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PREFACE |

Section 405 of the Clean Water Act requires the U.‘S‘. Environmental Protection ‘Agency
(U.S. EPA)‘ to'developi and issue regulations that identify: (1) uses for sludge including ‘
disposal; (2) specific factors (including costs) to be takéninto account in determining the
measures and practices applicable for each use or disposal; and (3) concentrations. of pollutants .
that interfere with each use or disposal. To comply with this mandate, the U.S. EPA has .
embarked on a ﬁrogram to develop four major technical regﬁlations: land applicafion, iﬁcluding
distribution and marketing; landfilling; incineration; and surface disposal. The development of
.these technical regﬁlations requires a consideration of pathogens as well as chemical cohstituents
of sludgé. Public concern related to the reuse and dlsposal of municipal sludge often focuses |
- on the i issue of pathogemc organisms.

This report is one of a series whose purpose is to assess the potential risk to human
health posed by parasites, 'bacteria and viruses in municipal séwage sludge and to develop
preliminary risk assessments for each of these classes of pathogens. This document describes

a methodology and coinp_uter model designed to assess human health risks from pathbgéns in
‘ landfilled or surface disposed sewage sludge.
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1. EXECUTIVE SUMMARY

This document describes a méthodology and associated computer model, 'SLDGFILL
(sludge—only landfill or surface dlsposal), for assessing the nsk to humans of pathogens from
disposal of treated municipal sewage sludge. The d1sposa1 of municipal sludge, produced

'an(nuallyv in millions of dry metric tons, is a growing problem. Pathogenic organisms may
| become concentrated in sludges du;ing treatment processes, posing a potential human health risk
when receptors are exposed. | ' , '

The purpose of the SLDGFILL model is to determine the nrobébility of infection of a
huinan receptor from pathogens in a sludge-only landfill (monofill) or in surface diSposal' sites.
The ultimate objectiire is to assist the U.S. Environmentﬂ Protection Agency (EPA) in its

~ technical criteria development and regulatofy activiﬁes, but the immediate uses include (1) using
the model as a research and risk assessment tool to illustrate information gaps and research needs
and (2) aipplying the model in performing actual pathogen risk assessments. o

. The exposure pathway addressed by. the SLDGFILL model is infiltration from the sludge
disposal site to groundwater and subsequent ingestion by a huxnan receptor of groundwater from -
a drinking_—water' wéil. The definition'of the human receptor does not include workers éxposed
in the production, treatrnent, handling or transportatidn of sludge. This model is geared toward
the profecﬁon of the general public, but using infection rather than illness as the measure of risk
results in a conservative approach designed to protect sensitive subpopulatidns. It is assumed
that workers can be required to use lspecial measures or equipment to minimize their e;xposufe :
to sludge-borne contaminants. |

In the SLDGFILL model, quantlty of treated sludge and other parameters speCIfic to the

dlsposal site are entered by the user. Pathogen parameters required for SLDGFILL 1nc1ude
(1) density of pathogens in treated mumclpal sewage sludge destined for landﬁlhng or surface
~ disposal; (2) infectivity; (3) inactivation rates in sludge, soil and groundwater; and (4) dispersion |
or transport in the enyironment. Because many factors affect thé density of pathogens in sludge,

