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FOREWORD

The ACS Sympostum Series was founded in 1974 to provide
a medium for publishing symposia quickly in book form. The
format of the Series parallels that of the continuing ADVANCES
IN CHEMISTRY SERIES except that in order to save time the
papers are not typeset but are reproduced as they are sub-
mitted by the authors in camera-ready form. Papers are re-
viewed under the supervision of the Editors with the assistance
of the Series Advisory Board and are selected to maintain the
integrity of the symposia; however, verbatim reproductions of
previously published papers are not accepted. Both reviews
and reports of research are acceptable since symposia may
embrace both types of presentation.
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PREFACE

P UBLIC CONCERN OVER THE EFFECTS of chemical release into the environ-
ment through human activity has grown steadily since the appearance of
Rachel Carson’s “Silent Spring.” This concern focuses not only on the poten-
tial threats to human health, but also on indirect harm arising through dis-
ruptions of natural ecosystems. Even when economic hardship challenged
our desire to preserve the quality of air, water, and foodstuffs, persistent
demands to satisfy that desire were expressed in the form of public laws,
regulations, and enforcement activities covering a broad array of topics.
Industry has taken the lead in several areas in anticipation of regulations and
in awareness of the higher social cost compared to the prevention cost.

The need to balance costs against benefits both in the public and private
sectors resulted in a search for methods of predicting the fate and effects of
chemicals in the environment. Actual field testing of all cases of interest is
both too costly and too dangerous to perform. Mathematical models,
therefore, have been developed to provide descriptive tools and predictive
approaches to this problem. At the symposium on which this book is based,
a collection of user-oriented information was presented and covered the fol-
lowing aspects of environmental fate modeling;

1. The needs motivating development of each class of model.

2. The theoretical background underlying the structure of a mathemati-
cal scheme for simulating the phenomenology of processes in air,
water, soil, biota, or a combination of media.

3. A generic overview of the main building blocks of models and the
framework of logic connecting the components.

4. An operational description of model applications and user influence
on model choice.

5. Case studies of specific model applications.

The symposium blended tutorial review papers with descriptions of
field, laboratory, industrial, and regulatory problems that have been ap-
proached using chemical fate simulations. Authors presented current prac-
tices and practical questions such as material balance analysis, atmospheric
processes influencing human exposure, aquatic system pathway analysis,
movement in soil/ groundwater media, and uptake or degradation in biota.
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The editors believe that this book fills a void in the coverage and should
stimulate further research in this vital area of the environmental sciences.

ROBERT L. SWANN
Dow Chemical
Midland, Michigan

ALAN ESCHENROEDER
Arthur D. Little
Cambridge, Massachusetts

May 10, 1983
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Release of Chemicals into the Environment

STEPHEN L. BROWN and DAVID C. BOMBERGER
SRI International, Menlo Park, CA 94025

This paper is a review of methods for estimating
releases of chemicals into the environment in the
course of extraction of raw materials,
manufacturing, use, storage, transportation, and
disposal, as well as by accidents or natural
processes. It discusses source types, forms of
substances released (solids, liquids, and gases),
receiving media (air, water, soil), time pattern
of release (continuous versus intermittent,

cyclic versus random), and geographic patterns

of release (point, line, area, and volume sources).
The paper reviews several ad-hoc approaches to
estimating releases and illustrates their use

with a case study of benzene. The authors identify
key opportunities for further research.

This symposium concerns models for predicting the fate of
chemicals in the environment. Strictly speaking, the topic of
this paper does not fall into the usual definition of fate
models. However, every fate model has at least one source term.
Although the source term for one fate model may be the output of
another fate model (as when air transport models provide the
deposition rates that are the inputs to an aquatic fate model),
the chain always has to be traced to the original sources,
whether they are natural or associated with human activities.

In this paper, we characterize the various sources for chemicals
in the environment and discuss methods for describing the
releases from them in terms sufficiently quantitative for use by
fate models.

We first describe human activities that can cause releases
of chemicals; these are usually of greatest concern to fate
models, because they suggest where interventions can be made and
environmental concentrations can be reduced. We then classify
releases by their form, medium of entry, and spatial and temporal
patterns. After briefly noting the most usual quantitative

0097-6156/83/0225-0003$06.00/0
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4 FATE OF CHEMICALS IN THE ENVIRONMENT

expressions of release, we discuss several approaches to
estimating these quantities. Finally, we describe an ad-hoc
approach for an example chemical and note some areas for fruitful
future research.

Human Activities That Cause Releases

Chemicals are distributed in the environment by a wide variety of
natural processes, including physical (e.g., weathering),
chemical (e.g., photochemical), and biological (e.g.,
respiration) processes. Although many of these processes are
best thought of as closed cycles, not entailing a true "source,"
many can be thought of as source to sink processes, such as the
release of carbon dioxide by volcanic action and its sink in
oceanic carbonates. These natural processes form important
background source terms for chemicals, but they are usually not
of primary interest because they are often not controllable.
Human activities that release chemicals, however, are of primary
interest, because some chemicals are released, in fact created,
solely by human activities and would not otherwise be found in
the environment.

Without trying to make an exhaustive list of all the types
of human activities that cause releases, we can list many
different activities that are distinct and significant. Figure 1
shows a selection of such activities, indicating how they are
connected through the life cycle of a chemical and the media to
which they most commonly cause releases.

The life cycle of some chemicals begins with extraction of
raw materials. Activities such as coal and mineral mining, oil
production, and forestry can either release chemicals directly or
open the land for releases by natural processes that otherwise
would be slower.

Sometimes chemicals are prepared for distribution without
chemical reactions, as when limestone is mined and refined before
use. In other cases, the raw materials are converted to other
chemicals in a manufacturing process. In both cases, wastes are
discharged to air, water, and (if large quantities of.solid or
semi-solid wastes are involved) to land.

Both before and after processing, chemicals are stored and
transported, often many times and through many stages of
processing and manufacturing. Both storage and transportation
can entail "normal' low levels of release and occasional high
levels of release from accidents. (Manufacturing upsets also can
cause major accidental releases, such as the release of dioxins
from a trichlorophenol reactor at Seveso, Italy in 1976.)

The major release mechanism for many chemicals, however, is
associated with use of the chemical or of chemical-containing
products. Primary uses include combustion of fuels, industrial
uses, commercial uses, household and other consumer uses,
deliberate applications in the environment (for example,

In Fate of Chemicalsin the Environment; Swann, R., et al.;
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1. BROWN AND BOMBERGER Chemical Release 5
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Figure 1. Human activities leading to release of chemicals into
the environment. Key: A, air; W, water; GW, groundwater; L, land.
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6 FATE OF CHEMICALS IN THE ENVIRONMENT

pesticides), and many others. In some cases (spray can
propellants, for example), virtually all of the chemical used is
released to the environment. In other uses (such as in vinyl
asbestos floor tiles), most of the chemical constituents are
essentially isolated from the environment for long periods of
time. Such isolated reservoirs are also "sinks" for the
chemical.

Even with such uses as floor tiles, however, the time
eventually comes for disposal, and materials find their way into
public sewage systems, dumps, and other less-formal disposal
facilities. Secondary processes release chemicals from these
facilities into all environmental media.

Form of Substances Released

Chemicals may be released in solid, liquid, or gaseous forms and
release may be to air, surface water, groundwater, and land.

(We include rivers, lakes, and the oceans as surface waters; both
interstitial water in soils and deeper aquifers as groundwater;
and application to soil as well as shallow or deeper burial as
land releases. The distinction between a land release and a
groundwater release is largely arbitrary.) The forms in which
the chemicals appear in those media are varied, as shown in
Table I.

Table I

FORMS OF SUBSTANCES IN RECEIVING MEDIA

Media Solids Liquids Gases Combinations
Air Particulate Vapor Gas Adsorbed gas
Particulate or liquid
Water Suspended Dissolved Dissolved Cosolution
Dissolved
Groundwater Dissolved Dissolved Dissolved
Land Particulate Contained Contained
Bulk Absorbed
Contained Adsorbed

In air, solids appear as particulates, liquids as either
particulates or vapors, and gases of course in gas form.
Combinations are also possible, as when gases are adsorbed on
particulates. Some solids would also have substantial vapor
pressures, and so on, but we have tried to simplify the exhibit.
In water, a dissolved state is typical for substances that are
normally solid, liquid, or gaseous, but solids can also simply be

In Fate of Chemicals in the Environment; Swann, R., et al.;
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1. BROWN AND BOMBERGER Chemical Release 7

suspended. Groundwater is somewhat less likely to contain
dissolved gases, but that too is possible. Land receives solids
as scattered particulates or in bulk as well as in containers.
Liquids may fill interstitial voids of otherwise dry soils, be
adsorbed to soil particles, or remain contained. Gases can also
be contained or adsorbed. Whether '"release' occurs when
containers are placed in landfills or not until after they are
breached is, again, largely a matter of definition.

Source Characteristics

Environmental fate models require information on the distribution
of releases over time and space. Basically, sources can be
described in terms of their dimensionality and releases in terms
of their temporal distribution.

Dimensionality is best illustrated by defining sources of
air pollution (Figure 2). Point sources, such as the mouths of
smokestacks, release pollutants at (almost) a single point in
space, which can be described by its geographic coordinates and
height above the surface (or above sea level). Line sources are
unidimensional, although they do not have to be straight lines;
for example, on a roadway, cars form moving point sources that,
in aggregate, look much like a nearly uniform line source. As
represented in Figure 2 by only one house, a group of residences
burning wood for heat can often be better treated as a two-
dimensional area source than as a large set of point sources; the
distribution of gas stations in an urban area is also probably
sufficiently well simulated by an area source.

Our concept of a volume source (see Figure 2) is
intentionally vague, because few good examples exist. However,
photochemical smog is produced over a volume of air; is this just
part of a fate model or should it be considered a source?

Line, area, and volume sources are also described by their
geographic distribution, shape, and orientation. For surface
water, an outfall is a point source, whereas runoff to a river is
a line source and deposition from the air is an area source.
Similar ideas can be applied to the groundwater and land media.

There are also several possibilities for the temporal
distribution of releases. Although some releases, such as those
stemming from accidents, are best described as instantaneous
release of a total amount of material (kg per event), most
releases are described as rates: kg/sec (point source), kg/sec-m
(1ine source), kg/sec-m¢ (area source). (Note here that a little
dimensional analysis will often indicate whether a factor or
constant in a fate model has been inadvertently omitted.) The
patterns of rates over time can be quite diverse (see Figure 3).
Many releases are more or less continuous and more or less
uniform, such as stack emissions from a base-load power plant.
Others are intermittent but fairly regular, or at least
predictable, as when a coke oven is opened or a chemical vat

In Fate of Chemicals in the Environment; Swann, R., et al.;
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10 FATE OF CHEMICALS IN THE ENVIRONMENT

purged. Some are continuous but cyclic, such as automobile
emissions over a day, and some are more or less random, either
continuous or intermittent, as might occur when rain falls into
a waste treatment pond and causes it to overflow into surface
waters. Accidental releases, of course, are concentrated into
individual events that, nonetheless, may cause releases
persisting over a period of time.

