance program is the
designation of an individual who is specifically responsible for develop-
ing, supervising, and coordinating all aspects of the program.

2. Initiate rapid reporting and analysis of disease surveillance data.
Early detection of a waterborne outbreak requires that disease surveil-
lance information be quickly transmitted and analyzed.

3. Initiate special waterborne disease surveillance studies. Studies
should include (1) surveillance of diarrheal illness and selected infectious
diseases in populations using managed care programs (e.g., health main-
tenance organizations), in selected emergency treatment facilities, and in
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sentinel populations residing in nursing and/or retirement homes; and
(2) monitoring of the sales or use of medications for diarrheal illness.

4. Improve reporting of cryptosporidiosis. The reporting of crypto-
sporidiosis can be improved by educating physicians and health care
providers about the disease and encouraging laboratories to examine
stool specimens for Cryptosporidium.

5. Institute an annual evaluation of the waterborne disease surveil-
lance program to make sure it is effective for the detection and early
recognition of waterborne outbreaks or emerging pathogens.

The designation of a waterborne disease coordinator is not the norm,
as was documented by Frost et al. (1995) in their report of a survey of
state and territorial programs. Frost et al. found that in 49 states and 3
territories surveyed, fewer than half of the programs had designated a
waterborne disease coordinator. Of these coordinators, only 24 percent
had training or work experience in water treatment and only 28 percent
met regularly with drinking water regulatory staff. Only 46 percent of
states and territories surveyed indicated that an individual from the
drinking water regulatory staff had been designated to assist in investi-
gation of outbreaks, and almost a third of those designated individuals
could not be named by the epidemiology program staff. No state used
computerized illness data from health maintenance organizations or the
Indian Health Service as a waterborne disease surveillance tool. With
fewer than half of the state/territorial epidemiology programs having a
designated coordinator for waterborne disease outbreaks and with few
of these coordinators having training or experience in drinking water
treatment or maintaining contact with the state water treatment special-
ists, the timeliness of initiation and the effectiveness of outbreak investi-
gations may be compromised.

Strengths and Limitations of
Surveillance Systems

The basic structures for public health surveillance are already in place
in most communities. Mandatory disease reporting systems have been
established by statute or regulations in all state and many local jurisdic-
tions, and all states require that physicians report cases of specified dis-
eases to the appropriate state or local health department. The diseases
that are reportable, however, vary from state to state. Reporting agencies
such as physicians and laboratories are repeatedly reminded of their ob-
ligations in this regard (Rutherford, 1992), and lists of diseases to be re-
ported are frequently updated. In California, for example, Escherichia coli
0O157:H7 and any “waterborne disease” were added to the California
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Code of Regulations and were required to be reported by telephone. The
list already contained cryptosporidiosis and giardiasis as well as the more
classical salmonellosis and shigellosis (Ross, 1995).

However, as stated by Teutsch and Churchill (1994), “Under-report-
ing is a consistent and well-characterized problem of notifiable-disease
reporting systems. In the United States, estimates of completeness of
reporting range from 6 percent to 90 percent for many of the common
notifiable diseases.” Many factors contribute to this lack of complete
reporting, but they are generally well known and can be addressed by
positive action if the will to do so exists. As Teutsch and Churchill (1994)
note,

Some approaches that appear to be successful include (a) providing phy-
sicians with feedback on the health department’s disposition of individ-
ual cases; (b) matching laboratory reports with physicians’ reports, and
for those cases reported only by laboratories, notifying physicians that a
specific case should have been reported to the health department; and
(c) conducting in-person site visits to review reporting procedures.

The ultimate purpose of surveillance systems is to prevent or control
the occurrence of adverse health events associated with the ingestion of
drinking water sources augmented with reclaimed water. Therefore, any
such surveillance system must be jointly planned and operated not only
by those who collect the data, but by those who would use these data in
conjunction with other monitoring processes to ensure the quality of the
water delivered to the consumer. As a minimum, this would include the
health, water, and wastewater departments. Essential to the effective
functioning of such a system is the identification of key individuals in
each agency who would plan, coordinate, rehearse, and communicate
frequently. This might be tied in with the community’s general emer-
gency response plan. It would also be appropriate to include and advise
interested consumer groups of the surveillance plan and its purpose.