a wide range of densities has been reported for each type of pathogen found in Sludgg. These
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densities in sludge (liquid, dewatered or dry wt) may be summarized as follows:
Bacteria 1.4X102- 107 organisms/100 mL |
5x%10? - 8.5%10* MPN (most probable number)/g
~2 - 9x10° CFU (colony-forming units)/g
Viruses 0 - 260 particles/g
1.3 - 410 PFU (plaque-forming units)/100 mL
0.1 - <2.3 PFU/g | o
0 - 19 MPNCU (MPN of cytopathogenic units)/100 mL
0.3 - 26 TCIDy, (tissue culture infe;:tibus dose for 50% response)/g dry wt
Helminths <10 - 11,000 ova/kg dry wt : '
Protozoa 0 - 38,700 cysts/g dry wt
70 - 30,000 cysts/L
The range of reported minimum infective doses for pathogenic bacteria is 10 - 10"
organisms; for viruses, the range is 9X 10" - 9% 10* virus particles, 210" - 5.5x10° PFU, or
1 - 1x 10”6 TCIDs,; for protozoa, the range is 1 - 100 cysts; and for helminths, 1 egg has been
known to cause infection. |
For the model, survival of pathogens in sludge, soil and water is presented in terms of
inactivation rate constants (log;, day?). The most important of the factors that affect pathogen
survival in sludge, soil and water are: temperature, survival increasing with lower temperatures;
moisture, survival increasing with conditions that encourage moisture retention, such as clay soil
or high rainfall; and pH, survival enhanced at median values (pH 5-8). Because of these factors
affecting survival, inactivation rate constants based on experimental data may differ by several
orders of magnitude, even for a specific pathogen. In géneral, survival rates for bacteria range -
from 1.6X1Q‘°/day to 0.96/day and those for viruses range from 2Xx10%*day to 0.996/day.
Helminths have been reported to persiSt for up to 15 years in soil, and protozoan cysts have
survived from <1 day to over a year in soil. Thus, the ranking of pathogen persistence in the
environment, from longest to shortest, is helminth eggs, viruses, bacteria and protozoan cysts.
The depth to the groundwater presents the greatest barrier to the transport of pathogens
and, hence, to exposure and risk. Filtration and adsorption are the processes responsible for

limiting pathogen transport through the unsaturated zone. The size of the organism, therefore,
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determines which pathogen will be‘transported the greatest distance.- In general, viruses, tne
smallest of the pathogens considered, have the potential to travel farther in the environment.
- Large particles like helminth eggs and protozoan cysts typically do not migrate into groundwater
because of thevphysical barrier provided by the soil, unless there are vertical cracks or fissures.
Due to their persistence, potential for transport and low infectious dose, viruses seem to
represent the worst case when estimating human health risk from »landﬁlling of sewage sludge.

The SLDGFILL model for pathogen risk assessment was run with many combinations
of 1nput parameters to s1mulate the transport of sewage sludge pathogens from a landfill and
from a surface d1sposa1 site to a nearby drinking-water well. The subsequent risk of infection
to humans who drink from the well was estimated for each run. ' The probability of 1nfect1on is
calculated using a beta-Poisson model. Conservative exposure assumptions include a drinldng
water consumption rate of 2 L/day and parameters describing highly infective pathogens.
~ Projections by the model predict. that the risk of infection from ‘ingestion of bacteria in
groundwater is not signiﬁcant even at 50 m from the sludge source. In contrast, viruses in well
water downgradient from a surface disposal site present a potentially significant health hazard
'to consumers. _ | | o , ‘ -

, The parameters to which the SLDGFILL model are most sensitive are resuspension .
coefficients, which describe the adsorption of pathogens to sludge and soil particles. Other
parameters to which the‘rnodel is sensitive are infective dose, pathogen density in sludge and
inactivation rate in water. Data on infective doses are scarce, making further research necessary |
for reliable use of the model to predict health risks. It is likely that viruses ‘present a greater
health risk because they are expected to have a10wer minimum infective dose and are more
readily transported through soil. '

Future research should be oriented toward satisfying the following information needs to
: allow more realistic modeling of human health risk from pathogens in landfilled and surface-

disposed municipal sludge

° field data on subsurface transport 1n both the saturated and unsaturated zones, of
' bacteria and viruses; : S

. inactivation rates of pathogens under field conditions in sludge, soil and water;

o solids—tofwater suspension factors applicable to sludge- and soil-bound pathogens;
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. leaching characteristics of sludge-bound pathogens;
* interaction of factors affecting pathogen resuspension from sludge and soil; and

. parameters needed to describe infective doses of selected indicator species and
strains of pathogens in sludge.
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2. INTRODUCTION AND DESCRIPTION :
OF GENERAL METHODOLOGIC APPROACH

2.1. PURPOSE AND SCOPE ,
Pathogemc organisms present in municipal sewage sludge pose potential health risks that

must be addressed in the evaluation of sludge management (d1sposal/reuse) options. Asa part ’

of its regulatory function, the US EPA develops nationally applicable technical criteria for
sludge disposal and reuse based on the potential for adverse health impacts from the sludge.

These criteria may regulate concentrations of pathogens in the sludges, as well as regulating

other factors within the management practices, such as rates of disposal and process controls.

