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PREFACE .

~ This 1is one of a series of ‘reports that present methodologies for

assessing the potential risks to humans or other organisms from management
practices for the disposal or reuse of municipal sewage sludge.. The manage-
ment practices addressed by this series include land application practices,
distribution and marketing programs, landfilling, incineration and ocean
disposal. In particular, these reports deal with methods for evaluating
potential health and environmental risks from toxic chemicals that may be
present in sludge. This document addresses risks from chemicals associated
with municipal sludge landfilling.

These proposed risk assessment procedures are designed as tools to
assist in the development of regulations for sludge management practices.
The procedures are structured to allow calculation of technical criteria for
sludge disposal/reuse options based on the potential for adverse health or
environmental impacts. The criteria may address management practices (such
as site design or process control specifications), limits on sludge disposal
rates or limits on toxic chemical concentrations in the sludge.

The methods for criteria derivation presented 1in this report are
intended to be used by the U.S. EPA 0ffice of Water Regulations and Stan--
dards (OWRS) to develop technical criteria for toxic chemicals in sludge.
The present document focuses primarily on methods for the development of
nationally applicable criteria by OWRS.

This document was externally peer reviewed and completed in 1986.
Subsequent to further review by the U.S. EPA Science Advisory Board, a
revised draft incorporating review comments was produced in 1987. Various
scientific and editorial changes, which clarify but do not alter the overall
thrust of the documint, have been made since that date.
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1. INTRODUCTION AND DESCRIPTION OF‘GENERAL'METHODOLOGIC‘APPROACHgV

1.1. PURPOSE AND SCOPE

This 1is. one of a series o%w‘féﬁArtsv that present methodologies fbr
assessing therpotent{a1 risks to;haﬁané 6? othe}vorganiéms from management
practices for the disposal or- réﬁéelﬁbf 'municipa1' sewage s]udgé. The
management practices addressed by thi§ series include land application
practices, distribution and marketing programs, landfilling, incineration
and ocean disposal. In particular, these reports deal with methods for
evaluating potential health and environmenfal risks from toxic chemica]s

that may be present in sludge. This document addresses risks from chemicals

‘associated with municipal sludge landfilling.
| These proposed risk assessment procedures are designed as ~t06]s to
assist in the deve]opmént ofAkegu1ations'for sludge management practices.
The procedures are structufed to af]ow calculation of technical criteria for
sludge disposal/reuse -‘options based on. the potential for adverse health or
environmental impacts. The criteria may address management practices (such
as site design or process contro1'spéc1f1cations), Timits onvs]udge»disp65a1
rates or limits on toxic chemical concentrations in the sludge.. |

The methods for criteria derivation presented :in this report: are
intended to be used by the U.S. EPA Office of Water Regulations and Sfand-
ards (OWRS) to develop technical criteria for toxic chemicals fn s1udgé.
The present document focuses primarily. on methods for the déve]opment of
nationally applicable criteria byr OWRS. It :is suggested that a user-
oriented manual based on these _methdds 'be; developed for wider use in
deriving site-specific criteria for these s1ﬁdge rmanagement practices.
Additional uses for the ‘methodology may exist, such as deve]oping guidelines

for local authorities Fbr the selection ofv sludge management optidns,
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but these uses are not the focus of these documents and will not be

discussed. '

These doﬁuments do not address health risks resulting from the presence
of pathogenic organisms in s1udge: The U.S. EPA will examine pathogenic
risks 1in a separate risk assessment effort. These documents also do.not
address potential risks associétedeith the treatment, handling or storage
of sludge; transportation to the point of reuse or disposal; or accidental
release.

1.2. DEFINITION AND COMPONENTS OF RISK ASSESSMENT

The National Research Council (NRC, 1983) defines risk assessment as

"the characterization :of the potentia1 adverse health effects ~ of “human
exposures to environmental hazards."” In this document, the MRC!s'definition '
is expanded to include effects of exposures of other organisms as well. By

contrast, risk management - is defined as "the process of evaluating

alternative regulatory actions and selecting among 'them," through
consideration of costs, available technology and other nonrisk factors. .
The NRC further defines four components of risk assessment: (1) Hazard

identification is defined as "the process of determining whether exposure to

an agent can cause an increase in the incidence of ‘a health condition." (2)

Dose-response assessment is "the process of characterizing the relation

between the dose of an agent ... and the incidence of [the] adverse health

effect...." (3) Exposure assessment 1is "the process of measuring ot

estimating the intensity, frequency and duration of ... exposures to an
agent currently present or of estimating hypothetical exposures that might

arise...." (4) Risk characterization is "performed by combining the

exposure and dose-response assessments" to estimate the Tikelihood of an

effect (NRC, 1983). The U.S. EPA has broadened the definitions of hazard




identification and dosé-response - assessment to include the ~nature and

severity of the toxic effect in addition to the incidence.

Figure 1-1 shows how these components are included in the development of
these risk assessment methodologies forvs1udge management practices. The
figure further shows. how each .methodology may be used to devé]op,technica1
criteria, and how these criteria could be used or modified by the riék
manager to develop regulations and permits.

1.3.  RISK ASSESSMENT IN THE METHODOLOGY DEVELOPMENT PROCESS

As illustrated in Figure 1-1, the methodology development process begins
by defining the management practice. Even within a given reuse/disposal
option, real-world practices are ‘highly variable, and so a tractable
definition must be given as 'a starting point. As ‘a general rule, this
definition should include the-typesfof practices most frequent1y used. ' That
is, the definition should not be limited to ideal engineering practice, but
also need not include practices judged to -be poor or substandard, uniess the
latter are widely usedl ~This defih?tion,;presented in Chapter 2‘of this
document, he]ps to determine the limits of applicability of the methodo]bgy
and the exposure pathways that may be .of “concern. However,. as a]éo shown in
© Figure 1-1 and as discussed in Section 1.4., thié definition could be
‘modified as‘the methodology 1is applied because the methodology itself will
"help to definé acceptable practice.

1.3.1. Exposure Assessment. The exposure assessment step begins with the
identification of pathways of potential ‘exposure. Exposdre pathways are
migfation routes of chemicals from, or wifhin, the disposal/reuse site to a
target organism. For those pathways where humans are the target of concern,
special consideration is given to individual attributes that influence

exposure potential. Individuals will differ widely in consumption and
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contact patterns relative to contaminated media, and therefore will also
vary widely in their degree of exposure. |

An ideal way to assess human exposure is to define the full spectrum of
potential levels of exposure and the number of individuals' at each level,
thus quantifying the exposure distribution profile for a given exposure
pathway. The methodologies described 1nrthese reports will not attémpt to
define exposure distributions in most cases, for the following reasons.
First, it is very difficult to estimate the total distribution of exposures,
because to do so requires knowledge of the distributions of each of the
numerous parameters involved in the exposure calculations and also requires
the modeling of actual or hypothetical population distributions and habits
in the vicinity of disposal sites. Such a task exceeds the scope of the
present methodology development effort.

Second, while knowledge of the total exposure distribution may be useful
for certain types of decision-making, it is not necessarily required for
establishing criteria to protect human health and the 'environment. If
criteria are set so as to be reasonably protective of all individuals,
including those at greatest risk, then as long as the risk assessment proce-
dures can reasonably estimate. the risk to these individuals, the quantifica-
tion of lesser risks experienced by ofher individuals is not reduired.

The drawback, however, of examining only a maximal-exposure situation is.
that the true 1likelihood of such a situation occurring may be quite small.
The compounding of worst-case assumptions may lead to improbable results.
Therefore, the key to effective use of this metﬁodo1ogy is a careful and
systematic examination of the effects of varying each 6f'the input param-
eters, using estimates of ceﬁtra1 tendency and upper-limit values in order

to gain an appreciation for the variability of the result.
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Therefore,”exposure will be determined for a moét—exposed individual, or
MEI.* The definition of the MEI will vary ‘with each human exposure
pathway. Chapter 3 of this document will enumerate the expdsure pathways

and will define the MEI in vqualitative' terms; for example, for the

groundwater: pathway; the MEI is a pérson receiying ~all of his or her

drinking water from an affected well at a landfill property boundary. The
MEI will not be quantitatively defined in this,‘chapter,' but  relevant
inFormation that allows the user to do so, such as aVéi]ab]é data on the
ranges of drinking-water consumption rates, will be, provided in later
chapters. For exposure pathways concerning organisms ofher'than humans, the
term MEI is not applied, but conservative assumptions are still made
regarding the degree of exposure. The remaining chapters (Chapters 4 and §
in this document) explain the calculation methods and data requirements for
conducting the risk assessments for éaéh pathway. |

©1.3.2. Hazard Identification and Dose-Response Assessment. To determine
the allowable exposure level for a given contaminant, the hazard identifica-
tion and dose-response assessment steps"must be carried out. . For human
héa]th effects,  these procedures already are fairly well established in the
Agency, although they stf]] require improvement and specific assessments for
many chemita1s remain problematic. Hazard fjdentification 1in this case

consists first of all in determining whether or not a chemical should be

*The definition of the MEI does not include workers exposed in the produc-
tion, treatment, handling or transportation of sludge. This methodology is
geared toward the protection of the general public and the environment. It
is assumed that workers can be required to use special measures or equipment
to minimize their exposure to sludge-borne contaminants. Agricultural
workers, however, might best be considered members of the general public
since the use of sludge may not be integral to their occupation.




treated as a human carcinogen. Procedures for weighing eVidghce of carcino-
genicity have been published in the U.S. EPA (1986a). and are further
discussed in later sections of this document. If treated aﬁ carcinogenic,
dose-response assessment would then consist of the use of Agency-accepted
potency values. If none are available, cancer risk estimation procedures
published by the Agency (U.S. EPA, 1986a) would be used to determine potency.
If not carcinogenic, hazard identification and dose-response assessment
normally consist of identifying the critical systemic effect, which is fhe
adverse effect occurring at the lowest dose, and the reference dose (RfD),
which is "the daily exposure ... that is 1ikely to be withbut appreciable
risk of deleterious effects during a Tifetime" (U.S. EPA, 1988). Fufther
description and procedures for deriving RfDs are found in U.S.LEPA (1988).
For certain disposal options, effects on other organiéms hre of concern.
In these cases, existing Agency methodologies have been used where avail-
able. For example, existing guide1ine§ for deriving ambfent water quality
criteria (AWQC) (U.S. EPA, 1984d) are used to determine Tevels for aquatic
lTife protection. Where effects on terrestrial species are of concern, there
are no existing Agency guidelines, but suggested procedures for identifying
adverse effects (hazard identificatjon) aﬁd threshold 1eve1s‘(dose—response
assessment) are provided.
1.3.3. Risk Characterization. Risk characterization cdnsists of combin-
ing the exposure and dose-response assessment procedures to dérive criteria.
Risk assessments ordinarily proceed from source to receptor. That is, the
source, or disposal/reuse practice, 1is first characterized and contaminant
movement away from the source is then modeled to estimate the degrée of

exposure to the receptor, or MEI. Health effects for humans or other
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organisms are then predicted based on the estimated exposure. The calcula-
tion of criteria, however, involves a reversal of this process. Thaf 15; an
allowable exposure, or an exposure that is not necessari]y.a1fowab1e but
corresponds to a givenrlevel of risk, is defined based on hea]thieffects
data, as specified above. Based on this exposure level, the transportr
calculations are eitherv operated 1in reverse or performed iteratively to
determine the corresponding source,defihition.. In this~¢ase,'thé reSu1tfng
source -definition is a combihatign of management practice$ and sludge
characteristics, which'together coﬁstitute the criteria. These steps are
'carried out on a chemical-by-chemical basis,‘and criteria values are derived
for each chemical assessed and eaéh exposure pathway. An example jllustrat-
ing how these calculations may‘be carried out is.provided in thi; document
for each pathway assessed. However, as indicatédfin Figure 1-1, the compi-
lation of data. on specific chemicals. to be used as inputs to the methodo]ogy
is a process separate from methodo1ogy‘deve16pment. Health effects data for
individual chemicals must be co]1écted from the écientific:1iterature. In
vmany cases, the U.S. EPA hés already published approved va]ués for cancer
potency or RfD. Data pertinent to a chemical's fate and transport
characteristics, such as so]ub11ify, partition cpefficient, bioconcentratioh
factor or environmenfa1 half~-1ife, must 5150 be seﬁectéd from the
literature. In some cases, data for particular health or fate parameters
were gathered for a variety of chemicals in the process of developing the
methodology. Where this was done, the information may  appear as an
appendix. In most cases, however, such information does,not apbear in the
methodology documents and must be gathered as a separate effort. | '
Once these data have been selected, even-on a preliminary basis, it may-

be useful to~carry out a rough screening exercise,Lusing;these data p]us




information on occurrence in sludges, to set priorities for risk character-
jzation. Screening could révea] that cértain pollutants are unlikely to
pose any risk, or that data gabs exist that precliude more detailed charaé—
terization of risk. Methods for carrying out such a screéning procedﬁre
will not be discussed in this document. |

Following chemical-specific ‘data selection, risk characterization or
criteria derivation may be conducted. The values derivedi as ‘1imits on
sludge concentration or disposal rate,rtogether with fhe management practice
definitions, will constituteAthe critéria. When calculating the numerical
Timits, it is advisable to ,vaky each of the input values ‘qsed over fts
typical or plausible range,fo determjnevthé sensitivity of the result to the
value selected. Sensitivity analysis helps to give a more complete picture
of the potential variability surrounding the result.

1.4. POTENTIAL USES OF THE METHODOLOGY IN RISK MANAGEMENT

The results of the risk characferiZation step can then be used as inputs
for the risk management  process, as shown in Part Ii of Figure 1-1.
A]though‘this document does not specify how rﬁsk managemént should be_con-
ducted, some potential further uses of the methodology in the risk manége—
ment process are briefly described here. These optional steps are shown as
dashed lines in Figure 1-1. '

As suggested by NRC (1983), a risk manager may evalute fhe feasibility
of a set of criter{a values based on consideration of costs, available
technology and other nonrisk factors. If it is felt that certain chemical
concentrations specified by the calculations would be too‘ difficult or
costly to achieve, the management practice definition could be modified by
imposing controls or restrictions. For example, requirement of a greater

unsaturated zone thickness beneath a 1landfill could result in higher




- permissible sludge concentrations for some pollutants. The same degree of

protection would st111 be achieved.

Following promulgation of the criteria, it may also be possible to
evaluate sludge reuse or disposal practices on a site-specific basis, using
locally applicable data to rerun the criteria calculations. Criteria could
then be varied to reflect local conditions. Thus, the methodology can be
.used as a tool for the risk managerito develop and fine-tune the criteria.
1.5. LIMITATIONS OF THE METHODOLOGY,

Limitations of the calculation methods for each pathway are given in the
text and in tabular form in the chapters where calculation methods are
presented. However, certain limitations common to all of the methods are
stated here.

Municipal sludges are highly  variable mixtures of residﬁa]s and
by-products of the wastewater treatment process. Chemical interactibns
could affect the fate, transport and toxicity of individual components, and
risk from the whole mixture may be greater than that of any single compo-
nent. At present, these methodo]ogiesvtreat each chemical as though acting
in isolation from all the others. It should be noted that U.S. EPA's
mixture risk assessment gquidelines (U.S. EPA, 1986b) caution that a great
deal of dose-response information is required before a risk assessment could
be quantitatively modified to account for toxic interactions. Future
revisions to these documents to include consideration of interactions will
most likely be Timited to qualitative discussion of such 1nteraétions.

Transformation of chemicals occurring during the disposal practice,
including during combustion, or following release may result in exposure to
chemicals other than those originally found in the sludge. - In many cases,
these assessment procedures may not adequately characterize risks from these

transformation products.
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In addition, these methodologies compartmentalize risks according to
separate exposure pathways. The use of an MEI approach, which focuses on
the most highly exposed individuals for each pathway, reduces the 1ikelihood
that any single findividual would receive such exposures by more than one
pathway simultaneously, and therefore the addition of doses br risks across
pathways is not usually recommended. However, it is possible that risk
could be underestimated in a small number of instances.

Finally, the methodologies 16ok at exposed organisms: in isolation.
Population-level or ecosystem-level effects that could resu]t from a reuse

or disposal practice might not be predictable by this approach.




2. DEFINITION OF DISPOSAL PRACTICES:

In order to develop a risk assessment methodology for the landfilling of
municipal wéstewater sludges, the Foﬁlowing general management practices are
assumed.

For  the pkesent regulation, no codisposa1 practices will be considered.
The U.S. EPA's Offiée of Solid Waste has initiated an effort to-deve]ob a
risk assessment methodology for the. codisposal of municipal sludge and

municipal solid waste. WhiTe Section 405(d) of the Clean Water Act requires

the U.S. EPA to regulate the disposal of‘s1Udge,»inc1uding landfilling, the

Resource Conservation and Recovery Act (RCRA) requires the U.S. EPA to
regulate landfills, 1nc1uding those where nonhazardous material such as
sludge 1is codisposed with solid refuse (U.S. EPA, 1980a). Since 95% of
codisposéd material is solid refuse on a weight basis, the Office of Solid
Waste will be fegulating codisposed sludge under Subtitle D of RCRA. Thus,
‘this document assumes only monofills. The sludges may include digested or
undigested solids. from primary, secondary or tertiary treatment prdcesses,
Although undigested sludges are allowed to be landfilled, it is strongly
encouraged to use digested sludges because of esthetics and potential health
problems.

It is assumed that deposition occurs in a recessed trench or pit, or
that the working face 1is surrounded by surfa&e drainage control ditches to
divert runon and captufe any contained runoff. No flexible membrane liners
are assumed to be insta11ed in the landfills. Clay liners may be present.
Although in some cases cover may be applied at greater intervals, cover is
assumed to be applied daily and to consist of excavated soils from the

trenches on site.




The addition of bulk to the sTudgg_is not assumed. Therefore, it is

assumed that sludges will contain 20-40% solids.. This is necessary to
support a soil cover. Since a re]g;ive]y flat site could pond, and an
excessively steep site could erode . and create operational difficulties,
sludge landfilling is usually 1imited to areas that have slopes >1% and <18%.

In addition to these assumed:genera1vmanagement practices; the following
practices are assumed for specific types of 1andf11ls.'

In narrow trenches, s]udge is as§umed to be disposed in & single appli-
cation with a single layer of 5011 §bpiied.érExcavation is ‘accomplished by
equipment based on solid ground adjacent to the trench, and the eqﬁipment
does not enter the excavation. E*éévated hatéria] is usﬁa1ﬂy immediate]y‘
applied as cover over an adjacent é1udge—fﬁ11ed trench. OCCaSionally it is
stockpiled alongside the trench from which it was excavated for subsequent
application as cover over that trench.

Wide trenches are usually excavated by equipment operétﬁﬁg inside the
trench. Excavated material is stockpiled on so]id.gfouhd adjacent tb the
trench from which it was excavated. Occasionally, however, it is -‘imme-
diately applied as cover over an adjacent s1udge—fi11ed 'trench, Cover
thickness varies with the solids content and manner for cévering. Cover is
applied either by equipment based on solid, undisturbed ground adjacent to
the trench or by equipment that is supported in the trench and thét hoves
over the sludge. v

Area fills have an open face on one side that may be subjecf to surface
runoff. Drainage ditches are required in the downflow direction to. contain
any runoff. The water collected 1in the drainager ditches will either
percolate into the soil or be routed to treatment. TreathentJmay consist of

a settling pond with subsequent discharge.
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When sludge is mixed with soil, it may be used as either a temporary or
a final cover, or both. When mixtures are applied as final cover, the
practice is most closely related to land application and should be evaluated
as such. A methodology has been developed to evaluate runoff from land
application of sludges.

While operating practices vary considerably, general practices can be

characterized by the following: 7 |

0 whi1e'72% of the states require or can require installation of
Tiners at landfill sites, most either. do not have them or use
soil-based liners with a measurable permeability.

o Cover is applied daily (often twice daily) and consists of
excavated soils unless sludge/soil mixing is practiced. If the
final cover uses a sludge/soil mixture, the site should be
evaluated as a land application facility with respect to surface -
runoff.

o Deposition occurs in a recessed trench or pit, or the working
face 1is surrounded by surface drainage control ditches to
capture any contaminated runoff.

0 Most sludges will contain 20-40% solids.
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3. IDENTIFICATIDN OF KEY PATHWAYS

‘Based on current design Yand operating practice 'considerétiéns, the
potential routes of offsite migration can be summarized as those depicted in
Figures 3-1 and 3-2:

0 vVapor loss from fi11 material migrating from the uncovered

working face and/or through the cover material and then being

dispersed in the atmosphere;

o Suspension of contaminated particles from the working face with
subsequent transport downwind;

o Dissolution of contaminants and/or carriage of contaminated
particles 1in surface runoff from the working face to nearby
surface waters (This pathway is not relevant to trench mono-
fi1ls, since the sludge is emplaced below the surface in an
enclosed trench.); and ’

o Infiltration of water and drainage of sludge moisture trans-
porting dissolved contaminants to the underlying aquifer.

The first two pathways threaten human health through intake of contami-
nated air éither by onsite workers or downwind residents. The.séqond two
pathways primarily affect human health through cqhtaminétion of drinking
- water, but may also be of concern as a result of use of contaminated water
on food crops and livestock with subsequent concentration in the food chain
as depicted in Figure 3-3.

3.1.  GROUNDWATER INFILTRATION

0f the potentia1‘ pathways, infiltration to groundwater and subsequent
uptake in drinking water is cohsidered the most significant. That determi-
nation 1is based both on the 1likelihood and the consequences of occurreﬁce.
A1l landfills receiving recharge wili qvéﬁtua]]y a}]ow for the genération—of
leachate and subsequent downward migration to groundwater. Drinking-water
conbéntrations of pollutants established fovprotecf human‘health are suffi-

ciently low that they will be breached before water would pose a threat
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through uptake in food-chain crops. The groundwater might be used to

irrigate crops, but the sparse 1jterature that_exists on toxics uptake by
plants suggests that the threat 1svm1nima1 (Kowal, 1985). Therefore, risk
evaluations based on ;drinking—water cohcerns will result in the most
restrictive sludge concentration criteria for the groundwater pathway.

Another possible exposure route is from edible aquatic organisms living
in surface water recharged by contaminated groundwater. . This is considered
as a supplementary groundwater pathway.
3.2. - SURFACE RUNOFF

Contaminant migration in surfacerrunoff may result from dissolution into
the water or suspension of particulates to thch the contaminant is
attached. In either case, transport requires physicaf centact between the
contaminant and the runoff. Therefore, contamination must be present at the
soil's surface fer migration to proceed by this pathway. Since clean soils
are used for cover, except for the case .of sludge/soil  mixtures that
constitute land application, the working face is the on1y:sign1ficantf500rce
area for contaminated runoff. As noted eer1ier, operating procedures
require control of runon and runoff from the working face with drainage
ditches. In addition, since the working face is be]ow' grade'efor the
surrounding areas, all trench or pit fills will contain runoff'by design.
This would not be the case for area or canyon fills, but these fills must
include provisions to contain drainage in the down-gradient direction.
Based on the assumption of good operating practices, runoff becomes a part
of the grouhdwater pathway or is. eliminated. >The ’precipitatfon that runs
~off the working face will collect at the foot or in evdrainage contro] ditch .
~ where it will either percolate into the soil, be used for dust control or be

~routed to treatment. In the first two cases, the runoff becomes a
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part of the groundwater pathway. In the third case, the pathway isv

terminated. Therefore, the methodology does not consider an 1independent
surface runoff pathway. | |

Because good management practices willvprevenf the runoff pathway from
being a significant route by which toxic contaminants threatgn human health
from sludge landfills, regulations to control this pathway are best focused
on requiring those practices rather than on .establishing concentration
criteria. The necessary practices consist of two basic elements: (1)
diversion berms and/or ditches to redirect all kunon from upflow areas away
from the fill area, and (2) berms and/or ditches at the foot of the fill - -to
collect runoff from the fi]T area 1in general, and from the face in
particular. These berms/ditches should be capable of containing the
estimated volume of runoff from the 100-year, 24-hour desigh storm.
3.3.  PARTICULATE SUSPENSION

The particulate suspension pathway is similar to that for sﬁrFace runoff
in that it requires the contaminant-bearing particulates to be at the
surface where the wind and/or human activity will disturb it. The working
face 1is the only location where this will occuk to ahy significant extent.
With daily application of cover, the face itself will not be exposed for
more than 8-12 hours in any given 24-hour period. In addition, su§pension
will occur only when wind scour velocity exceeds a threshold value or with
mechanical agitation. For soils, the scour threshold has been reported as
6-13 m/sec (Gillette, 1973). Most sludges would be expected to be on the
high end of that scale or above the scale because of their moisture content
and tendency to mat as they dry. Composted or dried sludges, however, may

be very 1ight and fine in texture and, therefore, easily resuspended.
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While each landfill site wﬁ] have its own distinct characteristic wind

pattern and velocity distribution, a review of data from specific sites
gives some perspective on the frequency that the thrésho]d windspeeds will
be exceeded. Table 3—1 provides data on the percent of the time that wind
velocities will exceed 12 m/sec atrcandidate’ wind-generafion sites. Since
these sites were selected for wind-power potential, they re;ﬁresent tvhe' high
end of the scale. In no case did 12-m/sec winds occur for >5% of the time
at a 9-m height. Wind speeds diminish rapidly with proximity to the earth.
. Therefore, 13-m/sec speeds at a 1andf1‘ﬁxworking face would occur évén less
frequently. Thus, wind data coupled with the operating times of 50% or less
‘without cover suggest that for;‘ windy sites, the winds will attain speeds
capable of suspending sludge from the working face for brief periods of
time. This will be augmented by mechanical agitation‘ at times. In the
main, particulate suspension will be episodic rather than chronic with
regard to landfilled sludges. ’
Because particulate resuspension ;I;ay occur uﬁder a limited set of
conditions, it is Yest regulated through management practices rather than
concentration criteria. In particular, resuspension shall be contr‘oHed: by
requiring placemen} of daily cover over 1andff11ed sludges. Cover may
consist of clean soils or a mixture of sludge and soil at a depthv' of at
Teast 15 cm (6 inf),,
3.4. VOLATILIZATION
| vapor loss fromsludge may result from vo1éti1ization from the uncovered
working face, or release from within the fill and subseqdentv migration
through the soQ cover. The degree to which VOTatﬂi'zatiqn will occur

depends both ofi the physical properties of the contaminant (e.g., vapor
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TABLE 3-1 . | ’é

Frequency of Threshold Windspeeds for Windy Areas of the United States* ‘

Location ~ Fraction of Time
Wind Exceeds 12 m/sec (%)

Amarillo, TX | 1,27
Block Island, RI 0.M
Boardman, OR 0.45
Boone, NC 4.98
Clayton, NM | ‘ 1.73
Cold Bay, AK | 4.56
Culebra, PR S | ' 1.54
Holyoke, MA | 0.24
Huron, SD 0.27
Kingsley Dam, NE 0329
Ludington, MI 1.24
Montauk Point, NY 3.51
Point Arena, CA- 0.34
Russell, KS 0.84
San Goronio, CA 3.31

*Source: Adapted from Sandusky and Renne, 1981




pressure and solubility) and the nature of the sludge matrix. A strong
affinity between sludge and contaminant can bind otherwise volatile contami-
nants and reduce 1losses significani]y These effects are‘ difficult to
predict a priori. Analytical methods are ava11ab1e to predict volatiliza-
tion from soils, but they do not account for the 1nteract1ons that would
occur in a sludge. In general, most sludges will be subjected to thermal
and mechan1ca1 act1on that w111 facilitate volatilization prior to deposi-
tion in a 1andf111 Subsequent release of volatile residuals, however,
could occur if degradation of the sludge changed the matrix sufficiently to
alter sludge contaminant interactions. The~uncertainty'in the rate and end
products of sludge degradation in a landfill, thus, further frustrates
"atteMpts to nredict vapor losses.

While placement of daily cover over sludge will reduce flux rates,
preliminary 'calcu1ations have revealed that vapor concentrations above
reference air concentrations (see Section 5.4.3.) can be observed with
sludges as a vresult of losses from the landfill 'working face prior to
application of cover. Therefore, proper management through application of
cover soils will not be adequate to control potential Vapor problems, and
concentration criteria are also required. A methodology is provided to
predict vapor concentrations at the site boundary over extended periods of
time in order to determine concentration criteria for volatiles. |
3.5. SUMMARY

From the above considerations, it is concluded that good management
. practices through properly enforced regu1at1ons will control health problems
stemming from contaminant transport in runoff and resuspended part1cu]ates
in the atmosphere. Similar regulatory controls will not eliminate potential
contaminanf losses through the groundwater and vapor pathways. Therefore,

contaminant concentration criteria are required to prevent infiltration and
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vapor losses from leading to conditions that exceed reference water and air
concentrations, respectively. The following chapters describe the method-
ologies developed to select those criteria and quantify ‘concentrations
associated with placement of a given sludge in a designated landfill.

In all cases, use of the model and good management practices cannot
guarantee that environmentally signiffcant releases will nof occur. As a
consequence, a comprehensive monitoring program should be implemented with
any sludge disposal a]ternative} In the case of ]andfi1js, fhis would
consist of monitoring wells +to detect groundwater 'contﬁmination - from

infiltration.