The strength of the surveillance system is directly proportional to the
degree to which this coordinated joint system is effective, and it will be
limited to the degree that coordination is lacking.

OPERATOR TRAINING AND CERTIFICATION

Proper operation of an advanced water treatment plant intended to
improve potability of wastewater requires special training. Neither the
conventional wastewater treatment operator nor the conventional water
treatment operator gets sufficient training or experience in physicochemi-
cal treatment or in public health microbiology to serve the needs that
must be met at an AWT plant.

Such training should include at a minimum the principles of opera-
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tion of processes for coagulation with ferric chloride or lime (especially
high-lime treatment), granular media filtration, membrane filtration, re-
verse 0smosis, air stripping, ion exchange, advanced oxidation, and high-
level disinfection with free chlorine, ozone, UV light, and other means.

Training should include courses on the various microbial pathogens
and indicators. Operators should be familiar with many of the most
important microbial organisms, the diseases they cause, the symptoms of
those diseases, the likely density of the organisms in wastewater, and the
relative effectiveness of the various treatment processes in removing each
one. Operators should also be generally familiar with the procedures for
isolating these organisms from drinking water as well as some of
strengths and weaknesses of the various analytic techniques.

CONCLUSIONS AND RECOMMENDATIONS

The safe, reliable operation of a potable reuse water system depends
both on well-designed treatment trains that provide redundant safety
measures, or “multiple barriers,” and on monitoring efforts designed to
detect variations in system operation as well as any signs of contaminant
breakthrough in the system. Such duplicative barriers and monitoring
efforts are essential to reducing, detecting, and mitigating any weaknesses
or lapses in the system’s safety performance.

To provide these margins of safety, the committee recommends the
following:

¢ Potable water reuse systems should employ independent mul-
tiple barriers to contaminants, and each barrier should be examined
separately for its efficacy for removal of each contaminant. Further, the
cumulative capability of all barriers to accomplish removal should be
evaluated, and this evaluation should consider the levels of the contami-
nant in the source water, the expected health effect associated with the
contaminant, the goals that have been set for the potable supply, and any
additional factors of safety.

* The multiple barriers for microbiological contaminants should
be more robust than those for many other forms of contamination, due
to the acute danger such contaminants pose at high doses even for short
time periods. Where reclaimed water is used to augment natural sup-
plies or where source water cannot be protected from upstream dis-
charges of water with impaired quality, the importance of the barriers at
the water treatment plant or wastewater reclamation plant is correspond-
ingly increased.

* Because the performance of wastewater treatment processes may
vary considerably from time to time, such systems should employ
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quantitative reliability assessments to gauge the probability of con-
taminant breakthrough among individual unit processes. Such a quan-
titative approach can be combined with dose-response assessments to
better ascertain the likelihood of a risk of infection or illness of a given
magnitude. Sentinel parameters, which are readily measurable on a rapid
(even instantaneous) basis and which correlate well with high contami-
nant breakthrough, should be used for monitoring critical processes that
must be kept under tight control.

e Utilities using surface waters or aquifers as environmental buff-
ers should take care to prevent “short-circuiting,” by which influent
treated wastewater either fails to mix with the ambient water fully or
moves through the system to the drinking water intake faster than ex-
pected. In addition, the buffer’s expected retention time should be long
enough to give the buffer time to provide additional contaminant re-
moval. California has proposed regulations requiring retention times of 6
to 12 months before treated wastewater can be reused as a potable water
source; these storage times seem appropriate for enabling the develop-
ment and execution of alternative actions.

* Risk management strategies should be used to reduce the risk
from the wide variety of synthetic organic chemicals that may be
present in municipal wastewater and consequently in reclaimed water.
Utilities involved with planning for potable reuse should implement a
stringent industrial pretreatment and pollutant source control program
that not only includes existing priority pollutants, but considers addi-
tional contaminants of public health significance that are known or an-
ticipated to occur in sewage. Guidelines for developing lists of wastewa-
ter-derived SOCs should be prepared by the Environmental Protection
Agency and modified for local use. Finally, potable reuse operations
should include a program to monitor for these chemicals in the AWT
effluent, tracking those that occasionally occur at measurable concentra-
tion with greater frequency than those that do not.