Current sludge disposal and reuse practices include land application, landfilling, ineineration and

surface disposal. To derive regulatory cn'terié for pathogens in sludge, the U.S. EPA’S
Enyifonmental Criteria and Assessment lOfﬁce is developing a series of methodologies for

assessing health risks resulting Vfrom land application, landfilling (monofilling) and surface

disposal of sludge. This document, which is one in that series, describes a methodology and |

computer model for evaluatmg the potent1al risk to humans from pathogenic m1croorgan1sms
following landfilling or surface disposal of munlclpal sewage sludge. S
With increasing concern about the importance of uncontaminated groundwater, evidenced

by aquifer and well-head protection zones and the proposed Draft Groundwater Disinfection Rule

.'(U .S. EPA, 1992), modeling risk of contamination by pathogens from sludge becomes “

economically valuable. Better predictive ability concerning pathogen risk allows disposal of
sludge by methods that protect human health Without requiring levels of treatment beyond what
is needed. For example, a knowledge of the relatlve significance of pathogen densities in
sludge, pathogen viability during transport in the subsurface environment and what constitutes

a sufficient distance to groundwater wells (setback distance) can be used to design a sludge

landfill or surface disposal site whose operation is not likely to adversely affect human health.
The model SLDGFILL, described in this document’ calculates the probability of human

infection from pathogens in drinking water from a well near a municipal sewage sludge landfill

or surface disposal site. This methodology and model, based on the "Sandia Model" (U.S. EPAV,

1980), were modified and their development has been continued by Science Applications -
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International Corporation, Oak Ridge, TN. Previous volumes in this series address pathogen
risk from land application of sludge (U.S. EPA, 1989¢c,d; 1990b; 1991a,b). -

This report is not concerned with chemical contaminants in municipal sludge since the
U.S. EPA is examining that issue separately (U.S. EPA, 1989b). Also, risks associated with
the treatment, transport, handling and accidental release of sludge are not addressed in this
document. Codisposal of sludge with solid refuse is regulated under the Resource Conservation
and Recovery Act (U.S. EPA, 1989b); no codlsposal practlces will be considered in this
methodology and model development.

The SLDGFILL model is complex enough to represent the majof factors determining
transport and inactivation of pathogens migrating from a sludge landfill. Yet the mod¢1 is simple
enough to avoid the impractical complexity that requires numerous and often unavailable input
parameters. The model runs on a personal computer, and dat_a‘can be added and modified with
no knowledge of programming languages. Although all the information required for an accurate
risk assessment is not yet available, additional data can be easily incorporated into the current
model, thus improving the model’s value and predictive ability. '

Use of the model to predict acceptable distances to groundwater wells or outcrops (by
running the model iteratively) and implementation of regulatory controls to achieve an accept};ble
risk level are possible uses of the model to protect human health. When the groundwater '
disinfection rule is implemented, local utilities may use a pathogen risk model such as
SLDGFILL to indicate adequate separation between a pathogen source and a groundwater well,

thereby eliminating or limiting the need for groundwater disinfection.

2.2. DEFINITION AND COMPONENTS OF RISK ASSESSMENT ‘

According to the National Academy of Science (NRC, 1983), risk assessment is "the
characterization of the potential adverse health effects of human exposures to environmental
hazards." Risk management, by contrast, is "the process of evaluating alternative regulatory
actions and selecting among them" by considering available technology, costs and other nonrisk
factors.

The process of risk assessment was subdivided into four working components by the
National Academy of Science (NRC, 1983). (1) Hazard identification is “"the process of
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determining whether exposure to an agent can cause an increase in the 1n01dence of a health
condition...." (2) "The process of characterizing the relation between the dose of an agent...and
~ the incidence of an adverse health effect in exposed populations and estimating the incidence of
the effect as-a function of human exposure to the agent" is dose response assessment.
' (3) Exposure assessment is "the process of measunng or estlmatmg the intensity, frequency, and
duration of human exposures to an agent...or of estimating hypothetical exposures that might
arise...." (4) "The process of estimating the incidence of a health‘ effect..'.b'y combining the
exposure and dose-response assessments”- is risk characterization. The definitions of hazard
identification and dose—response assessment have been expanded by the U.S. EPAto include the

nature and severit_y of the toxic effect as well as the incidence (U.S. EPA, 1989a).