4. METHODOLOGY FOR GROUNDWATER CONTAMINATION PATHWAY

41 OVERVIEW OF THE METHOD

As noted previously, the methodologies -described herein are designed to
quantify risks associated with disposal of sludges in landfills. Itvhas
been determined that tne generation of 1eachate with subsequent migration to
-and contamination of groundwater is a pathway of concern. If has also been
determined that the approach will be based on a risk assessment methodo]ogy
that can be applied directly to input data on a given site.. The merits of
the proposed dispoéa] activity will then be weighed"on the basi‘s of pre—
dicted risks to numan health through drinking water. A tiered approach :15 :
offered, beginning with simple comparisons to national criteria and going to
a more site-specific approach for contaminants in excess of the national
criteria. The second tier allows introduction of site-specific values to -
reflect the conditions at the chosen site. - Contaminants are considered
individually in sequence. If n contaminant 1is not present, it is deleted
and the analysis goes to the next contaminant. If a contaminant vp‘as*ses'
through below criteria, it is dropped and the next contaminant considered. 3 A

To im;ﬂement such a methpdo1ogy,' it 1is necessary to simulafé the
movement of contaminants from the fil1l area through the unsaturated soil
column to the aquifer ra‘nd, then through the saturated zone 1ateraﬂ\y outA from
the site. For compliance, the proner‘ty boundary may be selected as the

point of compliance, since drinking-water wells éou]d be constructed from

that point on and could then be affected 'by contamination with subsequent

public health 1implications. In no case is the compliance pbint aliowed to

be set at a distance greater than 150 m- from the tlandfill. Data on health




effects, i.e., risk reference doses (RfDs) for noncarcinogens or potency

values for carcinogens, are used to evaluate allowable 1eve15 for
groundwater contamination. The premise is that a potable water supply must
be maintained at healthful levels for potential future uses even if there
are no current uses 1mmediate1y off site.

The tiered approach begins with a comparison between measured chemical
concentrations in sludge and criteria generated for a reasonable worst case
landfiil. Environmental setting parameters dinclude six found to be
particularly influential on water quality. The set values foF five of these

six parameters are as follows:

Depth td groundwater Tm

Soil type | Sand
Recharge 0.5 m/yr-
Eh - oxidation potential +500 mv
pH - acidity 6.0

The value of the sixth ‘barameter, partition coeFFicient,' varies
according to the chemical evaluated. The criteria are ca]cu]atéd using the
model described herein - operated to determine "the sludge chemical
concentration that would raise groundwater concentrations to the reference
dose, but not above it.

If an operator determines that a given sludge contains chemicals
exceeding the criteria used for Tier I, +the operator ‘may calcu1ate
site-specific criteria by 1inserting measured values for the parameters

1isted above and rerunning the methodology.
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In either Tier I or Tier 2, the distance to the compliance point is sét

on the basis of the classification of the groundwater at the d15p05a1 site.
If the landfill is underlain by a Class I groundwater, the comp]iance‘pdinf ‘
is set at the point of entry, i.e., no lateral movement in the aquifer is
considered. If the groundwater is Class II or III, the comp]iance point is
set at the smaller of the two options, the fenceline or 150 m. Henée, the
compliance point distance can never exceed 150 m. If the groundwater is_
Class III on the basis of contamination with the toxic chemica1 of 1ntekest,:
no -groundwater degradation is -allowed, and hence, the predicted leachate
concentration must be less than or eqﬁa1‘ to the current groundwater
concenfration. |

The tiered prbcéss is i11ustrated in Figure 4-1.§'fo ca]cu]éte Tfer I
criteria, the methodology is applied assuming algiven sTudge concentration.
The resultant groundwater concentration - is then compared with the
conbentration that would produce a health-based reference dose. The ratio

of the two is used td recalculate until a sludge concentration is picked

~that will just produce the 1imiting groundwater concentration.

The Tier 2 process is initiated by calculating a pu]se or leach time
(the period of time required for all of the available contaminant to‘ be
leached from the sludge) for each contaminant. For degradable contaminants,
a calculation is then made to determine how long it will take each contami-
nant to travérse the unsaturated zone and the amount offdegradation that
will take place during that time. For nondegradable contaminants, the
concentration 1is unchanged through the unsaturated =zone. For inorganic
contaminants, a speciation model (MINTEQ) is used to estimate the dissolved
concentration of contaminahts in the saturated zone after accounting for

geochemical reactions.
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At this point, after accounting for degradation and geochemical

reactions, a comparison is made between predicted leachate concentration
entering the aduifer and the health criteria. The analysis is continued for
those contaminants exceeding the health criteria.

An ana]ytica? contaminant transport hqde1, CHAIN, s wused to predict
contaminant concentration at the base 'of the unsaturated zone. The

-difference between the model and the unsaturated zone calculations discussed
above 1is that the model allows for disperéion as well as degradation. For
the metals (nondegradable), the output concentrations from the model are
adjusted based on geochemical reactions (MINTEQ). At this‘point, the model-
predicted or MINTEQ—adjusted contaminant concentrations at the base of the
unsaturated zone (point of entry into the aquifer) are compared to the
health criteria.  The analysis is continued for those that do not pass.

The final step of the ana]ysis is to use a saturated zonevtransport
model, - AT123D, to pfedict contaminant concentration ‘at the property
boundary. These final contaminaht concentrations at the property boundary
are added. to the background concentrationsv in the groundwater and again
compared to. the health criteria. If they all pass the criteria, the
application would be accepted. If any one contaminant exceeds the criteria,
the apb?ication would bé denied. If any contaminants exceed the criteria
and the analysis has been completed, then landfill disposal is not available
for the sludge unless therchemical levels 1in the sludge are reduced. The
procedures and details of each module in the methodology are described in
the following sections. The methodology for calculating the contamination
pathway from the groundwater to surface water to edible aquatic organisms, a

suppliementary pathway, is also very briefly described (Section 4.3.3.5.).




4.2.  ASSUMPTIONS

In order to apply a methodology such as that presented here, it is
necessary to make simplifying assumptions. The assumptions, stated or
implied, required to implement the groundeter pathway analysis methodology
are outlined in Table 4-1. | |
4.3.  CALCULATIONS
4.3.1. Source Term. The sludge itself 4is the stafting point for -a
contaminant's migration through the 1landfill and into the groundwater.
Therefore, the methodology must start with the sludge. This is most simply
done by assuming that the total mass of a contaminant7i$ in dissolved form.
However, such an approach is extremely conservative., Chemical-physical
interactions between the organic matrix of sludge and contaminants are often
quite strong and may cause immobilization of pollutants. - As a consequence,
not all of the contaminants 1in sludge are mobile. The availability of
organic contaminants 1is often related to their concentration; so that only‘a
fraction is mobilized at any one time. The 1latter is la partitioning
phenomenon that controls 1leachate 1levels to a discrete ratio - between
concentrations in the sludge and the 1leachate. Current understandingvof"
these phenomena and the effects of various constituents on them is limited,
so it is not possible to accurately predict leachate levels Ehrougﬁ the use
of models at this time. 1Inorganic contaminants may have their Tleachate
concentrations dictated by solubility constraints.

If an applicant employs total sludge contaminant data and determines
that criteria will be exceeded, an estimate of 1leachate quality can be

derived.
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For the purposes of this methodology, 1leachate conrentrations are
estimated differently for organ1c contam1nants and 1norgan1c contaminants.
Organic concentrations 1n leachate ‘are ca1cu1ated using a ‘part1tjon
coefficient, Koc' The value ofy Koc bis determined as the ratio nf the
concentration of the chemical in the sludge 'to its concentration‘ in the

water associated with the sludge, i.e.:

K _ concentration of X in s1udge organic carbon 4mg/kg1 (4-1)
0C = concentration of X in water (mg/%) o

%/kg

The value for Koc may be measured empirically or may be estimated from
relations for solubility or octano]—water‘partitjon coefficients (Lyman et
al., 1982), either of which may have been measured empirically. In any
case, the relation assumes that organic contaminants will adsorb onto solid
organic matter or organic coatings on solids as the primary mechanism of
retention. | | |

Inorganic concéntrations in v]eachate> are assumed fo ‘bé Timited by
solubility constraints. ' In other"words; it is assﬁmed ‘thaf inorganic
contaminants will desorb and/or disso]ve'fromvthe sludge .until they reach
their maximum solubility. Maximum solubility levels were estimated on the
basis of the maximum effluent or 1eachatev1eve1s’reported fOP,U.S. waste-
water treatment plants (U.S. EPA, 1985a).

In addition to determining the concentration of contaminants in leach-
ate, source term characterizat{on is requﬁred‘ to estimate the time over
which the contaminant will be presenf ‘inr‘the 1ea6hate, or pulise time.
Sludge does not act as an infinite source of contaminants. There is a

finite mass of contaminant present in the §1udge that can be mobilized in

leachate. For some contaminants; that mass is less than the total mass in




the sludge because of 1rrevers1b1e adsorpt1on or other b1nd1ng mechan1sms

In either event, the ava11ab1e mass will be released from the s1udge over a
d1screte pu]se of t1me It is for that per10d that concerns over 1eachate
effects on pub11c hea1th are rea] and measurab]e |

To ca1cu1ate the pu]se t1me, it is necessary to determ1ne tota1
contaminant 1eve1s in the s1udge, contam1nant'eohcentrat1ons in the 1each—

”ate, sludge mo1sture content and recharge rate These factors are relevant

to pulse time according to:

Q=Msx T (4-2)
Q=RT+(L-5) o (8-3)
" where: »
Q = volumetric water flow of 7leachate for ‘the m? unit area
required for contaminant to be completely leached (m3).
R = recharge or volume of 1nf1]trate _entering 1andf11]/

" m2/year <(m3®/year). - Can be 'calculated' ‘as R = P BT
RO, where ET is evapotranspiration losses, RO is runoff and P
is precipitation. If runoff is retained for infiltration, it
should not be subtracted. RO refers only to runoff that is
routed to a treatment plant or otherwise allowed to leave the
site.

S = storage capacity for water in sludge defined as the "dry"
water content for the sludge under normal atmospheric condi-
tions/m2 (m®), i.e., the product of fill height after
drainage, s1udge density and moisture content divided by 1000
kg/m=.

L = water content  of sludge/m? at time of disposal (m3),
j.e., the product of fill height, sludge density and moisture
content divided byv1000 kg/ma.

T = time of pulse over which all contam1nant will be re]eased
from the sludge (years). ‘

"M = mass of contaminant contained in a volume of sludge repre-
~sented by the height of the s1udge 1n the fil1l and a square
meter cross section (kg), i.e., (height of fil1 x 1.0
m3) x (density of sludge 'kg/ms) x (concentration [N]
of contaminant in sludge kg/kg) x (1 - moisture content).
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X = average concentration of contaminant in leachate (kg/ms).

Combining Equations 4-2 and 4-3:

;o M-X(L-5)
| XR

(4-4)

For degradable contaminants, .the initial mass of contaminant (M) changes
with time. If a first-order decay mechanism is assumed at a degradation

rate A, Equation 4-4 becomes:

R ¥R
T==[{In ——— 4-5
y M Rew (4-5)
where:

T = pulse time (years)

A = degradation rate constant (year~2)

X = leachate concentration (kg/ms)

R = recharge or infiltration rate (m2/year)

M = mass of contaminant in sludge (kg)

Therefore, Equation 4-4 i§'fapp]ied for arsenic, copper, mercury, nickel,
bis(2~-ethylhexyl)phthalate, trich]oroethy]éne and any ‘other contaminant
where A =0. For ail other contaminants, Equation 4-5 is applied. In
either case, the result describes the length of the pulse time (T) when
leachate is adding contaminant to the unsaturated zone at the concentration
calculated. Since anaerobic conditions aré almost certainly T1likely to
prevail in both the ’uhsaturafed and saturated zones beneath a 1andfi11,
anaerobic degradation rates should be used.

These formulations assume all contaminants in a sludge are ultimately
mobile and that contaminant concentrations remain relatively ‘constant in
Jeachate until the total mass is virtually depleted. - The first assumption

is conservative in that it does not subtract the nonmobile fractions of
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contaminant. The éecond assumption may not be conservative in that it
converts the actual contaminant concentration/time relation. into a square
wave (i.e., a pulse of equal height throughout 1£s duration). Because
.actual leachate contaminant éoncéntrations are likely to trail off with
time, the actual pulse time will be Tonger, but the concentrations will be
smaller. The degree of distortion arising from this assumption will depend
on the nature of the actual concentration/time relation. The -square wave is
assumed at the Tlandfill »on]y.’.JDispersion and retardation are allowed to
transform the pulse once in tkanﬁit; J
In summary, source term characterization consists of two steps:
1. Derive a ‘contaminant leachate concentration: by applying a
partition relation for organic contaminants and a. maximum
solubility for inorganic contaminants. :
2. Calculate a pulse time'dsing‘EqUation'4j4_6r14;5.'A'
4.3.2. Unsaturated Zone Transport. As leachate is generated in the land-
fi1l, it moves vertically ‘downward .through the Junsaturated zone to the
uppermost aquifer. To measure the risk‘to water qua]iéy'by contaminants in
the leachate, it is necessary to determine the time of travel required to
reach the vaquifer and subsequent effects on contaminant concentrations.
Factors affecting contaminant transport in the unsaturated zone include the
physical characteristics of the soil column, infiltration or recharges and
the distribution coefficient for the contaminant in that matrix. v

4,3.2.1. SELECTION CRITERIA —— No one. method or model  for calculating
time of travel in the unsaturated zone is app(oprigte for application to all
cases. In general, two criteria are .used to select a procedure for use in
the sludge disposal risk methodology.

The first criterion is that the method should be generally applicable to

a wide range of problems or sites. Potential sites exist across the United
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States and, therefore, may be characterized by a range of values. It is

impossible to select any single method that is optimal for all sites. With
this in mind, methods should be selected that can be used for the wide range
of values potentially encountered without requiring different approaches for
each setting. |

The second criterion 4is that the data required by the method are
generally available or can be estimated, i.e., the data are typically known
for most disposal sites, va1ue§ can be obtained for most waste sites or
accurate data for a specificbsite can be 6btainéd from thé 1iferature. This
criterion is important because it is not intended that expensive, specialized
site studies be conducted to sUppbrt an application.

4.3.2.2. ‘GENERAL APPROACHES TO'CALCULATiON OF TIME OF‘TRAVEL -- Aside
from field observations, therg are two basic approaches to determining
travel times in the unsaturated zone: edui]ibrium solutions and unsaturated
flow models. Both approaches are based bn the same fundamental equations,
but differ in the simplifying assumptibhs made to solve the egquations. As a
result of the simplifgang assumptions, the approaches differ'significant1y
in the time necessary to obtain a solution, in computational difficulty and
in data requirements. Relative characteristics of the two approaches are
summarized in Table 4-2.

Based on the above information, and given the criteria discussed for
selecting methods of calculating travel time 1in the unsaturated zone, tﬁe
use of unsaturated flow models is ruled out. Therefore, time of travel will
be calculated through use of appropriate equilibrium solutions. Use of an
equilibrium model necessitates; assumption . of steady-state as opposed to
transient conditions. The effects of this requirement are minimized by the

use of output to compare with chronic exposure criteria. If acute exposures
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TABLE 4-2

Relative Characteristics of Equilibrium Solutions
and Unsaturated Flow Modeling

Characteristic

Equilibrium Solutions

Unsaturated Flow
Modeling

Computation time
Data requirements
Complexity of solution

Time dependency

Short
Low to medium
Simple

Steady state

Medium to long
Medium to large
Complex

Steady state or transient




were to be evaluated, transient analyses utilizing unsafurated flow models
would be more appropriate.

Analytical solutions of travel time through the unsaturated zone are

based on Darcy's equation for one-dimensional flow:

Y
Vz = K(yp) g; : (4-6)
where: v
Vo = seepage velocity in the vertical direction
K(ym) = hydraulic conductivity as a fun;tjon of matric pmtentia]
gf = hydraulic gradient in the vertical direction
z

In unsaturated flow, both hydraulic conductivity and moisture content
are nonlinear functions of pressure head. Hydraulic conductivity. moisture
content and pressure head need not be constant throughout a 5011 column;
however, if they are not, a direct analytical solution of Darcy's equation
is not possible for unsaturated flow. In order to obtain a solution of
Darcy's equation for travel time 1in the unsaturated' zone, the following
assumptions must be made:

0 One-dimensional flow is in the vertical direction.

o Water flow is at steady state.

o Water-table conditions exist at the .Tower boundary (i.e., the

water table -- the top of the saturated zone -- 1ies at the

bottom of the unsaturated zone).

o The upper boundary has a constant flux.

o Soil characteristics (moisture content vs. matric potential and
hydraulic conductivity vs. matric potential) are constant with
depth.

o The hydraulic gradient is vertically down and equals unity.
(Drainage is due strictly to gravity, or ay/d, = 1.)

- 4-16




The stéady—state agsumption and that of a constant upper boundary flux
imply even 1nf11tfation over time rather than periodic storm events as is
typical. While these assumptibns are essential for the analytical solution,
under most circumstances they overpredict velocity, thus underpredicting
time of travel and time-dependent attenuation such as degradation. The
water-table assumption has no effect on concentration calculations.

For nonhomogeneous soils, the constant property assumption can be
‘ approximated by dividing the soil profile into a series of homogeneous
Jayers -and performing the travel time calculation on each layer individually.

The unit gradient assumption greatly simplifies the analysis. This
assumption means that the matric potential and, therefore, moisture content
and hydraulic conductivity- are constant with depth. Using this assumption,
it is possible to directly solve for moisture content in terms of the flux
through the system and saturated soil properties. Knowing the moisture con-
tent and flux, it is possible to calculate the pore-water velocity and the
time of travel thfough the unsaturated zone. The unit gradient assumption
is generally valid if gravitational forces dominate other forces (e.g.,
~capillary forces). When invalid, this assumption overpredicts contaminant
concentrations by underpredicting travel time.

If the unit gradient assumption is not made, the analytical solution to
unsaturated flow becomes more complex.' In this case, it is necessafy to
employ an iterative solution for pressure head and moisture content. This
jterative solution is time consuming, but can be simplified through the use
of a computer. - | |

A1l ana)ytica] solutions for travel time through the unsaturated zone

are one dimensional. This results in conservative estimates, since lateral
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dispersion would reduce the concentration of contaminant at any given point
of entry. When applying these solutions to specific sites, it is important
to consider the horizontal variability of soil characteristics. If soil
characteristics vary spatially, the solution should be applied to the soil
profile having the highest hydraulic conductivity. The solution will then
yield the highest velocity and shortest travel time (e.g., worst case) for
the unsaturated flow system.

In summary, analytical solutions provide a means of,quick]y.estfmating
time of travel through the unsaturated . zone,. Several assumptions are
required to perform these solutions, and no single so1utioh is ‘appropriate
for all app]ications,‘ Two ana]ytica} solutions that can be used to obtain
an estimate of travel time through the unsaturated zone for many typical
problems are discussed in detail in the next section. o

4.3.2.3.  ANALYTICAL SOLUTIONS. FOR ESTIMATING TIME. OF“TRAVEL_‘THROUGH
THE UNSATURATED ZONE —- Two analytical solutions for ;6q]cu1ating time of
travel through the unsaturated zone. are . presented. fhe first solution
assumes a unit gradient condition exists and is, thereforg,‘the,simp1est‘
The unit gradient assumption is not made in the second;‘so1ution, which
allows for a variable moisture content, and, therefore, it fs a ]ittie more
complex. The applicability of these methods is 1imited owing to the
simp1ifying assumptions used (see the previous section); however, the
methods can be used in a wide range of applications to calculate estimated
travel times.

The two methods provided here for estimating time of travel 4in the
unsaturated zone are consistent with the methods recommended in the Time of
Travel Manual (U.S. EPA, 1985b) devé]oped’ for revieWing apb1ications for

hazardous waste landfills.
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The data required by these ana1ytica1 soiutioﬁs*for calculating travel’
fime through the unsaturated zone are stratigréphy of the site, thickness of
geo]ogic units'or séiis, soil moisture characferistics for each uhif or soil
and steady—state flux of water/moisture in the unsaturated zone.

Stratigraphic information is necessary for determ1n1ng the types of
soils that are ﬁresent in the unsaturated zone and for estab]1sh1ng the
layering ‘sequencé of these soiTs. Stratigraphy is mbstAoften determined
from logs of borings drilled at the site.

The thickness of the unsaturated zone, 6f layers within the unsaturated
zohe, establishes ‘the distance that watef/moisture must tréve]' before it
reaches the water;fab]e. This information would most 1ikely be obtained
vfrom borings. | .

The soil characte}istics refer to the relationship between soil moisture
content  (f) and matric ‘potehtial- (v ), and ‘the relationship between
hydraulic  conductivity (K) and matric potential (q:m). Ideaﬂy, these
relationships should be measured 1in the laboratory using soil samp]es
obtainedifrom thé site.; If laboratory measurements are not possibie, the
fo1Towing simple analytical relationships -between br955ure head and water

'content,wand between conductivity and matric potential (Campbell, 1974), can

be used:
| eo=w, (F/)P - (4-7)
m™ Ve U ,
K =K rn )t 4-8
= Koat (¥ ¥p) 7 , (4-8)
where:
Yo = air entry matric potential
fg = saturated water content
f = field water content
Ksat = saturated hydraulic conduct1v1ty
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b

negative one times the slope of the log-log plot of yy vs. f
n _ X

2 + 3/b

LI

Using these relationships, it is necessary to know only the slope of the
log-log plot of ¢m vs. f, the saturated hydrau1ic conductivity and the
field moisture content. If expekimenté]]y dériVed data are nnt available, b
can be estimated from values provided 1in Appendix B. The Séturated
hydraulic conductivity can ‘be determined in the field or measured in the
laboratory. Appendix B 1ists representative va1ues‘6f satu}aféd’ﬁydréu]ft
conductivit& for a varijety of materials. | | |

The saturated moisture content (fs) can also be bbtaineq from labora-
tory measurements. If measurements are not possib1e, fS can be estimated
from the total (actual) porosity. Representative values of total pbrosity
are given in Appendix B.

Analytical solutions of travel time assume steady—stafé flow of moisture
through the unsaturated zone. A simple approximation of steady-state flux
is to assume that it is equa]:to the net infiltration at ‘the site. Net
infiltration is equal to the net precipitation minus actual evapotrénshira—
tion. This information should be obtainable from weathér stations or
agricultural research stations. - |

The following solution assuméé steady¥stafe flow ‘and a Unit hydrau1ic
gradient and employs the ana]yti;a? soil moisture, pressure and conductivity
relationships described earlier (Campbell, 1974).  Utilizing Darcy's
equation and the soil characteristic relationships described by Campbell
(1974), it 1is possible to derive tﬁe following expression for moisture

content as a function of steady-state f]ux'(He11er et al., 1985):

m ! .
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where:

q = steady-state flux

Ksat = saturated hydraulic conductivity

fg = saturated moisture content

m = 1/(2b + 3), where b is negative 1 times the slope of the

log-log plot of ¢y vs. f, as described earlier ‘

‘Using Equation 4-9, it is possiblie to directly ca]cu]ate the steady—state
moisture content of the soil. Pore-water velocity (the ve]bcity of a water
partic1e) is defined as: ‘ 7
| V= q/f | (4-10)
Therefore, travel time for water (TW) can be ca1cu1ated as the thickness of
the soil layer (L) divided by the pore-water ve]ocity:v N o

‘ T™W = L/V = Lf/q | J_(4—]])

The above solution of travel time can be applied to sing1e~ or multiple-
layered systems. For multiple layers, the above calculations are_performed
for each layer. The total travel time through the unsaturatéd zone 1is fﬁen
equal to the sum of the travel times for each layer. . |

Solution of the variable moisture content case is more comp?éx and
requires division of the soil profile into a number of discrete nodes or
grid points as shown jn Figure 4-2. The nodes do not have to be evenly
spaced, but can be variably spaced to best represent different material
types (layers) if they are present. The analytical solutién for this case

is as follows (Jacobson et al., 1985):

- * -
wi ¢i_1 + Azi {(g/K 1) (4.12)
where:
wi = pressure head at the upper grid point
Y, = pressure head at the lower grid point

i-1
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q = flux through the soil column

Az; . = elevation differenée between grid points
K* = harmonic mean hydraulic conductivity between grid
points » :
AZ4 o
K* = - (4-13)

T8 zi/Ki + 8 Zi-1/Ki-1

K5, Kj-1 = hydraulic conductivity at the upper and Jower grid
point, respectively ’

The solution begins with the grid point Jocated ‘at the lower boundary

(water table), where wi_ is known to be zero, and Ki— is known from

1 1

Wi—] and the soil characteristic curve. The solution proceeds itera~.
tively by dssuming a value for ¢i, determining K* and then solving ‘For
wi‘ A new value 1ijs assumed for wi and the process' repeated until

there 1is convergence on a solution. The calculated value of qH ,is'fheh

used as .,

-1 for the next pair of grid points, and the prdéess is

repéated.

Once the solution has determined the pressure head at every grid point,
the mqisture‘content and hydraulic conductivify‘at every grid point can be
obtained from soil characteristic éurves' Knowing the moisture content and
hydraulic conductivity at two grid bointé; the tra9e1.time between the grid

points is gi?en by:

x*
A z-)2 f.

Aty = R L , (4-14)
| . K & hy '
where:

X ’ .
fi = harmonic mean moisture content between grid points
Ahi = difference in total head
x
Ki = harmonic mean hydraulic conductivity between grid points
Az; = elevation difference between grid points
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The above equation is used to determine the travel time between every pair

of grid points. These travel time segments are then summed to obtain the
total travel time through the soil column.

It is possible to perform the above solutions manualﬁy for very simple
systems. However, as with all iterative solutions, the process can be very
time consuming. Therefore, the use of a computer is recommended. A computer
code to perform the above solutions for pfessure head aﬁd travel times has
been developed by Jacobson et al. (1985).' |

It is emphasized that soil systems are often heterogeneous. They con-
tain a variety of materials that may create preferred routes of migration.
Thereforé, if field values for time of travel are avai1ab1é, they shoqu be
employed. Otherwise,‘data input to time of travel shoq]d be Selécted as
that for the most conductive media at the site, such as the coarse sands and
gravels. If the landfill includes a clay 1liner, the clay layer should be
the upper sequence evaluated in the unsaturated zone. -If a membrane liner
is present, the methodology cannot be abp]iéd as described.

4.3.2.4. ESTIMATION OF CONTAMINANT TRAVEL TIME -- The anaiytﬁca]
solutions discussed above provide an estimate of the time for leachate to
travel through the unsaturated zone as a fluid. Contaminants will either
travel with the leachate or at 5 slower velocity, depending on the degree to
which they are adsorbed énto soil paktiC1es.‘ The retardation factor is a
measure of how much more slowly a contaminant moves than the bulk Tleachate
and is a function of the contaminant/soil matrix distribution coefficient.

The retardation factor (RF) for a particular contaminant can be calcu-
lated by the formula:

RF = 1 + (B/f)(Kd)  (4-15)
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where:

B/f = soil-to-solution ratio (bulk density of the soil divided by -
its moisture content)
Kd = distribution coefficient

The Kd can be either‘measured in thevlaboratory or obtaihed]from the
literature for a wide range of éoi1 rfypes and contaminants. Literature
values for s]udge contaminants of concern are provided in Appendix B.

For organic contaminants, the Kd has been estimated using an ‘organic
carbon distribution coefficient and . data on the organic carbon cqntent of
the soil. This underpredicts lattenuation, since some surfage adsorptionv
also occurs on soil particles. Use of a distribution coefficient treats all
adsorption as reversible. This, too, is'conservative, since some sorption
is irreversible and, therefore, removes contaminants permanentiy.

The travel time for a contaminant through the unsaturated zone (TC)ycaﬁ
be estimated as the water travel time (TW) times‘the retardatién factor (RF)
for that pérticu]ar contaminant: ’ | |
- | TC=TWxRF  (4-16)

4.3.2.5. ESTIMATION OF CONTAMINANT COﬁCENTRATION‘—— As thé leachate
travels through the unsaturated zone, conﬁam{nant Aconcentrations» wf11 be
~reduced through chemical and biological processes. Reduﬁtions due to
precipitation of inorganic contaminants in excess of solubility 1imits may
occur in both the unsaturated and saturafed zones, but can be most eési1y
predicted upon entry into theraquifer. As a éonseqden;e,.tﬁese geochemicél
considerations are left to the saturated zone transport'segmént."ﬁeduétfons 
due to degradation, such as hydfo]ysis and biochemical oxidafion, will occur
in the unsaturated zone. These mechanisms are characterized by a degradation
rate constant (A). This can be related to environmenta1'ha1f-1ife repre- -

sented by t the time required for the contaminant concentration to be

1/2"
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reduced to one-half its initial value. If a first-order decay mechanism is
assumed, the concentration X at any time can be defined as:

X =X_e o (4-17)
where X0 is the initial cqncentration of ‘X and t is the time. Therefore,

the half-life, t1/2, can be derived as:

X :
ln(;;)= 3t1/2 (4-18a)
2
or
t1/2= In2 _ 0.693 1 (4—18b)

The methodology assumes all degradation by-products are less toxic than
their parent compound. This assumption will not be true for all contami-
nants, but it is difficult to e]iminafe because degradation products from a
complex sludge environment have not been well characterized. |

Equation 4-17 can also be employed to determine the degree of concentra-
tion reduction (degradation) that will occur as the leachate moves through
the unsaturated zone. In this way, the average 1eachate=concentration from
the source (X = Xo) can be converted to the predicted value upon entry
into the aquifer. This is done by inserting the contamihant‘travel time in

the unsaturated zone, which is TC. From Equations 4-16 and 4-17:

X = Xge-ATC o (4-19a)
or '
_(MZ__TQ) (4-19b)
X = Xoe * t1/2
The resultant X is the contaminant concentration that should be applied

to all subsequent saturated zone transport calculations. Values for the

rate constant A should be obtained from the scientific literature. If
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more than one degradation mechanism 1is applicable, a composite value,

A should be derived. When all mechanisms are of the same brder, the

+?
composite value is derived as the sum of the individua]lrate constants. The
caiculated values for concentration are compared to health criteria or
effects thresholds. If they do not exceed the thresholds, the contaminant
is dropped from further evaluation.

It js assumed that nitrogen Tleaches from the landfill mainly as the
ammonium ion,. and that negligible amodnts of nitrate will be found because
of the anaerobic conditions nrevailing in the unsaturated and saturated
zones beneath the landfill.