These temporal patterns are characterized by a variety of
quantitative measures of the rates of release. Any pattern, of
course, can be described in detail as a function of time [r(t) =
1 kg/sec, t = 8 am to 5 pm; r(t) = 0 otherwise]. However, it is
often sufficient to characterize some typical rate or one of
special interest. In air pollution, annual average emission
rates are often sufficient if the goal is to predict annual
average concentrations. But if the highest 24-hour, 8-hour,
3-hour, or l-hour averages for concentrations are desired,
similarly time-segregated emission rates may be needed (see
Figure 4). For some of the intermittent or accidental releases,
it may be sufficient or even desirable to give integrated '
releases, wherein the release rates are integrated over some
time of interest. Such cases also may be approximated by
equivalent constant release rates over the same time period.

Approaches to Estimating Releases

The preceding descriptions make it very easy to characterize how
release information is desired; unfortunately, however, it is not
so easy to estimate such quantities from readily available
information. Some of the major types of estimating techniques
are illustrated in Figure 5.

All release information can be tracked back to measurement,
and direct measurement is frequently the preferred way of
estimating emissions. Stack gas sampling is a case in point: we
measure concentrations in stack gas, measure gas flow rates, and
compute emission rates with essentially no error other than that
caused by inaccurate instruments or insufficient samples to
characterize a full annual sample. Other examples are automotive
exhaust sampling, discharge pipe sampling (aqueous effluents),
and manifests for land disposal by weight and volume. Measured
disappearance rates for storage or transportation can be inferred
to be release rates. Application rates for pesticides_and
fertilizers are sometimes adequate surrogates for kg/m“ release
rates to soils.

A second major estimating technique is the materials balance
approach—--the original focus of this paper. A chemical
engineering standard, the materials balance can reduce to the
simple mass balance, as when the measured mass of a chemical in
products leaving the plant is subtracted from the raw material
entering the plant to yield the loss. This loss is then
partitioned among releases to various media or other sinks. If

In Fate of Chemicalsin the Environment; Swann, R., et al.;
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12 FATE OF CHEMICALS IN THE ENVIRONMENT

chemical transformations are entailed, the technique becomes
known as a materials balance. More complicated balances can
start with the extracted or manufactured volume (kg/yr) of a
chemical and trace it to all its intended uses, including final
disposal. Proper accounting of all flows can yield important
information about the rates of release in various branches of

the distribution tree; however, relatively small uncertainties in
the product flows can cause huge relative uncertainties in the
release flows.

Mathematical models are also used for estimating releases,
but these are usually relatively simple. For example, if it is
known that X kg of a chlorofluorocarbon is manufactured annually,
and Y percent enters spray cans, and Z percent of a spray can is
usually left unexhausted, then XY(lOO-Z)/lO4 kg of that CFC are
released to the atmosphere per year. The average discharge rate
(kg/sec) nationwide then can be computed easily. (For simplicity
in this example, we ignore the contributions from leaking
discarded cans and changes in production and use levels.)

Other models might start with concentrations of heavy metals
in coal, amounts of coal used per kWh electricity produced, kW
capacity and load factor, scrubbing efficiencies, and so on to
produce an estimate of stack emission rates for a coal-fired
electric power plant. In these cases, the model starts with
measured quantities (production level, coal concentration), and
predicts the release rates. In other cases, an environmental
fate model is applied in a well-characterized situation and its
outputs are compared with measurements to calibrate the source
term. For example, a groundwater model can be developed with
semiempirical, adjustable constants, one of which is the source
strength. Sufficient comparisons of predicted groundwater
concentrations with concentration measurements from test wells
can achieve a good estimate of the source strength, which can
then be used to estimate concentrations at other places and times.

Most other techniques for estimating release rates are
ad-hoc, in the sense that one uses the most obvious suppositionms,
calculations, and so on for a given situation. Some of these
techniques set bounds on release rates. For example, the
percentage of a manufactured product that will be tolerated as
waste depends on its price, because the profit margin can be
markedly degraded if too much is lost. At the same time, however,
high-profit materials can supply the resources to install more
effective controls. The results are rule-of-thumb bounds on the
fractions of production likely to be lost (see lower right
diagram of Figure 5). Another useful rule is that, given equal
prices, a smaller fraction will be lost from high-volume
processes than from low-volume ones. Continuous processes
inherently have smaller losses than batch processes, but there is
probably no such thing as a "completely closed process." From
such arguments, release rates would very rarely exceed 10% of
production for economic reasons, and very rarely would they be

In Fate of Chemicalsin the Environment; Swann, R., et al.;
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1. BROWN AND BOMBERGER Chemical Release 13

lower than 0.01% of production on feasibility grounds. Typical
values might be in the range of 0.1% to 1%.

Example of an Ad-Hoc Approach: Benzene

Although benzene has recently come under increasing control
because of its alleged role in leukemia and other neoplastic
diseases, in past years it has been widely dispersed in
commercial uses and has entered the environment through many
routes. In 1977, SRI attempted to characterize "Human Exposures
to Atmospheric Benzene" (l). Most of the following examples come
from that report, even though several later studies have updated
and refined that work, and recent events have changed exposure
patterns.

First, points of release of benzene were identified:
petroleum refining and coke oven operations (production and
extraction releases), use as a chemical intermediate
(transportation, storage, use, and waste releases), use in
gasoline (use-related release), and use in finished products
(use-related release). Benzene also can be a contaminant of most
of the derivatives made from it and its use as a solvent was
substantial before health concerns arose. The complexity of the
chemical systems dependent on benzene is shown in Figure 6. A
list of potential releasing products appears in Table II.

Table II

MANUFACTURED PRODUCTS USING BENZENE AS A SOLVENT (1)

Rubber tires

Miscellaneous rubber products
Adhesives

Gravure printing inks

Trade and industrial paints
Paint removers

Coated fabrics

Synthetic rubber

Leather and leather products
Floor coverings

Next, various quantitative techniques were used to estimate
releases by type of use. For use of benzene as an intermediate,
we relied on the "emission factor' technique, which estimates the
ratio of benzene release to total derivative production and then
applies this ratio to the production rate at specific locations.
Emissions factors were estimated from crude engineering
assessments of the chemical processes entailed (such as open
versus closed systems, continuous versus batch, and so on).

These crude estimates could be checked by comparing estimates of
ambient concentrations based on them against actual measurements

In Fate of Chemicalsin the Environment; Swann, R., et al.;
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Figure 6b. Benzene derivatives and their uses. (Reproduced
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or by mass balance on measured input and output.

FATE OF CHEMICALS IN THE ENVIRONMENT

Even so, such

estimates were probably accurate to no better than a factor of

ten (Table III is a sample list).

Emissions were then calculated

for about 80 plants, located in over 20 states, that consumed
about 7 billion pounds of benzene.

Table III

EMISSION FACTORS AND CHARACTERIZATIONS FOR
MANUFACTURING PLANTS THAT USE BENZENE

Emission Factor

(10-3 kg of benzene Emission
Chemical per kg of product) Characterization
SRI estimates (1):
Aniline 23.60 Fugitive
Cyclohexane 0.25 Fugitive
Detergent alkylate 2.20 Fugitive
(linear and
branched)
PEDCo estimates (3):
Cumene 0.25 Fugitive
Dichlorobenzene 8.60 Chlorinator,

(p- and o-) by-product
recovery
systems

Ethylbenzene 0.62 Scrubber-vent

Maleic anhydride 96.70 Product recovery
scrubber

Monochlorobenzene 3.50 Unknown

Nitrobenzene 7.00 Point absorber

Phenol 1.00 Unknown

Styrene 1.50 Collection vent,

emergency vent

Estimates also were made for 65 coke plants in 12 states.
Coke ovens produce benzene as a by-product, but not all of it can

be recovered.

It has been estimated that benzene contributes

about two-thirds of one percent of the coal gas generated.
Potential points of emissions from one type of coke battery are

illustrated in Figure 7.

Emissions from coke ovens were derived

from estimated emission factors (based on coke oven product
assays and benzene yields) and coal charging rates.

Because the content in gasoline at that time accounted for
a large fraction of total benzene production, all parts of the
gasoline marketing chain (Figure 8) were considered to be

In Fate of Chemicals in the Environment; Swann, R., et al.;
ACS Symposium Series; American Chemical Society: Washington, DC, 1983.



17

Chemical Release

BROWN AND BOMBERGER

1.

(¢ "399 wody
uorssiwaad yY3TM poonpoiday) °*oudZuUdg I0J S$IDINO0S UOTSSIWD o1aaydsoune
atqissod Buimoys usao 2%0d 3onpoad-4q jo weaSe1p o1lPWAYDG /7 21n81g

»oeig
ser) 31sep

apino 8309

pind \ mm:o_mm_Ew $eypy o¥05
Buysn
uiysng %mcoa&&m

—_— A ! ) N = 1aMO ] 4youenpD

suoIssiwg / 1e) Aue
apisdo| usey 101934100

sdep adidpuers

‘suoissiw3y 1< ‘a0
suoIssiW3 HOBIG 3I1SEM $100Q 3pIS ‘0D
Buibaeyd $1104 [€0D

suoissiwy
Buyouanp

In Fate of Chemicals in the Environment; Swann, R., et al.;
ACS Symposium Series; American Chemical Society: Washington, DC, 1983.



FATE OF CHEMICALS IN THE ENVIRONMENT

REFINERY STORAGE

SHIP, RAIL, BARGE PIPELINE

BULK TERMINALS

TANK TRUCKS

BULK PLANTS

TRUCKS

COMMERCIAL,

SERVICE STATIONS RURAL USERS

AUTOMOBILES, TRUCKS

Figure 8. The gasoline marketing distribution system in the
United States. (Reproduced with permission from Ref. 3.)
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1. BROWN AND BOMBERGER Chemical Release 19

potential release points. Benzene can be emitted in refining,
storage, dispensing (service stations), or use (automotive
emissions). Refining releases were treated much as were those
from use as an "intermediate," except that the emission factors
were scaled to barrels of oil processed by using the estimated
concentrations of benzene in total hydrocarbon emissions and
emission factors per barrel of oil for hydrocarbons. Storage
emissions are also based on emission factors. Both of the
preceding source types were treated as point or small area
sources. Service stations and automobiles, however, were treated
as large area sources. Automotive tailpipe emissions were based
on emission factors per mile driven and gas tank emissions were
based on emissions per trip and trips per vehicle day. For
service stations, ambient concentrations were predicted by models
and compared with measurements to calibrate the emission rates.

For solvent operations, benzene use had to be estimated by a
series of tenuous assumptions about the amount of benzene in
"other uses,'" the percent of that used for solvents, and the loss
of benzene from those operations. As an upper limit, it might be
assumed that all of the purchased benzene is eventually lost to
the atmosphere. However, some measured concentrations suggest
that perhaps only 10%Z is lost at the plant. The remainder might
be incinerated after becoming unusable or sent elsewhere for
disposal. A general rule for volatile solvents is that they
eventually reach the environment unless they are destroyed
deliberately or degrade naturally. The distribution of solvent
emissions geographically is much more difficult to determine.

For completeness, we must mention that benzene also occurs
naturally in foods such as fruits, fish, vegetables, nuts, meats,
dairy products, eggs, and alcoholic beverages. Exposures are
estimated by multiplying measured concentrations by usage of the
food product.

In the SRI report (2) the release information on benzene was
used with atmospheric dispersion models and data on geographic
distribution of population to obtain aggregate exposure estimates
(shown in Table 1IV).