¢ Potable reuse operations should have alternative means for dis-
posing of the reclaimed water in the event that it does not meet re-
quired standards. Such alternative disposal routes protect the environ-
mental buffer from contamination.

¢ Every water agency using reclaimed waters as drinking water
should implement well-coordinated public health surveillance systems
to document and possibly provide early warning of any adverse health
events associated with exposure to reclaimed water. Such surveillance
data should be interpreted with care, because there are many sources of
exposure for all diseases categorized as “waterborne.” (That is, suggested
elevated levels of disease may be due to other transmission routes and
not related to drinking water.) There is little scientific documentation of
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the degree to which most specific diseases are due to exposure to water.
It is important to have good communication and cooperation between
health authorities and water utilities to quickly recognize and act upon
any health problems that may be related to water supply. Any such sur-
veillance system must be jointly planned and operated by the health,
water, and wastewater departments and should take advantage of rec-
ommendations made in conjunction with recent public health workshops
on the subject sponsored by the Centers for Disease Control and Preven-
tion. Essential to the effective functioning of such a system is the identifi-
cation of key individuals in each agency who would coordinate planning
and rehearse emergency procedures. Further, appropriate interested con-
sumer groups should be involved and informed as to the public health
surveillance plan and its purpose.

* Operators of water reclamation facilities should receive adequate
training that should include the principles of operation of advanced
treatment processes, a knowledge of pathogenic organisms, and the
relative effectiveness of the various treatment processes in reducing
pathogen concentrations. Operators of such facilities need training be-
yond that typically provided to operators of conventional water and
wastewater treatment systems.
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A

Use of Consequence-
Frequency Assessment to
Evaluate Performance of an
Advanced Wastewater
Treatment Facility

The consequence-frequency assessment methodology
(see Chapter 6) can be illustrated by example. For the purpose of this
discussion, only advanced wastewater treatment facilities subsequent to
secondary wastewater treatment are considered. For acute contaminants
(such as microorganisms), the influent stream to such a facility may be
highly variable. For example, at Water Factory 21, the range in influent
virus levels was more than two orders of magnitude, and the distribution
could be roughly described by a log normal distribution (see Figure A-1).
A given facility may have a sequence of processes individually ca-
pable of changing the microbial distribution. Figure A-2 depicts such a
treatment in general terms. The concentrations of pollutants (e.g., vi-
ruses) at each stage of treatment are given as C,, C;, C,, and so on. The
connection between individual concentrations is given by a conditional
distribution. For example, F,(C,|C,) is the probability density of virus
following filtration, given the virus concentration entering the filter. In
other words, if the filter influent contains a virus concentration C; then
the integral

| E,(C, 1C))dC,

gives the probability that the filter effluent will contain a virus concentra-
tion between C: and C). Where the processes behave in a linear (first-
order) fashion, this distribution may be written simply in terms of the
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FIGURE A-1 Influent (secondary effluent) virus concentrations on BGM cells at
Water Factory 21. The x-axis is a normal probability scale. NOTE: BGM = Buffalo
Green Monkey; PFU = plaque-forming units. SOURCE: Reprinted, with permis-
sion, from James Montgomery Consulting Engineers, 1979. ©1979 by James Mont-
gomery Consulting Engineers.

ratio of the effluent to influent concentration; however the conditional
framework (as shown in Figure A-2) provides a more general approach

Formally the probability distribution of the product concentrations
may be evaluated as a multiple integral, which can (for the indicated
process train) be written as (Stuart and Ord, 1987)

fy,(C_;) = ”f ”fo(CO)FlFQFgF4dC0dC1dC2dC3dC4 (1)
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For compactness, the arguments for the conditional distributions are
omitted in this integral. Analytical evaluation of this integral may not be
possible in many (perhaps most) cases. Therefore the problem must be
approached numerically, and there are at least two numerical approaches
to the problem. In one approach, the deterministic function connecting
C, and C; is written:

weolaee)a)e)