Use of the time of travel approach gives the reduction in contaminant
concentration in the unsaturated zone due only to degradation. That is, it
is conservatively assumed that the contaminant plume moves as a pulse
" through the unsaturated zone with no dispersion. In actuality, dispersion
will cause the contaminant pulse to e]ongate as 1t,moves through the unsatu-
~rated zone, with a resultant decrease in concentration. If dispersinn in
the unsaturated zone is expected to be significant, the applicant may wish
to apply an analytical transport model to predict the concentration reduc-
tion due to dispersion.

The one-dimensional CHAIN code can be used (Van Genuchten, 1985) to
estimate the effects of dispersion of contaminants 1in the unsaturated
zone.* This code solves the convective-dispersive transport equation for a
zone-dimensional case and ~accounts for retardation and degradation. Ffor

input data, the model requires the average pore-water velocity, the

*A more data-intensive alternative to CHAIN is the PRZM model (Carsel et
al., 1984), which can produce more detailed short-term predictions; these
would ,normally be unnecessary in the present context of chronic exposure.
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dispersion coefficient, the water content, the pulse time, the retardation

factor, the decay rate and several coefficients describing the source term.
The pore-water velocity can be obtained from Equat%on 4-10. The
dispersion coefficient may be highly site specific. Where the coefficient
is not known, Doniéian et al. (1983) recommend a 2-fold approach for
modeling dispersion in the unsaturated zone. The disperéion coefficient is
at first set close to zero (0.01 cmzlday = 3.65x10 ° mz/year) to
represent the situation where pollutant transport is convection dominated
and dispersion is relatively unimportanf. Next, a réasonab]e value is
used, such as by setting the dispersion coefficient equal to one-tenth the
depth to groundwater (hy) times the pore-water velocity (V). Results from
these procedures are then compared to determine the potentfa] influence of
unsaturated zone dispersion. Where the Tlatter is important, site-specific
estimates may be advisable. The water content can be obtained using
Equation 4-9, the pulse time from Equation 4-4 or 4-5, and the.retardation
factor from Equation 4-15. The éource term is specified as a pulse of
constant concentration as calculated by partitioning (organic‘contaminants)
and solubility (inorganic contaminants), for a duration equal to the pulse
time. Degradation rates for chemicals to be analyzed should be taken from
the available 1iterature. Care must be taken to ensure that values used are
appropriate to the subsoil environment. In particular, since anaerobic
conditions will prevail in the leachate-influenced unsaturated zone (as‘we1]
as in the saturated zone), rétes should be representative of anaerobic,
- rather than aerobic, systems.
The CHAIN code can be run to determine the unsaturatéd contaminant con-

centration at a depth equal to the depth to groundwater.fof a period. equal
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. to several contaminant travel times. The maximum resulting concentrations

are compared to the effects threshold. If the maximum concentration is
below the effects threshold,  the ahalysis can be concluded without analysis
of the‘séturated zone transport. |
4.3.3. -Saturated Zone Transport.

4.3.3.1. INITIAL CONCENTRATION SELECTION -~ For inorganic contami-
nants, attengatipn=1n soils may result from solution chemistry effects, as
- we11‘és interactions with the soi1,matr1x. In the former case, the presence
of other chemical species 1in solution leads to fhe formation of inso]ubje
salts that precipitate out as solids. At this point 1in the analysis, v

geochemistry has been accounted for only to the extent that it affects the

composition of the Tleachate as simulated in the extraction test. While

~ further geochemical reactions may occur as the leachate travels through the
unséturatedrzone; they are difficult to predict and often overshadowed by
adsorption and/or exchange on particle surFacés. Therefore, they are not
. considered 1n;this analysis until the leachate enters the saturated zone.
~ The adsorption and exchange phenomena have been accounted for in selection
of the unsaturated zone distribution coefficient.

It is assumed that when the leachate enters the saturated zone, it has
'1itt1e or no effect on the hydrology of the aquifer, i.e., leachate produc-
“tion is small compared to the volumetric flow of the aquifer. This will be
true whenever the area of the djsposa]lfac11ity comprises a small fraction
of the total recharge zone (a common reality). Under these circumstances,
it is,possib1e to bredict solution reactions in the groundwater and subse-

quent solution levels for contaminants of interest. These predictions are




made ‘through the application of a geochemical model that utilizes thermo-
dynamic data to predict equi]ibrium of total dissolved-phase (mobi]e) metal
concentrations. By applying the model at this point in the analysis, it is
possible to account for dissolution of salts and reduce‘the inventory of
contaminant in leachate to those levels 1likely to be encountered in the
aquifer. Since the final solution concentration is dictated by the
solubility of product salts, considering the geochemistry in the saturated
zone only and not throughout the system is not 1likely to have a significant
impact on the results.

Geochemical models 1involve complex codes and massive amounts of data.
The analyst must interact with the program during the,ana1ysis.and; there-
fore, must be trained in the applicationlof the code utilized. As a conse-
quence, it is not the intent of this methodology to require each applicant
to apply a geochemical model to site-specific conditions.‘ Rather, arseries
of model runs have been made across a spectrum of conditibns. Outputvof
these runs is provided here for the applicant to uti]ize in selecting
contaminant concentrations baﬁed on matching groundwater conditions df a
given run to those of the site of interest. .

The MINTEQ geochemical code was applied to generate predicted contami-
nant concentrations under selected groundwater conditions. MINTEQ is one of
the more advanced computer codes that the U.S. EPA employs to characterize
the chemical processes that may control fhe concentrations ofvconétituents
dissolved in leachate and natural waters. MINTEQ is a hybrid code that
combines an efficient mathematical structure with a large, well-documented
thermodynamic data base. Functionally, .the code models the mass distribu-.

tijon of a dissolved element between various uncomplex and complex aqueous
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species; it also calculates the degree to which the water is saturated with

respect to the solids . in the therquynamic data base. »‘Adsorption,

precipitation and dissolution reactions can be included in calculations.
Only the latter two were applied here, ﬁince a Kd is used in\the unsaturated
model to address adsorption. Detéi]éd docﬁﬁentation of the MINTEQ code and
data can be found in Felmy et al. (1983, 1984) Morrey (1985) and Deutsch and
Krupka (1985). | -

Each element will exist in the  subsurface environment as a relatively
complex distribution of differenf speciéﬁ; eé;h(having a specific set of
vproperties. Relative concentrations of individual species within the
distribution are controlled :by ‘ equi1ibrihm , constanfs governing ‘the
individual reactions, and by the chemical environment 1in which this
speciatioh process occurs. Some elements exist in severai oxidation states
-simultaneously and form a number of individual species of widely differing
chemical characteristics. Beﬁause such -~ chemical and physical
characteristics determine the‘ability of the species to be transported, the
MINTEQ code is used in this methodo1q§y.' | ' :

To apply the MINTEQ code, it was .necessary to speéify key solution
parameters, including organic constituents, background ijonic species, pH ahd
Eh. Organic ligands that could solubilize metals were selected on. the basis
‘of data from studies of municipal landfili leachate. A total organic level
of 15,000 mg/% in raw leachate was utilized on the basis of the maximum
organic levels measured in sludge landfill 1eachafe (U.S. EPA, 1978);‘7The
total organic loading modeled consisted of six representative compounds for

which requjred data on thermodynamics were available:
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Acetate-1 (mol. wt. 59.05)
Glutamate-2 (mol. wt. 145.13)

Glycine-1 (mol. wt. 74.07)
Phthalate-2 (mol. wt. 164.13)
Salicylate-2 (mol. wt. 136.12)
Tartrate-2 (mol. wt. 148.09)I

Since it was assumed .that the -leachate will not contr§1 groundwater
chemistry, it was necessary to simulate dilution arising from‘mixing'of:the
leachate into the aquifer. It was also assumed that only a portion of the
total organic load in leachate represented ionic species capable of solu-
bilizing metals. In recognition of both- dilution and. thé identity of
individual fractions of the total organic loading, it was estimated that
0.01 of the maximum Tlevel of organics observed in sludge monofill. leachate
(15,000 mg/%) would be present as ionic  organic -ligands capable of
solubilizing metals.

Given the 0.01 fraction selected, the organic 1igands fbr‘,the.MINTEQ

runs were entered in the following concentrations:

Acetate 11.99 mg/2
Glutamate 29.46 mg/
Glycine 15.04 mg/2
Phthalate 33.32 mg/%

Salicylate 27.63 mg/t
Tartrate 30.06 mg/e

Total 147.5 mg/%
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Inorganic species and concentrations for the MINTEQ runs were selected

on the basis of median values of national groundwater data included in the
STORET system as presented in Table 4-3.

Six combinations ofqu and Eh. were selected for model runs: pH = 6.0
and 7.0; Eh = —200,‘¥150 and +500 mv. The Eh values bracket those reported
as typical for groundwater (Baas-Becking et al., 1960). The pH values
address the Tower half of the 6-8.5 range reported for groundwaters. These
‘1dwer values  are consideredrconserVative because they are more Tikely to
mobilize metals than pHr1eve1s of 7.5-8.5. Low pH and Eh values repreSent
water affected by leachate where acid has been formed and oxygen is depleted.

For each contaminant of dnterest, a series of‘ ﬁode] runs were made
introducing  the contaminant at ‘the - concentrations 1isted -in ' Table 4-4.
Results ~of ° the "model ,?runé " were. . then plotted ,shdwing the output
concentrations as a -function of input levels for each pH-Eh combination.
These rgsu]ts are presented'in Appendix B (Figures B—2,thfough B-6). Since
each contaminant was modeled separately, no provision waé made for
interactions arising from multiple contaminants entering simuitaneously.

To account for the geochemistfy, the applicant need only determine the
pHvand Eh éonditions of local groundwater and the level of contaminants in
Jeachate. It is difficult to obtain accurate Eh measurements because the
sample rapidly goes to a high oxidation Tlevel upon contact with air.
However, because the mofe oxidized state yields higher metal mobility, the
error introduced by poor sampling will essentially add a greater: degree of
safety. The appropriate graphé are selected from Appendix B (Figures B-2
through B-6) on the basis of having similar pH and Eh values. The leachate

contaminant concentrations are then entered as inputs and the resulting
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TABLE 4-3

Background Inorganic Constituents for MINTEQ Model Runs
(temperature: 14°C)

Chemical : Concentration
(mg/%)

Aluminum - 0.200
Arsenic 0.010
Barium 0.200
Bicarbonate 190.000
Bromide 0.300
Cadmium 0.005
Calcium 48.000
Carbonate 0.000
Chloride 15.000
Chromium 0.202
Copper 0.020
Iron 0.200
Lead 0.010
Magnesium 14.000
Manganese 0.040
Mercury 0.0005
Nitrate 1.000
Phosphate 0.090
Selenium 0.005
Silver 0.010
Sulfate 25.000
Sulfide 0.200
ThalTlium 0.040
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TABLE 4-4

Contaminant Concentrations Employed in Benchmark MINTEQ Runs

Contaminant ‘ , Model Input'Cohcentrations-
(mg/%)

Arsenic R 0.06/1.25/2.5/5.0

Copper 1.32/32.5/65.4/130
Lead 0.03/0.5/1.0/2.0/10.0
"Mercury "~ 0.0035/0.075/0.15/0.30

Nicke] 0.16/3.75/7.5/15




groundwater concentration didentified from the curve as the starting point
for subsequent saturated zone modeling.

To i]1ustraté, assume an applicant has a predicted leachate concentra-
tion at the base of the unsaturated zone of 6 mg/% and a site with ground-
water at pH 7.2 and Eh 200 mv. The contaminant concentration in the
groundwater (aquifer) would be determined by selecting the MINTEQ figure for
this contaminant with the closest match for the pH and Eh conditions (hH of
7.0 and Eh of 150 mv) and reading the appropriate value. As illustrated in
Figure 4-3, an input concentration of 6 mg/% (absciséa value) yié]ds an
aquifer concentration of 1.0 mg/% (ordinate value). - This result would
then be used for the input concentration (Co) to the satukated zone model.

Nitrate is included in thé MINTEQ data base. Hdwever, it was found that
nitrate, 1ike chlorides, was not solubility Tlimited in any of"the runs;
therefore, no graph was constructed, and input levels to the saturated zone
should be equated with output from the unsaturated zone.

The predicted inorganic contaminant concentrations in the saturated zone
are compared to health criteria or effects thresholds. If they are less
than the threshold, the contaminant s dropped from further consideration.
If they exceed the threshold, they are input to the saturated zone fransport
model, |

4.3.3.2. TRANSPORT CODE SELECTION CRITERIA -- The same criteria used
to select a method for calculating travel time in the unsaturated zone are
relevant for the saturated =zone, naMe]y the following: (1) the ‘mefhod
should be appropriate for a wide range of applications, and (2) the data
required by the method should be generally available. A more detailed

discussion of these criteria is presented in Section 4.3.2.1.
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4.3.3.3. TECHNICAL APPROACHES FOR DETERMINING TIME OF TRAVEL AND CON-
TAMINANT CONCENTRATION IN- THE SATURATED GROUNDWATER FLOW SYSTEM -~ There

are two basic approaches to estimating contaminant travel time (velocity)
and concentration in the saturated groundwater flow system: analytical
solutions and numerical modeling. Analytical solutions are re1ative1y quick
and simple to use. However, they are based on a variety of simplifying
assumptions related to contaminant éharacteristicé and the subsurface
environment. Consequently, the methods provide order—of~magnitude estimates
of contaminant travel time and concentration. Numerical models, on the
other hand, are far less restricted with regard to simplifying assumptions,
but they typically require more data, are time conéuming to set up and run,
and require expensive and/or specialized equipment and expertise. Based on
the above information and the selection criteria discussed earlier, the use
of numerical models 1is not required. However, if the app1icdnt believes
that a more accurate portrayal of transport is worth the added costs, he or
she may opt to employ such a model. |

Numerous analytical methods/models for predicting contaminant transport/
concentrations in the groundwater flow system are available (Lapﬁdus vand
Amundson, 1952; Davidson et al., 1968; Lindstrom and Boersma, 1971; Lai and
Jurinak, 1972; Warrick et a1ﬁ, 1971; Cleary et al., 1973;' Lindstrom and
Stone, 1974; Marino, 1974; Kuo, 1976; Yeh and Tsai, 1976; Van Genuchten and
Wierenga, 1976; Selim and Mansell, 1976; Wang et al., 1977; Yeh, 1981;
Donigian et al., 1983). Most of these solutions/models are based on'the
advection-dispersion équation for predicting solute movement through porous
media. The basic difference among them is their simplifying assumptions

that make them specific to a particular problem.
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4.3.3.4. ANALYTICAL METHODS/MODELS FOR ESTIMATING CONTAMINANT CONCEN-
TRATIONS IN THE GROUNDWATER FLOW SYSTEM -- A number of analytical models

are available for predicting saturated transport as preséﬁted in Table 4-5.
Two of these analytical metﬁods for estimating contaminant cdncentration in
the saturated groundwater flow system are discussed here for illustrative
purposes. In both cases, the methods are described in fairly general terms.
References are provided for a detailed discussion of the methods and their
application.

The first method is the ana]yticai solution to- the adveciive~dispersive
equation. The second method describes the usev of the AT123D analytical
model (Yeh, 1981), which solves the adVectiVefdisperSive»equatioﬁ. It s
coded such that it can be ruh on a persbna1 computer, and it has vthé
capability to hand]é many different types of boundary cdnditions;

The advective-dispersive equation forms- the basis ,bfv all solution
‘algorithms for predicting solute movement through saturafed porous media;
This equatioh assumes constant groundwater velocity (steady flow) in the
'1ongitudina1 directijon. It was de9e1oped for solving the 1imiting case of
unidirectional advective tranéport with thrée-dimensiona] 'dispersion ‘in'a
homogeneoué and isotropic aquifer. Contaminant décay and retardation can be
described by a first-order degradation rafe and:én-equi11brium (partitioning
or distribution) coefficient, respectively.

In three dimensionals with the average flow along ‘the X axf§,7 the

advective-dispersive equation can be written as:

R 20+ 738 _py 22, ppy 22C 4 ppy 22 are

aT ax Ixz ayz azz

: (4f20)
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TABLE 4-5

Analytical Solutions of the Advective-Dispersive Equation

Author Title
Boutwell, S.H Modeling Remedial Actions at Uncontrolled Hazardous -
S.M. Brown, Waste Sites. EPA/540/2-85-001. U.S. EPA, Cincinnati,

B.R. Roberts and OH. 1985.
A.D. Atwood :

Cleary, R.W. and Analytical Models for Groundwater Poliution and

M.d. Ungs Hydrology. Report 78-WR-15. Water Resources Program,
Department of Civil Engineering, Princeton University,
Princeton, NJ. 1978. ‘ :

Codell, R.B. Collection of Mathematical Models for Dispersion in
Surface Water and Groundwater. NUREG-0868. Nuclear
Regulatory Commission, Bethesda, MD. 19B2.

Codell, R.B. Simplified Ané1ysis for Liquid Pathway Studies.
NUREG-1054. Nuclear Regulatory Commission, Bethesda,
MD. 1984.

Donigian, A.S. Rapid Assessment of Potential Groundwatef Contamination

et al. Under Emergency Response Conditions. Anderson-Nichols

& Co., Inc., Palo Alto, CA. EPA-68-3116. 1983.

Van Genuchten, M.T. Analytical Solutions of the One-Dimensional Convective-
and W.J. Alves Dispersive Solute Transport Equation. U.S. Dept. of
Agriculture, Tech. Bull. No. 1661. 1982. :

Yeh, G.T. AT123D: Analytical Transient One-, Two-, and. Three-
Dimensional Simulation of Waste Transport 1in the
Aquifer  System. ORNL-5602. Environmental Sciences
Div., Pub. No. 1439. Oak Ridge National Laboratory,
Oak Ridge, TN. 1981. '

4-40




where:

Do+ D1y Dyy =

so]ution'concentration (M/La)

Tongitudinal, lateral transverse and vertical

transverse hydrodynamic dispersion coefficients
(Lz2/T)

v = average interstitial pore-water velocity in the x
direction (L/T)

T = time (T)

X, VY, Z = Cartesian coordinates

A = degradation/decay rate (T-%)

RF =

retardation factor

Because the flow 1is unidirectional along the layering and is almost
horizonté], the Cartesiah coordinate axes are oriented 1in directions
parallel foA‘and normal (perbendicu]ar)' to the mean flow direction. The
,coefFicients of hydrodynamic dispersion abpeafing in Equation 4-20 include
both the effeéts of méchanicé] dfspersion; and ,moiecu1arv diffusion (D¥).

They are of the form:

Dy = oy V + D (4-21a)
Drg = o7 V + DX (4-21b)
Dp, = oy V + DX (4-21c)

If the amount of spreading‘due to mo]ecuiar diffusion is insignificant rela-
tive to the mixing caused by mechanical disper;ion, then D*, the molecular
diffusion coefficient of a solute in porous medium, 1is generally 1gnored.
Since this analysis focuses on a compliance point directly downflow from the
always exceed diffusion effects unless velocity

source, dispersion will
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approaches zero. In those cases, the dispersion coefficient is selected to
encompass both effects. Un]esé site-specific 1information on dispersion is
available, dispersion in the direction of flow may be assumed equal to
one-tenth the distance to the point of compliance times the pore-water
velocity (Donigian et al., 1983).

For a contaminant that travels with the groundwater, the average linear

pore-water velocity can be calculated as:

v--Lta (4-22)
where:
K = hydraulic conductivity of the medium (L/T)
%% = hydfau]ic gradient (dimensionless)
6 = effective porosity (dimensionless)

For contaminants that adsorb onto the soil matrix, the ﬁrefardation
factor must be estimated. The retardation factor (RF) is a‘measure of the
mobility of the contaminant in the porous media. It represents the ratio‘of
the mean pore-water velocity to the mean contaminant migrati&h ve]ocity‘and
can be calculated as: |

RF ; 1 + (B/6)(Kd) ' (4-23)

where:
B = bulk density of the soil (kg/m®)
0 = effective porosity (dimensionless)
Kd = distribution coefficient (2/kg)

Values for effective porosity are provided in Appendix B.
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The pollutant source is applied as continuous step functions of initial

concentration (Co) and duration'(Tp) with the following boundary conditions:

C (x,0) =0 7 (4-24a)
C o) =C  (4-2b)
S @n=o0 e

The énalytica] solution of the advective-dispersive equation (4-20), as given
by Cho (1971), Misra et al. (1974), van Genuchten and A1vesr(1982) and Rao
(1982), can be expressed as: '

C(x,t)

C, CX(x,t) foro < t < T/ (4-25)

C C*(x,t) - C*(x, t-T.) for t > T
5 CXXE) - Cx(x, tT ) )

where C*(x,t) is given'by

v-w) X [Rx - wt]

1
C*(x,t) = — (ex T rfc
( ) 2 P 20 - € 2\/ DRt
+ exp [vtw) x] o [RX ~WE]
2D ZV DRt

and .
- w=(v¥+4 DR x)]/?

(exp denotes the natura} iogarithm exponential and érfc the complementary

error function.) |

+W
erfc(z) = § exp(-s2)ds
-y ‘
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as found tabulated in standard reference texts (i.e., Abramowitz and Stegun,
1972).
The boundary conditions shown in Equation 4-24(a,b,c) indicate that:

o No contaminant is present in the soil prior to input from the
source. : ’

o The input concentration at the surface is constant at C,.

o A semi-infinite column 1is assumed with a zero-concentration
gradient at the bottom. This last boundary condition is often
assumed to allow development of the analytical solution; Van
Genuchten and Alves (1982) ‘indicate that .this assumption has a
relatively small influence on the accuracy of the solution in
most circumstances when applied to well-defined finite systems.

The parameters required to solve the advective—disperiive equation,

along with their symbols and recommended units,>are listed in Table 4-6.

The second method for predicting the spatio-temporal distribution of
contaminants in an aquifer is the AT123D code developed by Yeh (1981). This
method is based on the basic advective-dispersive equation just discussed;
however, it is coded in a format that makes it easy to use, and that allows
for implementation of numerous options (450 in all). These optidns provide
the code with the capability to simulate a wide variety of configufations
and situations of source release and types of boundary conditions.'

The data required to run the AT123D code are as follows: |

o Geometry of the region of interest (x, y and z diménSions);

o Geometry of the source ~of contamination (xs, ys and zs
dimensions); '

o Dispersion coefficients in the x, y and z directions (Dy, Dy'
and Dz);

0 Soil properties of effective porosity and bulk density (©, B);
0 Hydraulic conductivity (K);

0 Source/sink strength (Q);
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TABLE 4-6

Requifed Parameters for Solution of the Advective-Dispersive Equation*

5
\e

Parameté}/Boundary Condgtion Symb§1 o Recommended Unit
- -Source concentration - ' C ' mg/e
- Interstitial pore-water velocity ) cm/day
Dispersion coefficient D | cm2/day
Degradation/decay rate parameter x' : day—?
‘Retardation factor (function of RF =1 + Eﬁi_v dimensionless
following characteristics) 3]

Distributioﬁ coefficient | Kd ' mi/g

Soil bulk density | ' B - g/cm®
Effective porosity ﬂ é | dimensionless
Pulse duratfoﬁ (pulse input 6n1y) to o day

*Source: Donigian et al., 1983
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o Distribution coefficient (soiﬁ—waste interaction parameter) (Kd);

0 Flow field (groundwater Ve1ocity) (Vx, Vy and VZ);
o Decay constant (A); and ’

o Background concentrations of contaminants of interest:

A complete description of this code and jts application is contained in Yeh
(1981). _ |

4.3.3.5. CALCULATING STREM CONCENTRATIONS RESULTING FROM GROUNDWATER
SEEPAGE -- A supplementary groundwater pathway 1is the exposure from edible
aquatic organisms 1iving in surface water‘retharged by contaminated ground-
water. This pathway is assumed to be represented by the éonsumption of fish
caught in a stream near a landfill. The concentration of the contaminant in
the stream is first calculated under the conservative assumpfion that‘a11 of
the contaminants exiting the unsaturated zone beneath the 1anﬁfi11 seep into

the stream:

Stream Concentration = Cys x o (4-25a)
where: |
Cys = contaminant concentration exiting the unsaturated zone
R = net recharge ‘ : '
A = landfill area
Q¢ = stream flow

and the units are internally consistent.
The resulting stream concentration is then compared with the reference
concentration 1in surface water (RWC), as described in the surface ruﬁoff

chapter of the companion methodology document on 1land application and
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distribution and  marketing of municipal sludge (U.S. EPA, 1989). The
expressions in that document take - into consideration. bioconcentration
factors, fish 1ngest1on rate, water 1ngestxon rate, etc.

As an example, if the values of:

R = 0.5 m/year -
A =100mx 10 m = 1000 m”
QF =1 m°/sec

-.are ﬁsed to calculate the factor to convert leachate concentration to stream
-concentration, a dilution factor of 0.0000158 is obtained.

4.3.3.6.  ACCOUNTING FOR BACKGROUND CONTAMINANT CONCENTRATIONS IN THE
GROUNDwATER;—— If background . groundwater .concentration levels for the
contaminants of interest are measurable, these should be incorporated into
the procedure by adding the. background'vconcentratfon to the final
- model-predicted concentration at the property boundary and comparing this
total concentration to the health criteria. o
4.3.4. Setting National Criteria. . Tpe methodo]ogy presented herein has
,been devised to evaluate municipal ‘sludge landfill disposal on a site-
specific basis. As mentioned previously, it can also be employed to. estab-
1ish -sludge . contaminant concentration '‘criteria to be administered on a
national or regional scale. - For this purpose, the mode ef ‘operation ie the
Eeverse of that presented in earlier portions of this chapter.. That is, the
analysis begins w1th ‘the selected hea]th effects criteria and works back-
ward to determine: how h1gh a concentrat1on in the sludge could be before'
environmental Tlevels wou1d exceed that thresho1d. Hence, the analysis

begins with the point of compliance, moves back through the aquifer to the
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point below the disposal facility and then moves up through the unsaturated
zone to the disposal cell and the sludge itself.

Functionally, the reverse operation is not so straightforward. Some of

the models and constructs employed in the methodology cannot be operated in

the reverse mode, i.e., the apalytical model is not closed form, so one can-

not set the final concentration and solve for the initial concentration.
Given constant dispersion and degradation, outflow concentration is a func-
tion of two factors -- leachate concentration and leach duration. Therefore,
specifying an outflow concentrétion does not specify what‘the input para-
meters must be because many combinations of the input parameters can produce
the same outflow concentration. Thus, it is necéssary.to make a series of
forward calculations for a range of values and then work bnckward to obtain
the national criteria levels.

Because the methodology is not reversible, the results of the national
criteria calculation are not unique va1ués of acceptable contaminant concen~
trations in the sludge. Instead, the result presénted is a graph of a
family of curves that relate the input 1eachate‘concentration (out of the
Tandfill) to the groundwater concentration at the facility boundary. -Each
curve on the graph represents a certain pu]se'or release time. Given the
health effects criteria concentration at the faci]ity boundary and the
initial pulse or release duration, the maximum acceptable input concentration
can be obtained from the graph. From the 1input concentration, the total
mass of contaminant in the sludge can then be calculated. This entire
methodology will be discussed in more detail in the Fo11owﬁng text, and an

example will be provided.

- 4-48




To develop the graph of the family curves, it is necessary to run the

modeling sequence (unsaturated and saturated zone modeis) discussed previ-
ously for a range of pulse durations and contaminant input concentrations.
The first step is to run the unsaturated zonevtransport model (CHAIN) using
~a range of puise“durations and contaminant g]eachate) concentrations. Pulse
durations of 1, 10, 100 and 1000 years and contaminant concentrations of 10,
100 and 1000 times the health effects criteria are recommended. A1l other
“input parameters to the moqei should be representative of the region being
simulated, or in the case of national criteria, representative of the
reasonable or probab]e'worst_casea

The results of the CHAIN model. runs provide a series of release
durations and peak concentrations for input to the saturated:transport‘code
(AT123D). The release duration obtained from the CHAIN results is defined
‘as the period of time when the output concentration first reaches 1% of the
peak concentration untii “the time after the peak deciines to <1% of the
peak. The peak concentration is used as the contaminant concentration
during the entire reiease period and is a conservative assumption

For the organics, the peak output concentration from CHAIN becomes the
inputrconcentration tO.ATTZQDn For the metals, the peak output concentra-
tion from CHAIN is adjusteo:using the appropriate hINTEQ'curve in Appendix B
(Figures B—é through B-6) to ‘predict vthe_lresultingv concentration after
geochemica1 reaction; This resulting concentration is used. as the input
concentration to AT1230.‘ ,

The AT12307code requires a contaminant inputrfiux rate that is the input
concentration obtained from CHAIN or MINTEQ (Appendix B) times'the‘surface

recharge rate. The release times from CHAIN become the input pulse times to
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AT123D. A11 other input parameters to AT123D shall be representative of the

region or national case being simulated. The AT123D code is then run for
this range of input concentrations and pulse times tovpredict a range of
peak output concentrations.

At this point in the methodology the output consists df pairs of initial
Teachate concentration (xi) (below the 1andfi11) and peak output concen-
tration (Xf) (at the property ‘boundary) forv each initial pulse duration
simulated. These pairs can ai] be plotted on the same graph (X]c on the
horizontal axis and X.i on the vertical axis) to yier a family of curves
(one curve for each pulse duration). An example graph is shown in
Figure 4-4.

- The family of curves can be used as follows in working backward to
determine a national criteria. Locate the point on a specific pulse time
curve whose abscissa is equal to the health effects critgria Va]ue for the
desired contaminant. The ordinate of thié point 1is the maximum allowable
leachate concentration in the landfill for pulse times equal to or less than
the pulse time of the corresponding curve. A maximum a110w6b1e leachate
concentration can be obtained from the graph for each pulse time curve.