Table IV COMPARISON OF BENZENE EXPOSURES AMONG SOURCES (1)

Exposure
Source (106 ppb-person-years)

Chemical manufacturing 15.9
Coke ovens 8.8
Gasoline service stations

People using self-service 1.6

People living in the vicinity 90.0
Petroleum refineries 3.4
Solvent operations 0.1
Storage and distribution Minimal
Urban exposures from automobile 102.2

emissions
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Although several figures in Table IV are significant, the
estimates are probably accurate to the first digit at best.
However, they do suggest that widespread but low-level exposures
from automobiles and service stations provide the majority of
benzene molecules that enter human bodies. Whether these are the
most biologically significant emissions depends on the behavior
of dose-response relationships at low dose levels.

Research Opportunities

Because the techniques of estimating releases are so diverse and
underdeveloped, there are many opportunities for improvement.
However, the opportunities are difficult to describe in specific
terms. We therefore note only a few broad areas:

. Measurement--Much uncertainty about release rates could
be reduced by markedly increasing the number and variety
of measurements made. Releases during use, if not
clearly 100% of use or nearly so, are especially needed.
We can clearly use many more model-measurement
comparisons to calibrate our source term assumptions, as
well as the model parameters.

. Statistics--We need better access to the data that are
available from measurements. For example, annual
production volumes are sometimes equal, or nearly so, to
annual release rates on a nationwide basis. But concern
for proprietary information has curtailed access to such
data--in our opinion, out of proportion to the harm that
might come to industry from public knowledge. Actual
in-plant emission and effluent rates are obviously much
more sensitive, but better summarization of distributions
of such releases could be made for scientific use.
Surveys of degree of use to combine with measured
releases in such uses are also needed.

. Materials balance--This technique, in principle, is
developed to its fullest extent, but it is
extraordinarily sensitive to uncertainties in the data
it uses. Better characterization of all pathways and
chemical reactions would help, as would more accurate
measurements of flows through these paths.

. Modeling--Most releases have been worked out with only
one type of model. Variant approaches should be tried
and compared. Opportunities should be sought to enrich
models without overcomplicating them.

. Ad~hoc approaches--Methods of estimating should be
borrowed from other problems whenever applicable. For
example, statistical techniques for quality control
theory can probably be applied to chemicals by viewing
discharges as "faulty" production.
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Fate of Chemicals in Aquatic Systems: Process
Models and Computer Codes

LAWRENCE A. BURNS

U.S. Environmental Protection Agency, Environmental Research Laboratory,
Athens, GA 30613

Aquatic fate models are designed to forecast the
residual concentrations, dominant transformation
pathways, distributions among subsystems, and
characteristic time scales of xenobiotic chemicals.
Most are constructed as systems of differential
equations organized around mass balances. The
resulting computer codes are used as aids in
chemical use and disposal evaluations; their
primary function is to reduce complex chemical and
environmental data sets to useful forms. Relevant
chemical phenomena include direct and indirect
photochemical reactions, hydrolytic processes,
biotransformations, ionic speciation, and sorption.
These phenomena include both reversible and
irreversible processes, with a mixture of time
scales ranging from the virtually instantaneous to
the imperceptible, depending on the structure and
reactivity of the chemical involved. Aquatic
transport processes include hydrodynamic transport
of dissolved materials, entrained transport of
chemicals sorbed with particulates, volatilization,
and exchange across the benthic boundary layer. The
models combine chemical partitioning and rate
constants with environmental driving forces,
yielding a set of differential equations that can be
analyzed to reveal chemical behavior as a function
of time, space, and extrinsic chemical loadings.

When emitted to the aquatic environment, pesticides may endanger
native populations and downstream drinking water supplies. A
realistic evaluation of such dangers requires a knowledge of the
transport and transformation processes that govern the exposure of
organisms to chemical residuals. Exposure, fate, and persistence
can be estimated via appropriately designed computer programs,
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26 FATE OF CHEMICALS IN THE ENVIRONMENT

thus providing an objective, rational, and replicable framework
for chemical use and disposal decisions (1).

Aquatic fate models must account for several XKkinds of
phenomena, including transport and transfer processes that move a
compound among ecosystem segments and compartments, and
degradation processes that convert the compound to transformation
products. This chapter provides a brief summary of the
quantitative basis for describing these processes, a description
of the logic and data structures used to assemble fate codes, and
a brief catalog of some of the main publicly available, better
documented computer programs for aquatic fate.

Transport and Transfer Processes

Ionization, sorption, volatilization, and entrainment with fluid
and particle motions are important to the fate of synthetic
chemicals. Transport and transfer processes encompass a wide
variety of time scales. Ionizations are rapid and, thus, usually
are treated as equilibria in fate models. 1In many cases, sorption
also can be treated as an equilibrium, although somtimes a kinetic
approach is warranted (2). Transport processes must be treated as
time-dependent phenomeﬁ;) except in simple screening models (3,4).

Hydrodynamic Transport. Hydrodynamic transport is often modeled
as a combination of advection and dispersion., Advection, the flow
of water through the system, is usually represented via the mean
flow velocity of a river, or hydraulic discharge from a lake or
pond. Dispersion, an analogy with molecular diffusion, is a
statistical accounting of the effects of turbulence, storm surges,
internal waves, and other phenomena not amenable to detailed,
mechanistic descriptions. The study of hydrodynamics is best
developed for rivers (5) and estuaries (6), although the
hydromechanics of ponds and lakes has not been totally neglected
(7). Hydrodynamic flows carry an entrained load of dissolved
materials. The transport of dissolved synthetic chemicals can be
readily derived by regarding the flow as a simple carrier. In
many instances a model for synthetic chemicals can be
"piggy-backed" on either a hydrodynamic transport model or on a
transport description derived from observational data.

Ionization. Many organic chemicals contain functional groups that
dissociate to yield charged species. The toxicity and chemical
reactivity of the uncharged (neutral) molecule and its charged
ions can be very different. Differences in reactivity of ionic
species can be accommodated in fate models when rate constants are
expressed in terms of the individual species.

Ionization equilibria of acids and bases can be computed
fairly easily. Consider, for example, an acid HA (H the hydrogen
atom and A the remainder of the molecule). The distribution of HA
between its un-ionized [HA] and ionized [A~] species is controlled
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by the pH of the solution. Letting "I" denote the "ionization
fractions" (8):

Io = 1/ (1 + Ka/[at]) = [8Y]1/([BY] + Ka) (1)

where Io is the fraction present as HA and Ka is the "ionization"
or "acidity" constant. Mass conservation requires that the
remainder be equal to (1 ~ Io); this fraction can also be
expressed as Ka/([H']+Ka). This concept of "ionization fractions"
(or more generally, equilibrium species distribution fractions)
can be extended to include the simultaneous occurrence of
multivalent anions and cations, sediment-sorbed and biosorbed
equilibrium states, etc.

Sorption. Capture of neutral organics by non-living particulates
depends on the organic carbon content of the solids (9).
Equilibrium sorption of such "hydrophobic" compounds can be
described by a carbon-normalized partition coefficient on both a
whole-sediment basis and by particle size classes. The success of
the whole-sediment approach derives from the fact that most
natural sediment organic matter falls in the "silt" or "fine"
particle size fractions. So long as dissolved concentrations do
not exceed 0.01 mM, linear isotherms (partition coefficients) can
be used. At higher concentrations, the sorptive capacity of the
solid can be exceeded, and a nonlinear Freundlich or Langmuir
isotherm must be invoked.

Sorption of ionizable compounds (organic acids and bases) has
yet to be described as a function of independent properties of
compounds and environments. Ionization itself is quite fast and
can be described as a simple equilibrium. The sorption of the
resulting ions involves competition with normal inorganic and
organic cations and anions. Sorption of organic cations can be
described fairly well via a competitive Langmuir isotherm, using
cation exchange capacity (CEC) as a general capacity factor (10).
Given partition coefficients for neutral and ionic species,
computation of the (local) equilibrium distribution of a compound
is straightforward. Nonlinear isotherms and detailed sorption
kinetics (2) have yet to be incorporated in operational exposure
models, however, although some programs include a first-order
kinetic approximation.

Particle Transport. Because many organic chemicals bind with
aquatic particulate matter, particle transport can determine the
fate of compounds. Sediment transport has been of interest to the
engineering profession for many years. Many discussions of the
dynamics of fluvial sediment transport have appeared in the
literature (11, 12). As with hydrodynamic transport, one strategy
for environmental modeling is to "piggy-back" the transport of
sorbed chemicals on a model of transport of the sediment phase.
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Interactions with Benthic Subsystems. In many lakes and coastal
seas, net sediment deposition can be very slow. In these cases,
capture of synthetic compounds may be driven primarily by the
activities of the biota, including physical disturbance by
demersal fishes, irrigation of the sediments by benthic macrofauna
(13), and sorption to surface layers followed by subduction and

mixing of contaminated layers by crustacea and worms. In
addition, physical stirring via sediment "bursting" (14, 15) can
facilitate exchange across the benthic interface. In general,

transport across the benthic boundary layer can be described via
an advection/dispersion equation (16), in which the advection term
accounts for ground-water flow and exchange events are described
via a dispersion term.

Biosorption and Bioaccumulation. Food chain transmission of
pollutants, and direct pollutant transfer to otherwise
uncontaminated populations (e.g., human consumption of
contaminated fishes), result from biosorption and bioaccumulation
of xenobiotic chemicals. In the case of microorganisms, with
their very high surface to volume ratio, capture of synthetic
organics can be described via a partition coefficient (17).
Simple partitioning probably can be used to describe uptake of
synthetic organics by the majority of organisms occupying the base
of aquatic food chains. The uptake of pollutant chemicals by
higher organisms is complicated by the presence of multiple
dietary and direct routes of exposure, including transport across
gill membranes and, at least for marine fishes, direct water
intake. The significance of partitioning, as against dietary
uptake, must vary with the physiology and life history of the
organism. For example, blue crabs (Callinectes) take up little or
no Kepone via direct absorption from seawater, but readily
accumulate this compound via dietary intake (18). Although simple
bioconcentration factors are adequate for many purposes, detailed
exposure models probably should include some capability for
representing dietary exposures (19), biosorption or membrane
transfers, and depuration, metaboliga, and detoxification.

Volatilization. Transfer of chemicals across the air/water
interface can result in either a net gain or loss of chemical,
although in many cases the bulk concentration in the air above a
contaminated water body is low enough to be neglected (20). When
the atmosphere is the primary source of the contaminant, as for
example polychlorinated biphenyls in some parts of the Laurentian
Great Lakes, atmospheric concentrations obviously cannot be
neglected. The Whitman two-film or two-resistance approach (21)
has been applied to a number of environmental situations (20, 22,
23). Transport across the air/water interface is viewed as a
two-stage process, in which both phases of the interface can offer
resistance to transport of the chemical. The rate of transfer
depends on turbulence in the water body and in the atmosphere, the
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Henry's Law constant of the chemical, and the molecular velocity
of the compound in the near-surface regions.