- 2. 3 RISK ASSESSMENT IN THE METHODOLOGY DEVELOPMENT PROCESS

The definition of the management practlce is the first step in the development of a nsk
assessment methodology. This methodology and model deal with the landﬁlhng and surface
disposal of rnunicipal sewage sludges, the products of typical wastewater treatment processes.
Surface disposal refers to disposal of municipal sewage sludge or biosolids on dedicated sites in
 waste "p11es " A surface d1sposa1 site is an area of dedicated land on which the sewage sludge

remains for at least 1 year or longer (U.S. EPA 1989%¢). Surface dlsposal may also include
surface impoundments, or sludge lagoons. Landfilling has been defined as the burial of sludge
“with a soil cover that exceeds the depth of the plow zone (Walsh, 1978). The management
practices addressed include trench landﬁlls area fills, diked containment landfills, dedicated-site
surface disposal and sludge lagoons. These practices are described more fully in Chapter 3.
The following 1nformatlon is required by the SLDGFILL model for risk assessment for
pathogens in municipal sewage sludges: '
o the sludge reuse or disposal option_ and the. conditions of the application
(frequency, quantity, etc.), i.e., specific sludge management practices; '
° the types of pathogens present in the -sludge, their numbers (level or -
concentrations), their survival capabilities and parameters describing their

- virulence; and




o the fate of the pathogens in the environmént, including the route of exposure to
human receptors, and the magnitude and duration of the exposure.
All of these information requirements and the data available to satisfy them are addressed in this
report. ' |

2.3.1. Hazard Identification and Dose-Response Assessment. Infection and disease,
the adverse effects on human health resulting from ekposure to pathogens, have been identified
as hazards in the risk assessment process. For purposes of discussion, sewage-borne pathogens
are generally divided into four or five major groups: bacterla viruses, protozoa, helminths and,
sometimes, fungi. The World Health Organization (WHO, 1981), Kowal (1982,1985) and U.S. .
EPA (1988a) document the presence of bacterial, viral and parasitic (protozoan and helminthic)
pathogens in municipal sludges. Fungi are generally not significant pathogens in sewage except
in relation to composting of sludge. Most pathogenic microorganisms found in sewage cause
gastroenteric disease of some form, although secondary effects of the organisms may also be
important (U.S. EPA, 1989c). The pathogens commonly found in municipal sludges are listed
in Table 2-1 and described in Chapter 4. '

The pathogenic composition of sludges varies both in type and conéentr_ation, depending
on many factors including the degree of urbanization of a community, the rate of disease in it,
population sanitary habits, population density and season of the year (Fradkin et al., 1985). For
this reason, achieving a quantitative hazard assessment for microbial pathogens in ‘municipal
sludge is difficult. The U.S. EPA (1988a; 1990b; 1991a,b), Reimers et ‘al. (1981; 1986),
Pederson (1981) and Yanko (1988) present extensive surveys of reported levels of pathogenic
bacteria, viruses and parasites in treated municipal sludge. Table 2-2 presents a condensed
summary of those data. | |

Because of the lack of available data to support quantitative assessménts for all pathogens
identified in sludges, representative organisms were selected by the U.S. EPA to act as
surrogates in the risk assessment process. In addition to their known presence in sludge and

their ability to cause human disease, selection criteria for these surrogates included adequacy of =
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Table 2-1. Pathogens of Concern in Sewage Sludges

Type . Organism

Bacteria ‘ :
Campylobacter jejuni

Escherichia coli (pathogenic strains)
Leptospira spp.

Salmonella spp.

Shigella spp.

Vibrio cholerae

Yersinia enterocolitica

Yersinia pseudotuberculosis

Viruses
Adenovirus
Astrovirus
Calicivirus
Coronavirus

Enteroviruses ‘
Coxsackievirus A
Coxsackievirus B
Echovirus
New enteroviruses
Poliovirus

Hepatitis A virus

Hepatitis E virus ,

Norwalk virus and other small round structured viruses
Parvovirus and parvovirus-like agents

Reovirus

Rotavirus




Table 2-1. (continued)

Tipe

Organism

Protozoans

Balantidium coli
Cryptosporidium spp.
Dientamoeba fragilis
Entamoeba histolytica
‘Giardia lamblia
Isospora spp.
Toxoplasma gondii

Helminths

Ancylostoma duodenale
Ascaris lumbricoides
Echinococcus spp.
Hymenolepis nana
Taenia sp. '
Toxocara spp.
Trichuris sp.