The last step of the methodology is to ca]cuiate the total Teachable
mass (ML) and the total mass (M) of contaminant in the %landfill. ' For non-
degradable contaminants, the total 1eachab1e mass can be calculated as ‘the
product of the initial leachate concentration (Xi) (as determined from the
family of curves), times the recharge rate (R), times the pulse time (Tp):

M= X, R Tp o (4-26)
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Initial Leachate Concentration

Acceptable Leachate Concentration

Effects Threshold Value

Peak Output Concentration

FIGURE 4-4

Example Graph of the Family of Curves Obtained
for the National Criterja Case
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For degradable contaminants, the degradation rate constant (\) enters -

the calculations and the equation is:

Xi R (eM p-1) ‘
M = = (4-27)

The total mass of contaminant in the sludge consists of that sorbed on
the sludge solids and that disso1véd‘1n the sludge water. Therefore, the
total mass of contaminant in the landfill for both‘degradab1e and nondegrad-
able contaminants can be calculated as the total leachable mass plus the
product of the dnitial leachate concentration (as determined‘from the family
of curves) and the volume of water that drains from the sludge (Dv):

S M=M |

+ X5 D (4-28)

L v

There may exist a whdle‘ranée of solutions for a partiqu]ar simulation,
so it is not possible to choose a unique result. - However, from experience
it appears that for many cases this methodology can be simplified add a
somewhat unique so]ution»tén be obtained. .This simplification is usually
the result of the peak vdutput concenfration asymptotically reaching  a
maximum value as the pulse time inéreases; or as a result of solubility
Timits being realized in - the saturated flow system. Examples of these
processes are provided in the site-specific app]ications discussed in
Section 4.5. | |
4.4, INPUT PARAMETEﬁ REQUIREMENTS

A number of inputs are required to apply the 1andfi11 alternative
groundwater pathway review methodd]péy to a specific site or‘proposed site.
This section summarizes these inputs and provides information on where data

may be obtained.

4.4.1. Fate and Transport: Pathway Data.
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4.4,

1.

4.4,

1.1. SOURCE TERM —-

Sludge Moisture Content (L) -- Derived directly from gravi- metric
ana]ys1s of sludge [ASTM Method G 51-77 (1984)].

Storage Capac1ty of S]udge (S) - Der1ved grav1metr1ca11y as the
moisture content of the sludge when comp1ete1y drained by gravity
[ASTM Method G 51-77 (1984)}

Net Recharge (R) —— Obtained from 1oca] weather stat1on data or
agricultural extension off1ces. : ,

1.2. UNSATURATED ZONE —
Depth to Groundwater (hy) —-- Determined from site plan and borings.-

Distance from Landfill to Property Boundary (ds) ——- Determined from
site plan. Should equal the buffer strip width between the fill

area and the property fence. Cannot exceed 150 m.

Stratigraphy -- Taken from site borings and/or 1local geologiea]
maps to determine the soil types and sequencing of the types.

Stratigraphic Layer Thickness -- Estimated from borings and/or
local geological maps. : L '

Saturated Soil Hydraulic Conductivity (Kgat) -— Measured in the
fie]d or laboratory [ASTM Method D2434-68 (1974)]

Slope of the Log-Log Plot of Air Entry Matrix Potential (ye) and
Field Moisture Content (f) for Soils (b) -- Derived experi-
mentally or estimated from data presented in Appendix B (ASTM

~ Method D2216-80).

Saturated Soil Moisture Content (fs) -- Derived experimentally or
estimated from data presented in Appendix B (ASTM Method D2216- 80)

Bulk Density of Soil (B) -~ Derived exper1menta11y or taken From_
the 1literature. A common value applied here is. 1600 kg/m?
(ASTM Method D2937-83). .

4.4.1.3. SATURATED ZONE ~-

1. Groundwater pH -- Determined by d1rect measurement [ASTM Method

G 51-77 (1984)].
2. Groundwater Eh —— Determined by direct measurement.
3. Hydraulic Conductivity in the Aquifer (K) -—- Determined from

field tests or taken from data presented in Appendix B.
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4,

7.

8.
4.4.2.

Effective Porosity (6e) ~-—- Determined directly or taken
from data presented in Appendix B (ASTM Method D 4404-84).

Hydraulic Gradient (aH/ax) -—- Determined from ‘Fie1d‘ data on
potentiometric head (water table) or estimated from topography.

Bulk Density of Aquifer Media (B) -~ Determined exper1menta11y
or taken from the Titerature. Typ1ca1 value for so11s is 1600
kg/ms (ASTM Method D 2937-83).

Dispersion Coefficient (Kd) -- Derived from the following:
Dx= 0.1 ( ) (—)d o o (4-29a)
aH. : ‘
Dy,Dz= 0.01 (3¥)v(§)ds ‘ (4-29b)

Geometry of the Site -- Taken from site maps.

Fate and Transport: Chemical-Specific Data.

4.4.2.1. SOURCE TERM —

1.

2.

Contaminant Concentration in Sludge (N) -- Derived d$rect1y for
each contaminant by analyzing a sample of the s]udgp using an
approved digestion technique.

Contaminant Concentration in Leachate (X) -- Derived directly

for each contaminant by applying the partition coefficient to

the total sludge concentration for organic contaminants and
maximum solubility levels for inorganic constituents.

4.4.2.2. UNSATURATED ZONE --

1.

2.

Unsaturated Zone Distribution Coefficient (Kd) -- In Tier 2,
the Kd value is derived experimenta11y

Unsaturated Zone Degradation Rate Constant (xu) —f Selected
values from the Titerature are provided.

4.4.2.3. SATURATED ZONE --

1.

2.

4.4.3.

Saturated Zone Distribution Coefficient (Kd) -- Selected from
Appendix B.
Saturated Zone Degradation Constant (Ag) -- Values provided

as taken from the scientific literature.

Health Effects Data. A reference water concentration (RWC,

in

mg/%) will be defined as a groundwater concentration used to evaluate the
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potential for adverse effects on human heaith as a result of sludge land-

filling. That is, for a given landfill site, and given the practice defini-
tions and assumptions stafedvprevious1y in this methodology, the criterion
for a given sludge coﬁtéminant %is thé goncentration in the s]udgé that
cannot be exceeded, and is calcu]ated to result in groundﬁatéf concen—
trations Beiow the RWC at the Wé]] site. Exceeding the RWC would be a basis
for concern that adverse health effects may occur in a human popd1ation in
the site vicinity.

RWC 1is determined based upon»contaminant toxicity and water ingestion

rate, from the following general equation:
Reference Water Concentration: RWC = Ip/Iw (4-30)

where Ip is the acceptable chronic pollutant intake rate (in mg/day) based
on the potential for hea]th‘effects,vand Iw is thé watérringestion rate
(in &/day). This simp]ifiéd equation assumes that the- ingested contami-
nant is absorbed into the body via the gastrointestinal tract at the same

rate in humans as in the experimental species tested, or between routes of

exposure (e.g., oral ‘and inhalation). Also, this equation assumes that

there'are no other exposures of,the contamfnant from other‘sourceé, natural
or manmade. Ip varies according to the pollutant evaluated and to whether
the pollutant acts acéording to. a threshold or nonthreshold mechanism of
toxicity.

4.4.3.1.  THRESHOLD-ACTING TOXICANTS —- Threshold effects are - those
for which a safe (i.e., subthreshold) level of toxicant éxposure can. be

estimated. For these toxicants, RWC is derived as follows:




Reference Water Concentration: RWC = (ﬁfg_;_gﬁ) - TBI

+ Iy (4-31)
RE ! =

where: : ‘

RfD = reference dose (mg/kg/day)

bw = human body weight (kg) |

TBI = total background intake rate of pollutant from all other

sources of exposure (mg/day) v :
I,, = water ingestion ratg‘(a/day)
RE = relative effectivepess:of exposure (unitless)

The definition and derivation of each of the parameters used to estimate RWC
for threshold-acting toxicants are further discﬁssedxbe1ow, | |

4.4.3.1.1. Reference LDqse ‘(RfD) -— When toxicant gxposure is by
ingestion, the threshold assumption Has fraditiéna]]y been used to establish
an acceptable daily intake, or ADI: The Fooq and Agricultural Organiza-
tion and the World Health Drganizat{on have defined ADi as'"the daily intake
of a chemical which, during an entire Tifetime, appear§ to be without
appreciable risk on the basis qf all the known fqét; at the‘time. It is
expressed in milligrams of the chemical per ki1ograﬁ of body weight (mg/kg)"
(Lu, 1983). Procedures for estimating the)ADI from various types of toxico-
lTogical data were outlined by the U;S. E?A 1ﬁ 1980 (Fedefa] Register,
1980). More recently the Agency has breferred the use of a new term, the
reference dose, or RfD, to avoid_the‘connotétién_ofﬂacceptabi]ity,.which is
often controversial. |

The RfD is an estimate (wiih uncertaﬁnty épanning perhaﬁs an order of
magnitude) of the daily exposure to the human population (including
sensitive subgroups) that 15“11ke1y to be without appreciable risk of
deleterious effects during a 1lifetime. The RfD is expressed in units of

mg/kg bw/day. The RfD 1is estimated from observations in humans whenever
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possible. When human data are lacking, observations in animals are used,

employing uncertainty factors as specified by existing Agency methodology.

RfD values for noncarcinogenic (or systémic) toxicity have been derived
by several groups within fhe Agency. An Intra-Agency Work Group verifies
each RfD, which is then Tloaded 'onto‘ the Agency's publically available
Integrated Risk Information Systemy (IRIS) database. Most of the
noncarcinogenic chemicals that are presently candidates for sludge criteria
for:the landfill pathway are included on the Agency's RfD 1ist, and thus no
new effort will be required to establish RfDs for deriving s1nge criteria.
For any chemicals not so listed, RfD values should be derived according to
established Agency procedures (U.S. EPA, ]988)7

4.4.3.1.2. Human éody Weight (bw) and Water Ingestion Raté (Iw) —
Both bw and Iw vary widely among individuals according to age and sex.
variations of mean drinking-water intake and body weight with age and sex
for the U.S. population ére i]]ustrated in Tab1e74—7. The choice of values
for use in risk assessment depends on the definition of the individual at
risk, which 1in turn depends on exposure and susceptibility to adverse
effects. The RfD (or ADI) was defined before as the dose on a body-weight
basis that could. be safely tolerated over a lifetime. As shown in Table
4-7, water consumption on a body—weight basis 1is substantially higher for
infants and toddlers than for teenagers or adults. Thérefore, infants and
toddlers would be ét greater riﬁk of exceeding an RfD‘when exposure is by
drinking water. However; the effects on which‘the RfD is based may occur

after a long cumulative exposure period, in some instances approaching the
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TABLE 4~ 7

Water Ingestion and Body We1ght by Age- Sex Group in the United States

Water Ingestion

Age-Sex Group Meén Water ~ Median per Unit
Ingestiona - - Body Weight ~ 'Body Weightd
{mL./day) (kq) (me/kg/day)

6-11 months 308 - s8.8b 351
2 years 436 | 13.5b ' 32.2
14-16 years, female 587 51.3b ‘ 11.4
14-16 years, male 732 . s4.2b 0 18.5
25-30 years, female 896 ’ ~ 5g8.5C ‘ 15.3
25-30 years, male 1050 | 67.6C 15.5
60-65 years, female 1157 67.6C - 17.1
60-65 years, male 1232 - | 73.9¢€ : 16.7

asource: Pennington, 1983. From the revised FDA Total Diet Study.
Includes categories 193, 195-197, 201-203. ' : .

bSource' Nelson, 1969, as cited in Bogert et al., 1973.
Calculated by averaging several age or sex groups

CSource: Society of Actuaries, 1959, as c1ted in Bogert et al., 1973.
Average body weights for median heights of 156 cm (5 ft, 5 in) and 173 cm
(5 ft, 8 in) for females and males, respectively.

dThe water ingestion/body—-weight ratios have been der1ved from the
referenced values for illustrative purposes only.
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. human lifespan. In these cases it may be reasonable to base the derivation
of - criteria upon adult values of bw and Iw. In cases where effects have a
- shorter Tlatency (e.g., <10 years) and where children are known to be at
Special risk, it may be more appropriate to use values for toddlers or
infants. |

Tﬁe approach presently employed in the‘derivation of recommended maximum
contaminant 1evelsl(RMCLs) by the U.S. EPA Office of Drinking Water is to
. assume ‘a bw qand Iw of l70 kg and 2f0 i/day. resbectivé]y (Federal
Register, 1585), for adults and a bw and Iw of 10 kg and 1.0 i/day,v
respect1ve1y, for a child.

4.4.3.1.3. Total Background Intake Rate of Po11utant (TBI) —-It s
“important td recognize that sources of exposure other than sludge disposal
practices may exist, and‘that the total exposure should be'majntained below
the RfD. Other sources of exposure include background Tlevels (whether
natural of anthropogenic) in drinking water (other than groundwater), food
or air. Other types of exposure, due to occupation or habits such as
smdking, might also be included depending on data availability and regula-
tory policy. These exposures‘are summed to'estimate TBI.

: Data for estimating background exposure usda11y are derived  from
analytical surveys of surface, ground or tap water, from‘FDA market-basket
surveys and from air-monitoring survéys. These surveys‘may report means,
medians,’peréenti1es or ranges, as well as detection 1imffs. Estimates of
TBI may be based on values representing central tandency_or on upper-bound
éxpoaure sftuations, depending on regd1atory policy. VData chdsen to
est1mate TBI should be consistent with the va1ue of bw Where background

data are reported in terms of a concentrat1on in air or water, 1ngest1on or
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inhalation rates applicable to adults or chi1dfen can be used to estimate .
~the proper daily background intake value. Where data are réported as total
daily dietary intake for adults and similar values for chi]dren are unavail-
able, conversion to an intake for children may be required;T Such a conver-
sion could be estimated on the basis of relative total 3food‘ intake or
relative total caloric intake between adults and children.

As stated in the beginning of this subsection, the-TBI is the summed
estimate of all possible: background exposures, except' exposures resulting
from a sludge disposal practice. To be more exact, the TBI should be a
sumned total of all toxicologically effective 1intakes from all nonsludge
exposures. To determine the effective TBI, baﬁkground.intake values (BI)
for each exposure route must bé divided by that route'évparticular relative
effectiveness (RE) factor. Thus, the TBI can be mathematically derived

after all the background exposures have been determined, using the following

equation:
BI (nons]udge—'
T8I = BL (food) derived water) = BI (air) + . 4 BL(m
= RE (food) ¥ RE (water) * RE (air) ce RE (n)
© (4-32)
where:
TBI = total background intake rate ofvp011utant from all other
sources of exposure (mg/day)
BI = background intake of pollutant from a given. exposure
route, indicated by subscript (mg/day) : E -
RE = relative effectiveness of the exposure route indicated by

subscript (unitless)
4.4.3.1.4. Fraction of Ingested Water From Contaminated Source —— It
is recognized that an individual exposed td contaminated groundwater from a

landfill may not necessarily remain in the landfill proximity for 24 houks/
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. day. However, if it is assumed that residentia] areas may be contaminated,

5t is likely that less mobile individuals will include those at . greatest
| risk. Therefore, it is reasonable to assume that 100% of the water ingested
 by the MEIs will be from the area of the landfill.

- 4.4.3.1.5. ' Relative Effectiveness of Exposure (RE) -— RE .is a
»unitiesé factor that shows the relative toxicological effectiveness of an
exposure by a given route when compared to another route. The value of RE
may reflect observed or estimated differences in absorption between the
inhalation and ingestion routes, which can then significantly influence the
- quantity of a chemical that reaches a partiCU}ar,target tissue, the length
of time it takes to get there, - and the degree and duration of the effect.
The. RE factor may also reflect differences in the occurrence of critical
vtoxicologica] effects at the portal of entry. Fon example,- -carbon
“tetrach1oride and chloroform were estimated to be. 40% and 65% as effective,
respective]y, by inhalation as by ingestion based on high-dose absorption
differences (U‘S; EPA, 1984b,c). In addition to route differences, RE can
also reflect differences in bioavai]ability due té'the exposure matrix.  For
example, ‘absorption of‘nicke1 ingested in water‘has been estimated to be 5
times that‘oF nickel ingested in the diet (U.S. EPA, 1985d). The presence
of food in the gastrointestinal tract may de]ay‘absdrptioh and reduce the
availability of orally administered cdmpdunds, as démonstréted ~ for

~ halocarbons (NRC, 1986).

Physiologically based pharmacokinetic (PB-PK). models have evolved into

particu1ér1yv useful tools for predicting disposition differences due to
exposure route differences.  Their use is predicated on the premise that an

effectiVe (target-tissue) dose achieved by one roﬁtelih a partfcu]ar speéies




js expected to be equally effective when achieved by another exposure route
or in some other species. For example, the proper measure .of target-tissue
dose for a chemical with pharmacologic activity would be the tissue concen-
tration divided by some measure of the receptor binding constanf for that
chemical. Such models account for fundamental physio1dgic and biochemical
parameters such as blood flows, ventilatory parameters, metabolic capacities
and renal clearance, tailored by the physicochemical and biochemical prop-
erties of the agent in question. The behavior of a substance administered
by a different exposure route can be determined by adding equations that
describe the nature of the new 1input function. Similarly, since known
physiologic parameters are used, different species (e.g., humans vs. test
species) can be modeled by replacing the appropriate constants. It should
be emphasized that PB-PK models must be used 1in conjunction with toxicity
and mechanistic studies in order to relate. the effective dosé éssociated
with a certain level. of risk for the test species and ‘conditions to other
scenarios. A detailed approach for the application of  PB-PK moder_ifor
derivation of the RE factor is beyond the scope of this document, but the
reader is referred to the comprehensive discussion in NRC (1986).. Other
useful discussions on considerations necessary when extrapolating routé to
route are found in Pepelko and Withey (1985) and Clewell and Andersen (1985).
Since exposure for the groundwater pathway is by drinking water, the RE
factors applied are all wifh respect to the drinking-water r@ufe.
Therefore, the value of RE 1in Equation 4-31 gives the re]afivé effectiveness
of the exposure route and matrix on which the RfD was baséd when compared to
drinking water. Similarly, the RE factors in Equation 4-32 show the
relative effectiveness, with respect to the drinking-water route, of each

background exposure route and matrix.
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An RE factor should only be applied where we11—documented, referenced

information is available on the contaminant's observed relative
effectiveness or 1its pharmacokinetics.. When such information 1is not
available, RE is equa] to 1.

4.4.3.2. CARCINOGENS —— For caréinogenic chemicals, the Agency con-
siders the excess risk of cancer to be linearly related to dose, except at
high-dose 1levels (U.S. EPA, 1986a). The threshold assumption, therefore,
does not hold, as risk diminishes with dose but does not become zero or>
background until dose becomes zero.

The decision whether to treat a chemical as a threshold- or nonthresh-
old-acting (i.e., carcinogenic) agent depends on the weight of the evidence
that it may be carcinogenic to humans. Methods for classifying chemicals as
to their weight of evidence have been described by U.S. EPA (1986a), and
most of the chemicals that presently are candidates for sludge criteria have
recently been classified in Health Assessment 'Documents or other reports
‘prepared by the U.S. EPA's Office of Health and Environmental Assessment
(OHEA), or in connection with the development of RMCLS for drinking-water
contaminants (U.S. EPA, 1985e). To derive values of RWC, a decision must be
made as to which classifications constitute sufficient evidence for basing a
quantitative risk assessment on a presumption of carcinogenicity. Chemicals
in é]assifications A. and B, ‘“human carcinogen" and ‘"probable human
carcinogen," respectively, have wusually been assessed as carcinogens,
whereas those 1in classifications D and E, "not classifiable as to human
carcinogenicity because of inédequéte human and animal data" and "evidence
of noncarcinogenicity for humans," respectively, have usually been assessed

according to threshold effects. Chemicals classified as €, "possible human
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carcinogen," have received varying treatment. For example, Tlindane,

classified by the Human Health Assessmenf Group (HHAG) of the U.S. EPA as
B2-C, or between the Tlower range of the B category and category C, has been
assessed both using the 1linear model for tumorigenic effects (U.S. EPA,
1980b) and based on threshold effects (U.S. EPA, 19859).‘ Tab1e 4-8 gives an
illustration of these U.S. EPA classifications based on the available weight
of evidence.

The use of the weight—of—evidence c1éssification, without noting the
explanatory material for a specific chemi;a], may lead to a f]awed‘cbnc1u—

sion because some of the classifications are exposure-route dependent.

Certain compounds (e.g., nickel) have been shown to be carcinogenic by the

inhalation route but not by ingestion. The issue of whether or not to treat
an agent as carcinogenic by ingestion remains controversial for several
chemicals.

If a pollutant is to be assessed according to nonthreshold, carcinogenic

effects, the RWC is derived as foliows:

ofe

I ’(4—33)

Reference Water Concentration: RWC = (BL“K—mﬂ)-aTBI y

*
q] x RE

where:
q1* = human cancer pbtency [(mg/kg/day)—1]
RL = risk level (unitiess) (e.g., 1075, 1045' etc.)
bw = human body weight (kg) |
RE = relative effectiveness of exposure (unitless)
I, = water ingestion rate (%/day)

TBI = total background 1ntaké rate of pollutant (mg/day); from
all other sources of exposure
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TABLE 4-g

Il1usfrative Categorization of Evidence:BasedAon{Anima] and HUmah Data*

Animal Evidence

Human . . » ’ ’
Evidence - . Sufficient Limited Inadequate  No Data - o
| ' Evidence -
Sufficient - A A A . A v o
Limited ooB Bl Bl . Bl 81
No data B2 c D D £
No evidence B2 S - D » , Dv : E

*The above assjgnments are presented for illustrative purposes. There may
be nuances in the classification of both animal and human data indicating
that differeq: categorizations than those given 1in the table should be
assigned. Fufthermore, these assignments are tentative and wmay be modified
by ancillary @vidence. In this regard all relevant information should be
evaluated to letermire if the designation of -the overall weight of evidence
needs to be mdified. Relevant factors to be included along with the tumor
data from human and animal studies include structure-activity relationships;
short-term test findings; results of appropriate physiological, biochemical
and toxicolog1§a] observations; and comparative metabolism and pharmaco-
kinetic studiel. The nature of these findings may cause an adjustment of
the overall Cat§pfization of the weight of evidence.
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The RWC, in the case of carcinogens, is thought to be protecfive because the
q]* is typically an upper-l1imit. value (i.e., the true potency is
considered unlikely to be greater and may be less). The definition énd‘
derivation of each of the parameters used to estimate RMWC for carcinogens
are further discussed in the following subsections.

4.4.3.2.1. Human Cancer | Potency (q]*) - Fdr moSé tarcinogenic
chemicals, the Tinearized multistage model is recommended for estimating
human cancer potency from animal data (U.S. EPA,‘,f1986a). When
epidemiological data are available, potency ‘is estimated’ based von the
observed relative risk 1in Aexposed vs. nonekposed individuals, and on the
magnitude of exposure. Guidelines for use of these procedures have been
presented 1in the U.S. EPA (1980c, 1985e) and in each of a series of Health
Assessment Documents prepared by OHEA (for example, U.S. EPA, 1985c). The
true potency value is considered unlikely to be above the upper-bound
estimate of the slope of the dose-response curve in the 1ow—dose,range,vand
it is expressed in terms of risk/dose, where dose is in units of mg/kg/day.
Thus, g;* has units of (mg/kg/day)™ .  OHEA has 'dgrived potency
estimates for each of the potentiéiTy ‘carcihbgenic chemicals that are
presently candidates for sludge cr{tefia. Therefore, no‘newueffort will be
required to develop potency estimates to derive sludge criteria. |

4.4.3.2.2. Risk LeveT (RL) — Since by* definifion no "safe" 1e9e1
exists for exposure to nonthreshold agents, values of RWC‘are'calcuiatéd to
reflect various levels of cancer risk. If RL is set at zéro, then RWC will
be zero. If RL is set at 10~6, RWC will be the concentraiion which, for
lifetime exposure, is calculated to have an upper-bound cancer:risk of one

case in one million individuals exposed. This risk level refers to excess
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~ cancer risk, i.e., over and above the background cancer risk in unexposed
xindfyidua]sQ By varyingbRL, RWC may be ca]cuTatéd for any level of risk in
the Jow-dose region, 1.e.;’ RL 510—2.li Specification of .a given risk
level on which to base regulations is.a matter of po]icy.  Therefore, it is
common practice to derive criteria representing several levels of risk
without‘specifying any:leve1 as "acceptable."

4.4.3.2.3.° Human Body Weight .(bw) ‘and Water Ingestion Rate (I“) -
As with toxicants, it is important to gearrthe selection of bw and I, to
the,nature of tﬁe‘effect of concern, Carcinogenesis.normally has .a Jong
latency period and, therefore, adult values of bw and Iw have usua?Tyvbeeﬁ
applied. For example, the HHAG assumes 70 kg and 2 &/day, respectively,
~ to derive unit‘vrisk estimates ‘for drinkfng‘ water, which are potency
estimates transformed to units of (ug/a)'f. In. addition, 'although»
exposure is somewhat higher in children when expressed on a body-weight
'baéis (see Table 4-8), water ingestion occﬁrs 11f¢]ong, and groundWater
concentrations tend to’change only very slowly.

4.4.3,2‘4, Relative Effectiveness of Exposure (RE). —- RE is a unit-
‘less factor that shows fhe relative tbxico}ogicalAeffectiveneés of an expo-
sure by a given “route combared to another route. Ther value of RE may
reflect observed or estimated dffférences» in absokption between the
._inhalation and ingestion routes, which can . significantly; influence . the
~quantity of a chemical that reaches a particular target tissue, the length
of time it takes to get fhere, and the degree and duration of the effect.
The RE factor may also reflect differences in the occurrence bf;critical
toxicological effects at the portal of entry. For exahp]e, carbon

tetrachloride and chloroform were'estimated'to be 40% and 65% as efFectiVe,
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respectively, by inha]atiqn}as»by‘ingéétioh based on high—dose absorptioh’
differences (U.S. EPA, 1984b,c). In addition to route differences, RE can
also reflect differences in bioavailability due to the exposdre matrix. Fok
example, absorption of nickel ingested in water has been estimated:to be 5
times that of nickel ingested in food (U.S. EPA, 1985d). The presence of
food in the gastrointestinal tract may delay vabsorption énd reduce the
availability of orally administered compounds, as demonstrated for
halocarbons (NRC, 1986). ‘

PB-PK models have evolved into particu]ar?y useful fooT; for predicting
disposition differences due to exposure route differences. Their use is
predicated on the premise that an effective (target-tissue) dose achieved by
one route in a particular species is expected to be equa11y effective when
achieved by another exposure route or in sbﬁevothef species. For example,
the proper measure of target-tissue dose for a chemical wifh pharmacologic
activity would be the tissue concentration divided by someimeasuke of the
receptor binding constant for that chemical. Such models account for
fundamental physiologic and biochemical pérameters such as blood flows,
ventilatory parameters, metabolic capacities and renal clearance, tailored
by the physicochemical and biochemical properties of the agent in question.
The behavior of a substance administered by a different exﬁosure route can
be determined by adding equations that describe the nature of the new 1nput
function. Similarly, since known physiologic parameters are used, differenf
species (e.g., humans vs. test species) can be modeled by replacing the
appropriate constants. It should be emphasized that PBfPK‘mode1s,must be
used in conjunction with toxicity and mechanistic studies . in order to relate

the effective dose associated with a certain level of risk for the test
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species and conditions to other scenarios. A detailed approach for the
application of PB-PK models for derivation of the RE factor is beyond thé
scope of this document, but the reader 1is referred to the cdmprehensive
discussion in NRC (1986). Other - useful diScussions on considérations
‘necessary when extrapolating route to route are found in Pepelko and Withey
(1985) and Clewell and Andersen (1985).

Since exposure for the groundwater pathway is by drinking water, the RE
factors ‘applied are  all with respect to the drinking-water route.
Therefore, the value of RE in Equation 4-33 giyes the relative effectiveness
of the exposure route and the matrix on which the 'q]* was based when
compared to drinking water. Similarly, the RE factors in Equation 4-32 show
‘the relative effectiveness, Qith respect to the drinking-water route, of
each background exposure route and matrix. |

An RE factor should only be applied where well-documented, referenced
information is available on the contaminant's relative effectiveneﬁs'or its
' pharmacokinetics.' When such information is not available, RE is equal to 1.

4.4.3.2.5. Total Background Intake Rate of Pollutant (TBI) —— It is
jmportant to recognize that sources of exposure other than s]udge*diqusal
practices may exist, and that the total exposure should be maintained below
the determined cancer risk-specific exposure level. Other sources of
exposUre'finc]ude backgﬁouﬁd levels (whether natural or anthropogenic) in
 dr1nking water ‘(other than groundwater), food or air. Other types of
exposure, due to occupation or habits such as smoking, might also be
included depending on data availability and regulatory policy. These

exposures are summed to estimate TBI.
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Data for estimating background exposure usually are derived from

analytical surveys of surface, ground or tap water, from FDA market-basket
surveys and from air-monitoring surveys. These surveys may report means,
medians, percentiles or ranges, as well as detection limits. Estimates of
TBI may be based on values representing central tendency or on upper-bound
exposure situations, depending on regulatory policy. Data chosen to esti~
mate TBI should be consistent with the value of bw. Where background data
are reported in terms of a concentration in air or water, ingestion or
inhalation rates applicable to adults can be used to'estiméte the proper
daily background intake value.