Transformation Processes

Direct Photolysis. Direct photochemical reactions are due to
absorption of electromagnetic energy by a pollutant. In this
"primary" photochemical process, absorption of a photon promotes a
molecule from its ground state to an electronically excited state.
The excited molecule then either reacts to yield a photoproduct or
decays (via fluorescence, phosphorescence, etc.) to its ground
state. The efficiency of each of these energy conversion
processes 1is called its "quantum yield"; the law of conservation
of energy requires that the primary quantum efficiencies sum to
1.0. Photochemical reactivity 1is thus composed of two factors:
the absorption spectrum, and the quantum efficiency for
photochemical transformations.

The rate of photolytic transformations in aquatic systems also
depends on the intensity and spectral distribution of light in the
medium (24). Light intensity decreases exponentially with depth.
This fact, known as the Beer-Lambert law, can be stated
mathematically as: d{Eo)/dz = -K(Eo), where Eo = photon scalar
irradiance (photons/cmz/sec), Z = depth (m), and K = diffuse
attenuation coefficient for irradiance (/m). The product of light
intensity, chemical absorptivity, and reaction gquantum yield, when
integrated across the solar spectrum, yields a pseudo-first-order
photochemical transformation rate constant.

Indirect Photolysis and Oxidation. The simultaneous occurrence of
"humic materials," dissolved oxygen, and sunlight often results in
an acceleration of the rate of transformation of organic
pollutants (Zéj 26). These reactions are termed "indirect" or
"sensitized” photolysis. Indirect photolysis can be subdivided
into two classes of reactions. First, "sensitized photolysis" per
se involves excitation of a (humic) sensitizer by sunlight,
followed by direct chemical interaction between the sensitizer and
a pollutant. The second class of indirect photolysis involves the
formation of chemical oxidants, primarily via the interaction of
sunlight, humic materials, and dissolved oxygen (27). The primary
oxidants known to occur in natural waters are hydroxyl and peroxy
radicals (28) and singlet oxygen (29). Aquatic fate codes
represent the oxidative transformation of pollutants via a purely
phenomenological coupling of a second-order rate constant (with
units /M/time) to the concentration (moles/liter) of oxidants in
the system. The occurrence and concentration of oxidants in
natural waters has been investigated via the laboratory
irradiation of chemical “"probes" (28, 29, 30).

Hydrolysis. Hydrolysis of synthetic organics occurs via several
pathways. Specific-acid and -base catalyzed processes can be
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described in terms of pH and temperature (31). Neutral hydrolysis
(i.e., pH-independent mechanisms) can proceed either via direct
reactions involving the water molecule in the rate-limiting step
or via indirect molecular transformations involving water as a
reactant. (Both are apparent first-order reactions.) The
information required by fate models can be encapsulated in a
pH-rate profile (Figure 1). Hydrolysis kinetics are readily
described via second-order equations incorporating the effects of
temperature and ionization on chemical reactivity.

General acid/base catalysis is less significant in natural
fresh waters, although probably of some importance in special
situations. This phenomenon can be described fairly well via the
Bronsted law (relating rate constants to pKa and/or pKb of general
acids and bases). Maximum rates of general acid/base catalysis
can be deduced from a compound's specific acid/base hydrolysis
behavior, and actual rates can be determined from relatively
simple laboratory experiments (34).

Microbial Biotransformation. Microbial population growth and
substrate utilization can be described via Monod's (35) analogy
with Michaelis-Menten enzyme kinetics (36). The growth of a
microbial population in an unlimiting environment is described by:
dN/dt = u N, where u is called the "specific growth rate"” and N is
microbial biomass or population size. The Monod equation modifies
this by recognizing that consumption of resources in a finite
environment must at some point curtail the rate of increase
(dN/dt) of the population:

u = u(max) —-—---=---- (2)

in which [S] is the concentration of the growth-limiting
substrate, u{(max) is the "maximum specific growth rate" attained
when [S] is present in excess (i.e., non-limiting), and Ks, the
"saturation constant" is that value of [S] allowing the population
to grow at rate u(max)/2. An equation describing the behavior of
[S] over time, and thus by implication the dynamics of a
biodegradable synthetic compound, follows via a simple derivation
(36), resulting in Equation 3, in which Y is the ‘'"yield
coefficient” in cells or biomass produced per unit S metabolized.

e = e emmmmm cme N (3)

This equation is difficult to apply in a broader ecological
context, however. The first difficulty is mechanical: Equation 3
is non-linear in its parameters, and thus imposes a high cost in
computation time when wused in a computer code. For trace
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Figure 1. Hydrolysis pH-rate profiles of phenyl acetate (lower)
and a substituted 2-phenyl-1l,3-dioxane (HND). Phenyl acetate
profile constructed from data of Mabey and Mill (32), HND
profile from data of Bender and Silver (33). Phenyl acetate
reacts via specific-acid catalyzed, neutral, and base-catalyzed
transformation pathways. The pseudo-first-order rate constant
is given by Kobs = K(y+) [H*] + Kn + K(oyg-) [OH]. HND
hydrolyzes only via an acid-catalyzed pathway; the phenolate
anion is some 867 times more reactive than its conjugate acid.
In this case, Kobs = (0.15 Io + 130(1-I0))[H*] (See equation 1.)
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concentrations (i.e., [S] << Ks), however, the term (Ks + [S]) in
Equation 3 can be approximated by Ks, giving:

dalsl] u(max)
=== = = ~m—e—e- N [S] (4)
dt Y Ks

This formulation is similar to the "second-order" equations used
to describe the kinetics of chemical reactions, and u(max)/(Y Ks)
can by analogy be termed a second-order biolysis rate constant
Kb2, with wunits /time/(cells/liter) when population sizes N are
expressed in cells/liter.

There are conceptual difficulties as well, however. A natural
microbial community derives its energy from a variety of sources.
A species restricted to a trace-level synthetic compound as 1its
sole carbon source would be at a severe competitive disadvantage;
there is no way to predict the population densities the degrader
could attain 1in real systems. Further, the presence of multiple
energy-yielding substrates violates a fundamental assumption of
the Monod approach, that 1is, that [S], the synthetic compound,
limits growth. Compounds may be transformed 1in energy-requiring
detoxification processes, making the concept of cell yield (Y) of
dubious utility. When the compound is degraded without a change
in population size, the zero yield invalidates Equations 3 and 4
alike., This phenomenon is sometimes called "cometabolism" (37).

Still, the rate of transformation of organic pollutants must
depend on the structure of the compound and the metabolic capacity
of microbial communities. The simplest expression of this duality
is the second-order equation:

d[sl/at = - Kb2 B [S] (5)

which asserts that the rate of biolysis (d[S]l/dt) is first-order
in compound concentration [S] and in microbial activity B, and in
which a dogmatic identification of Xb2 with u(max)/(Y Ks) is
discarded. This technique is used by most currently operational
exposure models.

Logical and Data Structures of Aquatic Fate Codes

Logical Structures. When a synthetic organic chemical is released
into an aquatic system, the entire array of transport, transfer,
and transformation processes begins at once to act on the
chemical. Transport from the point of entry into the bulk of the
system takes place by advection and by turbulent dispersion.
Transfers to sorbed forms and irreversible transformation
processes proceed simultaneously with the transport of the
chemical. After the elapse of sufficient time, the chemical comes
to be distributed throughout the system, with relatively smooth
concentration gradients resulting from dilution, speciation, and
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transformation. The most efficient way to describe the parallel
action of the processes is to combine them into a mathematical
description of their total effect on the rate of change of
chemical concentration in the system, via a set of coupled
differential equations.

The simplest, and perhaps most important, principle used in
constructing environmental models is the conservation law: matter
can be neither created nor destroyed. This means that every
molecule of a chemical that enters a defined spatial zone (e.g., a
laboratory tank or beaker, the epilimnion of a lake, the Earth's
atmosphere, etc.) must ultimately either leave the system, be
transformed into another compound, or take up residence in the
system. The behavior of a chemical in an aquatic system thus can
be rigorously described by using the conservation law as an
accounting principle. Imagine, first, an accounting boundary
drawn around some segment of the environment. This imaginary
boundary encloses a "control volume," or accounting unit to be
used in a model. 1In real cases, accounting boundaries are often
chosen to correspond with actual physical discontinuities, such as
river banks, the air/water interface, the benthic-sediment/water-
column interface, the depth of bioturbation of sediments, etc. 1In
many cases, however, the accuracy and detail of a model can be
improved by including many relatively small accounting units
bounded only by arbitrary lines drawn on a map or vertical profile
of the water body.

Every molecule entering the control volume has three courses
available to it: export (movement out of the control volume),
transformation, or residence. Environmental modeling thus begins
by writing a mass balance around the control volume. This mass
balance expresses the changes in concentration {(that is, increases
and decreases in the number of chemical molecules resident per
unit volume of the segment) that result from loadings (i.e.,
inputs), exports, and transformations. The product of
concentration [C] (mass/volume) and volume V is the accountable
mass, so, using the usual notation of differential equations to
denote a rate of change (that is, d(Cl/dt denotes the rate of
change of concentration [C] per unit time t):

v d[cl/at Lo - Ex - Vk E [C] (6)

that is, mass change rate = load =~ export - transformations,
where E is the environmental factor driving the transformation of
the compound (e.g., [H*]), and k is the kinetic constant of the
reaction pathway. If we consider water-borne exports only, Ex can
be set equal to (F)[C}, where (F) is the flow rate of water
leaving the system in volume/time. The second-order
transformation process k E [C] must have units mass/volume/time;
multiplication by V converts it to the proper units (mass/time).
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Dividing both sides of Equation 6 by V gives a unit equation
for modeling chemical concentrations in real systems:

d[cl/sat = Lo/v - (F/V)IC] -k E [C] (7)

(The term (V/F) has units of time; when V and F apply to an
entire system, (V/F) 1is often called the "hydraulic residence
time" or "detention time" of the water body.)

Models of real ecosystems often consist of many unit control
volumes coupled together by transport equations. An export from
one unit then becomes a load on another. The 1loadings (Lo) on
each control volume can thus be the sum of many terms, including
"external" chemical loadings from industrial or agricultural
discharges, contaminated rainfall, etc., plus the *"internal"
loadings due to hydrodynamic motions and other transport cycles
within the system that move chemicals from one control volume to
another. In models that include both parent compounds and
transformation products, the rate of transformation of the parent
to the product (k E [C]) is also an internal loading (Lo/V) of the
product chemical.,

Export processes are often more complicated than the
expression given in Equation 7, for many chemicals can escape
across the air/water interface (volatilize) or, in rapidly
depositing environments, be buried for indeterminate periods in
deep sediment beds. Still, the majority of environmental models
are simply variations on the mass-balance theme expressed by
Equation 7. Some codes solve Equation 7 directly for relatively
large control volumes, that is, they operate on "compartment" or
"box" models of the environment. Models of aquatic systems can
also be phrased in terms of continuous space, as opposed to the
"compartment” approach of discrete spatial zones. In this case,
the partial differential equations (which arise, for example, by
taking the limit of Equation 7 as the control volume goes to zero)
can be solved by finite difference or finite element numerical
integration techniques.