Fungi

Aspergillus fumigatus
Candida albicans
Cryptococcus neoformans
Epidermophyton spp.

and Trichophyton spp.
Trichosporon spp.
Phialophora spp.

Source: U.S. EPA, 1988b; Gerba, 1983a; Thurn, 1988; Hurst, 1989.




Table 2-2. Densities of Pathogens in Treated Sludge

Organism

Range of Reported Densities

Bacteria

7 Escﬁerichia ,cAol‘i

0.014—107 number/100 mL
0.05-10,000 MPN/g
2x10°-8.8x10° CFU/g

Salmonella <0.6-1x10” number/100 mL
' - >0.1-4.9%X10° MPN/g dry wt
| <0.1-85,000 MPN/g
- >2-<24 CFU/g
Shigella >20 CFU/g
Yersinia 10°-10° number/g wet wt
<0.1-2.5x10° MPN/g
2x10° CFU/g
Viruses '
Enteric viruses 0-260 units/ g

0.007-0.04 PFU/mg TSS
0-19 MPNCU/100 mL

Picornavirus

<2.3 PFU/g

Enteroviruses

1.3-410 PFU/100 mL
0.3-260 TCIDsy/g dry wt

Echovirus type 7

0.1 PFU/g

Reoviruses 6-17 PFU/100 mL
Helminths
Ascaris 565-9600 ova/kg dry wt
Nematodes 100-11,000 ova/kg dry wt
Toxocara 280-1730 ova/kg dry wt
Trichuris <10-7700 ova/kg dry wt
Protozoa
Cryptosporidium 1250-38,700 oocysts/g dry wt

140-4000 oocysts/L
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Table 2-2. (continued)

Organism Range of Reported Densities
Giardia 70-30,000 cysts/L
Protozoa 0 cysts/kg dry wt (in D&M sludge)

CFU = colony forming units (number of viable bacteria capable of forming colonies on a
particular medium) '

D&M = distribution and marketing

MPN = most probable number (not an actual enumeration but an index of bacteria that
more probably than any other number would give the laboratory result)

MPNCU = most probable number of cytopathogenic units (most probable number of
particles capable of causing cytopathic effects as measured by areas of clearing in a cell
culture)

PFU = plaque forming units (number of particles capable of causing cytopathic effects as
measured by areas of clearing on a cell culture sheet)

TCIDs, = median tissue culture infective dose (that quantity of a cytopathogenic agent
(virus) that will produce a cytopathic effect in 50% of the cultures inoculated)

TSS = total suspended solids

Sources: U.S. EPA, 1988b; Pedersen, 1981; Yanko, 1988; Rao et al., 1986b; Kowal,
1985; Jakubowski, 1990; Sorber and Moore, 1987.
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avé.ilable data, known minimum infective dose, hardiness outside the human host, sﬁrvivability
typical of other group members and known routes of infection. - Representative pathogens
selected by the U.S. EPA were Salmonella spp. for enteric bacteria, enteroviruses for enteric
viruses, Entamoeba histolytica and Giardia lamblia for parasitic protozoans, Ascaris
lumbricoides and Ascaris lumbricoides var. suum for helminths and Aspergillus fumigatus for
fungi. The three pathogens dealt with in the current version of the model are Salmonella spp.,
representing bacteria; enteroviruses, represehting the enteric viruses; and Ascaris lumbricoides,
representing both helminths and.protozoa. As more data become available on other pathogens,
pertinent parameters such as infectious dose and inactivation rate may be modified to represent
other. pathogens such as Giardia or rotaviruses. ,

Dose-response assessment examines the relationship between the occurrence of infections
and disease and the exposure to pathogens. The "dose" of pathogens is the number of viable
organisms to which a host is exposed, and dose response is (1) no infection, (2) subclinical
infection (without apparent illness) or (3) infection with illness. The incidence of disease in a
population is likely to increase with an increase in the concentration of pathpgens to which the
population is exposed.