As stated in the beginning of this subsection, the TBIfis the summed
estimate o% all possible background exposures, except exposures resulting
from a sludge disposal practice. To be more exact, thevTBI should be a
summed total of all toxicologically effective intakes ffom‘a11 nonsludge
exposures. To determine the effective TBI, background intake values (BI)
for each exposure route must be divided byvthat route's particular relative
effectiveness (RE) factor. Thus, the TBI can be mathematically derived

after all the background exposufes have been determined, using the following

equation:
BI (nonsludge- . .
T8I = BI (food) + derived water) . BI (air) N BI (n
~ RE (food) RE (water) RE (air) = °°° RE (n)
| (4-32)
where:
TBI = total background intake rate of pollutant from all other
sources of exposure (mg/day)
BI = background intake of pollutant from a given exposure route,

indicated by subscript (mg/day)
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RE = relative effectiveﬁess, with Arespect to drinking-water
~ exposure, of the exposure route indicated by subscript
(unitless) ' | |
4.4.3.2.6. Fraction of Ingested Water From Contaminated Sourcg_;— It
is recognized that an individual exposed to contaminated groundwater from a
Jandfill may not necessarily remain in the landfill proximity for 24 hours/
day. However, if it is assumed that‘residentia]iareas‘may’bevcontaminated,
it is 1likely that less mobile individuals will include those at.greafest
risk. Therefore, it is reasonable to assume'that 100% of the water ingested'
by the MEIs will be from the area of the 1andfi11{ ‘” _ ‘

For volatile contaminants, the estimated intake frqm inha1ation- is
cbnverted to an equiva]ént ingestion dose in drinking Qater,‘which is added
to the background concentration in groundwater. This acgounts for intake of
these contaminants via both ’routes simultaneously. Atmospheric
concentrations are calculated in pg/m3 “and converted 'tq equiva1ent
"~ drinking water concentrations in mg/e by assuming an individual breathes
20m  of air per day and drinks 2 2 of watér. Therefore,
1 pg/m3 of air results 1in a total intake of 20 wug from the;;air,
being equiva]ent to drinking 2 & of 10 wg/% or 0.01 mg/% watér.
Therefore, atmospheric conéentrations in micrograms/éubic meter are
muitipiied by 0.01 to convert them to equivalent 1liquid concentrations
before adding them to the composite aquifer concentration (leachate from the
landfill plus background). |
4.5. EXAMPLE CALCULATIONS

The methodology presented in the previous section can best be illus-
strated with an example calculation. 1In the following, calculations are

first made for an individual site as would be the case with a site-specific -
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application. Then an example is given for development of criteria for maxi-

mum allowable contaminant levels in sludge. To illustrate the methodology,
the example considers an organic contaminant. Input parameters for the
example calculations are provided in Table 4-9. »
4.5.1. Site-Specific Application. A step-by-step discussion of a/ site—
specific app]icgtion follows. The application uses benzene as the constitu-
ent of interest. The 1input data are reiterated on the first pages of the
application. 7

The reference water concentration (RWC) for the carcinogen benzene is

derived using Equation 4-33:

RWC = (BL—5—2ﬂ~ - TBI|+ I (4-33)
q]* X RE

The risk Tlevel (RL), :the body weight (bw) and the daf]y ingestion rate
(Iw) are set for this example at 10-6, 70 kg and 2 %, respectively.
The relative effectiveness factor (RE) 1is set at 1. Thé human cancer
potency for benzene has been determined by the U.S. EPA to be v5.2x10-2
(mg/kg/day) " *. Current total background intake (TBI) of benzene from
all other sources, except from 1andf111in§ of sludges, hés not‘ﬂbeen
determined for 1986, but for illustrative purposes a TBIvoF zeré is used
here to derive an example RWC. Determination of an RWC for a specific
landfill site should be based on a current Jocal assessmenﬁ\df TBI.

e | ( 10 =6 x 70 kg ol 2
“ | \5.2 x 10-2 (mg/kg/day)*l) (29

6.73 x 107* mg/s

06.673 ng/e
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TABLE 4-9

Input Parameters for Example Calculations -~ Groundwater

Fate and Transport: Pathway Data

Source Term

1.
2.
3.
4.

Water content of sludge
Storage capacity of sludge
Density of sludge

Net recharge

Unsaturated Zone

10.

11.
12.

Depth to groundwater

Distance to property boundary.
Material

Thickness

Saturated s0il hydraulic conductivity

Slope of matric potential and
moisture content plot

Saturated soil moisture content

Bu1k'densify

Saturated . Zone

13.
14.
15.
16.

17.

Groundwater
Groundwater.

Hydraulic conductivity

‘Effective porosity

Hydraulic gradient

WS = 0.95 kg/kg
'S = 0.90 kg/kg

Dg = 1012 kg/m?

R = 0.5 m/year

hy =1 m
ds = 100 m
Sandy loam
m=1m

ksat = 104 m/year

b=14.0

fs = 0.39 m®/m®
By = 1400 kg/m3
pH = b6

Eh = 150 mv

1Kv=71.5x105:m/yr

6e = 0.10
(8H/3X) = 0.003
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TABLE 4-9 (cont.)

Fate and Transport: Pathway Data -- Saturated Zone (cont.)
18. Bulk density : Bg = 2390 kg/m®’

19. Dispersion coefficient Dy 4.5x104 m2/year

Dy : 4.5x103 m2/year
Dz = 4.5x102 m2/year
20. Site geometry ‘ ‘
Landfill width ' SW=10m
Landfill length SL=100m
Fi11 height FH = 3.46 m
Fate and Transport: Chemical-Specific Data
Source Term
21. Benzene Concentration in leachate (X) = 6.05 mg/%
22. Benzene Concentration in sludge (N) = 3 mg/kg v
Unsaturated Zone |
23. Benzene Distribution coefficient (Kd) = 7.4x10°3 9/kg
24. Benzene ‘\ Degradation rate cqnstant (x)'= 3.9 year™2
Saturated Zone | | , |
25. Benzene Distribution coefficient (Kd) = 0.0 i/kg
26. Benzene ' Degradation rate constant (A) = 0.0 year‘ll
Chemical-Specific Data -- Health or Environmental Effects .
27. Benzene Reference water concentration (RWC) =

0.000673 mg/%
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4.5.1.1. . TIER 1 -- Compare the concentration of each contaminant in

the leachate (X) to the RWC.

X _(mg/%) A RWC (mg/%)
Benzene 0.05 0.000673

Continue with Tier 2 only if X exceeds RWC, which, in this case, is true for
benzene.' ; |

4.5.1.2. TIE§ 2 — Since benzene did not pass:Tier 1, a Tier 2 analy-~
sis 15 required. The procedure that would be fo]]owed'fn a Tiér 2 analysis
is presented below in a steb—by—step fashion.

4.5.1.2.1. Sludge/Landfill €alculations —-

A. Determine the weight of sludge so1ids/m2Adf fill as:

M, = (FH) (DS? (1 —\NS)

where:
Mg = weight of sTudge solids (kg/mz)
FH = fi11 height (m)
Dg = density of sludge (kg/ms)
Ws = water .content of sludge (kg/kg)
M, = (3.46 m) (1012 kg/m®) (1 - 0.95)

175.08 kg/m"

B. Calculate the mass of each contaminant/m® of fill material as:

M= (MS) (N)
.where;
M = mass of contaminant in fi11'(g/m2).
N = dry weight contaminant concentration in sludge (mg/kg)
Benzene | |

=
il

(175.08 kg/m>) (3.0 mg/kg) (0.001 g/mg)
0.53 g/mz

4-75




C. Calculate the volume of water/m’ present in the fi11 at the time

of disposal as:

Vir = LW (M) 1/Z0(0w) (T~ W) ]

where:
Vw1 = volume of water/m” present in the fi1ll (ma/mz)
Dw = density of water (kg/ma)
Vy; = [(0.95) (175.08 kg/m’)1/[(1000 kg/m’) (1 - 0.95)]

3.33 m>/m°

n

D. Calculate the volume of water/m” present in the fill after the
sludge drains as:
Yz = [(S) (M)1/L(D) (1 - 3)]
where:

Vw2 = volume of water/m” in the fill after it drains (m“/mz)

(%)
I

storage capacity of sludge (kg/kg)
Vo = [(0.9) (175.08 kg/m”)1/[(1000 kg/m’) (1 - 0.9)]
=1.58 m°/m° |
E. Calculate the volume of water/m> that will drain_from thers1udge
as: ' | |
Y=Y T Ve
where:

Dv = volume of water/mz that drains from the sludge (malmz)

Dv‘= 3.33 ma/mz‘~ 1.58 ma/mz

=1.75 m*/m*
F. Calculate the leachable mass/m’ for each contaminant as:

ML =M - (X) (Dv)
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where:

leachable mass/m2 (g/m2)
contaminant concentration in leachate (mg/%)

=
~
|| ]

Benzene

ML 0.53 g/mz ~ (O‘OSQg/mal (1.75 m?/mz)

0.44 g/m2

G. Calculate the period of time needed to leach the leachable mass from
the landfill. For nondegradable contaminants the formula is:
T =M/R) (X)

For degradable contaminants the formula is:

Tp = I (LR OV/IR) () + () ()]

p
where:
Tp = leach time (pulse time) (years)
‘R = net recharge (m/year) '
X = Teachate concentration (g/m3 = mg/%)
A = degradation rate constant (year—i)
Benzene

; ] | (0.5 m/year) (0.05 g/me)
=TT mme—— n ]

P 3.9 year— (0.5 m/year) (0.05 g/m2) + (3.9 year—1) (0.44 g/m2)
= 1.09 year

4.5.1.2.2. Unsaturated Zone Calculations -—
A. Calculate the steédy—stéte MOisture cbntéh{ of the sojil for each

layer in the unsaturated zone as:

. " R \ [1/(2b + 3)]
, 778 IKsat g :
where:
f = steady-state moisture content (m3/m3)
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saturated moisture content for the unsaturated zone soil

-t
w
]

(ms/ms)
Ksat = saturated hydraulic conductivity of the unsaturated zone |
soil (m/year) - : f
b = negative 1 times the slope of the log-log plot of matric i
potential and saturated moisture content (dimensionless)
Layer 1
0.5 m/year 1/[(2)(4) + 3]
f = 0.39 m3/ms
108 m/year i
=0.16 m°/m°

(If multiple layers are present in the unsaturated iong, solve for each

layer.) |

B. Calculate the steédy—state travel time of the water across each
unsaturated zone soil layer as: |

Tu‘= (hy) (®)/R

where:
Ty = steady-state travel time across an unsaturated zone soil
layer (years)
hy = depth to groundwater or thickness of the unsaturated zone
beneath the landfill (m)
Layer 1
Typ = (1.0 m) (0.16 m>/m°)/(0.5 m/year) |

0.32‘year

(If multiple layers are bresent in the unsaturated zone, 'solve for each
Tayer.) | | |

C. Calculate the total travel time of the water across the unsaturated i

Zone as:
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where:

TT = total travel time across all layers of the unsaturated zone (years)

TT = 0.32 year

D. Calculate the average velocity of the water across the unsaturated

zone as:
‘Vave = (hy1 + hy2 + ...)/TT
where:
Vaye = average velocity across the unsaturated zone (m/year)
hy# = thickness of each unsaturated zone layer where # =1, 2,
v =17.0 m/0.32 year
ave

3.14 m/year

E. Calculate the average moisture content of the unsaturated zone as: -

f = R/YV
av

ave e

where:

foye = average moisture content of the unsaturated zone (m>/m°)

- 0.5 m/year

f
ave 3.14 m/year

0.16 m /m°

F. Obtain the unsaturated zone distribution coefficient, Kd, and
unsaturated zone degradation rate for each contaminant from the
scientific literature. Select Kd values based on soil type. If
there is more than one type of soil (i.e., more than one layer) in
the unsaturated zone, use a weighted average for Kd. Calculate the
wéighted average by summing the products of the thickness of each
layer and the Kd  for each soil type (layer) and dividing by the

total thickness of all layers.
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Contaminant = Kd (2/kg) Degradation Rate (year™%)
Benzene  7.4x1073 ( -3.9

G. Calculate the retardation factor for the contaminant in the unsatu-

rated zone as:

RF.= 1 + (B Kd/f_ )

e
where:
RF = retardation factor (dimensionless)
By = bulk density of unsaturated zone material (kg/ms3)
Kd = distribution coefficient (2/kg)

If multiple layers are present in the unsaturated zone, calculate a
weighted average retardation factor using weighted average ya]ﬁes for
bulk density and saturated moisture content (weight according to layer
thickness).

Benzene

RF = 1 7.4x1073 9/kg) (0.007 m3/%). (1400 kg/m23)
=1 +
. 0.39 m3/m=

= 1.03
H. For degradable contaminants, calculate the concentration of contami-

nant leaving the unsaturated zone accounting for degradation as:

cus =X exp [(-1) (M) (TT) (RF)]
where:

Cus = contaminant concentration exiting the unsaturated zone (mg/%)
Benzene |

0.05 mg/% exp [(-1) (3.9 year *) (0.32 year) (1.03)]
0.014 mg/%

cUS

4.5.1.2.3. MINTEQ Adjustment for Geochemical Reactions —- For

metallic contaminants, determine the amount of concentration reduction that
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will occur due to geochemical reactions in the saturated flow ‘system

(aquifer) using the MINTEQ graphs given'in‘Appendix'B (Figures B-2 through

'B-6). | .

4.5.1.2.4. Tier 2 Intermediate Compafison_ to  Reference Water
Concentrations -- Compare the Tier 2v conéentfations. at the' base. of the-
unsaturated zone, as calculated without allowing for dispersion, with the
reference water concentration. Thenfﬁna1ATier'Z-concentrations for benzene
are given in H on the precedihg page.

Benzene |

‘Concentration after 511ow1ng for decay = 0.014 mg/%
Reference Water Concentration,é 0.000673 mg/L

For benzene, the Tier 2 concentrations at the base of the un§atﬁrated
zone, without accounting for dispersion, afe greater: than the réFerehce
water concentration. Therefore, the,Tﬁer 2 analysis needs to be confinuéd
using the CHAIN and AT123D models. - A | ‘ v
' 4.5.1.2.5. CHAIN Model —- Since the Tier 2 result presented above is
not below the reference water concentration, it is necessary tov run the
CHAIN analytical transporf MOdel to predict the contaminatioh concehtratidn
-at the base of the unsaturated zone."The'input data required by fhe CHAIN
model are the 1eachate concentration (X), the net recharge (R) as the f]uk'ﬁ
rate, the leach time out of thevlandfi11 (Tp)'as(the 5nput pﬁ];e time, the
retardation factor (RF) and the degradation rate (A\). ,The‘ dispersion
coefficient used in CHAIN is calculated aé one-tenth the depth to ground-
water (unsaturated zone thickness, hy) times the average groundwater veloc-
ity in the unsaturated zone (vave)' | |

For organic contaminants, compare the maximum model-predicted concentra-

~ tion to the reference water concentration values. If the modeT—predftted




concentration is 7less than the reference water concentration, no further

Tier 2 analysis is required. If not, the saturatedvtranspbrt model ATH23D
should be run. |

For 1inorganic contaminants, take the maximum»mode] predicted concentra-
tions and enter the appropriate curves 1in Appendix B (Figdres B-2 through
B-6) to predict the resulting concentration after geochemica1 reaction. If
the resulting concentration is Tless than the threshold, no further Tier 2
analysis 1is required. If not, the‘ resu1ting concentrations should be
entered into the saturated transport model AT123D. ‘

The CHAIN model results for this example problem are as follows:

Unsaturated Model Reference Water Concentration

Dependable Organics Results (mg/2) (mg/%)
Benzene : 0.015 0.000673

The unsaturated model results for benzene are above the reference concen-
tration value; therefore, the saturated transport code AT123D needs to be
run for benzene.

4.5.1.2.6. AT123D Model -- Since the CHAIN model results are not
below the reference concentration for benzene, it is necessary to run the
AT123D saturated -zone transport model to' predict the contaminant
concentration at the facility boundary. The peak contaminant concentrations
and the pulse time as predicted by the CHAIN model are used as inputslto
AT123D. The other input data required by AT123D are the degradation rateé
(\), the retardation factors (calculated for ihe saturated zone using the
saturated distribution coefficient, bulk density and porosity), the
groundwater velocity (calculated as the saturated hydraulic conductivity
times the hydraulic gradient divided by the effective porosity), the

Tongitudinal dispersion coefficient (calculated as one-tenth the distance to
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the 1andf111 boundary times the groundwater velocity), and the transverse

“Land vertical dispersionr coefficients (calculated as one-tenth the
lTongitudinal dispersion coefficient).

The AT123D model results for the example problem are as follows:

: Saturated Model .Reference Water COncehtration
Degradable Organics Results (mg/%) (mg/ﬁ)
Benzene 9.8x107® 0.000673

The saturated model results for benzene are well below the reference
water concentration. Therefore, this application would be acceptab]e. vIF
the predicted output cqncentrations were very close to the criteria values,
thevpgrmit writer may requirevg characterizatioh of input paramefer unqer—'
tainty and additional runs to determine sensitivity to that unﬁertainty.

If background concentrations of benzene afe present in the grbundwater,
vthese contentrations would be added to the saturated model results and this
total concentration would be compared to the reference water concentration.
4.5.2. National Criteria Site-Specific App]ication; In order to set
national criteria, the‘methodo1qu is app]igd,in reverse order with the same
vsite— and chemical-specific inputs. In thisrcase the starting point is the
environmental conéentration (EC) criteria and the endpoint 15 the acceptable
]eaghate concentration or the acceptable amount of total contaminant in the
1andfi1]; Example calculations. for the trial scenario follow for benzene.
The 1npqt data for this application are provided in Table 4-10.

Benzene

fhe first step of the methodology was to run the CHAIN code to predict
the peak benzene concentration and the release durafion of benzene into the
saturated flow system. Pulse tihes of 0.01, 0.1, 1 and 10 years andvcontam—

inant concentrations of 0.00079 and 0.0079 mg/% were used as input to
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TABLE 4-10

CHAIN Model Results for the National
Criteria Calculation for Benzene

Inpuf PeakA0utput

Pulse Time Concentration ‘Concentration Release Duration
(years) (mg/2) | (mg/2) ‘ (years)
0.01 0.00079 0.11x10™4 0.7 .
0.01 0.0079 0.11x10"2 0.7
0.1 0.00079 0.98x10"4 0.8
0.1 0.0079 ©0.98x1072. 0.8
1.0 0.00079 0.24x1073 1.6
1.0 - 0.0079 0.24x1072 . 1.6
10.0 0.00079 0.24x1072  10.0
10.0 0.0079 0.24x10-2 "~ 10.0
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CHAIN. Pulse times of 0.01 and 0.1 years are not realistic, but they were

simulated for illustrative purposes since, as will be discussed, all pulse
times >1 year yield the same peak concentration at the facility boundary.

The CHAIN model results are 1i§ted in Table 4-11. The peak concentra-
tion for pulse times of 1 and 10 years are identical and'wouid be the same
for all pﬁ]se times >10 years. The réason for this is that the benzene
travel time through the unsaturated system is”shqrﬁv(0.3 vears) éompared to
pulse times >1 year; therefore, there'ism15ffié"disbersive effect and an
equilibrium concentration is reached in the,f]ow{system,

The second step is:to use the peak cbncéntration and release time from
.CHAIN. as the input concentration and pulse time.to AT1230. Since‘AT123D
requires an input flux rate, the actual input to AT123D is the peak output
concentration from CHAIN multiplied by the récharge rate (0.5 m/year).

The output from ATI23D 1is a series of ‘beak concentrations (Xf) for
each of the cases simulated as shown in Table -4-11. Table 4-11 also lists
the pulse times and input concentrations (Xi)'uSed‘in the CHAIN model.

The third step of the national criteria methodology is to p]ot:the pairs
of points (Xi Vs, Xf) for identical pulse times in Table 4-11. 'The data
points produce three curves as shown in Figure 4-5; the curves for pulse
times of Tuand 10 &éafs over1ay each ofhefi iThé cuses'For 1.énd 10 yeérs
also represent all pulse times >10 years.

The maximum benzene concentration for all pu]ée times >1 year that would
not exceed the health effects criteria of 0.000673 mg/% can be determined
as follows. Locate the point on the 1-year pulse time curve whose abscissa
is equal to the health effects criteria for benzene. The ordinate of this

point 1is the maximum allowable leachate concentration for pulse times >
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TABLE 4-11

AT123D Model Results for the National’
Criteria Calculation for Benzene

Pulse Time CHAIN Model Input AT123D Model Peak Output
(years) Concentration (X;) Concentration (Xg)
(mg/%) {mg/%)

0.01 ' 0.00079 - 6.7x10722
0.01 0.0079 6.7x10722
0.1 0.00079 - 6.0x10"22
0.1 0.0079 6.0x10720
1.0 - 0.00079 1.5x10720
1.0 0.0079 1.5x107°
10.0 0.00079 1.5x10730
10.0 0.0079 1.5x107°
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year (see dotted 1lines in Figure 4-5). The maximum allowable benzene
concentration in the 1landfill is 4000 mg/t. Pulse times of <1 year are
probably not realistic and are not considered. ‘

To check this result, the CHAIN and AT123D models were }un with a pulse
length of 1 year and a benzene input concentration of 4000 'mg/%t. The peak
concentration at the property boundary was calculated to be 0.00075 mg/%,
just above the health effects criteria limit.

The final step of the-calculation was to determine the tpta] mass (M) of
benzene that could be present in. the landfill and VSt111 meet the health
effects criteria at the property boundary. The total 1leachable mass (ML)
of benzene was calculated as: -

X; R (eMp
A

_.'l)

ML =

_ (4000 ma/8) (0.5 m/year) [e (3.9 year™) (1 year). 1

= 24, s'do g/m2 3.9 year™

The total mass of benzene in the 1andf111 was ca]cu]ated as:

Mo+ X
L D

24, 800 g/m + (4000 mg/ﬁ) (] 75 m /m )

M

31, 800 g/m | _

The total mass of benzene that can be present in the landfill and still
be close to the health effects criteria at the boundary is quite 1arge-due
to the rapid decay_time‘%er-beniene,:Which has a half-life of approximateiy
65 days. ’ A |

It should be noted that benzene solubility 3n wéter 1s:reported as 820
mg/%. Therefore, 1f' ether Jsindge ‘conStituentsu do nof significantly
increase benzene's so]unﬁ]ify; these cr1ter1a will not restr1ct the 1and—'
filling of any benzene—confaining s]udges for this set of site cond1t1ons‘

I
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5. METHODOLOGY FOR PREDICTING THE VAPOR CONTAMINANT PATHWAY

5.1.  OVERVIEW OF THE METHOD |

Vapor loss from the landfill has been identified as a possible pathway
of concern for migration,of certain volatile toxic chemicals (e.gt; benzene,
cyanide, dtmethy]nitrosaminev and trichloroethylene) from sludge disposa1/
reuse. Invconcert with the risk assessment framework provided here, the
tiered approach and concern forvchronic‘exposure,'three'1eve1siof ana1ysis
are outlined. As in the case of groundwater contamination, the initial tier
is a simple comparative structure that can be'imp1emented5to quickly screen
a chemical for the ]ahdfif1ing option. Cohtaminants failing Tier 1 can be
evaluated at Tier 2 to consider site-specific conditions.. |

Regardless of the Tlevel of assessment (T1ers 1 through 3), the basic
approach requires some - degree of simu]ation of the movement of vapors up

from the waste into the atmosphere and downwind “to the prooerty boundary.

The property boundary has been selected as the po1nt of comp11ance since

that would be the f1rst area of unrestricted access where cont1nuous expo-
~ sure is 1ikely to occur. Workers would be exposed potent1a11y to higher
‘concentrat1ons on the landfiil property, but that contact .is regulated under
OSHA, would be 11m1ted to a 40-hour work week and should be contro]]ed
~through use of resp1rators as appropr1ate Chronic riSk'at the property
boundary “is measured- against the se]ected heaTth effects thresho1d value.
This approach parallels that taken to evaluate landfill bans and exemption
requests for hazardous wastes. 7

The tiered approach and sequencing of the otera]t methodo1ogyhis i]]us~
trated in Figure 5-1. Tier 1 1nvo]ves a s1mp1e partial pressure ca]cu]at1on

using Henry's Law to pred1ct max imum potent1a1 vapor 1evels above the
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FIGURE 5-1

Logic Flow for Vapor Loss Pathway Evaluation of Landfilied Sludges
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sludge. This is a very conservative estimate of concentration, since it

does not account for air/sludge matrix partitioning or dispersion in the
atmosphere. If the Tier 1 concentrations are Tlower than the threshold
value, no'further eva}uation of the contaminant is necessary. If the pre-
dicted coneentratién exceeds the thresho1d value, the applicant may opt to
proceed to Tier 2 where transport through the soil cover and atmospheric
dispersion are taken into consideration.

The Tier 2 ana]ysis‘employs'an éna1ytica1 mode1 devé]oped to evaluate
vapor 1055 and dispersion from hazardous waste sites as a part of the land-
fill ban‘analysis (Environmental Science and Engineering, 1985). Elements
of the model consider fhose pefiods when the cell face 1is open, the period
of temporary cover and the pOstc]osufe period. Degradation End deposition
are not accounted For' since travel +times will be vrelatively short.

The procedures’and detéiis of each tier in the methodology are described
in the following sections.

5.2 ASSUMPTIONS |

In order to app]y a methodo]ogy such as that presented here, it is nec-
essary to make simplifying assumptions. The assumpt1ons, stated or implied,
required to implementvﬁhe vapor pathway ana]ysiérare ouf]ined in Table 5-1

~and discussed iﬁ the following sections. |

5.2.7. Vapor Pressure. The Tier 1 and Tier 2 methodologies require the
vapor pressure (vépor concentration) of the contaminant to be specified.
Because Vapor pressures are not routinely measured, the methodologies uge
Henry's Law to specify vapor concentration as a function of liquid concen-
tration.. Henry's Law is most appropr1ate for Tow aqueous concentrations and’
low solids content sludges. As the concentrations and solids contents in-~

crease, Henry's Law will tend to overpredict vapor bressure as a result of
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activity effects and partitioning between solid and liquid phases. As such,

the use of Henry's Law represents a conservatiVe approach. |
5.2.2. Loss Rate. The Tier 2 methodology assumes that the loss rate of
contaminants following emplacement of - the soil covér is controlled by
diffusion of contaminants through the soil. The loss rate is then
independent of wind speed. This aésumption is not appropriate for
describing direct volatilization from solid or 1iquid surfaces and, there-
fore, 1is not used to describe losses during the active period of disposal.
The assumption 1is appropriate for describing volatile losses when contami-
nants must first diffﬁse to the atmoépheré>and is, therefore, appropriate
for describing losses from a landfill. It is, however, recogn1zed that some
absorptwon and degradation of organic vapors within the soil cover would
occur, thereby decreasing the concentration of aif emissions.
Unfortunately, 1ittle is known of these processes, so the consefvative
approach is taken here.

Thé Tier 2 methodology assumes that the final soil cover abb1ied to a

Jandfill ce]1 has the same permeability as the temporary soil cover. In
practice, the ffna1 sbi] cover should not be more permeable than the tempo-
rary cover and will usually be less permeéb?e. This assumptibn, therefore,
will lead to an overprediction of loss rates.
5.2.3. Atmospheric Transpbrt. The Tier 1 methodology assumés no atmos-
pheric dilution of contaminants. The result of this assumption will be to
grossly o?erpredict atmospheric contamiﬁant concentrations. This approach
is clearly conservative and is consistent with the Tier 1 approach.

To simplify use of the atmospheric tranéport'model in Tier 2, it is

assumed that the wind speed and direction are constant and that the receptor
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of concern is always Tlocated downwind along the center line of the plume.

The effect of these assumptions is to predict the maximum possible downwind
atmospheric concentrations and, therefore, the maximum possible exposure.
This conservative approach s consistent with the other exposure
methodologies.

In applying the atmospheric model, it is assumed that stable atmospheric
conditions will always be encountered. The effect of this assumption will
be to maximize the resuiting downwind concentrations, thereby predicting the
maximum possible exposure levels. Again, this conservative approach is con-
sistent with other exposure methodologies.

5.3. CALCULATIONS

5.3.1. Tier 1. The first tier embodies a simple comparison of source
term vapor concentrations to the threshold value. Source term vapor concen-
trations are predicted on the basis of sliudge contaminanf concentrations and
Henry's Law. This does not account for any dispersion in the atmosphere
and, ‘thereby, overpredicts concentrations. Henry‘s Law describes vapor

compositions over dilute solutions. The relation is given as:

Py = Himi , (5-1)
where:
P; = partial pressure of i above the solution (atm)
H; = Henry's Law Constant for i (atm-ms/mol)
C%i = concentration of i in the solution (mol/ms)

Assuming the vapor phases act as ideal gases, the partial pressure can be

translated into an atmospheric concentration using Dalton's Law:

Pi = yiP ‘ (5-2)
where:
yj = mole fraction of i in the gas'phase (dimensionﬁess)
P = total pressure in the system (atm)
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For the landfill environment of interest here, P can be set at 1 atm. Then

combining Equations 5-1 and 5-2, atmospheric concentration (yi) can be

calculated as:

Py_i = HiC]i : (5-3)

withlthe molecular weight of the contaminant and air and the molar volume of
air, this can be converted to an atmospheric concentration in terms of
weight fraction or mass per volume.
An alternate approach 1is to use a dimensionless modified Henry's Law
Constant (H') defined as:
H' = Cv,/Cl, - (5-4)
where:

Cvy concentration of i in air (mass/volume)
Clj concentration of i in water (mass/volume)

This eliminates the need for conversion; to obtain the atmospheric concen-
tration of the contaminant in the desired units. H can be converted to H'
by using the Universal Gas Law to calculate atmospheric concentration
(mol/volume) from partial pressufe. |
The wuse of the Henry's Law approach assumes ideal gas behavior and
di]ufe solutions. Both assumptions are appropriate for the levels of vola-
tile contaminants expected in municipallsludge, since handling and treatment
prior to disposal are»]ike1y to'héVe allowed high concentrations to diminish
through the vaporization process. vIn empirical work with municipal sludge,
vEng]ish et al. (1980) found Henry's Law to be useful in>pred1cting atmos-
pheric concentrations of ammonia. Va]ueg for the Henry's Law Constant can
be obtained from the 1literature or calculated from physica1 properties.
Henry's Law Constants and modified Henry's Law Constants for contaminants of

interest are provided in Appendix B.