Data Structures. Inspection of the unit simulation equation
(Equation 7) indicates the kinds of input data required by aquatic
fate codes. These data can be classified as chemical,
environmental, and loading data sets. The chemical data set:,
which are composed of the chemical reactivity and speciation data,
can be developed from laboratory investigations. The
environmental data, representing the driving forces that constrain
the expression of chemical properties in real systems, can be
obtained from site-specific limnological field investigations or
as summary data sets developed from literature surveys.
Allochthonous chemical loadings can be developed as worst-case
estimates, via the outputs of terrestrial models, or, when
appropriate, via direct field measurement.
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From these data, aquatic fate models construct outputs
delineating exposure, fate, and persistence of the compound. In
general, exposure can be determined as a time-course of chemical
concentrations, as ultimate (steady-state) concentration distri-
butions, or as statistical summaries of computed time-series.
Fate of chemicals may mean either the distribution of the chemical
among subsystems (e.g., fraction captured by benthic sediments),
or a fractionation among transformation processes. The latter
data can be used in sensitivity analyses to determine relative
needs for accuracy and precision in chemical measurements.
Persistence of the compound can be estimated from the time
constants of the response of the system to chemical loadings.

Available Aquatic Fate Codes

Although many research models and water quality codes have been
written in recent vyears, relatively few finished codes for
synthetic organics in aquatic systems are available to
non-specialists. Useful codes must include some form of the
second-order process models described above, be written as general
purpose codes (i.e., not as regression models), have some form of
written documentation and user manual, and be publicly available
in a portable high-level language. Aall the codes listed below
survive these tests. All are written in FORTRAN 1IV; FORTRAN
compilers are virtually universally available. A brief
description of the main available codes follows. The references
given in these paragraphs include documentation and sources for
additional information and copies of the computer programs. These
codes are, for the most part, undergoing continuing revision and
test by their authors, so detailed comparisons are problematic and
are not attempted. The documentation reports cited for the codes
may not fully describe the currently available programs; direct
contact with code authors is advisable.

A code developed for the Chemical Manufacturers Association by
HydroQual (SLSA, or Simplified Lake and Stream Analyzer 38, 39)
deserves careful study for 1its insightful exploration of the
general characteristics of the behavior of hydrophobic materials
in aquatic systems. This code, with its documentation report,
provides an excellent entry point to the field.

EXAMS1/EXAMS2., The EXposure Analysis Modeling System (EXAMS, gg)
was developed as a screening tool for estimating long-term fate,
residual concentrations, and persistence. Although written in
full differential equation form, the program invokes a special
routine for deriving steady-state solutions, so as to simplify
evaluation of long-term chemical loadings. EXAMS can accept one,
two, or three-dimensional compartment models of aquatic systems.
A follow-on version (EXAMS2) computes the fate of transformation
products and allows direct user access to initial conditions and
simulation intervals.
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HSPF. The Hydrologic Simulation Program (FORTRAN) (41, 42) is
based on the Stanford Watershed Model. Version 7 of HSPF
incorporates the process models of SERATRA in its aquatic section,
with several (user-selectable) options for sediment transport
computations. HSPF includes the generation of transformation
products, each of which 1is 1in turn subject to volatilization,
phototransformation, biolysis, etc.

PEST. This code (43) was developed within the framework of
Rensselaer Polytégﬁnic Institute's CLEAN {(Comprehensive Lake
Ecosystem Analyzer) model. It includes highly elaborated
algorithms for biological phenomena, as described in this volume
(44). For example, biotransformation is represented via
second-order equations 1in bacterial population density (Equation
5) in the other codes described in this section; PEST adds to
this effects of pH and dissolved oxygen on bacterial activity,
plus equations for metabolism in higher organisms. PEST allows
for up to 16 compartments (plants, animals, etc.), but does not
include any spatially resolved computations or transport processes
other than volatilization.

SRI/SERATRA/TODAM/FETRA/CMRA. Based on a summary of process
models published by Stanford Research Institute (SRI model, 45),
Battelle Pacific Northwest Laboratories' SERATRA (Sediment-
Radionuclide Transport Model) was expanded from its original
first-order radionuclide decay to include process models for
photolysis, hydrolysis, oxidation, biolysis, and volatilization
(46). The SERATRA code 1is an uns teady, two dimensional
(longitudinal and vertical) finite element code for transport of
dissolved constituents and transport, deposition, and resuspension
of sediments and sorbed contaminants. A one-dimensional
(longitudinal) version (TODAM) and a two-dimensional {(longitudinal
and lateral) estuarine version (FETRA) are also available from
BPNL. These codes require hydrodynamic conditions over time as
input to the programs. Sorption/desorption are treated as kinetic
processes first-order in chemical concentrations. A set of codes
directly useful in environmental safety evaluations (CMRA,
Chemical Migration and Risk Assessment) was also developed for use
with the SERATRA program (47). CMRA also includes a
non-point-source loading model for agricultural sources, a
hydrodynamic code, and a toxicological post-processor FRANCO
(FRequency ANalysis of pesticide COncentrations for risk
assessment) that assembles time-series data on chemical
concentrations into an analysis of the frequency and duration of
toxic stress events.

TOXIC. This code (48-51) was developed at the University of Iowa
as an elaboration of the SRI model. To its predecessor, it adds a
fish uptake and depuration model and expanded dynamic
capabilities. The code was developed during the course of field
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studies of the behavior of pesticides and herbicides in Iowa
reservoirs.

UTM-TOX. The Unified Transport Model for Toxicants (UTM-TOX, 52)
was developed at Oak Ridge National Laboratory (ORNL) on the base
of the ORNL Unified Transport Model (uTM), itself under
development from the early 1970's. UTM~-TOX includes air, water,
and terrestrial submodels. The aquatic fate submodel includes
volatilization, hydrolysis, biolysis, photolysis, and sorption
equilibria. Sorbed phases are assumed unreactive in the 1982
version.

WASP/TOXIWASP/WASTOX. The Water Quality Analysis Simulation
Program (WASP, 53)is a generalized finite-difference code designed
to accept user-specified kinetic models as subroutines. It can be
applied to one, two, and three-dimensional descriptions of water
bodies, and process models can be structured to include linear and
non-linear kinetics. Two versions of WASP designed specifically
for synthetic organic chemicals exist at this time. TOXIWASP (54)
was developed at the Athens Environmental Research Laboratory of
U.S. E.P.A.; WASTOX (55) was developed at HydroQual, with
participation from the group responsible for WASP. Both codes
include process models for hydrolysis, biolysis, oxidations,
volatilization, and photolysis. Both treat sorption/desorption as
local equilibria. These codes allow the user to specify either
constant or time-variable transport and reaction processes.

All these codes vary slightly in implementation, resulting in
slightly different input data. For example, some use standard
Arrhenius functions to express temperature dependencies; others
use the civil engineering power equation. Although equivalent,
the input data differ. Again, some codes use the 39 wavelength
intervals specified by the SOLAR photochemical code (24); others
use an 18 increment version from SERATRA. A few codes do not
include a term for atmospheric resistance to volatilization, and
thus require caution when used for compounds with Henry's Law
constants smaller than 0.001 atm-m3/mole (22). At present, only
HSPF and EXAMS2 include transformation product capabilities, and
only the EXAMS codes include a full treatment of ionizable
compounds and ion~specific chemical reactivities. It should be
said, however, that most of the currently active code authors are
aware of the limitations of their codes and are actively engaged
in further development.

Although all these codes have been tested for theoretical
integrity and realism to some extent, few appropriate data sets
for model testing are available and standardized methods for
collecting them are only now under development (56). At this
time, a full evaluation of a chemical is perhaps best accomplished
using several fate codes, with careful comparisons among the
outputs of the codes.
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Soil and Groundwater Fate Modeling

MARCOS BONAZOUNTAS
Arthur D. Little, Inc., Cambridge, MA 02140

Soil compartment chemical fate modeling has been traditionally per-
formed for three distinct subcompartments: the land surface (or watershed);
the unsaturated soil (or soil) zone; and the saturated (or groundwater) zone
of a region. In general, the mathematical simulation is structured around
two major cycles: the hydrologic cycle and the pollutant cycle, each cycle
being associated with a number of physicochemical processes. Watershed
models account for a third cycle: sedimentation.

This paper discusses: (1) soil and groundwater; and (2) aquatic equilib-
rium and ranking meodels. The second category deals with the chemical
“speciation” in soil and groundwater, and with the environmental rating of
waste sites, in cases where detailed modeling is not desirable.

Unsaturated soil zone models can simulate flow and quality conditions
of a soil zone profile extending between the ground surface and the
groundwater table. The traditional modeling employs either the time
dependent diffusive convective mass transport differential equation in
homogeneous isotropic soils, or simplified analytic expressions. Compart-
mental modeling is an area of current research. Equations are principally
solved numerically or analytically when seeking exact solutions for sim-
plified environments. Groundwater models describe the fate of pollutants in
aquifers. Ironically enough, although the number of model types is large,
only a few basic processes are modeled, mainly via the convective, dis-
persive, adsorptive, reactive, pollutant transport equation in a saturated
porous medium, which is solved via analytical, numerical, or statistical
techniques, and for one pollutant at a time.

1.0 INTRODUCTION

Soil compartment chemical fate modeling has been traditionally performed for
three distinct subcompartments: (1) land surface (or watershed); (2) the unsaturated
soil (or soil) zone, and (3) the saturated (or groundwater) zone of a region (Figure 1). In
general, the mathematical simulation is structured around two major cycles: the
hydrologic cycle and the pollutant cycle, each cycle being associated with a number of
physicochemical processes. Land surface models account for a third cycle: sedimenta-
tion. Land surface models describe pollutant fate on the watershed and pollutant
contribution to a water body and to the unsaturated soil zone of the region. Unsatu-
rated soil zone models simulate flow and quality conditions of a soil zone profile

0097-6156/83/0225-0041$07.25/0
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Figure 1. Schematic presentation of the soil compartment.
(Reproduced with permission from Ref. 5.)
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extending between the ground surface and the groundwater table. Groundwater
models describe the fate of pollutants in aquifers.

Mathematical models can greatly assist decision makers in determining the
importance of pollutant pathways in the environment, as long as used properly and
with an understanding of their limitation. The use of models has grown dramatically
over the past decade, but models are not meant to substitute for good judgment and
experience. Ironically enough, although the number of model types is very large, only
a few basic different modeling concepts exist.

Soil zone modeling is a very complex issue and a major characteristic of a soil
subcompartment — as contrasted to a water or an air subcompartment — is that the
temporal physical and the chemical behavior of this subcompartment is governed by
“out-compartmental” forces such as precipitation, air temperature, and solar radi-
ation. This characteristic is also one of the main reasons why soil mathematical
modeling can be much more complex than water or air modeling. Groundwater mod-
eling can handle a limited number of chemical processes; therefore, a number of
aquatic equilibrium models under development are aimed to fill this chemistry gap.
Finally, soil compartment models (watershed, soil, groundwater) are used to evaluate
pollution originating from various sources, such as hazardous waste sites. Because
detailed soil modeling is not always feasible or desirable, a category of “ranking”
models is known in the literature for “screening” severity of environmental impacts
originating from waste activities.

This paper presents a review discussion of soil, groundwater, aquatic equilibrium
and ranking modeling concepts including selected documented models. Watershed
models are not discussed, since the work of Knisel (1) is one of the most representative
watershed computerized packages.