Risk assessment involves understanding the dose-response relationship for each pathogen
identified in sludge. " Dose respohse for a specific pathogen is dependent on the number of
organisms required to produce infection or disease in the host. Thus, because.of variability
among hosts, there are no clearly defined exposure levels that always result in infection, even
for a given species or strain. Many factors affect the host response, including the virulence or
pathogenicity of the organism, the length of exposure and‘host characteristics such as site of
exposure, degree of immunity, age and general health and prior treatment with antibiotics. The
virulence of a pathogen depends to some extent on the susceptibility of the host population and
also on the ability of the pathogen to overcome such host defenses as inflammatory and immune
responses. Blaser and Newman (1982) observe that organisms that are host-adapted to humans
(humans are the only host) may have lower infective doses than nonadapted strains.

The U.S. EPA (1992) recognizes that while one infectious unit, such as a single virus

particle or Giardia cyst, can cause infection, much larger doses, even orders of magnitude




larger, may be needed to cause disease. Although a much higher number of organisms or
infectious particles may be required to produce illness instead of infection, using infection as a
detection endpoint would protect more susceptible subpopulations. In other words, avoiding
infection is a conservative means for avoiding disease (Regli et al., 1991).

Dose-response data that are available for some bacteria, viruses and parasites are
summarized in Table 2-3. The minimum infective dose, the lowest dose that will infect any
exposed individual, has been estimated for a few microbial pathogens. Estimated frequency
of infection and disease related to probable exposure levels are drawn from epidemiological data,
or, in some cases, are based on the exposure of volunteers to known doses. = Virus
concentrations can also be determined by measuring cytopathic effect by infecting tissue cultures
(U.S. EPA, 1990b; 1991a,b). ’

2.3.2. Exposure Assessment. The exposure assessment step begins with the
identification of pathways of potential exposure, that is, migration routes 6f pathogens from or
within the disposal/reuse site to a target organism or receptor. In this pathogen risk assessment
model, humans drinking groundwater are the receptors of concern. The potential exposure
pathways, described more fully in Chapter 5 , include suspended particulates (aerosols), surface
water runoff and groundwater. Of the possible routes for pathogens to reach the human
receptor, surface water runoff and particulate suspension can be controlled by the use of good
management practices, which are defined in Chapter 3 (U.S. EPA, 1989b). Therefore, only
groundwater remains a pathway of concern for pathogens in this model.

Human exposure to sludge or contaminated groundwater can be highly variable. Ideally,
quantifying exposures of individuals would best assess human risk for any given pathway.
However, difficulties of estimating the distributions of each of the parameters involved in the |
exposure calculations and modeling population distributions and behaviors in the vicinity of the
disposal site preclude quantifying the distribution profile for each exposure pathway in this
model. By varying the parameters describing exposure, the model user may gain an appreciation
for the range of risks that would potentially be encountered by exposed individuals.

Default values, describing reasonable, worst-case assumptions, are provided for testing

the model. The compounding of worst-case assumptions, however, can lead to improbable
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Table 2-3. Dose-Response Data*

Organism Infective Dose Range
Bacteria
Escherichia coli 100 10%-10%°
Salmonella (various 102° 10-10%°
strains) 10%-10°®
Shigella 10-107 10-10°
Vibrio cholerae 10° 10°-10"
Viruses ‘ |
| Echovirus 12 HID,, 919 PFU 17-919 PFU
T HID, 17 PFU predicted : :
Poliovirus 1 TCID,, 4 %107 TCIDj, (infants)
< 1PFU 0.2-5.5x10° PFU (infants)
Rotavirus HID;, ~ 10 ffu* 9%101-9%x10* ffu®
HID,; 1 ffu estimated
Parasites A
Entamoeba coli 1-10 cysts 1-10 cysts
~ Cryptosporidium 10 cysts? 10-100 cysts?
Giardia lamblia 1 cyst (estimated) "NR
Helminths ~legg NR

* Source: Kowal, 1985.
b Seattle Metro, 1983.
° Ward et al., 1986.

4 Casemore, 1991.

HID = Human infective dose.
TCIDs, = Tissue culture infectious dose for 50% response.
PFU = Plaque forming units.
ffu = Focus-forming units.
NR = Not reported.




results. Therefore, the key to effective use of this model is a careful and systematic examination
of the effects of varying each of the input parameters, using estimates of central tendency and
upper-limit values to gain an appreciation for the variability of the result.