The Henry's Law approach is 1likely to overpredict'vapoF concentrations

because the organic solids in sludge will bind some of the contaminants,
making them 1less available iﬁ the water solution for wvolatilization.
Because the prediction is conservative, it provides a greater margin of
safety. Underprediction would occur if the contaminant Were present in the
liquid phase only and the solids comprised a major fraction of the overall
solution. This is not the case for the sludges anticipated. The estimated
vapor concentrations are compared to the appropriate reference air
concentration (RAC). If the vapor concentrations do not exceed the RAC, no
further analysis is required. If the vapor concentrations do exceed the
RAC, the applicant can decide if the greater accuracy of Tier 2 or 3 is
likely to be advantageous and, therefore, worth the added'éost‘
5.3.2. Tier 2. The first-tier metho&o]ogy treats the landfilled sludge
as though it were a sq1ution in a surface impoundment. The Qaporvconcentra—
tions of contaminant are a résu]t of direct volatilization from the surface
and subsequent diffusion into the air column. 1In reality, the sludge will
reside in a landfill cell. The active face of the cell may remain uncovered
for short periods of time (<8 hours), but will soon recéive a layer of soil
overburden that will remain intact throughout the postclosure period. In
some cases, a tighter capping material will be added.and ‘vegetation estab-
lished as a part of the final cover. In either event, a finite layer of
soil will reside between the sludge's surface ahd the air column. A1l
vapors lost from the sludge must migrate through the cover to reach the
atmosphere and be available for downwind transport. |

In considering vapor loss from hazardous waste ]andf{i]s? Eﬁvironmental
Science and Engineering (1985) depicted three dis?retevphases‘For which pre-

dictive constructs were devised: operating period with uncovered wastes,




operating period with shallow temporary covef, and postclosure period with
permanent cover. Since reéu]ations do not require impermeable :caps for
sludge or municipal refuse landfills, the permanent cover may nbt‘differ
significantly from the temporary cover with respect:to vapor losses. The
permanent cover will 1likely include révegétation' and a greater total
thickness. | The analytit31 methodology used to predict vapbf migratfon
through the temporary cover is the same as that used for the 'pérmanent
cover. Therefore, two anaTytita] procedures are presented for the Tier 2
evaluation, one for predicting vapor loss from an open:1andfi11:ce11'and one
for predicting vapor migfation through a soil cover. |

- Two types of exposure are evaluated during the Tier 2vana1ysis. The
first evaluation addresses the exposure due to‘ losses during the écfive
operating period for a landfill cell. This exposure will be éharacterized
by relatively high loss rates (primarily from the uncovered waste)land rela~
tively small surface areas (i.e., tﬁé area of the active cell). Theiéecond
~evaluation will be of the exposure due to losses from the covered wastes
during the postclosure period. This éxposure is characterized by relative-
1y low loss rates from the covered wastes and relatively 1afge surface areas
(i.e., the surface area of the entire closed landfill).

‘According to Environmental Science and Engineering (1985),,fhe 1655’rate
from uncovered wastes during the active 1ife of thé}]andfi11 can. be calcu-
lated aé:

0.17 v (0.994)T-20 cy;
- MWy

Jaj (5-5)

where:

da; = emission rate during active uncovered period for contami-
nant i (g/mz-sec) '
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v = windspeed (m/sec)

T = temperature (°C)

T-20 = a temperature correction factor derived empirically |
Cvy = vapor concentration of contaminant i (g/m?)

MW = molecular weight of contaminant i

From Equation 5-3, Cvi~can be determined from the 1iqu1d ﬁoncentratjon of

contaminant 1, 611 and Henry's Law Constant for contaminant i, Hi'

Equation 5-5 can then be expressed as:

0.17 v (0.994)T-20 y.c1,

qaj = Mwi o (5-6)

The emission rate for vapors émanating through cover materials during
the active and postclosure period can be calculated as (Environmental

Science and Engineering, 1985):

- 9.2x107s na %3 cvi(1.006) 720
Jhere: api = _ tc nz Wy (5-7)
dpj '=-emission rate through landfill cover to contaminant i
(g/m2-sec) :
ng = air filled porosity of cover soil (cm3/cm?)
Cvi = vaﬁor concentration
T = temperature (°C)
T-20 = a temperature correction factor derived empirically -
tc = thickness of coverv(m) |
n = total porosity of cover soil (cm3/cms)
MW; = molecular weight of contaminant i




As with Equation 5-6, the vapor concentration can be expressed in terms of

the 11qu1d concentration and Henry s Law Constant to y1e1d

10/3

- T-20
9.2 x 10 N na (1.006) H1C]1

gpi =~ ) v (5-8)
tc n2 MW ,

The contaminant emission rate for’rther ective ‘and postclosure periods
caTcu1ated using either Equation 5-6 or 5-8 1is wused to calculate
"atmospheric concentrations at the compliance point using avsource—reeeptor
ratio (SRR).* . _ ‘

C(X)i = g X SRR (5-9)
dwhere ‘C(X)i is the atmospheric cencentration (ug/ma),‘ X is the down-
stream distance from the source to the recepfor (m) and;SRR is calculated as

(Environmental Science and Engineering, 1985):

Xo2V
SRR = 2. 032 x 108 [ 3 . (5-10)
where: AP+ Xy) v ooz) o : *

Xo = the characteristic 1ength of the 1andf11] assumed to be a square

(m)

V = vertical term which is a function of source height end z

r' = distance from the landfill center to the receptor or point of
compliance (m) . .

Xy = lateral virtual distance (m)

v = mean wind speed (m/s)

oz = standard deviation of the vertical concentration distance (m)

*If the 1andfill is vent, the total emission Qpci = Gpci (1-FV) + Qyent-
Qyent is derived as qyept = [0. 082U/ MW H'Cy; (0 994) T-20, and fv is.the
fraction of the fi11 that is vented. :
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The vertical term for gases, V, is set at

(\/211) (o) , : ‘ ‘ .

V= ———2 for oz/L > 1.6 (5-11)

- 2L . 7
and

H )z ,
V=e"1/262 + cz”

) [—1/2(§§L)2]v (5-12)
n e : .

1
where L = mixing layer height (m).

The lateral virtual distance, Xy, is calculated as:

- [Xo \cot[ag" | .
) e
where A@' = sector width (radians) for 22.5° @' = 0.393. ‘
The standard deviation 1in the verticai distance, S can‘ be taken from
tables for various distances and stability classes or calculated as indi—l
cated in Table 5-2. |
5.3.3. Procedure. In order' to establish -sludge concentration criteria
for volatile contaminants, it is once again necessary to operatevthe method-~
ology provided here in a reverse mode just as described forjthe'groundwater
pathway in Chapter 4. That is, the RAC must be taken as input to determine
the maximum allowable concentfation in the source s1udge.‘ From Equation
5-9, the compliance point concentration js defined as: |
C = Q x SRR o (5-14)

Since SRR is characteristic of a sife and not concentration dependent, a
single value can be calculated for a representative site. When C is set at

C the effects -threshold concentration, the allowable flux, Q, is

ET’
defined as:

Q = C /SRR | (5-15)
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TABLE 5-2

Parameters Used to Calculate o 4

Pasquill oz = a x (mb)b
Stability Category X {(km)
v ‘ . a b
Very unstableP 0.10 - 0.15 158.080  1.04520
0.16 - 0.20 170.222 1.09320
0.21 - 0.25 ' ‘ 179.520 1.12620
0.26 - 0.30 217.410 1.26440
0.31 - 0.40 - 258.890 © 1.40940
0.41 - 0.50 346.750 1.72830
0.51 - 3.11 453.850 2.11660
3.11 : + +
UnstableP 0.10 - 0.20 i 90.673  0.93198
0.21 - 0.40 ‘ 98.483 0.98332
0.40 , 109.300 1.09710
Stightly unstableP : 0.10 .- 62.141 0.91465
Neutral 0.10 - 0.30 34.459 0.86974
0.31 - 1.00 32.093 0.81066
1.01 - 3.00 - 32.093 0.64403
3.01 - 10.00 33.504 0.60586
10.01 - 30.00 : : 36.650 0.56589
30.00 v 44.053 0.51179
Slightly stable 0.10 - 0.30 23.331 0.81956
‘ 0.31 - 1.00 ) 21.628 0.75660
1.01 - 2.00 21.628 0.63077
2.01 - 4.00 © 22.534 0.57154
4.01 - 10.00 24.703 0.50527
10.01 - 20.00 - . 26.970 -0.46713
20.01 - 40.00 35.420 0.37615
40.00 47.618 0.29592
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TABLE 5-2 (cont.)

Pasquill oy = a x (mb)b
Stability Category x (km) ‘
a b

Stable 0.10 0.20 15.209 0.81558

- 0.21 - 0.70 14.457 0.78407

0.71 - 1.00 - 13.953 0.68465

1.01 - 2.00 13.953 0.63227

2.01 - 3.00 14.823 0.54503

3.01 - 7.00 15.187  0.46490

7.01 - 15.00 17.836 0.41507

15.01 - 30.00° 22.651 0.32681

30.01 - 60.00 ‘ 27.084 0.27436

60.00 34.219  0.21716

ASource: Environmental Science and Engineering, 1985
bIf the calculated value of oz exceeds 5000 m, o, is set to 5000 m.

+ = oz is equal to 5000 m.




It has been found that the f]dx during the active 1ife of the facility is

greater than that during postclosure, and will, therefore, be thé'1imiting

factor. From Equation 5-6:

0.17 v (0.994)T-20 H5c14

q 3 (5-16)
ai Mwi
where:
daj = allowable flux during the active period for contaminant i
(g/mz-sec)

v = windspeed (m/sec)

T = temperature (°C)

Hy = Henry's Law Constant (dimensionless)

C15 = concentration of contaminant in the sludge 1iquid (mg/%)

MWi = molecular weight of contaminant

Combining Equations 5-6 and 5-15 for the criteria case yields:

0.17 v (0.994)T-20 h;c14

CET/SRR = ‘ 5-17
ET ’ ﬁﬁﬁ- ( )

which can be solved for C]i to give C]iE the 1imiting s]udge Yiquid

T,
concentration: ,
Cer (Y MW4)
CHET = SRR (0.17 v)(0.994)1-20 H; (5-18)
5.4. INPUT PARAMETER REQUIREMENTS ,
5.4.1. Fate and Transport: Pathway Data.
1. Vertical Term for Transport (V) -- It is conservatively assumed

that atmospheric conditions are stable. Therefore, V will
always be equal to 1.

2. Lateral Virtual Distance (xy) -~ Equal to X, [Cot
(a@'/2) 1/, where A is the sector width in

radians. It is assumed that the sector width is 0.393 (22.5°);
therefore, X, = 2.84X,.

3. Average Wind Speed (v) -- Obtained from local weather station.
4, Average Air Temperature (T) -- Obtained from local weather
station. : '
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5. Air-Filled Porosity of Cover Soil (ngz) -- It is assumed that
cover soils will be drained to field capacity. Therefore, the
air-filled porosity is assumed to be equal to the effective
porosity (ng). Values for effective porosity can be obtained

from Table 4-5.

6. Porosity of Cover Soil (n) -- Can be measured in the 1aboratory.

or obtained from Table 4-5. - '

7. Cover Thickness (tc) -— Obtained from site design or operating
procedures.

8. Length or Width of Source (Xy) -- Obtained from site map or

plans. It is assumed that source areas are square. For active,
uncovered case, X, is equal to the square root of the area of

an individual Tandfill cell. For postclosure, covered case,
Xo 1s equal tq the square root of the area of the overall

Tandfill.

9. Distance from Center of Source to Receptor (r') -- Obtained
from site plans. r' is taken as the sum of one-half the width
of the total 1landfill area (Xy/2) plus the width of the
buffer area from the landfill area to the property boundary.

10. Standard Deviation of the Vertical Concentration Distance
(o;) —— Atmospheric conditions are assumed to be stable. o

5.4.2. Fate and Transport: Chemical-Specific Data.
1. Contaminant Concentration in Sludge Liquid (Cy) -- Derived

directly for a contaminant by applying the TCLP. Alternately,
C; can be -calculated from the dry weight contaminant
concentration, Cs, the organic carbon distribution
coefficient for the contaminant, Koc, the fraction of organic’
carbon in the sludge solids, fgc, and the solids content of
the sludge, S. : :

2. Henry's Law Constant (H') -—- {Qbtained from Appendix B or
derived directly. :

3. Molecular Weight of Contaminant (MW) -- Obtained from the
literature.

5.4.3. Health Effects Data. A reference air concentration ‘(RAC, in
mg/ma), will be defined as an ambient air concentration used to evaluate
the potential for adverse effects on human health as a result of sludge

Tandfilling. That is, for a given 1andff11 site, and given the practice




definitions and aséumptions stated previoﬁs]y,in thfs methédd1bgy, the cri-
terion for a giveﬁ s]udge contaminant is that concentrqtidnvin the sludge
that cannot be exceeded, and is calculated to result in air cohcéntrations
below the RAC at a compliancerpoint downWind from the site. Excéeding the -
RAC would be a basis for concern that adverse health effects‘may occur in a
human population in the site vicinity. ‘
'RAC is determined, based upon contaminant toxicity and éir 5nh31ation
rate, from the following general eduation; v a |
Reference Air Concentration: RAC=1/I  (5-19)
where Ip is the acceptable chronic pollutant intake rate (in mg/day) based
on the potentié] for health effects éhd Ia‘is,the aﬁr ihha]ation rate (in
ms/day). This simplified equation assumeé that the inhaTed'»contaminant
js absorbed into the body via.the lungs at the same Fate'in huméns as in the
experimenta])speciesxtested, or between routes of exposure (e.qg., oral and
inha1ation){ Also, this equation assumes that'théreware no’other exposures
of the contaminant from other sources, natural or manmade. I varies
according to the pollutant evaluated and‘accordihg to'whethekAthe pollutant
acts according to a threshold or nonthreshold Fechanis 6f toxicity.
5.4.3.1. THRESHOLD-ACTING 'TOXICANTS —— Threshold effe@ts are . those
for which a safe‘(i,e., subthreshold) 1level of téxiéént exposuré can be

estimated. For these toxicants, RAC 1s'derived as fo116w$:

Reference Air Concentration: RAC = Gﬁjll&iﬁi) - TBI) =+ Iz  (5-20)
where: ' RE :
| RfD = refefence dose (mg/kg/day)
bw = human body weight (kg)
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TBI = total background intake rate of pollutant from all other sources
of exposure (mg/day)
I, = air inhalation rate (m3/day)

RE = Relative effectiveness of inhalation exposure (unitiess)
The definition and derivation of each of the parameters used to estimate RAC

for threshold-acting toxicants are further discussed below.

5.4.3.1.1. Reference Dose (RfD) —— When toxicant exposure is by
ingestion, the threshold assumption has traditionally been uﬁed to esﬁabiish
an acceptable daily intake, or ADI. The Food and Agricu]tufa] Organization
and the World Health Organization have defined ADI as "the ddi1y intake of a
chemical which, during an entire 1ifét1me, appears to be without appreciable
risk on the basis of all the known facts at the time. It is expressed . in
milligrams of the chemical per kilogram of body weight (mg/kg)" (Lu, 1983).
Procedures for estimating the ADI from various types of tokicq]ogica1,déta
were outlined by the U.S. EPA in 1980 (U.S. EPA, 1980c). Mdre recent)y the
Agegcy has preferred the use of a new term, the "reference dose," or RfD, to
avoid the connotation of acceptab11fty, which is often controversial.

The RfD 1is an estimate (with uncertainty spanning perhaps an order of
magnitude) of the daily exposure to the human population (including
sensitive subgroups) that is 1ikely to be without appreciab1e risk of
deleterious effects during a lifetime. The RfD 1is expressed in units of
mg/kg bw/day. The RfD 1is estimated from observations in humans whenever
possible. When human data are lacking, observations in anfma1s are used,
employing uncertainty factors as specified by existing Agency methodoiogy“

RfD values for noncarcinogenic (or systemic) toxicity have been defﬁved

by several groups within the Agency. An Infra~Agency Work Group verifies

each RfD, which 1is then 1loaded onto the Agency's publically available




Integrated Risk Information System (IRiS) database. Most of the

noncarcinogenic chemicals that are presently candidates for sludge criteria
for the landfill pathway are included on the Agency's RfD 1ist,»and thus no
new effort wiTT be required to estab1%sﬁ RfDs for deriving sludge criteria.
For any chemicals not so listed, RfD values should be derived'accordihg to
established Agency procedures (U.S. EPA, 1988).

5.4.3.1.2. Human Body MWeight (bw) and Air Inhalation Rate (Iai) -
An assumption of 20 m inhé]ation/day by a 70-kg adult has been widely
used in Agency risk assessments. and will be used in this methodology for
adults. Table 5—3 shows values of Iavfor a typfca] man, woman, chiild and
infant with a typical activity schedule, as defined by the International
Cdmmissioh on Radio]ogical‘Protection (ICRP,']975); Additional values have
been derived for an adult with the same activity schédu1e,‘but:USing.upper
" 1imit rather than average assumptions about respiration rates vfor' eadh
actiVity; and for an adu1t‘with norma1\respiration rates, but whose erk is
moderaté1y active and who ﬂractices_ 1 hour of heavy activity (i.e.,
strenuous exercise) per day (Fruhman,‘1964, as cited Diem and Lentner, 1970;
Astrand and 'Rodah1, 1977, . as cited 1in Fiserova-Bergerova, 1983).
Representative body weights have been assigned to each of these individuals
to calculate a respiratory volume-to-body weight ratio. (Theée ratios have
‘been derived for illustrative purposes only.) The resulting ratio values
"range from 0.33 to 0.47 m®/kg/day, all of which exceed the ratio value
'of 0.29 ma/kg/day éstimafed from the 70—kg adult 1inhaling . 20 malday,
as used currently by the Agency. Thefefore, the typically assumed " values
for aduits may underestimate actual exposure. In cases where children or
infants are known to be at'specific ri§k, it may be more appropriate to use

values of bw and Ia for children or infants.
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5.4.3.1.3. Tdta1 Background Iptake Rate of Pol]utaht (TBI) —— It is
important to recognize that sources of exposure other thah s1u§ge disposal
practices may exist, and that the total exposure shbu1d be maiﬁtained below
the RfD. Other. soUrces of exposure include background 1levels (whether
natural or anthropogenic) in drinking water, food or‘air; Other fyﬁeéfof'
exposure, due vto occupation' or habits such as .smoking, ‘might also be
included depending on data availability and regulatory poiicy."These expo-
sures ére summed to estimate TBI.

Data for estimating background exposure u$ua11y are derived from
analytical .surveys of surféce, ground or tap water, ffom fDA market~basket
surveys and from air—mohitoring surveys. These surveys may:report means,
medians, percentiles or ranges, as well as detection limits. Estimates of
TBI may be based on values represent1ng central tendency or on upper-bound
exposure s1tuat1ons, depend1ng on regulatory policy. Data chosen to esti-
mate TBI should ‘be consistent with the ;/a1ue ofr bw. Where background data
are regorted in tefms df a concentration in air or water; 1ngestidn-or
inhalation rates app]fcab]éyto adults or children can be used to estimate
the proper daily baékground intake va]ue.‘ Where data are reported as total
daily dietary 1ntake for adults and s1m11ar values for ch11dren are unava11—
able, conversion to an 1ntake for children may be required. "Such a conver-
sion could be estimated on the basis of relative total food intake‘or‘relé—
- tive total caToric intake between adults and children.

For example, in deriving the National Emission Standard for mercury, the
average dietary contribution of 10 ug Hg/?Olkg/day was subtracted ffdm the

assumed threshold of 30 ﬁg/?O kg/day tb yivé éh allowable increment from

inhalation exposure of 20 wug/70 kg/day. ‘ Aﬁ: assumed inhalation volume of




20 ms/day for a 70-kg man -was then applied to derive an allowable
ambient air concentration of 1 wug Hg/m3 (U.S. -EPA, 1984a). For the
purposes of this methodology, however, TBI should be an estimate of
background exposure from all sources, including inhalation.

As stated in the beginning of this subsection, the TBI is the summed
estimate of all possible background exposures, except. ekposures resulting
from a sludge disposal practice. To be mqre exact, the TBI shou]d,be a sum~
med total of all toxicologically effective intakes ffom a1l nonsludge
exposures. To determine the effective TBI, background intake values (BI)
for each exposure route must be divided by that route's partﬁcu]ar relative
effectiveness (RE) factor. Thus, the TBI can be mathematically derived,

after all the background exposures have been determined, using the following

equation:
_ BI (food) . BI (water) . BI (air) | BI (n) ‘
TBI = pg (food) ¥ RE (water) T RE (air) ¥ ** Y RE (n) (5-21)
where: ‘

TBI = total background intake rate of pollutant from all other
sources of exposure (mg/day)

BI = background intake of pollutant from a given exposure route,
indicated by subscript (mg/day)

RE = relative effectiveness, with respect to inhalation exposure,
of the exposure route indicated by subscript (unitless)

5.4.3.1.4. Fraction of Inhaled Air from Contaminated Area —- It is
recognized that an individual exposed to air emissions from a landfill may
not necessarily remain in the landfill proximity for 24 hours/day. However,
if it is assumed that residential areas may be contaminated, it is likely
that less mobile individuals will include those at greatest risk. Therefore,
it is reasonable to assume that 100% of the air breathed by the MEIs will be

from the area of the Tandfill.
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5.4.3.1.5. Relative Effectiveness of Exposure (RE) -— RE is a

unitliess factor that shows the relative toxicological effectiveness of an
exposure by a given route when compared to another route.. The value of RE
may reflect observed or estimated differences in absorption between the
inhalation and ingestion routes, which can then significantly influence the
guantity of a chemical that reaches a particular target tissue, the length
of time it takes to get there, and the degree and duration of the eFFectf
The RE factor may also reflect differences in the occurrence of the critical
toxicological effects at the portal of entry. For example, carbon tetra-
chloride and chloroform were estimated to be 40% and 65% as effective,
respectively, by inhalation as by ingestion based on high-dose absorption
differences (U.S. EPA, 1984b,c). 1In addition to route differences, RE can
also reflect differences in the exposure matrix. For example, absorption of
nickel ingested in water has been estfmated to be 5 times that of nickel
ingested in the dijet (U.S. EPA, 1985d). The presence of ‘food in the
gastrointestinal tract may delay absorption and reduce the availability of
orally administeréd compounds, as demonstrated for halocarbons (NRC, 1986).
Physiologically based pharmacokinetic (PB-PK) models have evol&ed into
“particularly useful tools for predicting disposition differences due to
exposure route differences. Their use is predicated on the premise that an
effective (target-tissue) dose achieved by one route in a particular species
is expected to be equally effective when achieved by another exposure route
dr in Some other species. For example, the propér measure of target—tissue'
dose for a chemical with pharmacologic activity would-be the tissue concen-
tration divided by some measure of thé receptor binding constant for that

chemical. Such models account for fundamental physio]ogicland biochemical
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parameters such as blood flows, ventilatory parameters, metabolic capacities

and renal clearance, tailored by the physicochemical and biochemical prop-
erties of the agent in question. The behavior of a substance administered
by a different exposure route can be determined by adding equations that
describe the nature of the new input function. Simi]arjy, since known
physio1qgic parameters are used, different species (e.g., humans vs. test
species) can be modeled by replacing the appropriate constants. It should
be emphasized that PB-PK models must be used 1in conjunction with toxicity
and mechanistic studies in order to relate the effective dose associated
with a certain level of risk for the test species and conditions to other
scenarios. A detailed approach for the application of PB-PK models for
derivation of the RE factor is beyond the scope of this document, but the
reader is referred to the. comprehensive discussion in NRC (1986). Other
useful discus§ions on considerations necessary when extrapolating route to
route are found in Pepelko and Withey (1985) and Clewell aﬁd Andersen (1985).

Since exposure for the vapor pathway is by inhalation, the RE factors
applied are all with respect to the inhalation route. Therefore, the value
of RE 1in Equation 5-20 gives the relative effectiveness of the exposure
route and matrix on which the RfD was based when compared to. inhalation of
-contaminated air. Similarly, the RE factors in Equation 5-21 'show the
relative effectiveness, with respect to the inhalation route, of each back-
ground exposure route and matrix.

An RE factor should only be appiied where we]]—docﬁmented, referenced
information is available on the contaminant's observed relative effective-
ness or its pharmacokinetics. When such information is not available, RE is

equal to 1.
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5.4.3.2. CARCINOGENS —— For carcinogenic chehica]s, the ‘Agency con-

siders the excess risk of cancer to be linearly related to dose, except at
high-dose 1levels (U.S. EPA, 1986a). The threshold assumption, therefore,
does not hold, as risk diminishes with dose butrdoes not‘become zero or
background until dose becomes zero.

The decision whether to treat a chemical as a threshold- or nonthresho}d—
~acting (i.e., carcinogenic) agent depends on the weight‘of the evideﬁce that
"it may be carcinogenic to humans. Methods for classifying chemfcéls as-to
their:weight of evidence have been described by U.S. EPA (U‘S. EPA, 1986a),

and most of the chemicals fhat presently are candidates for sludgé criteria
have recently been classified 1in Health Assessment Documents or other
reports brepared by the U.S. EPA's O0Office of Health and.  Environmental
Assessment (OHEA), or in connection with the development of recommended
maximum contaminant levels (RMCLS) for. drinking-water contaminants (U.S.
EPA, 198$e). To derive values of the reference air concentration (RAC), a
decision- must be made as to which classifications constitute sufficient
evidence for basing a‘ quantitative fisk, assessment cn 'a presumption of
carcinogenicity. Chemicals in c1assif1catfons A and B, "human carcinogen"
‘and "probable human carcinogen," respectively, have usda11y'béenlassessed as
. carcinogens, whereas those in c]assifications D ahd E, "not c]assifiab1e as
to human carcinogenicity because of inadequate human and animal data® and
"evidence of noncarcinogenicity for humans," respectively, hace usually been
assessed according to threshold effects. Chemicals c1assifiéd as  C,
"possible human carcinogen," have received varying treatment. vFor exampie,'v
Tindane, classified by‘the»Human HealthrAssessment Group (HHAG) cf'the u.s.

EPA as B2-C, or between the lower range of the B category and category C,




has been assessed using both the linear model for tumorigenic effects (U.S.

EPA, 1980b) and based on threshold effects (U.S. EPA, 1985e). Table 5-4
gives an 1illustration of these U.S. EPA classifications based on the
available weight of evidence.

Using the weight-of-evidence classification without noting the
explanatory material for a specific chemical may lead to a’f1awed conclu-
sion, since some of the classifications are exposure-route dependent.
Certain compounds (e.g., nickel) have been shown to be carcinogenic by the
inhalation route, but not by ingestion. The fissue of whether or not to
treat an agent as carcinogenic by dingestion remains controversial for
several chemicals.

If a pollutant is to be assessed according to nonthreshold, carcinogenic

effects, the RAC is derived as follows:

. o = RL x bw .
Reference Air Concentration: RAC = (:;;—;—Eg) TBI| = Ia (5-22)

where:
q1%* = human cancer potency [(mg/kg/day)*]
RL = risk level (unitless) (e.g., 1075, 107¢, etc.)
bw = human body weight (kg)
RE ‘

relative effectiveness of inhalation exposure (un1t1ess)
I = air inhalation rate (m®/day)

TBI = total background intake rate of po11utant (mg/ddy), from

all other sources of exposure

The RAC, in the case of carcinogens, is thought to be protective since the
q1* is typically an upper-limit value (i.e., the true potency is consid-

ered unlikely to be greater and may be less). The definition and derivation
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TABLE 5-4

Illustrative Categorization of Evidence Based on Animal and Human Data#

Animal Evidence

Human
Evidence _ Sufficient Limited Inadequate No Data No
. : v Evidence

Sufficient A A A A A
Limited B1 B1 - BT B1 Bl
Inadequate B2 C D D D
No data : B2 C D D E
No evidence B2 c D D E

*The above assignments are presented for illustrative purposes. There may
be nuances in the classification of both animal and human data indicating
that different categorizations than those given in the table should be
assigned. Furthermore, these assignments are tentative and may be modified
by ancillary evidence. In this regard, all relevant information should be
evaluated to determine if the designation of the overall weight of evidence
needs to be modified. Relevant factors to be included along with the tumor
data from human and animal studies include structure-activity relationships;

- short-term test findings; results of appropriate physiological, biochemical
and toxicological observations; and comparative metabolism and pharmaco-
kinetic studies. The nature of these findings may cause an adjustment of
the overall categorization of the weight of evidence. : ' :
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of each of the parameters used to estimate RAC for carcinogens are further

discussed in the following subsections.

5.4.3.2.1. Human Cancer Potency (q1*) -- For most . carcinogenic
chemicals, the linearized multistage model is recommended for estimating
human cancer potency from ‘animaW " data (U.S. EPA, 1986a). When
epidemiological data are available, potency 1is estimated based. on the
observed relative risk in exposed vs. nonexposed 1ndividuaﬁs, and on‘>the
magnitude of exposure. Guidelines for use of these procedures have been
presented in the U.S. EPA (1980c, 1985e) and in each of a series of Hea]th
Assessment Documents prepared by OHEA (e.g., U.S. EPA, 1985d). The ftrue
potency value is considered unlikely to be above the upper-bound estimate of
the slope of the dose-response curve in the Tlow-dose vrahge, and it is
expressed in terms of risk/dose, where doée is in units of mQ/kg/day.. Thus, -
q]* has wunits of (mg/kg/day)—l. OHEA has derived 'poﬁency estimates
for each of +the potentially carcinogenic chemicals that are hresent1y‘
candidates for sludge criteria. Therefore, no new effort will be required
to develop potency estimates to derive sludge crfteria. |

5.4.3.2.2. Risk +Level (RL) —— Since by defﬁnition no "safe' »1eve1
exists for exposure to nonthreshold agents, values of RAC are ca]cu]éted to
reflect various levels of cancer -risk. If RL is set‘af zero, then RAC will
be zero. If RL is set at 10—6, RAC will be the concentration which, for
lifetimé exposure, 1is calculated to have anvupper—bound.cancer risk of one
case in one million individuals exposed. This risk level refers‘to excess
cancer risk, i.e., over and above the background cancer risk in unexposed
individuals. By varying RL, RAC may be calculated for any Tevel of risk in

the 1low-dose region, i.e., RL 590_2, Specification of a given risk
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“level on which to base regulations is a matter of policy. Therefore, it is

common practice to derive criteria representing several 1levels of risk
without specifying any level as "acceptable.”