2.0 SOURCES AND EMISSIONS

Through numerous human activities pollutants are released to the soil compart-
ment. The particular practice significantly influences the fate of pollutants in the soil
and groundwater zones. Releases include both point source and area loadings. They
may be intentional, such as landfills and spray irrigation of sewage; unintentional,
such as spills and leaks; or indirect, through pesticide drift or surface runoffs. The
point of release may be at the soil surface, or from a source buried deep in the soil.
Substances released are in liquid, semi-liquid, solid, or particulate form. In some cases
a waste material will be pretreated or deactivated prior to disposal to limit its mobility
in soil. The rate of release may be continuous, such as at a municipal landfill;
intermittent, or on a “batch” basis such as practiced by some industries, or as a one-
time episode such as the uncontrolled disposal of barrels of hazardous waste or a spill.

Table 1 indicates primary pollutant sources and waste modes, and Table 2
indicates the primary and secondary sources and associated pollutants. The primary
sources of soil contamination include: land disposal of solid waste; sludge and waste-
water; industrial activities; and leakages and spills, primarily of petroleum products.
The solid waste disposal sites include: dumps, landfills, sanitary landfills, and secured
landfills.

Land disposal sites result in soil contamination through leachate migration. The
composition of the substances produced depends principally on the type of wastes
present and the decomposition in the landfill (aerobic or anaerobic). The adjacent soil
can be contaminated by: direct horizontal leaching of surface runoff; vertical leaching;
and transfer of gases from decomposition by diffusion and convection. The disposal of
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PRIMARY SOURCES OF SOIL CONTAMINATION AND ASSOCIATED POLLUTANTS

Source
Industrial Sources
Chemical manufacturers
Petroleum refineries
Metal smelters and refineries
Electroplaters
Paint, battery manufacturers

Pharmaceutical manufacturers
paper and related industries

Land Disposal Sites

Landfills that received sewage sludge,
garbage, street refuse, construction
and demolition wastes

Uncontrolled dumping of industrial
wastes, hazardous wastes

Mining Wastes

Agricultural Activities

Agricultural feedlots

Treatment of crops and/or soil with
pesticides and fertilizers; runoff or
direct vertical leaching to septic
tanks and cesspools

Leaks and Spills

Sources include oil and gas wells;
buried pipelines and storage tanks;
transport vehicles

Atmospheric deposition

Highway Maintenance Activities
Storage areas and direct application
Radioactive Waste Disposal

Eleven major shallow burial sites exist
in U.S.; 3 known to be leaking

Land Disposal of Sewage and Wastewater

Spray irrigation of primary, secondary
effluents

Land application of sewage sludge
Leakage from sewage oxidation ponds

Type of Pollutants

Organic solvents
Chlorinated hydrocarbons
Heavy metals

Cyanide, other toxics
Conventional pollutants

Acids, alkalines, other corrosives
many are highly mobile in soil.

BOD, inorganic salts, heavy metals
pathogens, refractory organic compounds,
plastics; nitrate; metals including iron,
copper, manganese suspended solids

Acidity, dissolved solids, metals, radio-
active materials, color, turbidity

BOD, nutrients, fecal coliforms, chloride,
some heavy metals

Herbicides, insecticides, fungicides,
nitrates, phosphates, potassium, BOD,
nutrients, heavy metals, inorganic salts,
pathogens, surfactants; organic solvents
used in cleaning

Petroleum and derivative compounds;
any transported chemicals

Particulates; heavy metals, volatile
organic compounds; pesticides; radio-
active particles

Primarily salts

Primarily 132CS, °°Sr, and ¢°Co

BOD, heavy metals, inorganic salts,
pathogens, nitrates, phosphates,
recalcitrant organics
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domestic and municipal wastewaters on land takes place through: septic tanks and
cesspools; sewage sludge from primary and secondary treatment plants often spread on
agricultural and forested land (land treatment); liquid sewage, either untreated or
partially treated is applied to the land surface, by spray irrigation, disposal over
sloping land, or disposal through lagooning of sewage sludge.

Landfills are principally disposal sites for municipal refuse and some industrial
wastes. Municipal refuse is generally composed of 40 to 50% (by weight) of organic
matter, with the remaining consisting of moisture and inorganic matter such as glass,
cans, plastic, pottery, etc. Under aerobic decomposition, carbonic acid that is formed
reacts with any metals present and calcareous materials in the rocks and soil, thus
increasing the hardness and metal content of the leachate. Decomposition of the
organic matter also produces gases, including CO,, CH,, H,S, H,, NH; and No, of
which CO, and CH, are the most significant soil contaminants (2).

3.0 ENVIRONMENTAL FACTORS AND CHEMISTRY
3.1 General

The chemical, physical and biological properties of a substance in conjunction
with the environmental characteristics of an area, result in physical, chemical, and
biological processes associated with the transport and transformation of the substance
in soil and groundwater. These processes are shortly described in the following sec-
tions, along with some representative mathematical methods or models employed in
the literature. Information is mainly obtained from Bonazountas and Fiksel (3).

The rates of each of the environmentally important chemical processes are
influenced by numerous parameters, but most processes are described mathematically
by only one or two variables. For example, the rate of biodegradation varies for each
chemical with time, microbial population characteristics, temperature, pH, and other
reactants. In modeling efforts, however, this rate can be approximated by a first-order
rate constant (in units of time).

Soil models tend to be based on first-order kinetics; thus, they employ only first-
order rate constants with no ability to correct these constants for environmental
conditions in the simulated environment which differ from the experimental condi-
tions. This limitation is both for reasons of expediency and due to a lack of the data
required for alternative approaches. In evaluating and choosing appropriate unsatu-
rated zone models, the type, flexibility, and suitability of methods used to specify
needed parameters should be considered.

3.2 Physical Processes

The physical behavior of a chemical determines how the chemical partitions
among the various environmental media and has a large effect on the environmental
fate of a substance. For example, the release into soil of two different acids (with
similar chemical behavior) may result in one chemical mainly volatilizing into the air
and the other chemical becoming mainly sorbed to the organic fraction of the soil. The
physical behavior of a substance therefore can have a large effect on the environmen-
tal fate of that substance.

The processes and corresponding physical parameters that are important in
determining the behavior and fate of a chemical are different in analysis of trace-level
contaminants than analyses of contaminants from large-scale releases (e.g., spills).
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The processes of advection, diffusion, sorption and volatilization are most important to
both trace-level analyses, and large-scale release analyses. Bulk properties (e.g.,
viscosity, solubility) are usually only important in simulations involving large
amounts of contaminants.

Sorption/lon-Cation Exchange

Adsorption is the adhesion of pollutant ions or molecules to the surface or soil
solids, causing an increase in the pollutant concentrations on the soil surface over the
concentration present in the soil moisture. Adsorption occurs as a result of a variety of
processes with a variety of mechanisms and some processes may cause an increase of
pollutant concentration within the soil solids — not merely on the soil surface.
Adsorption and desorption can drastically retard the migration of pollutants in soils,
therefore, knowledge of this process is of importance when dealing with contaminant
transport in soil and groundwater. The type of pollutant will determine to what kinds
of material the pollutant will sorb. For organic compounds, it appears that partition-
ing between water and the organic carbon content of soil is the most important
sorption mechanism (4).

Sorption and desorption are usually modeled as one fully reversible process,
although hystersis is sometimes observed. Four types of equations are commonly used
to describe sorption/desorption processes: Langmuir, Freundlich, overall and ion or
cation exchange. The Langmuir isotherm model was developed for single layer
adsorption and is based on the assumption that maximum adsorption corresponds to a
saturated monolayer of solute molecules on the adsorbent surface, that the energy of
adsorption is constant, and that there is no transmigration of adsorbate on the surface
phase.

The Langmuir model is described by:

ds/dt = Ky (s — 8)
e = Q>bc/(1+¢)

The Freundlich sorptive isotherm is an empirical model expressed by:

s = ¥m = Kc'

where: ds/dt = temporal variation of adsorbed concentration of compound on soil
particles; s = adsorbed concentration of compound on soil particles; Ky, = Langmuir
equilibrium soil-water adsorption kinetic coefficient; s, = maximum soil adsorption
capacity; Q° = number of moles (or mass) of solute adsorbed per unit weight of
adsorbent (soil) during maximum saturation of soil; b = adsorption partition
coefficient; t = time; ¢ = concentration of pollutant in soil moisture; x = adsorbed
pollutant mass on soil; m = mass of soil; K = adsorption (partitioning) coefficient; ¢ =
dissolved concentration of pollutant in soil moisture; n = Freundlich equation param-
eter. At trace levels, many substances (particularly organics) are simply proportional
to concentration, so the Freundlich isotherm is frequently used with 1/n = 1. For
organics, K,. (the adsorption coefficient on organic carbon) is often used instead of K.
These coefficients are related by: K = K,.. (% organic carbon in the solid)/100.

Ion exchange (an important sorption mechanism for inorganics) is viewed as an
exchange with some other i 1on that initially occupies the adsorption site on the solid.
For example, for metals M ™ *) in clay the exchanged ion is often calcium.

M** + [clay]- Ca Cat ™t + [clay]- M

In Fate of Chamsﬂl&ggn\ﬁmchann R.,eta.;

ACS Symposium Series; ArRaeietverlith ety Washington, DC, 1983.
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Cation exchange can be quite sensitive to other ions present in the environment.
The calculation of pollutant mass immobilized by cation exchange is given by:

S = EC - MWT/VAL

where: S = maximum mass associated with solid (mass pollutant/mass of soil);
EC = cation exchange capacity (mass equivalents/mass of dry soil); MWT = molecu-
lar (or atomic) weight of pollutant (mass/mole); VAL = valence of ion (—). For
additional details see Bonazountas and Wagner (5).

Diffusion/Volatilization

Diffusion in solution is the process whereby ionic or molecular constituents move
under the influence of their kinetic activity in the direction of their concentration
gradient. The process of diffusion is often known as self-diffusion, molecular diffusion,
or ionic diffusion. The mass of diffusing substance passing through a given cross
section per unit time is proportional to the concentration gradient (Fick’s first law).

Volatilization refers to the process of pollutant transfer from soil to air and is a
form of diffusion, the movement of molecules or ions from a region of high concentra-
tion to a region of low concentration. Volatilization is an extremely important path-
way for many organic chemicals, and rates for volatilization from soil vary over a large
range. This process is less important for inorganic than for organic chemicals; most
ionic substances are usually considered to be non-volatile (4).

Many models are available in the literature, and some of these models can be
applied only to specific environmental situations and only for chemicals for which they
were developed. Obviously, all models do not provide the same numerical results when
employed to provide answers to a particular problem, so care must be taken in
choosing an appropriate unsaturated zone model, or when specifying a volatilization
rate. For modeling algorithms, and numerical examples the reader is referred to the
work of Lyman et al. (6), Bonazountas & Wagner (5) and others listed in these
references.

3.3 Chemical Processes
lonization

Ionization is the process of separation or dissociation of a molecule into particles
of opposite electrical charge (ions). The presence and extent of ionization has a large
effect on the chemical behavior of a substance. An acid or base that is extensively
ionized may have markedly different solubility, sorption, toxicity, and biological
characteristics than the corresponding neutral compound. Inorganic and organic acids,
bases, and salts may be ionized under environmental conditions. A weak acid HA will
ionize to some -extent in water according to the reaction:

HA + H)O o H,0" + A~

The acid dissociation constant K, is defined as the equilibrium constant for this
reaction:

K, = [H;0] [AT)(HA] [H0)
Note that a compound is 50% dissociated when the pH of the water equals the pK
(PK, = — log Ka).