This can also be written as

5 C.
In(C;) =In(C,) + Z‘; lr{c—') (3)

i-1

If the moments (mean, variance, etc.) of the influent distribution (C;) and
the process removal (C,;/C,_;) distributions, along with any correlations,
are known, then the moments of the quantity In(C;) can be computed
using propagation methods (Ku, 1966). However, this method is alge-
braically complex, and unless further assumptions are made, it cannot
directly produce confidence distributions.

The Monte Carlo method is an alternative that is widely employed in
risk assessment (Burmaster and Anderson, 1994; Finkel, 1990; Haas et al.,
1993; Smith, 1994). In this approach, each of the distributions is sampled
repeatedly, and the final concentration is computed for each set of ran-
dom samples. By repeated sampling, the distribution of final concentra-
tions is obtained.

To employ either of these methods, information about the transfor-
mation probability distributions must be obtained or assumed. For ex-
ample, in the Water Factory 21 project (James M. Montgomery Consult-
ing Engineers, 1979), paired samples of influent and clarified lime-treated
water were analyzed for viruses. The resulting data are presented in the
two panels of Figure A-3. It would appear that the removal in this pro-
cess can be characterized by a log normal distribution of a removal effi-
ciency (effluent/influent); however, the low number of data points does
not provide a powerful test of alternative models. (For example, is re-
moval efficiency dependent in a systematic manner on the influent viral
loading or on other process descriptors such as pH?)

Obtaining information on process removal distributions is a data-
intensive task. The actual data in Figure A-3 span from 10 to 90 percent
cumulative probability. The implementation of a full Monte Carlo analy-



APPENDIX A

245

“ ®
34
5 ®
® ) o
-]
o=t
> 10| -
= =
S &
5
4
7k
%) 3]
E -
= % 2 ®
=
s B8
S e ® =
£
-
&) 4 ®
34 ®
4]
3]
— LI B N T —
100 1000
Influent Virus (BGM, PFU/gal)
@
2 /
0.1 /
II
& § 7w
‘= s 7/
= 4 o/
E
= 2
=
(=]
g o
g = =
b= ; 7
5
; >
3 //
r - T T T I T T T T 1
0.01 0.1 02 03 04 05 06 07 08 0.9 0.99

Probability

FIGURE A-3 Removal of virus (BGM) by lime treatment at Water Factory 21. The
x-axis in the bottom panel is a normal probability scale. NOTE: BGM = Buffalo
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FIGURE A-4 Example of output of a Monte Carlo simulation. NOTE: PFU =
plaque-forming units.

sis would require fitting this distribution to a particular form, which can
then be used to extrapolate beyond the “tails” of the observed data. There
are an infinite number of potential distributions. While the log normal
has most frequently been used, the gamma and pareto may also have
particular utility in the description of relatively rare failure distributions.
The degree to which the choice of a particular distributional assumption
influences the results of a Monte Carlo calculation has not been well
studied, although preliminary results suggest that the choice of distribu-
tional form may not be overly crucial except in very highly skewed situa-
tions.