5.4.3.2.3. Human Body Weight (bw) and Air Inhalation Rate (Ia) -
Considerations for defining bw and Ia are similar to those stqted in Sec-
tion 5.4.3.1.2. The HHAG assumes ‘respective values of 70 kg and 20
mslday to derive unit risk  estimates for "air, - which are potency
estimates transformed to units of (ug/m®)"t. ¢ As illustrated in
- Table 5-3, exposures may be highér “in children than in adults when the
ratios of inhalation volumes to body weights are compared. However, because
exposure js .1ifelong, values of bw and Ia. are’ usually chosen to be
representative of adults.

5.4.3.2.4. Relative Effectiveness of Exposure (RE) - RE is a unit-
less factor that shows the relative toxicological effectiveness of an expo-
sure by a given route when compared to another route. The value of RE may
~reflect observed or estimated differences in absorption between the inhala-
tion and ingestion routes, which can significantly influence the quantity of
- a chemical that reaches a particular .target tissue, the length 6f time it
takes to get there, and the degree and duration of the effect.  The RE
factor may also reflect differences in the occurrence of critical toxico-
.logical effects at the portal of entry. For eiamp]e, carbon. tetrachloride
and chloroform were estimated to bel40% and 65% as effective, respectively,
by inhalation as by ingestion based on high-dose absorption differences
(U.S. EPA, 1984b,c). . In addition to route 'differences, RE can also reflect
differences 1in the exposure matrix. For example, absorption of nickel

ingested in water has been estimated to be 5 times that of nickel ingested

5-29




in food (U.S. EPA, 1985d). The presence of food in the gastrointestinal

tract may delay absorption and reduce +the availability of orally
administered compounds, as demonstrated for halocarbons (NRC, 1986).

PB-PK models have evolved into particularly useful tools for predicting
disposition differences due ,fo exposure route differences. Their use is
predicated on the premise that an effective (target-tissue) dose achieved by
one route in a particular species is expected to be equally effective whén
achieved by another exposure route or in some other specieﬁ. For exampie,
the proper measure of target-tissue dose for a chemical with phérmaco]ogic
activity would be the tissue concentration divided by some measure of the
receptor binding constant for that chemicaﬁ. Such hodélé account for
fundamental physiologic and biochemical parameters such és blood flows,
ventilatory parameters, metabolic capacities and renal clearance, tailored
by the physicochemical and biochemical -properties of the agent in question.
The behavior of a substance administered by a different exposure route can
be determined by adding equations that describe the nature of the new input
function. Similarly, since known physiologic parameters are used, different
species (e.g., humans vs. test species) can be modeled by replacing the
appropriate constants. It should be emphasized that PB-PK modeis must be
used in conjunction with toxicity and mechanistic studies in order to relate
the effective dose associated with a certain level of risk for the test
species and conditions to other scenarios. A detailed approach for the
application of PB-PK models for derivation of the RE factor is beyond the
scope of fhis document, but the reader is referred to 'tﬁe comprehensive
discussion in NRC (1986). Other useful discussions on considerations
necessary when extrapolating route to route are found in-Pepelko and Withey

(1985) and Clewell and Andersen (1985).
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Since exposure for the vapor pathway is by inhalation, the RE factors
applied are all with respect to the inhalation route. Therefore, the value
of RE. 1in Equation 5-22 giVes the relative effectiveness of the exposure‘
route and matrix on which thé”q1* was based when compared to inhalation of
contaminated air. Simi]arly;‘ the RE factors .in Equation. 5-21 show the
relative eFFéctiveness, with respect to the inha]ationAroute, of each back-
ground exposure route and matrix.

An RE factor should only be applied where'we11—documented, referenced
~information is available on the contaminant's observed relative effective—
ness or its pharmacokinetics. When such information is not ava11ab1e, RE s
. equal to 1. |

| 5.4.3.2.5. Total Background Intake Rate of Pollutant (TBI) -- It is
important to recognize that sources of exposure other than sludge disposal
practices may exist, and that the total exposure should be maintained below
the determinedr cancer risk-specific exposure level. Other sources of
exposure include background Tevels (whether natural or anthropogenic) in
drinking water, food or air. Other types of exposure, due to occupation or
habifs such as smoking, might also be included depending on data availabil-
ity and regu1atoky policy. These exposures are summed to estimate TBI.

Data for estimating background exposure'usua11y ére‘derived from analyt-
- ical surveys of Surface, ground or tap water, from FDA market-basket sUr—
veys, and frdm air-monitoring surveys. : These surveys. may report means,
medians, percenti1es or ranges, as well as detection limits. Estimates of
TBI ‘may be based on va1ﬁes representing central tendency or on gpper—bound
exposure situations, depending on regu]atory po]icy. Data chosen,to esti-

mate TBI should be consistent with the value of bw. Where background data
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are reported in ferms of a concentration 1in air or water, ingestioﬁ or
inhalation rates applicable:  to adults can be used to estiﬁate the proper
daily background intake. value. For certain compounds (e.g., nickel) that
have been shown to be carcinogenic by the dnhalation route,:but not by the
ingestion route, the TBI should not include background exposure from the
ingestion route. Thus, in such a case only background exposures from other
air emission sources should be included in the TBI. .

As stated in the beginning of this subsection, the TBI 1is the summed
estimate of all possible background exposures, except exposures resulting
from a sludge disposal practice. To be more exact, the TBI should be a sum-
med total of all toxicologically effective intakes from all nonsludge expo-
sures, To determine the effective TBI, background intake va1ue5'(BI) for
each exposure route. must be. d%vided by - that route's particular relative
effectiveness (RE) factor.: Thus,. the., TBI can be mathematically derived}

after all the background exposures have been determined, using the following

equation:
_ BI (food) , BI (water) _ BI (air) ’ BI (n)
TBI = RE (food) * RE (water) * RE (air) ¥ *** ¥ RE (n) (5-23)
where:
TBI = total background intake rate of pollutant from all other
sources of exposure (mg/day) : !
BI = background intake of bo11utantbfrom a given éxposuke route,
indicated by subscript (mg/day)
RE ='relative effectiveness, with respect to inhalation exposure,
of the exposure route indicated by subscript (unitless)
5.4.3.2.6. Fraction of Inhaled Air From Contaminated Area —- It is

recognized that an individual exposed to air emissions from a landfill may

not necessarily remain in the landfill proximity for 24 hour#/day. However,
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if it is assumed that residential areas may be contaminated, it is likely

that less mobile individuals wi]] include those'at greatest risk. There-
fore, it is reasonable to assume that 100% ofvthe air breathed by the MEIs
will be from the area of landfill.
5.5. SITE-SPECIFIC APPLICATION

This section presents sample calculations for determining the vapor
exposure resulting from landfilling of sludge. In the following, calcu]aF
tions are first made for a particular landfill on a sfte—specific applica-
tion and then an example is given for calculating maximum allowable contami-
nant levels in sludge. Benzene, because it is a vo]ati]e‘contaminant of
concern, is used for the example calculations. For the exahp]es, data de-
scribing the occurrence and concentration of benzene in sludge are taken
'fkom U.S. EPA (1985a). The pathway and chemica] parameters used in the
~calculations are summarized in Table 5-5.. Data describing waste sites are
values assumed to répreSent reasonab]é cases. In actha] practice,‘the data
used in the ca1cu1ations would be those measured or collected by the
applicant. ‘ 7

Assume operating procedures include excavation‘offa 4;-by 16-m trench,
disposal of three daily 0.5-m 1ifts in each french, application of a daily
cover of 0.3 m soil and application of a Fﬁna] cover of 1.0 m soil. Assume
that 67% of the totai disposal site area is.availéble For trenches (Table
5-6).
5.5.1. Tier 1 Ca]cu1ation.‘ The‘Tierv1 calculation involves comparihg the
equilibrium vapor cohcentratipn of the cohstituent with the reference air
concentration (RAC). This approach represents the worst possible case with

~no allowance méde_for atmospheric dilution, dispersion or degfadation.' The
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TABLE 5-5 | ]

Input Parameters for Example Calculations: Vapor Loss

Fate and Transport: Pathway Data
1. Vertical term for transport V=1

2. Lateral virtual distance - Xy = 2.84xq

22.64 m active
"1361.46 m postclosure

2 m/sec

I}

3. Average windspeed v,

4. Average air temperature T = 15°C

5. Air-filled porosity of cover soil na = 0.1

6. Porosity of cover soil n=20.4.
7. Cover thickness . Te=0.3m active, 1.0 m postél !
closure
8. Length of source ‘ Xo = 8 m active, 480 m post-
: -closure ‘ :
g. Distance from center of source o , . 'Q
to receptor r' =340 m : EE
10. Standard deviation of the
vertical concentration distance oy, =6.2m :

Fate and Transport: Chemical-Specific Data (Benzene)

11. Contaminant concentration in
sludge liquid X = 0.0083 mg/9

12. Henry's Law Constant ' H' = 0.24

13. Molecular weight of contaminant = MW = 78

Health Data (Benzene)

14. Reference concentration in air RAC = 6.73x1072 ug/m?
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‘TABLE 5-6

Supporting Sludge Landfill Characteristics

Daily disposal rate
Trench dimensions
Depth of daily fill-
"~ Life of faci]ity
Tota] trench area

Total disposal site area

10 dry metfic tons/day
4 mby 16 m
0.5 m

20 years
156,000 m2

234,000 m?
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equilibrium vapor concentration is taken as the product of the Henry's Law

Constant of the constituent and the 1liquid phase concentration of the
constituent.

The 1iquid phase constituent concentration can be obta%ned in several
ways. If the leachate extraction procedure is used, the 1fquid concentra-
tion will be determined directly ;From the procedure. If the analytical
results are expressed in terms of dry weight, it will be necessary fo con-
vert the dry weight results fo an equivalent liquid phase concentration
accounting for partitioning between the Tiquid and so1id phases. This is

accomplished with Equation 5-24:

C S :
cy = dry (5-24)
KOC fOC S 4+ Q—_S)_ ’
where: YL
Cy = concentration of contaminant in sludge 1iquid (mg/a)

Cdry = dry weight concentration of contaminant in sludge (mg/kg)

S = solids content of sludge (kg dry solids/kg total wet
sludge)
Koe = organic carbon distribution coefficient

mg_contaminant/kg organic carbon
mg contaminant/% sludge 1iquid

foc = organic carbon content of sludge (kg organic carbon/
kg sludge solids)

vy = density of sludge 1liquid (kg sludge Tiquid/f sludge 1iquid)

For the example calculation, the mean dry weight concentration of behiene
in sludge, 0.326 mg/kg, reported in U.S. EPA (1985&) is used. The organic
carbon distribution coefficient for benzene is 74.2 2/kg (U.S. EPA, 1985a).
Assuming a solids content of 30% for dewatered s1ddge, an organic carbon
content of 50% for the sludge solids and a density of 1 kg/&vfor the sludge

1iquid, the equivalent liquid cdncentration is the following:
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(0.326 mg/kg)(0.30 kg/kq)

(74.2 9./kg) (0.5 kg/kg)(0.30 kg/kg) + (1-0.30) kg/kq,
1.0 kg/2

C1 =

0.0083 mg/e
The Henry's Law’anstanf for benzene is then used to ca1culate tﬁé vapor
concentration in equilibrium with the liquid concentratfohi

Cv=Hce, I © (5-25)
From Appendix B, the dimensionless Henry's Law Constant for Benzéne'iﬁ 0.24.
The equilibrium vapor pressure 1s$
= (0.24) (0.0083 mg/2) = 0.0020 mg/e = 2.0 mg/m’

The RAC for the carcinogen benzene is derived using'Equatioh'5~22:

Rac = [(BEXBN ' gy ]L 1,
ql* x RE

The risk level (RL), the body weight (bw) . and thé daily 1hha]ation volume
(I,) are set for this example at 107°, 70 kg and 20 m°, " respec-
tively. The re]ative efFectiveness factor (RE) s set ét“]. " The human
cancer potency for benzene has been determined by ‘the U.S. EPA to be
5.2x10"°  (mg/kg/day) . Current total background intake (TBI) of

benzene from a}] other sources (i.e., éxcgpt frdm ]andfi]]igg of sludges)-
has not been determined for 1986, but for i]1us£ratiVe purposeé a TBI of
zero is used here to derive an example RAC. Determination of an RAC for a
‘specific landfi11 site should be based on a current local assessment of TBI.

107¢ x 70 kg |
-0+ 20 ma
5.2x10~2 (mg/kg/day)-1r x 1 '

RAC

= 6.73 x 10 ° mg/m°
= 6.73 x 10 ° ug/m°
= 0.0673 ug/m®
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The above vapor concentration is then compared to the reference value for
benzene, RAC = 6.73x10 > pg/m°. Since 2 mg/m° >> 6.73x10 - wg/m",

it is necessary to proceed to Tier 2.

5.5.2. Tier 2 Calculation. The Tier 2 methodology involves estimating
the flux of contaminant out of the Tandfiil and using an - atmospheric
dispersion model to predict the atmospheric concentration of contaminant
downwind of the site. The long-term average downwind concentration is then
compared with the RAC.

The first step of the Tier 2 methodology is to calculate the flux rate
of contaminants during the active 1ife of the trench (1.e., before emplace~-
ment of final cover). The flux rate for the active pe}iod‘of the cell is
taken as the time-weighted average of the flux rate with no cover and the
flux rate with temporary daily cover. Under the assumed operating condi-
tions, each trench will be active‘for a 3-day period. On each of the 3
days, a 1ift of sludge will be applied followed by a temporary soil cover.
It is assumed that the sludge will be uncovered for 4 hours each day.
Therefore, the fraction of time that the Ys]udge. is  uncovered is
(3x4)/(3%x24) = 0.17. The fraction of time that the sludge is covered by
temporary cover is (3x20)/(3x24) = 0.83.

The flux rate during the portion of time that wastes are uncovered is
calculated using Equation 5-6: |

0

= [0.17 v (0.994)T‘2 HyCy 41/ VMMWI

q. -
ai
Based on the parameter values provided in Tables 5-4 and 5-%5, the resulting

contaminant flux rate is:

[(0.17)(2 m/sec)(0.994) °2%(0.24)(0.0083 g/m*)1/+/MwI

a3
7.9 x 107 ° g/m°-sec
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The flux rate during the portion of time that wastes are covered by -
temporary cover is calculated using Equation 5-8:

aps = [9.2 x 107 n,10/3 (1.006)" 2

HCy;1/4f/MWI T, n*

As shown in Table 5-5, the thickness of- the temporary soil cover, Tc, is
0.3 m. The air-filled porosity of the soil éover, ha’ and the total
porosity of the soil covef, n, are assumed to be 0.1 and 0.4, respectively.
- The resulting contaminant flux rate is:

[(9.2 x 10_5)(0.1)10/3 15-20

q (1.006)

o (0.24)(0.0083)]/lj MWI (0.3)(0.4)’]

2.0 x 10 *° g/m°-sec

qp-'

The time-weighted flux for the active period is then:
(7.9 x 107" g/m*-sec)(0.17) + (2.0 x 10" *° g/m*~sec)(0.83)
=1.3 x 10 ° g/m*-sec
The second step of the Tier 2 methodology is to calculate the flux rate
of contaminants during the postclosure period. The flux during the post-
closure period is calculated using Equation 5-8:
Upi - [9.2 x 10°° n, 1073 (1 .006) T"20 Hic]i]/[ MWI T, n®
The values of variables used will be the same as those used to calculate flux
through the temporary cover, except fér the cover thickness, Tc. For post-

' closure, the cover thickness is 1.0 m. The resulting postclosure flux is:
10/3 15-20

]

[9.2 x 107° (0.1) (1.006)

q (0.24)(0.0083)]/[ 78 (1)(0.4)2

pi
5.8 x 10 * g/mz—sec

The Tlong-term average exposure level is based on exposure to contami-
nants over a 70-year period. The fluxes for the active and poStc1osure
cases, therefore, must be adjusted to reflect the period of exposure. For
the activercase, one landfill cell will be open at any time during the
entire 20-year active period. The long-term average flux associated with

the active portion of the fi11 is then 20/70 times the active flux or:
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(20/70)(1.3 x 10-51g/m2—sec) =3.71.x 10 ° g/mz—sec
The long-term average flux associated with postclosure will be based on the
average postclosure 1ife of the Tandfill cells. That is,;a11 cells will be
closed at least 50 years and the maximum postclosure period will be 70 years.
Because the postclosure period varies linearly from 50 to 70 years, the
average period of 60 years was used. The long-term average flux associated
with postclosure will then be 60/70 of the postclosure flux or:

(60/70)(5.8 x 10 "' g/m°-sec) = 5.0 x 10 "~ g/m°-sec '

Because the active and postclosure fluxes involve differenf source areas,
the fluxes could not be summed to obtain a single long-term average'F1ux to
calculate exposure. That is, the active flux is associated with the area of
one landfill cell, while the postclosure flux is associated with the area of
the total disposal site. Therefore, the downwind concentrations associated
with each flux were ca1cu1ated,and summed to obtain the average exposure.

Downwind exposure concentrations were ca]cu1ated‘us1ng Equation 5-9:

Xqu Vv:
(r' + Xy) v oz

C(r,0) = (2.032 x 10°) [

The above equation is for the concentration along the center Tine of the
plume, which represents a worst case. |

For the active-period exposure, the side of 'the Ssource area, Xo, is
108 m. In determining the distance from the source center to the receptor,
r', it was assumed that the active céi1 was always located in the center of
the disposal area. The distance was then téken as one-half the square root
of the area of the‘disposa1 site plus a buffer zone distance, assumed to be
100 m. |

r' = (0.5) (234,000 m°) + 100 m = 340 m
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The lateral virtual distance, Xy, was calculated using £quation 5-13:

N =(h) Cot (_A_ﬂ)
v =\m .

= 8(2.84) = 22.69 m_

az was calculated for a worst-case condition correspondiﬁg to vsfab]e
atmospheric conditions. For a downwind distance correspond?ng to the dis-
tance r' (0.34 km), s, was calculated using the data presented in
Table 5-1. |

o, = 14.456 (0.34)°°7%%°7 = 6.2 m
For stable atméspheriC‘conditions and a contaminant release height of O m, L
is infinite and therefore the vertical term,‘lv, is equaj t0'1 (Equation
5—11). For the assumed wind speed of 2 m/sec, the résu]ting‘downwind con-
centration is: |
‘onq v
+ Xy) v ag

C(r.0) = (2;032 x 10¢) [

]

(2.032 x 108)(8)2 (3.71 x 10-8)(1)
(340 + 22.69)(2)(6.2)

0.11 wg/m’

For the posté]osure period, the side of the source areé, Xo, is 480
m. The distance from the source center to the receptor, r', is the same as
for the active case. As for the active case, the lateral virtual distance,

Xy, was calculated using Equation 5-13:

' X o) cot Aﬂ') :
xy: (vﬁr‘) | 5 = 480(2,‘.84) = 1361.46» m
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As with the active case, o, was selected for‘va worst-case condition cor-
responding to stable atmospheric conditions. Because the downwind distance
is the same as for the active case, ‘oz will be 6.2 m. The vertical
term, V, will also be equal to 1, as in the active case. ‘Using the above

data and the assumed wind velocity of 2 m/sec, the downwind contaminant

concentration is:

Xolq V.
C(r,0) = 2.032 x 10° [(r' + Xy) v d;

2.032 x 106 (480)2 (5.0 x 10~21)(1)
= (340 + 1361.46)(2)(6.2)

= 7.1 x 1072 ug/m®
The above results show that the exposure due to fhe postclosure release
is negligible comparéd to the exposure due to active release. The total

exposure concentration for comparison to the reference level will then be

the active exposure, or 0.11 ug/ms. This is comparéd to fhe reference
air concentration, RAC = 6.73x10 2 pg/m>, for benzene.
5.6.  NATIONAL CRITERIA SITE-SPECIFIC APPLICATION |

To establish sludge concentration criteria for volatile contaminants, ft
is necessary to operate the methodology provided here in a reverse mode.
That is, the RAC must be taken as input to determine the maximum allowable
concentration in the source siudge, From Equation 5-14, the compliance
point concentration is defined as: |

€ =0Q x SRR

Since SRR is characteristic of'a site and not concentration dependent; a
single value can be calculated for a ;epresentative site. When C is set at

C the long-term effects threshold concentration, the allowable

ET’

long-term average flux Qave is defined as:

Q = C_/SRR | (5-26)
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The flux during the active 1ife of the faci]ity was shown in Section 5.5.2.

to be far greater than that during postclosure, and therefore the latter may

be set equal to zero in the calculation of criteria. From Equation 5-6:

0.17 v (0.994)7-20 yic1;

Jai = YR
where:
dai = flux during the uncovered period (g/mz-sec)
v = windspeed (m/sec)
T = temperature (°C)
Hiy = Henry's Law Constant (d1mens1on1ess)
C1j = concentration of contaminant in the sludge 11qu1d (mg/n)
MWy = molecular weight of contaminant

The average flux during the human 1ifgt1me is:determined by adjusting the
uncovered period flux, qai’ for the fraction of time that the sludge is
uncovered (0.17) during the fac111ty act1ve life, and for the assumed total
active life of the facility (20 years) during the,human Tifetime (70 years),
as described in Section 5.5.2. The resu]tfng re]ationship‘is as follows:

| Q=aq, x0.17x (20700 (5-27)
Comb1n1ng Equations 5-6, 5-26 and 5-27 for the criteria case y1e1ds

CET/SRR < 0.17 v (0.994)7T- 20 H{C14 017 20 s
. X - -28
ET =" T 70 ( )

The latter can be solved for C1, to give C1 the 1limiting s1udge

i iET

1liquid concentration:
Cer (yMWi) 1. .. 10

on - (5-29
SRR (0.17 v)(0.994)T-204; X 0.17 * 20 (5-29)

CTHET =

For benzene, the Mwi is 78,vg/mo1, the Hi is 0.24 and the RAC is

6.73x10 ° ug/ma. Therefore: v ‘ :

6.73 x 1072 (y78) 110

CligT = 15-20 X X — (5~30)
(3x10%)(0.17)(2)(0.994) (0.24) 0.17 20 .

=4.9 x 10 ° mg/s
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The national criteria would, therefore, be set at 4.9x10 ° mg/% in
leachate. Based on Equation 5-24 and ‘assuming a solids content of 30% for
dewatered sludge, an organic content of 50% for the sludge solids and a
density of 1.0 kg/% for the sludge 1iquid, the corresponding dry weight

concentration of benzene in the landfilled sludge would be 0.19 mg/kg.
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" APPENDIX A

COLUMN METHOD FOR DETERMINING RETARDATION FACTOR (RF)
AND DISTRIBUTIDN COEFFICIENT (Kd) -




A.1. SCOPE AND APPLICATION

The column methods described herein can be used to ‘experimenta11y
determine the velocity of a contaminant through a column of porous
soil/rock. The method is directed to measurement of a retardation factor
(the ratio of water velocity to c0ntam{nant velocity). A distribution
coefficient can subsequently be derived based on the porosity and density df
the soil/rock matrix. The method is applicable to any porous media through
which water-borne contaminants may flow. Water is passed through a column
of the porous media on a once-through or recirculating basis. Contaminant
is introduced continuously or as a spike. The time of travel for the
contaminant is determined by measuring contaminant in effluent volumes. The
result is compared to the ve1ocity‘pf water througﬁ the column. Thé ratio

of the two values is defined as the retardation factor.
A.2. THEORY

The column method, which measures the migration velocity of a
contaminant (VC) relative to the groundwater velocity (qu), provides a

retardation factor (RF) according to the following equation:

RF =V /v ’ (A-1)

gw ¢ :

However, when a measurement js made to determine the value of a particular
contaminant retardation factor in a rock/groundwater system, the solution's
chemical composition (including pH, Eh, cations and anions), the rock's
characteristics (chemical composition, mineralogy, surface area, cation and
anion exchange capacities) and the equilibrium between rock and groundwater

should also be considered. These parameters are important because they can

greatly affect the measured value of RF.
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- Two common expressions used to describe equilibrium adsorption reactions

are:
s - abt | | (A-2)
‘and
s - KcT/ﬁ " (A-3)
where B | )
'S = contaminant concentration sorbed dﬁ the rock (ug/g)
C = contaminant cohcentration in solution (ug/me) |

and a, b, K and n are constants.

These equations (quation A-2 afteru Langmuir; Equation A-3 after
Freundlich) may describe the re]atfonship between S éhd C for a given solid
~and solution composition at a cénStant temperature (often called adsorption
1sotherms). Both equations are'common1y used for an empirféal déscription
of experimental adsorption data. |

When contaminant concéntrations are small, such that aC dis <1 in
Equation A-2, the isotherm equation reduces to:

| S = abC | (A-4)
‘iThe exponential constant 1/n in Equation A-3 is usually close to unity,
and that equation, too, can be approximated by:

S = KC : o (A-5)

Both Equations, A-2 and A-3, can tﬁeh be approximated byi 7
s =xde o (A-6)
where the constants ab and K can be taken'as‘the Kd.' It is important to
remember that Equation A-6 is usually an aphroximation.and that it holds

only under the conditions mentiqned_above.
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When a Tinear isotherm, such as that given by S = KdC, can be used to

describe the adsorption reaction, the transport equation for a contaminant
in equilibrium with both rock and water in a one—dimensionaT porous medium

flow path is:

(1 + DKdy 3¢, @%C gy & (A-7)
where e at 3ax2 ax \
D = dispersion coefficient (cmzlsec)
X = the distance along the flow path '
ng = groundwater velocity (average pore-water velocity, cm/sec)
b = bulk density (g/cma)
3] = porosity of the porous medium

The expression that relates the Kd to the retardation factor,
RF = [1 + (b/0©) Kd] (A-8)
can be substituted into Equation A-7 to obtain a simpler form for the

transport equation:

RE L - p 2Ty, X . (A-9)

at Ixe aX

If a spike of contaminaAt ié added to the groundwater as it enteré the
column, adsorption delays the e]ution of the peak until RF pore volumes have
been eluted. The pore volume or void volume of a column fs giveh by the
porosity of the porous media (e) timgs thevtota1 column volume (CV). The
retardation factor can then be calculated from vthe ratio of the volume
required to elute the contaminant's peak (or maximum concentration) to. the
pore volume of that column.

If the porosity is unknown, it can be calculated from:

e=1-blp | (A-10)




where p is the average density of the individual particles used to pack
the column. . An experimental check on the'ca1eu1ated pore vo]uhe can be
- obtained by the elution of a nonsorbing element, which will have a maximum
concentration at exact]y one pore volume.

In summary, the transport equation for contaminant migration used an
mbst safety assessment‘ models 1ut11izes‘ a linear adsorption isotherm
(Equation A-6). Adsorption of the contaminant results in a ]oWer migration
velocity for the contaminant than that of the groundwater:. Vr = ng/RF‘
Generally, this is true only when the groundwater composition, rock chemical

composition and temperature do not vary (i.e., they are at equi]ibrium),

A.3. INTERFERENCES

Interferences = of  two types - may _occur in  the -column method:

(1) interference in the analysis of eluent for the contaminant of interest,
and (2) interaction of the contaminant with the apparatus or column
material. In the former case, interferenqes,are identified in the methods
prestribed for conducting the,ana]ysis-req;ired~to monitor water for the
contaminant. In the 1atter case, tubing, pumps and co]umn materials must be
bse1écted that are: compat1b1e with the contam1nant ot 1nterest If
compat1b111ty cannot be determ1ned from ana]yt1ca1 1aboratory or mater1a1s
handling handbooks, a s1mp1e laboratory test shou]d be conducted as a blank
run. Resu]ts of the blank run will 1nd1cate 1f the apparatus itself is

rétarding'or removing contaminant.




A.4. APPARATUS AND MATERIALS

Equipment requirements vary with the selection of high- or low-pressure
systems in a single-pass or recirculating mode.
A.4.1. CONTACT COLUMN

A contact column is required to hold the soil/rock matrix during the
contact period. A typical low-pressure configuration is depicted in Figure
A-1. The column must be constructed of material that will withstand the
intended operating pressures and not interact with the groundwater, the
contaminant or the soil/rock matrix. For low-pressure experiments, a clear,
inert plastic is desirable because it permits direct observation of the
column, which will help identify problems with changes in the porous media
or bubble entrapment. The upflow configuration is preferred to facilitate
bubble migration out of +the column. A double v1ayer‘ of screen (inert
material such as plastic) should be placed at the ends of the column to
disperse flow and reduce the end-cap volume while holding the matrix in
place. |

The column diameter should be at least 30 times the average particle
size of the porous media. The column length should be at least 4 times the
column diameter. The column volume should also be selected such that
uncertainty about the volume of end-caps and tubing does:nof greatly affect
the estimate of pore volume. | |
A.4.2. SYSTEM LAYOUT ~-- LOW-PRESSURE METHODS

Low-pressure column studies require the use of a f]uid reservoir, a
fluid delivery system, a column and an effluent collection system. Contact
with groundwater may be accomplished in a single pass or through use of a

recirculating system.
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FIGURE A-1

A Detailed View of the Column Used for Low-Pressure
Column Retardation Studies (Single-Pass or Recirculating)
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A.4.2.1. Single-Pass Column Method. A schematic of the apparatus needed
for a single-pass, low-pressure column method is 111ustrated in Figure A-2.
The reservoir can be constructed of any suitable, nonreactihg material for
maintaining influent solution. If volatile contaminants are to be studied,
an open reservoir will not be suitable unless contaminants are injected in
Tine as a spike. If steady feed methods are employed, a diaphfaém system
may be required to prevent vo]atije losses to the atmosphere. |

The groundwater velocity through the column s contr§11ed by the
hydraulic head gradient [pressure difference between the column's inlet and
outlet (AH) divided . by 'ﬁhe ~column length (L)] and "the hydraulic
conductivity of the porous medfa (K) accordingAtgf

. ' -t (A-11)

A pump is not required formnoanJgtile‘systems if the reservoir is elevated
above the column out]eff' Such a gravity feed system is practical for heads
of up to 50 cm of water. At greater heads, the physical dimensions of the

apparatus become 1imiting, and a pump is more desirable.