In Fate of Chemicals in the Environment; Swann, R., et al.;
ACS Symposium Series; American Chemical Society: Washington, DC, 1983.
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Hydrolysis

Hydrolysis is one of a family of reactions which leads to the transformation of
pollutants. Under environmental conditions, hydrolysis occurs mainly with organic
compounds. Hydrolysis is a chemical transformation process in which an organic RX
reacts with water, forming a new molecule. This process normally involves the forma-
tion of a new carbon-oxygen bond and the clearing of the carbon-X bond in the original
molecule:

H,0O - +
RX 2¥ R-OH + X~ + H

Hydrolysis reactions are usually modeled as first-order processes, using rate
constants (Ky) in units of (time) 1

—d[RXV)dt = Kyg[RX]

The rate of hydrolysis of various organic chemicals, under environmental condi-
tions can range over 14 orders of magnitude, with associated half-lifes (time for one-
half of the material to disappear) as low as a few seconds to as high as 10° years and is
pH dependent. It should be emphasized that if laboratory rate constant data are used
in soil models and not corrected for environmental conditions — as is often the only
choice — then model results should be evaluated with skepticism.

Oxidation/Reduction

For some organic compounds, such as phenols, aromatic amines, electron-rich
olefins and dienes, alkyl sulfides, and eneamines, chemical oxidation is an important
degradation process under environmental conditions. Most of these reactions depend
on reactions with free-radicals already in solution and are usually modeled by pseudo-
first-order kinetics:

—d[X)dt = K'g [RO2] [X] = Kox [X]

where: X is the pollutant, K’y is the second order oxidation rate constant, ROy is
a free radical, and Koy is the pseudo-first-order oxidation rate constant.

Complexation

Complexation, or chelation, is the process by which metal ions and organic or
other non-metallic molecules (called ligands) can combine to form stable metal-ligand
complexes. The complex that is found will generally prevent the metal from under-
going other reactions or interactions that the free metal cation would. Complexation
may be important in some situations; however, the current level of understanding of
the process is not very advanced, and the available information has not been shown to
be particularly useful to quantitative modeling (5).

3.4 Biological Processes

Bioaccumulation is the process by which terrestrial organisms such as plants and
soil invertebrates accumulate and concentrate pollutants from the soil. Bioaccumula-

In Fate of Chemicalsin the Environment; Swann, R., et al.;
ACS Symposium Series; American Chemical Society: Washington, DC, 1983.
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tion is not examined in soil modeling, aside from some nutrient cycle (phosphorus,
nitrogen) and carbon cycle bioaccumulation attempts.

Biodegradation refers to the process of transformation of a chemical by biological
agents, usually by microorganisms and it actually refers to the net result of a number
of different processes such as: mineralization, detoxication, cometabolism, activation,
and change in spectrum. In toxic chemical modeling, biodegradation is usually treated
as a first-order degradation process (5):

de/dt = —KDE'Cn

where: ¢ = dissolved concentration of pollutant soil moisture (ug/mL); Kpg =
rate of degradation (day ~}); and n = order of the reaction (n=1; first order).

4.0 MATHEMATICAL MODELING
4.1 General Overview

Pollutant fate mathematical modeling in soil systems is an area of current
intensive work, because of the numerous problems originating at hazardous waste
sites. The variety of models has dramatically increased during the last decade, but
although the variety of models appears to be large only very few “different” modeling
concepts exist and very few physical or chemical processes are modeled. In general,
soil/groundwater modeling concepts deal mainly with point source pollution and can
be categorized into: (1) unsaturated soil zone (or soil); (2) saturated soil zone (ground-
water); (3) geochemical, and (4) ranking. The first two categories follow comparable
patterns of mathematics and approach, the third enters into chemistry and speciation
modeling, and the fourth follows a screening approach as discussed in section 4.4.

There is no scientific reason for a soil model to be an unsaturated soil model only,
and not to be an unsaturated (soil) and a saturated soil (groundwater) model. Only
mathematical complexity mandates the differentiation, because such a model would
have to be 3-dimensional (e.g., 7) and very difficult to operate. Most of the soil models
account for vertical flows, groundwater models for horizontal flows.

In summary, models can be classified in general into: deterministic, which
describe the system as cause/effect relationships; and stochastic, which incorporate the
concept of risk, probability or other measures of uncertainty. Deterministic and sto-
chastic models may be developed from: observation, semi-empirical approaches, and
theoretical approaches. In developing a model, scientists attempt to reach an optimal
compromise among the above approaches, given the level of detail justified by both the
data availability and the study objectives. Deterministic model formulations can be
further classified into: simulation models which employ a well accepted empirical
equation, that is forced via calibration coefficients, to describe a system; and analytic
models in which the derived equation describes the physics/chemistry of a system.

Without a solution, formulated mathematical systems (models) are of little value.
Four solution procedures are mainly followed: the analytical, the numerical (e.g.,
finite different, finite element), the statistical, and the iterative. Numerical tech-
niques have been standard practice in soil quality modeling. Analytical techniques are
usually employed for simplified and idealized situations. Statistical techniques have
academic respect, and iterative solutions are developed for specialized cases. Both the
simulation and the analytic models can employ numerical solution procedures for
their equations. Although the above terminology is not standard in the literature, it
has been used here as a means of outlining some of the concepts of modeling.

In Fate of Chemicalsin the Environment; Swann, R., et al.;
ACS Symposium Series; American Chemical Society: Washington, DC, 1983.
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Generally speaking, a deterministic or stochastic soil quality model consists of
two major parts of modules:

(1) The flow module or moisture module, or hydrologic cycle module —

aiming to predict flow or moisture behavior (i.e., velocity, content) in the
soil; and

(2) The solute module — aiming to predict pollutant transport, transforma-

tion and soil quality in the soil zone.

The above two modules form the soil quality model. The flow module drives the
solute module. It is important to note that the moisture module can be absent from the
model and in this case a model user has to input to the solute module information that
would have been either produced by a moisture module, or would have been obtained
from observed data at a site.

At this stage of intensive research in soil and groundwater quality modeling it
may be reasonable to group the prevailing modeling concepts of the literature into
three major categories: the “Traditional Differential Equation (TDE) modeling,” the
“compartmental” modeling, and “other” types. This terminology is again not a stan-
dard practice, but is employed here for reasons of communication. TDE modeling
applies to both the flow or moisture module and the solute module, and a modeling
package may consist of one TDE module (e.g., moisture) and a compartmental solute
module, or vice versa.

The coming sections aim to clarify some key issues related to soil and groundwa-
ter models. The following documents provide an overview of this area of science: The
series of articles by Mercer & Faust (8) describing groundwater modeling concepts are
equally applicable to unsaturated soil zone modeling; the monograph of Bachmat et al.
(9) listing various models; the work of Bonazountas & Wagner (5) introducing the
compartmental soil quality modeling concept and geochemical modeling; the reference
book of Freeze & Cherry (10); and the modeling handbook and catalogue in prepara-
tion by Bonazountas & Fiksel (3). Reference to the above sources is not meant to
exclude other excellent publications presented in reputable scientific journals; rather
it indicates selected basic sources employed to draft the coming sections.

In the following sections more emphasis is placed on the unsaturated soil zone
than on groundwater modeling. This emphasis can be justified by the fact that similar
modeling concepts govern both environments.

4.2 Unsaturated Soil Zone (Soil) Modeling
4.2.1 TDE Modeling

Soil modeling follows three different mathematical formulation patterns: (1)
Traditional Differential Equation (TDE) modeling; (2) Compartmental modeling; and
(8) Stochastic modeling. Some researchers may categorize models differently as for
example into numerical or analytic, but this categorization applies more to the tech-
niques employed to solve the formulated model, rather than to the formulation per se.

The TDE moisture module (of the model) is formulated from three equations: (1)
the water mass balance equation, (2) the water momentum, (3) the Darcy equation,
and (4) other equations such as the surface tension of potential energy equation. The
resulting differential equation system describes moisture movement in the soil and is
written in a one dimensional, vertical, unsteady, isotropic formulation as:

KW (ap/az + 1)]/oz = CWap/at + S 1
v, = — K (z,\)ad/oz (2)

In Fate of Chemicalsin the Environment; Swann, R., et al.;
ACS Symposium Series; American Chemical Society: Washington, DC, 1983.
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where: z = elevation (cm); ¥ = pressure head, often called soil moisture tension
head in the unsaturated zone (cm); K() = hydraulic conductivity (cm/min); C(y) =
d6/d = slope of the moisture (8) versus pressure head () (cm™); t = time (min); 8 =
water source or sink term (min™!); ¢ = z + ; and v, = vertical moisture flow velocity
(cm/sec). The moisture module output provides the parameters v and 6 as input to the
solute module.

The TDE solute module is formulated with one equation describing pollutant
mass balance of the species in a representative soil volume dV = dxdydz. The solute
module is frequently known as the dispersive, convective differential mass transport
equation, in porous media, because of the wide employment of this equation, that may
also contain an adsorptive, a decay and a source or sink term. The one dimensional
formulation of the module is:

a(8c)/ot = [3(0-Kpdc/oz)/at] — [d(ve)/dz) — [p-as/ot] = ZP 3)

where: 6 = soil moisture content; ¢ = dissolved pollutant concentration in soil
moisture; Kp = apparent diffusion coefficient of compound in soil-air; v = Darcy
velocity of soil moisture; p = soil density; s = adsorbed concentration of compound on
soil particles; =P = sum of sources or sinks of the pollutant within the soil volume; and
z = depth.

Models of the above have been presented by various researchers of the U.S.
Geological Survey (USGS) and the academia. The above equation has been solved
principally: (a) numerically over a temporal and spatial discretized domain, via finite
difference or finite element mathematical techniques {e.g., 11); (b) analytically, by
seeking exact solutions for simplified environmental conditions (e.g., 12); or (c) proba-
bilistically (e.g., 13).

At this point it is important to note that the flow model (a hydrologic cycle model)
can be absent from the overall model. In this case the user has to input to the solute
module [i.e., equation (1)] the temporal (t) and spatial (x,y,z) resolution of both the flow
(i.e., soil moisture) velocity (v) and the soil moisture content (8) of the soil matrix. This
approach is employed by Enfield et al. (12) and other researchers. If the flow (moisture)
module is not absent from the model formulation (e.g., 14), then the users are con-
cerned with input parameters, that may be frequently difficult to obtain. The approach
to be undertaken depends on site specificity and available monitoring data.

Some principal modeling-specific deficiencies when modeling solute transport via
the TDE approach are: (1) only diffusion, convection, adsorption and possibly decay
can be modeled, whereas processes such as fixation or cation-exchange have to be
either neglected or represented with the sources and sinks term of the equation
because of mathematical complexity; (2) this equation is applicable mainly to pollu-
tant transport of organics, whereas transport of metals which can be strongly affected
by other processes cannot be directly modeled; (3) this equation can predict vol-
atilization only implicitly via boundary diffusion constraints; however, experimental
studies have frequently demonstrated an over-estimation or underestimation of the
theoretical volatilization rate unless a “sink” or source term is included in the equa-
tion; (4) no experimental or well accepted equation for a process (e.g., volatilization)
can be incorporated since the model has its own predictive mechanism,; (5) pollutant
concentrations are estimated only in the soil-moisture and on soil-particles, whereas
pollutant concentrations in the soil-air are omitted; and (6) the discretized version of
the equation in case of numerical solutions has a pre-set temporal and spatial dis-
cretization grid, that results in high operational costs (professional time, computer
time) of the model, since input data have to be entered to the model for each node of the
grid.