In principle, if the data on process performance distributions are
available, then the probability distribution of a particular contaminant in
the water to be ingested may be estimated. The final results may be
presented as Figure A-4. Results from hypothetical data are plotted on a
Weibull scale, which would result in a linear plot if the Weibull distribu-
tion provided a good fit to the data. From this figure one could estimate,
for example, that there would be exposure to 103 plaque forming units
per day more than 1 percent of the time. This information may be com-
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bined with a dose-response assessment to ascertain the likelihood of a
risk of infection or illness of a given magnitude.
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Clastogenicity, 16
Clean Water Act, 51
Clostridium perfringens, 7, 90, 95
as indicator bacterium, 127-128, 155
Coagulation processes, 17, 22, 236
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Coastal aquifers, injecting wastewater into,
22,24-25
Cohort studies, 147-148, 153, 204
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monitoring, 39, 89-90, 108-109, 118-119
standards for, 83
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Water Reuse Demonstration Project
Composites, flow-proportioned, 224
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Consequence-frequency assessment, 219-222
of advanced wastewater treatment
(AWT) facilities, 241-247
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Contaminant breakthroughs, 12, 223
preventing, 237
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contaminants; Chemical
contaminants; Contaminant
breakthroughs; Heavy metals;
Microbial contaminants; Monitoring
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characterizing, 10-11, 59, 156, 203
mixtures of, 7, 45-46, 59-63
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18, 92-93, 214-217
unidentified, 58-69, 182, 227-229
Continuous monitoring, 8-9
Continuous toxicological testing, 9-10
Control of Communicable Diseases Manual, 229
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Cost considerations, 10, 138, 180-181, 202,
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Cryptosporidium, 77, 79, 82-86, 90, 96-99,
109-111, 119-120, 149, 210, 232-234
infectivity of, 131-134
need for data on, 96
reporting, 232-233, 235
testing for, 77
Cyanobacteria, 88
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Cytopathic effect (CPE), 119, 127
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Data. See Microbial data

DBPs. See Disinfection by-products

Decision paths, 10, 202

Decision-making. See Water agencies

Degradation of samples over time, 179
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supplies
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demand
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Diarrhea, 82, 191-192, 232-233
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Die-off rate, 93, 134-135
Differential interference contrast (DIC)
microscopy, 125
Dilution, 215
providing for, 4-5, 17, 30
Dioxin, 179
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Direct Potable Water Reuse Demonstration
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Waterborne diseases; and individual
diseases and pathogens
measuring incidence of, 151
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256

Early warning provisions, 13, 230
Ecologic studies. See Epidemiological
evaluation
Effluent, primary and secondary, microbial
contaminants in, 90-92
Elderly. See Sensitive populations
Emergencies. See also Response measures
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health benefits of, 219
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237
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recommendations concerning, 203-204
studies using, 11-12, 146-148, 190
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reporting, 234-235
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Extrapolating test results to human risks,
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sentinel parameters for, 222
Fish test, 9-10, 157, 182-189, 202
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Recovery Project
Department of Environmental
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Flow-proportioned composites, 224
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antibody (IFA) assessment
Food and Drug Administration (FDA), 140
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Free chlorine. See Chlorination processes
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infectivity of, 131-134
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reporting, 235
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gene, 150
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new approaches to, 182-183
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Heavy metals, removing, 21-22, 47
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Hemolytic uremic syndrome (HUS), 77-78
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Human calcivirus, 80-81, 84

Human epidemiologic studies, 145
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and safety testing
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appropriate uses of, 10, 137-138, 141
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In vivo testing, 9, 141
advantages of, 10
limitations of, 8-9
Indian Health Service, 234
Indicator microorganisms, 7, 90, 127-129
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Indirect potable water reuse, 20-21
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unplanned, 17-18
Industrial chemicals, 4
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Industrial pretreatment programs, 5
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Legionella, 76
Lime clarification, 25, 104
sentinel parameters for, 222
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storage; Water treatment
Markers. See also Biomarkers
for bacterial pathogens, 6
for wastewaters, 64
Mass spectrometry, 61, 63
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unidentified, 84-87
in untreated wastewater, 89-90
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differential interference contrast (DIC),
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MTD. See Maximum tolerated dose
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decomposibility of, 21
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dissolved, 22, 91
hydrophilic fraction of, 63
metabolic pathways for degradation of,
63
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through, 17-18, 92-93, 214-217
Natural surface water, 7
New York Department of Environmental
Protection (DEP), 233
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Nonionic detergents, risks in reuse
systems, 64-67
Nonpotable water reuse, 3, 14, 96-101
Norwalk virus, 83-84, 127
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pathogens
Occupational exposures, 147, 152
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Water treatment facilities
Orange County. See also Water Factory 21
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169, 174-175, 192-200
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processes
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Ozone processes, 6, 30, 53, 177, 236
effectiveness for protozoa removal, 108
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Quality Criteria for Water Reuse, 1,11, 16,
136, 141, 178