The hydraulic conductivity of the soil/rock matrix may‘a1so constrain
the size/configuration of the apparatus. If small columns (~5 cm) are
employed at a head of H = 50 cm water, the practical upper 1imit to the
hydraulic head gradient for a gravity feed system is +H/L = 10 cm water/cm
of column. The minimum velocity (Equation 4-10) should be 3x10 *
cm/sec, which 1imits the system to samples having values of Ksz]O—S
cm/sec. Less permeable media (KgO—5 cm/sec) will require a pump.
Low-pressure syringe and peristaltic pumps are available that will maintain

flow rates over a range suitable for.controlling velocities in experiments

on relatively permeable columns.. . ..
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FIGURE A-2

Apparatus Needed for a Low-Pressure, Single-Pass

Column Retardation Study
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The effluent fraction collector can be obtained commercially or may

consist of a test-tube rack with tubes that are changed manually. If an
automated <collector is employed, it should be adjusied to receive
small-volume dincrements (i.e., v<1/20 of the calculated pore volume). In
this way, the peak centroid (or C = 1/2 Co for constant feed) can be
narrowed to one or two samples, thus giving no more than 10% uncertainty.
Evaporation of sample may be a problem. - If holding times are long, a
controlled humidity enclosure is required for the collection system. For
volatile contaminants, direct injection to an analyzer or accommodations fdr
vapor-tight co]]ection are required.

A.4.2.2. Recirculating Column Method. The reéirculéting ;o]umn design is
illustrated in Figure A-3. It follows the design of a single-pass column
but uses a closed Toop from‘which samples are taken periodically. Flow-rate
effects on porosity adsorption kinetics Uand dispersion may be neglected
because very long contact times are po§§1b1e.

Because the contaminant is 1in constant contact with'tubing, reservoir
walls and 1internal pump parts, special care is required in material
selection to minimize interactions. Any adsorption on appératus will lead
to overprediction of retardation and hence the distribution coefficient.
A.4.3. SYSTEM LAYOUT —— HIGH-PRESSURE METHODS

High-pressure systems are based on the same general apparatus as
Tow-pressure systems (i.e., a fluid reservoir, a fluid deﬁivery system, ‘a
column and an effluent collection system) with the inclusion of an extra
pressure system that confines the column and pushes solution through the
column as illustrated in Figure A-4. Because of the pressures applied
(102—105 psi) on the apparatus, higher strength materials are
required, such as Teflon-lined stainless steel. Metal column holders and

high-pressure fittings are also needed.
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Apparatus Needed for a Low-Pressure Recirculating
Column Retardation Study
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The influent pump must maintain high pressures to force liquid through
low-permeability samples at a relatively constant velocity. The maintenance
of a constant velocity is complicated by fluctuations in permeability over
time. Constant-flow-rate pumps can accommodate decreases in permeability by
increasing the pressure gradient along the column. However, a maximum
pressure-setting control is necessary for safety considerations. When that
pressure 1is reached, further declines 1in permeability will result in
decreased groundwater velocity. A |

High-pressure systems are often applied Foé Fbékh gystems of Tlow
permeability. When rock cores afe sufficiently impermeable, the groundwater
may flow around the core down the edges of the co]umn rather than through
the samp]e. To prevent such short’ c1rcu1t1ng, the core can be cast in an
epoxy Jjacket that bonds to the rock surface .and forms a co]umn wall. Spike
injections of contaminant are most commbn]y employed in high-pressure
systems.

A.5. REAGENTS

A.5.1. GROUNDWATER

To the extent possible, groundwater representative  of the site of
interest should be utilized. If natural groundwaters aré not avai]abie,
they can be synthesized based on key parameters such as total dissolved
solids, conductivfty, jonic strength, pH, Eh and total organic carbon.
Barring the avai]abi]ity of géod data, distilled water can be employed to
represent meteoric water. Regard]essvpf the source, the water should be

analyzed to determine the presence or absence of the contaminant of interest.
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Special attention must be directed to maintaining the redox or Eh status

of the leaching solution. The solubility of metals is greatly affected by
changes in redox potential because of the presence of species couples, such
as S /S04 2, which can produce. low-solubility metal salts (i.e., the
sulfides). The dissolution and/or evolution of gasses, especially
atmospheric oxygen, can greatly .affect redox potential. As a consequence,
measures should be taken to maintain leaching solutions at the desired redox
potential values. Common measures include: |

o Purge oxygen from the air space above Tleaching solutions by
maintaining a nitrogen blanket.

o Employ a redox buffer in the leaching solution. One such buffer
is the pyrogallol-fe*2 complex. The concentration of the
two species is. selected on the basis of the desired Eh level.

¢ Prepare the leaching solution fresh daily and monitor Eh before
and after use of each batch.

A.5.2. CONTAMINANT

A clean source of the contaminant of dinterest is required to prepare
spikes or continuous-feed solutions. Certified materials should be
utilized. Spikes should be prepared as aqueous solutions prior to injection
to eliminate problems with so]ution kinetics. A purity &heck is advised
here. For organics, shelf-1ife 1is limited and, therefore, purity. checks

should be conducted periodically.
A.6. SAMPLE COLLECTION, PRESERVATION AND HOLDING
Samples should be collected serially with a fraction collector or by

manual replacement of sample vials at the effluent port. vChange—out time

should be selected to accumulate a sample volume <1/20 of a pore volume.

A-14




Sample preservation should be done as normally prescribed for the
contaminant of interest. If preservatives are indicated, the proper amount
should be added to the sample vial and, where necessary, calculations made
to account for the added volume of fluid.

Special precautions are required for collection/preservation of volatile
contaminants. ‘In the case of cyanides, an alkaline receiving solution in
the sample vial can be used to prevent vapor loss. For organic volatiles,
direct feed to the analytical instrument or provisions for co]]ectipn'in a

closed container are necessary. Ho]ding;times should be minimized.
A.7. PROCEDURE

Select the system configuration on"the -basis of the materials of
interest and the availability of apparatus. High—pressure systems are
" required if low-permeability matrices such as rock cores are to be
evaluated.

Assemble the system sizing the column so that diameter is >30 times the
maximum particle diameter and column Tength is >4 times column diameter. In
all cases, the column volume should be gfeater than the dead volume (sum of
tubing, end-caps, sample-holding screens, etc.). |

If an intact core is to be evaluated, the coluhn must be fitted to the
‘core in such a manner that side flow is minimized. For low-permeability
cores, an epoxy jacket may be cast around the core. For loose aggregates,
the material must be added to the ICO1umn and packed to a density
representative of natural conditions. This can be accomplished mechaﬁica]?y

or by repeated pulses with uncontaminated groundwater.




The height of the groundwater reservoir or the pump size/speed should be

selected to accomplish the desired groundwater velocity. To reduce the
effects of diffusion, select conditions such that:

V., >1.6 x 10 -/L cm/sec

gw
where
ng = groundwater velocity in cm/sec
L = length of the column in cm

Calculate the number of mass transfer units (n) according to:

(b) (Kd) (L) (Sk)

n = () (Vgu) (A-12) f‘

where |

b = bulk density of thé soil/rock matrix (g/cm3)

Kd = distribution coefficient in (ug contaminant/g soil)/(ug

contaminant/m¢ groundwater) '

L = Tength of the column in cm

3] = porosity of the soil matrix (dimensionless)

Vgw = groundwater velocity in cm/sec

Sk = sorption rate constant (sec™?)

to determine if equilibrium 1is to be expected. In 'gengra1, 90% of
equilibrium is attained when n = 20, while only 50% is reached when n = 3.

If a single-pass system is employed, make up a spike solution such that
the concentration approximates contaminant levels of interést and has a
total spike volume <10% of the total pore volume.

Activate the flow system and observe until flow conditions are steady.
Activate the sample collection system. Inject the spike and note the time
of injection. Analyze effluent samples and determine the time of passage
for the centroid of the peak. Calculate theAretardation factor (RF) as: ' g;

RF = Vy g/effective pore volume L (A-13)
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where VO.S' is the volume eluted whénv'SO% of the total ‘spike has passed
~(the centroid of the spike). Vv V

If a constant-feed system is'employed,‘thé feed water should ‘be brought
to the desired contaminant confentration and allowed to equilibrate. The
system is theh activated with the cqntaminated groundwaterA feed and the
effluent analyzed until the effluent concentfation is one-half the influent
chcentratTon (C = 1/2vco). The "volume of eluent at the time C = 1/2 C0
js defined as V0;5 and can be used to calculate RF according to:

| RF = Vo_sleffective pore volume , (A-14)

If a recirculating system is emp]oyed,'the»feed'groyndwater is brought
fo the desired contaminant concentration and flow initiated. The effluent
is monitored until effluent concentrations are equivalent to the influent.
At that time, the volume and concentration of eluent are measured to
,determine'fhe total mass of contaminant adsorbed on the column. This is

used to calculate therdistribution coefficient (Kd) according to

Kd = s/c, o | (A-15)
where
S = concentration of éontaminant on soil/rock (ug/g) or
determined by mass of contaminant removed over mass
of the soil/rock core: ‘ :
Cf = concentration of feed water

RF is then ca]cu]ated from Equation A-8.
A.8 CALCULATIONS
Methods fofi determining the distribution coefficient from column

adsorption studies depend on the contact system employed. If a spike feed is

uti]ized; it is'necessary to determine when half of the mass of contaminant
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has passed through the column. This 1is accomplished through;analysis of
effluent concentration data. Each sampie of effluent is analyzed for the
contaminant and results plotted in terms of concentration (vertiéa1 axis)
and column or pore volumes of effluent (horizontal axis). The spike will
appear as a peak in the effluent‘with width and height determinéd'by'the
column dimensions, water velocity and attenuation. The area under the peak
represents the total mass of contaminant in the effluent. If the beak,is
symmetrical, the centroid 1lies at a point directlyr‘below the maximum
concentration. The cumulative pore volume at that point is defined as

) or the volume required for half of the spike to pass from the

0.5’
column. If the peak is not symmetrical, the centroid must be,1ocated. - The
centroid is defined as the vertical line dividing the area under the curve
into two equal portions. Once again, the intersection of the vertical line

with the horizontal axis .defines V The two cases are illustrated in

0.5°
Figure A-5. The retardation factor (RF) is calculated .from Equation A-8.

When a constant-feed system is utilized, the plot of concentration and
effluent volume represents a breakthrough curve, as ‘111ustrated in
Figure A-6, rather than a peak. For‘this system, VO.S isfselected as thg
volume at which effluent cohcentrations are half of the feed concentrations,
or C/C° = 0.5. Once again, Equation A-8 1is applied to determine the
retardation factor.

Once the value for RF has been determined, the distribution coefficient

(Kd) can be calculated from the conversion of Equation A-8:

Kd = (RF - 1)/e/b (A-16)
where | |
© = porosity of the soil co]umh (dimensionless)
b = bulk density of the soil in the column (g/cms)';
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If a recirculating system is employed, Kd can be determined directly.

The influent and effluent 1lines are analyzed continuously for the
contaminant of interest, and the eluent volume is monitored. The
concentration and volume are recorded at the time when influent and effluent
concentrations are equivalent. The total mass of contaminant (MT) in the

system is defined as:

My =VC, - (A-16)
where v
Vw = total volume of:solution in the apparatus (%)
Co = initial concentration of contaminant in the solution (mg/%)

The mass of dissolved contaminant »(MS). at the ”end, qf the procedure is
defined as:

M_=VC oo (A-18)

where CF = final concentration of contaminant in solution (mglﬁ).

Therefore, the absokbed mass of contam{néht (Ma) is defined as:

Ma = MT _vMS (A-19a)
=V, (C - Cp) (A-19b)
The concentration of contaminant on the soil (S) is calculated as:
S = Ma/W | (A-20)
where W = mass of soil in the column (Kg).
W=Vv_ (b/e) : ' (A-21)
where '
Vs = volume of soil in the column (cma)
b = bulk density of the soil in the column (g/cm®) ~
(<) =

porosity of the soil in the column (dimensionless)
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Combining Equations A-18, A-19b, A-20 and A-21, the distribution coefficient
(Kd) 1is calculated as:
Kd = (Vw/vs)[co - Cf)/cf]/(b/e) (A-22)
A.9. REFERENCES

Material in this appendix is derived from the following references:

Relyea, J.F. 1981. Status‘ report: Column method for determining

retardation factors. U.S. Dept. of Energy, Richland, WA. PNL-4031, UC-70.
Relyea, J.F. 1982. Theoretical and experimenta]vconsideratians for the use

of the column method for determining retardation factors. Radioactive Waste

Management and the Nuclear Fuel Cycle. 3: 151-156. (Modified)
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APPENDIX B -
INPUT PARAMETERS FOR CONTAMINANTS OF INTEREST
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N

'B.1. DISTRIBUTION COEFFICIENTS

Distribution coefficients are required to determine how a contaminant
will partition itself between the soil particles and the soil water. The

distribution coefficient (Kd) is defined as:

Kd = S/C | (B-1)
where
S = concentration of contaminant on soil (mg/kg)
C = concentration of contaminant in water (mg/%)

The concept of Kd 1is a gross simplification of attenuation of inbrganic
contaminants in soi].' Precipitation chemistry 1is an ‘important factor in
attenuation over and above adsorption and exchange. Precipitation does not
yield a solution concentration in proportion to the mass of contamipant in
the system. As a consequence, the use.of a Kd is most va]id aat‘ Tow
contaminant concentration levels where contaminants do not excéed solubility
thresholds.

For organics, the Kd concept 1is more broadly useful becaﬁse adsprption
accounts for host soil attenuation. In the case of organics, Kd is
calculated from the distribution as a function of organic carbon conéent of
the soil (Koc) and the fraction of soil (foc) consisting of organic
matter as follows: |

Kd = (Koc)(foc) (8-2)

If values for KOC have not been determined experimentally, equations are

available that relate Koc to octanol/water partition coefficient data --
(Kow) or solubility. |

Table B-1 1is provided to assist the analyst in selecting Kd values for

contaminants of ‘interest. Values for. inorganic contaminants were derjved
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from the .11teréture for sandy and‘ sandyfToam.ksbils,l No différence is
anticipated between unsaturated and saturafed‘ Soi]%t The analyst should
select the soil condition most closely matched to soils found on the site
for selection of the. Kd..
For organic contaminants, the Kd is‘a function of organic content in
soil. As a consequence, the analyst has two options:
1.. If the organic content of the soil on the site is- known, the
Koc value should be selected from Table B-1 and the Kd
calculated from Equation B-2. v o
If the organic content of the soil on the Site is not khown,
the soil classification should be matched with those soil types
provided in Table B-1 and the associated Kd value selected. -
- It is assumed that subsoils in the aquifer will not have prgénic méttér and,
therefore, the Kd for organics in the éaturated zone iS'eqUate&Vto zero.
This is conservatfve in that research suggests that at‘low orgahicrleve1s
(i.e., <0.1%), organics ihteract with; cTay minerais. Howevék, these
“interactions are not well understood and 60 means of prédiction‘is currently
available. . Thérefore, retention in the saturated zone is not considered at
fhisvtime. | J
’ whehevervspecific Kd wvalues are avai1ab1e for %he on-site soil, they
should be employed in place 6f the values provided in Tab]eAB%T.‘ Use of
such data should be accompanied by detailed documentation onrhow they weré

derived.

B.2. HENRY'S LAW CONSTANTS

The Henry's Lathpnstant allows ohe ;o‘ca1cu1ate vapor concehtrations
over a solution as ar’funcfion of the tontaminént‘s concentra#ion in the
solution. If Henry's Law Constanés' (H) ‘fhave not been derived
experimentally, they are estimated according to: |

‘B=7




H o+ Py /S (B-3)
where '

vapor pressure of contaminant (atm)

P
vp
S

solubility of contaminant in water (mo]/ma)

Both S and Pvp need to be measured at the same temperature. Hence, if
vapor pressures are given at a different temperature, they must - be
adjusted. The Henry's Law Constant can Valso be determined from
thermodynamic data describing the free energy of solution if such data are

available. This approach considers the reaction for dissolution of a gas:

A(1) = A(9) - (B-4)
The equilibrium constant for the above reaction is:
_ [A9)} -
Ks (A1)} . (B-5)

where {A(g)} 1is the activity of constituent A in the 'atmosphere‘ and
{A(1)} 1is the activity in solutijon. By definition, the acfivity in the
atmosphere is equal to the partial pressure and the activity in so]utidn is
equal to the concentration in solution, multiplied times an activity

coefficient. Equation B-5 can then be rewritten as:

PA v g
S T o : (B-6)
where [A(T) IvA '
PA = partial pressure of constituent A (atm):
[A(1)] = concentration of A in solution (M/%)
Ya = activity coefficient of A (dihension]ess)'

Because PA/[A(1)] is the Henry's Law Constant, Equation B-6 can be
rewritten as:

H = Ks Ya (B-7)




TABLE B-2

Activity Coefficients for Species of Various Charge
for Various Ionic Strengths

I (M/%) Y02 y41b y12¢
0.01 1.00 0.901 0.658
0.02 1.00 0.867 0.565
0.03 1.01 0.844 0.507
0.04 1.01 0.825 0.464
0.06 . 1.01 0.810 0.431
0.06 1.01 0.797 0.404
0.07 1.02 0.786 0.382
0,08 1.02 0.776 0.362
0.09 1.02 0.767 0.346
0.10 1.02 0.776 0.363
0.12 1.03 0768 0.325
0.14 1.03 0.755 0.324
0.16 1.04 0.747 0.311

-0.18 1.04 0.740 0.299
0.20 .05 0.734 0.290
0.22 1.05 0.728 0.281
0.24 1.06 0.724 0.274
0.26 1.06 0.720 0.268
0.28 1.07 0.716 0.263
0.30 1.07 0.713 0.258
0.32 - 1.08 0 0.254

.710




I (W/2) vo® y1° et
0.34 1.08 0.708 0.251
0.36 1.00 0.706 0.248
0.38 1.00 0.704 0.245
0.40 1.10 0.702 0.243
. 0.42 1.10 0.700 0.241
0.44 1.1 | 0.699 ld.239
0.46 1.1 0.698 9.238
0.48 1.12 0.697 0.236
0.50 192 0 | |

.696 0.235

Activity coefficient of uncharged. species

inﬂ = Activity coefficient of singly charged sbecies
Cyi2 = Activity coefficignt of doub]y charged species
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The activity coefficient depends on the ijonic strength of the solution.
Representative values are given in Table B-2. ‘
The equilibrium constant, Ks, can be calculated from the free energy of

reactlon B-4:
~-A°F/RT

Ks = e - , ' (B-8)
‘where‘ B "lhb l »
A°F = free eneréy of the.reaction (cal/mol)
‘ R':‘= Universal Gas Law Constant (cal/mo1-°K)
T = absolute temperature (°K) | |

'The'free'energy of the reaction is defined as the‘difference in the free .
energy of formation of the gas and dissolved constituent:

A°F = °F (@) - °F.(2) - (B-9)

where
°Fe(g) = standard free energy of format1on of the gaseous
' - constituent ‘
°Fe(R) = standard free energy of formation of the liquid

constituent
Standard free energy of Fformation data are tabu]ated 1n the Handbook of
Chem1stry and Physics, pub11shed annua]]y by the Chem1ca1 Rubber Company. |
The value of H thus der1ved is in units of atm—mo]/m , which 1is not
an easy one to work with. Most ana]ySts pfeferlto use a modified Henry;s Law

Constant (H') that is dimensionless. The modified constant is derived as:

W= (1.0135x105)H |  (B-10)
where RT '
1.0135x10 " = conversion constant (N/m”-atm)
H = Henry's Law Constant (atm—ma/mol) 1 ’
R = Universal Gas Law Constant’(8.315 N—m/mo]v~°K)
T ' = temperature (°K = C + 273)

B-11




For charged species and 0.1 < I < 0.5:

-logy = 0.5 72 ¢ V1 - 0.21.) ~ (Butler, 1964)

F I

109'70 = KI

~ For unchanged species

where K is a constant. Unless otherwise given, K = 0.10 as suggested by
Butler (1964). ’

Values for H and H' were found in the literature or derived for the
contaminants of dinterest and are 1listed in Table B-3. The references
indicate where the values or the 1inputs for derivation of values were
obtained. The notes specify the method of derivation when published values

were not found.
B.3. POROUS MEDIA HYDROLOGIC PROPERTIES

The methodology for evaluating disposal of municipal sewage sludges
requires the input of various site-specific values related to Ahydro]ogic“
flow in soils and other geologic media. Some of these values must be
determined by direct measurement, while others can be selected from reported
values for given soil types or aquifer media. The following tables and
figures present typical ua1ues to assist the applicant and/or reviewer in
determining the reasonableness of va]ues’derived fur speuific app]icationé:

o Table B-4 provides typical values for the s]ope of the moisture

retention curve for soils that may be found in the unsaturated
zone.

o Figure B-1 prov1des ranges of values for saturated hydraulic
conductivity of different aquifer media. '

o Table B-5 provides ranges of values for porosity of unsaturated
and saturated zone med1a. v

B-12




- TABLE B-3

Henry's Law Constants (H) and Dimensionless Henry's Law
Constants (H') (Assumed Temperature: 20°C)a for Selected Contaminants

Contaminant H H : Reference
* (atm-m23/mol) (Dimensionless)

B Aldrin 1.4x10°s 6f1x10—4 Lyman et al., 1982
Arsenic NV W o
Benzene 5.5x10~3 2.4x107 Lyman et al., 1982
Benzo(a)anthracene NV W U.S. EPA, 1985ab

| Benzo(é)pyreﬁe NV NV |
Bis(2-ethylhexyl) 1.0 | 40 U.S. EPA, 1985ab
phthalate » »
Carbon tetrachloride 2.3x10~2 9.7x10™2 ' Lyman et al., 1982
Cadmium | nY T |
Chlordane | 0.59 24 " u.s. £, 1985ab
Ch]orbform | : 4.8x10°3 2.0x10"= A ‘Lyman et al., 1982
Chromium NV ' NV -
Cobalt | N NV
Copper NV ' NV -
Cyanide 1.9x107s 0.082 i c/ fér 10°C
DDT/DDE/DDD 3.8x1b“5 1.7x1d‘3> Lyman ef al., 1980
2,4-Dichlorophenoxy- 9x10~s | 3.7x10™s Dawson et\é]), 1980b
- acetic acid
Die]drih ' . 2x10"7 8.9x10"e Lyman et al., 1982
,b%methyinitrosamine 4.9x10"4 2.0x10"2 - Dawson et a],; 1980b
Fluoride (pH = 6): ka = §): | c/ for 105C
1x10~7 4.4x10"e
GO
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TABLE B-3 (cont.)

Contaminant H ~H Reference
(atm-m3/mol) (Dimensionless)
Heptachlor 7x10°s 2.9x1078 Dawsoh et al., j980P
Hexachlorobenzene 3.7x107% 1.5x1072 U.s. EPA, 1985aP
Hexachlorobutadiene 3.73 122 Verschueren, 1983b
Iron NV NV
Lead NV NV 7
Lindane 4.8x10™7 2.2x107s Lyman et a1.,‘1982
Malathion 1.2x10"7 5x10~6 Dawson et al., 1980b
Mercury 1.1x10™2 4.8x1072 Lyman et al., 1982
Methylene bis 5.1x10™7 2.1x10~e U.S. EPA, 1985ab;
(2-chloroaniline) SRI, 1984b
Methylene chloride 3x10~3 1.3x10™2 Lyman et al., 1982
Methyl ethyl ketone =~ 20.8 1900 U.S. EPA, 1985ab
Molybdenum NV NV
Nickel NV NV
Nitrate NV NV v
Pentachlorophenol 3.4*10‘6 1.5x10;4 Lyman et al., 1982
Phenanthrene 3.9x1075 1.7x1072 Lyman et al., 1982
Phenol 3x1077 1.2x107s u.s. EPA, 1985aP
Polychlorinated
biphenyls: v v
Aroclor 1242 5.6x107¢ 2.4x10"2 . Lyman et al., 1982
Aroclor 1254 2.7x10~3 1.2x10™2 Lyman et al., 1982
Aroclor 1248 . 3.5%10"s 1.6x107* Lyman et al., 1982
Aroclor 1260 7.1x1073 3.0x710™2 Lyman et al., 1982
Selenium NV NV




TABLE B-3 (cont.)

H H Reference

Contaminant
' 7 (atm—m?/mol) (Dimension]ess)

Tetrachjbroethy]eng 8.3x10f? N 3.4x10‘1 Lyman et al., 1982
Toxaphene 5.4x10"2 2.2 . ‘ Dawson et é]., 1980b
Trichloroethylene 1x10~2 4.2x107r ‘Lyman et al., 1982
Tricresyl phosphate 1.5x102 0.61 MsDsb
Vinyl chloride 2.4 99 Lyman et al., 1982
Zinc

NV NV

8The dimensionless
1979):

where

HY
PV
(MW)
SoL
3

muowonon

bHenry's Law Consta
Constant (H') calc

CHenry's Law Consta
Constant (H') calc

Henry's Law Constant can bé estimated by (Thibodeaux,

16 P, (MW)
(SoL) T

H' =

Henry's Law Constant (cm3/cm3)

saturation vapor pressure of the contaminant {mm Hqg)
molecuiar weight of the compound (g/g9 mol)
contaminant's solubility in water (ppm)

ambient temperature (°K) :

nt (H) calculated from Equation B-3; dimensionless
ulated from B-5

nt (H) calculated Equation B-4; dimension]ess

ulated from Equation B-5

NV = A calculation of Henry's Law Constants for these materials is
ul. No measurable vapor levels are anticipated.
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TABLE B-4

Typical Values for Slope of Soil Moisture Retention Curve*

Soil Texture Value for Curve (b)
Clay 11.7
Silty clay 9.9
Silty clay loam 7.5
Clay loam 8.5 !
Sandy clay loam 7.5 |
Sandy silt loam 5.4
Silty loam | 4.8
Sandy loam 6.3
Loamy sand . 5.6
Sand 4.0

*Source: Hall et al., 1977
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Unconsolidatéd ‘ k

Source: Freeze and Cherry, 1979 ,

Rocks k K K K
Deposits (darcy) (cm2) . (em/s)  (m/s) (gal/day/ftz)
10° 103 102 1
T
10°
s [0 F107* 1o 0! r
>
g ) L 105
I 9 i F1075 fq =102
o ' .y -10¢
§= T =102 107% 107! 103 |
e a3 o
£m « . 108
Jeo | S =10 1077 [10-2 |10-4
%8 2a T =
g QW@ 5 o 10
xEag ® =1 [107® 1073 [-q07S
e 8 oy
Q0 = ~10
Sc l 7] —1 -9 —4 -6
-2 ® =10 ~10~° 10 =10 _
TOT 7] . .
[ £ C [<}]
5% S -10 -5 = [
S8 2F N =1072  [~10 =10 ~10
S = So g = —1
L w388 ) =10
I g0 2 =107 107" |08  |fe1078
= = =
T8 £ L o-2
' | i ~107* 1072 1077|1070
Q
T 5 & -3
QT = =10
| |5} 107°  [~107 lq0=8 1010
= Q0
k] S —4
con o= =10
o oX ] 106  bkp—14 L4n-9 lyq-11
803 | 23 10 10 10 10
Jc : -5
e, o 5 ~10"5
fgz 8 =1077 " [107® {10710 [-qo=12
EER ¥
S 106
s- ~1078 L1071 Lot Lyg-13.
I -10~7
Conversion Factors
Permeability, k* Hydraulic conductivity, K
cm? ft2 darcy m/s ft/s gal/day/ft2
" cm? 1 1.08 X 1073 1.01 X 108 9.80 X 102 3.22 X 103 1.85 x 10°
ft2 9.29 x 102 1 9.42 x 1010 9.11 x 105 2.99 x 108 1.71 x 1012
darcy 9.87x107° 1.06x 10~ 1 9.66X107¢ 317 x10™5  1.82 x 10!
m/s 1.02Xx 1072 110 x 106 1.04 x 10° 1 3.28 212 % 108
/s 311 x10™% 335x1077 315 x104 3.05 x 107! 1 5.74 x 105
gal/day/ft? 542X107° 583%x107"® 549x1072  472x10~7 174 x 1076 1
*To obtain k in ft2, multiply k in cm? by 1.08X10-2.
FIGURE B-1
Representative Values for Saturated Hydraulic Conductivity




_TABLE, B-5

Porosity Values for Porous Media

A. Representative-Values for Porosity

Material “ L . Porosity
Coarse gravel | :'f; - ZB%T
Medium gravel | o | ‘iJ wsé%
Fine gravel L B véd% |
Coarse sand | | o ‘392
Medium sand 39%
Fine sand - 43%
Silt 46%
Clay 42%

B. Effective Porosities for General Hydrogeologic Classifications*

Generic Classification Effective Porosity
‘ (Dimensionless)

Fractured Crystalline Silicates 0.01
Fractured and Solutioned Carbonates - 0.10
Porous Carbonates : 0.10
Porous Silicates 0.01
Porous Unconsolidated Silicates Average Value

: 0.16
Fractured Shale ' 0.01

*Source: Shafer et al., 1984
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B.4. GEOCHEMICAL CONSIDERATIONS

The following series.of figures are provided to convert unsaturated zone
contaminant toncentratipns to resulting saturated zone concentrations based
on geochemical interactions. Each Figdre -addresses a specific inorganic
contaminant (arsenic, 3.1; mertury, 3.2; lead, 3.3; copper, 3.4; and nickel,
'3.5). Six curves are provided for “each contaminént (an) depicting
relations for a different set of pH and Eh conditions. The pH values
1nc1uded are 6.0 and 7.0. Eh values are -200 mv, +150 mv and +500 mv.

Directions for use of the curves can be found in Section 4.3.3. 1.
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