2.3.3. Risk characterization. Risk characterization consists of combining the results
of the exposure and dose-response assessments to estimate the probability of a health effect.
Risk assessments ordinarily proceed from source to receptor. That is, the source, or sludge
disposal/reuse practice, is first characterized, and contaminant movement away from the source
is then modeled to estimate the degree of exposure to the human receptor. Human health effects
are then predicted based on the estimated exposure and dose-response relationships. This
computer model sums the exposures of a human receptor to pathogens daily and computes the
probability of the human receptor receiving an exposure exceeding an infective dose.

a
2.4. POTENTIAL USES OF THE MODEL IN DETERMINING RESEARCH NEEDS

One of the values of the pathogen risk assessment computer model described herein is
its ability to identify areas in which additional research is needed. For example, a major hurdle
in any risk assessment is estimating exposure by a variety of routes or pathways to a population
that varies according to activity patterns. The use of a conservatively defined human receptor
is based, at least in part, on the difficulty in estimating exposure of a population to a changing
level, or dose, of pathogens. Information on infectious dose for most pathogens is limited, and
distribution of pathogens in soil or groundwater is often unknown. This model assumes random
distribution of pathogens in environmental media, but data are not available to verify this
assumption. Further research on pathogen expoéure pathways and infectious dose levels would
facilitate the predictive accuracy of this model and its successors.

Another obvious data gap, illustrated by this methodology and model development, is the
degree of survival and transport of pathogens in the environment. Information on the fate of
pathogens in sludge, subsurface soil and groundwater is extremely limited. The concentration
and survival rates of pathogens leaching through soil into groundwater are unavailable for
viruses, protozoa and helminths, while bacterial codcentration data are few (U.S. EPA, 1988a).
More data are needed concerning the transport of pathogens through sludge and through the

unsaturated and saturated zones.
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Conducting a sensitivity analysis of the model can reveal areas in which additional
research is crucial, as well as areas of low priority. Identifying (1) particular features of sludge
disposal practices, (2) properties of the pathogené or (3) characteristics of the model that have
a large impact on risk projections can highlight areas in which more research would significantly
improve the predictive capability of the model. In contrast, identifyirig input parameters to
which the model is not sensitive shows that research into more precise values for those
parameters has a low priority.

Results of risk projections may be unexpected, counterintuitive or contrary to practical
experience or good scientific judgement. Unrealistic model outcomes or unexpected sensitiVity'
or insensitivity to input parameters indicates the need for field validation of those results and
perhaps additional research on development and refinement of the model. If suitable field data

_on pathogen survival and transport become available, the many different models for groundwater
transport, including SLDGFILL, can be compared to determine which model features are the

most important, which ones provide sufficient accuracy and which ones need further refinement.

2.5. POTENTIAL USES OF THE MODEL IN RISK MANAGEMENT

Risk assessment provides the starting point for risk management considerations and the
foundation for regulatory decision-making. While the risk assessment is not the sole determinant
for regulatory decisions, it provides important information to be evaluated along with societal
concerns (costs, benefits, acceptability).

The computer model described in this document can be used to provide information for
making and justifying regulatory decisions regarding sludge landfill management practices.
Risks associated with different regulatory strategies--establishing acceptable distances to
groundwater wells or outcrops, requiring certain thickness of the unsaturated zone or depth to
groundwater, specifying conditions of the sludge applications (frequency, duration), and limiting
initial pathogen ooncentrétions in sludge--could be compared using the SLDGFILL model. The
model would help to identify conditions or actions with the greatest impact on reducing the
human health risk. Risk management efforts could then be focused on these actions and
conditions to make decisions and establish regulations that will have the greatest influence on

protecting human health.
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In addition to potential use by risk managers making regulatory decisions, the computer
model may be useful for regulators and permit reviewers evaluating proposed sludge landfill
sites. Where hydrogeologic conditions of the proposed site are well known, the computer model
can be used to estimate the transport of pathogens to a groundwater well and the concentration
of pathogens in the drinking water source.

The model could also be used to evaluate proposed regulations and treatment
technologies. Risk-based regulations proposed by U.S. EPA (1992) for groundwater disinfection
can be evaluated to determine what technology might be used to achieve the proposed exposure
limits for groundwater potentially contaminated by leachate from the sludge landfill. For
example, alternative disinfection methods may be more effective against differeﬁt pathogens.
By comparing the risks from the different pathogens after their numbers have been reduced by
projected treatments, the treatments providing the greatest reduction in risk should be identified.
Utilities could also use the model to illustrate sufficient separation between a pathogen source
and a groundwater source or wellhead (and thus sufficient health protection), thereby avoiding
the need for unnecessary groundwater disinfection.