Quality spectrum, 19

Raw water supplies, quality spectrum of,
19
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public health implications of, 1
safety evaluations of, 135-136
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and performance evaluation, 3-4, 222-
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securing data about, 6
Reproductive outcomes, 16, 193, 200-201
Research needed, 4, 7-8, 55, 110
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health-effect studies of, 164-204
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Reverse osmosis (RO) processes, 22, 25, 30,
49, 62, 104, 107, 137, 236
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Risk assessment, 3-4, 144. See also
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testing; Health risks; Human risks;
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microbial, 129-131
steps in performing, 130
for unidentified trace organic
compounds, 5, 227-229
Risk characterization, 10-11, 131-135, 176
Rotating biological contactors, 91
Rotavirus, 83
group B, 84
testing for, 77



INDEX

S

Safe Drinking Water Act, 2, 5, 14, 31, 129
amendments to, 51
latest reauthorization of, 180
Safety evaluations. See also Health and
safety testing
future of, 180-182
inadequacy of current approaches, 9
progression in, 139-140
of reclaimed water, 135-136
Salmonella, 93, 174
culturing for, 77
infectivity of, 131-134
low levels of, 125
nontyphoid, 6, 78, 108
reporting, 235
S. typhi, 76
Salt River Valley, 28-29
Salt water. See Seawater intrusion
Samples. See Water samples
San Diego’s Total Resources Recovery
Project, 29, 47-49, 104-106, 164, 167,
170-172
conceptual design diagram of, 226
feasibility study for, 200-201
microbiological findings in, 126
Sand filtration processes, 97-100, 107, 214
Screening, physical. See Preliminary
screening
Screening studies, 141-143, 173-174
Seawater intrusion, 25, 27-28
Secondary effluent
microbial contaminants in, 90-92, 94, 98
nitrification of, 27
Secondary infections, 133
Secondary water treatment, 5, 21, 241
water hyacinths in, 29, 86
Selection bias, 152-153
Sensitive populations, 8, 82, 133, 144, 155-
156
Sensitivities, varying, 150, 196
Sentinel parameters, 12, 151, 222-223
Seroprevalence survey, 85
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See also Excreta, human
Shigella
culturing for, 77
reporting, 235
Short-circuiting, 12, 215-216, 237
Short-term emergencies. See Emergencies
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Soil aquifer treatment (SAT), 29, 219
Soil interaction effects, 4
Source control. See Pollutant source control
programs
Spikes, 50. See also Contaminant
breakthroughs
Spiking trials, 105
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St. Petersburg (Florida) reclamation facility,
99-101
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Standards. See Water standards
State guidelines, 14. See also individual
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Storage. See Water storage
Streptococci, as indicator bacteria, 127
Subchronic toxicity, 16
Surface percolation. See Percolation
Surface Water Treatment Rule, 95-96, 119,
129, 209
Surrogate parameters, 67-69
Surveillance programs
strengths and limitations of, 234-235
uses of, 77, 230-232
and water reclamation, 12-13, 232-234
Susceptibility, biomarkers for, 149-150
Synthetic organic chemicals (SOCs), 5, 69,
117, 227-228, 237
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Tampa Water Resource Recovery Project, 9,
29-30, 47-52, 102-105, 164, 167, 172-
180

Technology. See Water treatment

Teratogenicity, 16, 170

Tertiary water treatment, 5, 21-25, 29, 58, 96

Testing water. See Health and safety testing

Texas. See Fred Hervey Water Reclamation
Plant

Timing problems in safety testing, 181

Torovirus, 80-81, 85
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229

Total organic halogen (TOX), 41, 55-58

Total Resource Recovery Project. See San
Diego

Total suspended solids (TSS), monitoring,
39
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recommendations concerning, 201-203
reliable method needed, 67-69, 182
studies using, 9-11, 165-189
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Organic compounds
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facilities, 13, 235-236, 238
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Treatment. See Water standards; Water
treatment
Treatment trains, 99, 111, 170-172, 211-213
conceptual diagram of, 243
Trickling filtration process, 21, 53, 91, 104
Trihalomethanes (THMs), removing, 50,
53-57
Trout, 184
Typhoid fever, 76, 214
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Ultraviolet light (UV) processes, 53, 97, 236
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Upstream discharges. See Wastewater