Over time, as the model is refined by a better understanding of the fate of pathogens in
the environment, pathogen inactivation rates and the minimum infective dose in humans, the

importance of the model as a management tool will continue to increase.

2.6. LIMITATIONS OF THE MODEL

In several cases, assumptions have been simplified to prevent the model from becoming
too cumbersome for practical application. If the user were required to input all possible
variables, the time required to collect the information and enter it before a model run would be
prohibitive. As a result, the flexibility of the model has been restricted to some extent.

The predictive value of the model depends on reliable input parameters and on the
accuracy with which initial pathogen concentrations are determined. Municipal sludges are
highly variable mixtures of residuals and by-products of the wastewater treatment process, and
the distribution of microbial types in sludge will depend in part on the competition among

microbes. The model does not address competition among microorganisms. Also, variations
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in sewage may result in varying efficacy of treatment, so that the concentration of a particular
pathogen cannot be precisely predicted. | 7

Variability in weather or disposal practices is likely to result in differing rates of growth
or die-off in sludge, soil, air and water. Although the model does not allow for growth as
currently configured, the die-off term (inactivation parameter) could be used to model growth;
however, growth of gastroenteric bacteria, such as some Salmonella strains, is unlikely to occur
in soil beneath a sludge landfill or surface disposal site. Exponential die-off rates are assumed
to apply until the end of the pr;clcticg, even though under certain circumstances linear die-off
rates may be more appropriate; consequently, the modeled rates may not be completely realistic.
The model does not allow fof changes in inactivation rate or variability in groundwater flow.

The model, as currently configured, is limited to oné-dimensional, advection/dispersion
transport with retardation and die-off, and it only accommodates one pathogen type per model

run. As a result, the infection algorithm is simplified.
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3. DESCRIPTION OF DISPOSAL PRACTICES

Municipal sewage sludge, a mixture of organic and inorganic semisolids from human
activities, is a by-product of thé physical, biological and chemical treatment of municipal
wastewater in sewage treatment plants. The physical removal of settleable solids from raw
- wastewater (i.e., primary treatment) produces sludges containing 3-7% solids; further removal
of additional solids may be accomplished by the biological and chemical methods of secondary
wastewater tréatment. The resultant primary and secondary sludges may be subjected to
- treatment processes designed to reduce sludge volume, improve its workability and lower its |
pdtential environmental and health risks. Such ﬁeatments include stabilization processes (for
example, aerobic and anaerobic digestion, composting and lime treatment), bonditioning,
disinfecting, dewateringl, thickening and drying (Lu et al., 1982). ' :

The disposal of municipal sludges, produced annually in millions of dry metric tons, is
a growing problem. Pathogenic organisms become concentrated in sludges during treatment
" processes, posing a human health risk that affects disposal options and practices (Lu et al.,
1982). Decisions on the final disposal of sludge are based on the characteristics of the sludge
(e.g., solids content, stability, quantity, toxic compound and pathogen éontént), local conditions
(e.g., site hydrogeology, soil characteristics, climate) and governmental regulations. Because
ocean dumping of sludge is restricted, disposal usualiy means some form of sludge application
to land, including application to agricultural and reclaimed land, distribution and marketing
| programs, surface disposai (e.g., lagooning)rand landfilling (Corbitt, 1990).

' The scope of sludge disposal practices addressed by the SLDGFILL model includes
sludge-only landfilling and éurféce disposal. The model does not address co-disp.osal of sludge

with refuse, nor does it include incinerated or composted sludges.

3.1. SURFACE DISPOSAL |

As explained in the U.S. EPA’s final rules for use or disposal of sewage sludge, surface
disposal is a term that is used to describe "what are esser{tially piles of sludge left on the land
surface. . ." (U.S. EPA, 1993). A surface disposal site is an area of land on which the sewage

sludge has remained for at least 1 year or longer and, typically, on which no daily or final cover
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is established on the sewage sludge (U.S. EPA, 1989%¢). Surface disposal is also used to
characterize sludge lagoons. According to U.S. EPA (1990a), sur