U.S. Army Corps of Engineers, 26, 164

U.S. Bureau of Reclamation, xi

U.S. Geological Survey, 62

Utility companies. See Water utilities
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securing data about, 6
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Viral pathogens, 6. See also individual viruses
culturing, 122, 127
detecting, 119, 121, 126-127
enteric, diseases from, 82-83
increased danger from, 6
list of, 75
need for data about, 7
studies of, 100
Virginia. See Upper Occoquan Sewage
Authority (UOSA) reclamation
project
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Washington, D.C. See Potomic Estuary
Experimental Wastewater Treatment
Plant
Wastewater. See also Advanced wastewater
treatment (AWT); Reclaimed water;
Water treatment; Water treatment
facilities
chemicals found in, 46
compared to natural water, 63-64
microbial contaminants in untreated,
89-90
municipal, reusing, 2
quality spectrum of, 19
research needed on, 4, 69
upstream discharges of, 2, 15, 217-219
Water agencies, 3-4
decision-making by, 4, 16, 42-43, 88-89
Water conservation, 3
Water courses for storage, 2
Water disposal, providing for, 12, 30, 237
Water distribution. See Reliability issues;
Water utilities
Water Factory 21, 22, 25, 27-28, 50, 53-54,
101-104
flow schematic for, 24
transformation probability distributions
for, 244-245
Water hyacinths, in secondary water
treatment, 29, 86
Water management, 1. See also Drinking
water; Reclaimed water
of chemical inputs to reuse systems, 50-
53
of disinfection by-products to reuse
systems, 53-58
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Water quality issues, 12-13, 208-238. See
also Water standards
Water reclamation projects. See Proposed
potable reuse projects; Water
treatment facilities; and individual
reclamation projects
chemical contaminants in, 45-71
microbial contaminants in, 74-112
monitoring, 223-224
role of toxicological testing in, 140-141
surveillance programs in, 232-234
Water Resource Development Act of 1974,
26
Water safety. See Health and safety testing
Water samples, preparing, 180
flow-proportioned composites, 224
Water sources. See Drinking water
Water standards, 18-20. See also Drinking
water; Health and safety testing
current, 3,7, 70
developing more appropriate, 7, 9, 16,
109-110
Water storage, environmental, 1-2, 4, 214-
217
amount needed, 225
protection provided by, 2, 9, 20-21
Water supplies
augmenting, 34-35, 39
chemicals naturally present in, 4
degraded, 19
discharging wastewater into, 217-219
pristine, 74, 76
Water testing. See Health and safety testing
Water treatment, 1, 3-4, 4, 21. See also
Advanced wastewater treatment
(AWT); Pretreatment programs;
Water storage; Water treatment
facilities; and individual processes
advanced technologies for, 1, 21-29, 101-
109
chemicals added or generated during, 4
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conventional, 92
effectiveness of various levels of, 8
failures of, 208-209
modifying processes, 5
processes listed, 22-23
secondary or tertiary, 5, 21-22
using chemical with physical processes,
6,109
Water treatment facilities. See also Response
measures
managing, 2
plant-by-plant reviews, 9
reclamation within, 2
training and certifying operators for, 13,
235-236, 238
Water utilities. See also Water agencies
conventional, 2, 6, 17, 92
need for greater knowledgeability by,
20
using water with major wastewater
components, 2, 18
Waterborne diseases, 74-88, 150
designating coordinator for, 233-234
dramatic decline in, 6
emerging, 80-83
link to infectious agents, 11
need for better data on, 7
Western Consortium for Public Health, xi
Whittier Narrows Water Reclamation Plant
(WRP), 27
Whole-animal testing. See In vivo testing
Windhoek (South Africa) Direct Water
Reclamation System, 25-26, 104-105,
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Yersinia, 77, 125
Youths. See Sensitive populations
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