In Fate of Chemicalsin the Environment; Swann, R., et al.;
ACS Symposium Series; American Chemical Society: Washington, DC, 1983.
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In a recent modeling evaluation effort, Murarka (15) reports that the currently
available coupled or uncoupled models of hydrologic flow and the geochemical inter-
actions are adversely affected by the following factors: difficulties in establishing
consistency between the theoretical frameworks, laboratory experiments, and field
research; limited basic knowledge about nonequilibrium conditions and phase rela-
tions; inadequate existence of geochemical submodels to couple with the hydrologic
transport submodels; uncertainties in input data particularly for dispersion and chem-
ical reactions rate coefficients; and numerical difficulties with model solution
techniques.

4.2.2 Compartmental Modeling

Compartmental soil modeling is a new concept and can apply to both modules. For
the solute fate module, for example, it consists of the application of the law of pollutant
mass conservation to a representative user specified soil element. The mass conserva-
tion principle is applied over a specific time step, either to the entire soil matrix or to
the subelements of the matrix such as the soil-solids, the soil-moisture and the soil-air.
These phases can be assumed in equilibrium at all times; thus once the concentration
in one phase is known, the concentration in the other phases can be calculated. Single
or multiple soil compartments can be considered whereas phases and sub-
compartments can be interrelated (Figure 2) with transport, transformation and
interactive equations.

Compartmental models may by-pass the deficiencies of the TDE modeling
because they may handle geochemical issues in a more sophisticated way if required,
but this does not imply that compartmental models are “better” than TDE models.
They are simply different. Compartmental models reflect the personal “touch” of their
developers and cannot be formulated under generalized guidelines or concepts. The
moisture module (i.e., driving element) of a compartmental solute model can be either
incorporated into the overall model, or can be an independent module, as for example a
TDE module of the literature. At this stage of scientific research, the most developed
soil compartment model appears to be SESOIL: Seasonal Soil Compartment model (5).
SESOIL consists of a dynamic compartment moisture module, and a dynamic compart-
mental solute transport module. The following paragraphs present a demonstration of
the basic mathematical equations governing compartmental soil quality modeling.
This information has been abstracted from the SESOIL model.

The law of pollutant mass concentration for a representative element can be
written over a small time step as:

AM = M;, — Moue — Merans €))

The solute (dissolved) concentration of a compound can be related to its soil-air
concentration via Henry’s law:

Ca = ¢ HR (T + 273) 5)

where: ¢, = pollutant concentration in soil-air; ¢ = dissolved pollutant concen-
tration; H = Henry’s law constant; R = gas constant; T = temperature in °C; and °K
= °C + 273.

The pollutant concentration of the soil (i.e., solids) can be determined from the
sum of the concentrations of the pollutant adsorbed, cation-exchanged, and/or other-

In Fate of Chemicalsin the Environment; Swann, R., et al.;
ACS Symposium Series; American Chemical Society: Washington, DC, 1983.
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Figure 2. Schematic of phases in soil matrix. (Reproduced
with permission from Ref. 5.)
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wise associated with the soil particles, e.g., via adsorption isotherms. One commonly
used adsorption isotherm equation is the Freundlich equation:

g = K . cI/n (6)

where: s = adsorbed concentration of compound; K = partitioning coefficient; c =
dissolved concentration of compound; and n = Freundlich constant.

The total concentration of a chemical in a soil matrix can be calculated from the
concentration of the pollutant in each phase and the related volume of each phase by:

Co=(m — B8 cg, + B c+ (pp)s ¥}

where: ¢, = overall (total) concentration of pollutant in soil matrix; n = soil
(total) porosity; 6 = soil moisture content; (n — 8) = n,;, soil-air content or soil-air
filled porosity; c,, = pollutant concentration in soil-air; ¢ = pollutant concentration
(dissolved) in soil-moisture; p, = soil bulk density; and s = pollutant concentration on
soil particles.

The above expressions are input terms to equation (4), which is then applied for
each time step, each subcompartment, and each compartment of the user specified
matrix (Figure 2). The term M;, may reflect input pollution from rain (upper layer),
from soil-moisture from an above layer, and from a below layer. The term M, reflects
pollution exports from the individual compartment, whereas the term My, reflects
all transformation and chemical reactions taking place in the compartment. All terms
can be normalized to be soil moisture concentration via interconnecting equations
such as (5), and (6) which can describe processes such as volatilization, cation
exchange, photolysis, degradation, hydrolysis, fixation, biologic activity, etc. The solu-
tion of the resulting system of equations is a complicated issue, and may require — for
computational efficiency and other reasons — development of new numerical solution
techniques or algorithms (e.g., SESOIL model).

4.2.3 Stochastic, Probabilistic, Other Modeling Concepts

Stochastic or probabilistic techniques can be applied to either the moisture mod-
ule, or the solution of equation (3) — or for example the models of Schwartz & Crowe
(13) and Tang et al. (16), or can lead to new conceptual model developments as for
example the work of Jury (17). Stochastic or probabilistic modeling is mainly aimed at
describing “breakthrough” times of overall concentration threshold levels, rather than
individual processes or concentrations in individual soil compartments. Coefficients or
response functions and these models have to be calibrated to field data since major
processes are studied via a black-box or response function approach and not individ-
ually. Other modeling concepts may be related to soil models for solid waste sites and
specialized pollutant leachate issues (18).

4.2.4 Physical, Chemical, Biological Processes Modeled

Modelers should be fully aware of the range of applicability and processes con-
sidered by a computerized package. There exists some disagreement among soil mod-
elers as to whether there is a need for increased model sophistication, since almost all
soil modeling predictions have to be validated with monitoring data, given the phys-
ical, chemical and biological processes that affect pollutant fate in soil systems.
Because of the latter consideration, many simplified models may provide excellent

In Fate of Chemicalsin the Environment; Swann, R., et al.;
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results, assuming accurate site specific calibration is achieved. Nevertheless model
sophistication is reflected in the processes modeled, but model selection is mandated
by the project needs and data availability.

The important physical processes of a typical soil model are:

(1) The hydrologic cycle, or moisture cycle — that may encompass the
processes of rain infiltration in the soil, exfiltration from the soil to the
air, surface runoff, evaporation, moisture behavior, groundwater
recharge and capillary rise from the groundwater. All these processes
are interconnected and are frequently referred to as the hydrologic cycle
components.

(2) The pollutant or solute cycle — that may encompass the processes of
advection, diffusion, volatilization, adsorption and desorption, chemical
degradation or decay, hydrolysis, photolysis, oxidation, cation or anion
exchange, complexation, chemical equilibria, nutrient cycles, and
others (see section 3.0).

(3) The biological cycle — that may encompass processes of biological trans-
formation, plant uptake, bioaccumulation, soil organisms transforma-
tions and others.

Models of the literature can handle one or more of the above processes and for

various pollutants. In general, however, soil models tend to handle:

(1) From the hydrologic cycle: temporal resolution of soil moisture surface,
runoff, and groundwater recharge components, by inputting to the
model the “net” infiltration rate into the soil column; and

(2) From the pollutant and biological cycles: the processes of advection,
diffusion, volatilization (diffusion at the soil-air interface), adsorption or
desorption (equilibrium), and degradation or decay, which are also the
most important chemical processes in the soil zone. All other processes
can be “lumped” together under the source or sink term of equation (3).

Fortunately — and not unfortunately — no one model exists as yet which simu-

lates all of the physical, chemical, and biological processes associated with pollutant
fate in soils. We say fortunately, because such a package would be very data intensive
and difficult to use. Intensive research is required to accomplish the above objective
and the value of the overall product may be questioned by users. Section 7.0 presents
selected models.

4.3 Saturated Soil Zone (Groundwater) Modeling

Saturated soil zone (or groundwater) modeling is formulated almost exclusively
via a TDE system, consisting of two modules, the flow and the solute module. The two
modules are written as (9):

v.okg, —g=39
u(VP pgVZ) — q at(¢P) (8)

Ve (C ﬁ(v;» — pgY2) + V+(pE)+VC - C = ait(pdam )

where: C = concentration, mass fraction; E = dispersion coefficient; g =
acceleration due to gravity; k = permeability; p pressure; q = mass rate of
production or injection of liquid per unit volume; t = time; Z = elevation above a
reference plane; & = porosity; p = density; and p = viscosity.

Mathematical groundwater modeling has been the least problematic in its scien-
tific formulation, but has been the most problematic model category when dealing

il
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with applications, since these models have to be calibrated and validated as described
later. Actually we have only TDE and some other (e.g., stochastic) formulations. The
proliferation of literature models (9) is mainly due to the: different model dimension-
alities (zero, one, two, three); model features (e.g., with adsorption, without absorption
terms); solution procedures employed (e.g., analytic, finite difference, finite element,
random walk, stochastic) for equation system (7) and (8); sources and sinks described;
and the variability of the boundary conditions imposed. Some of the principal mod-
eling deficiencies discussed in the previous section (soil models) apply to groundwater
models also. In general: (1) there exists no “best” groundwater model, and (2) for site
specific applications groundwater models have to be calibrated.

The two principal solution methods for equations (8) and (9) that result in
different model categories with substantially different impacts on the level of effort
required to run a package are the: (1) analytical models; and (2) numerical models.
Employment of the first method results in an analytic expression applicable to the
entire groundwater domain. Employment of the second method results in formulation
of expressions applicable to the nodes or the elements of a domain, the number of nodes
or elements being user specified. In analytical modeling only averaged data for the
entire domain have to be input to the model. The numerical modeling data have to be
input for all nodes or elements of the model, a fact that frequently results in high
model cost runs, in terms of both professional and computational time. Common
numerical solution techniques are the finite difference, the finite element, the method
of characteristics, the random walk, and their variations. Interested readers are
referred to Mercer & Faust (8), Prickett et al. (19), and Bear (20).

4.4 Ranking Modeling

Ranking models are aimed at assessing environmental impacts of waste disposal
sites. The first ranking models focused on groundwater contamination; later models
had a wider scope (e.g., health considerations). These models rank or rate contaminant
migration at different sites, as it is affected by hydrogeologic, soil, waste type, density,
and site design parameters. These models are based on questions and answers and on
weighting factors the user has to specify. They are very subjective in their use, and
their output is frequently difficult to justify scientifically. Despite the above facts, they
have received a wide dissemination because they are easy to use and do not require use
of computers. Well known models are the: LeGrand (21), Silka & Swearingen (22), JRB
(23), MITRE (24), and Arthur D. Little, Inc. (25). Interested readers should refer to the
original publications.

4.5 Aquatic Equilibria Models

An evaluation of the fate of trace metals in surface and sub-surface waters
requires more detailed consideration of complexation, adsorption, coagulation, oxida-
tion-reduction, and biological interactions. These processes can affect metals, solubil-
ity, toxicity, availability, physical transport, and corrosion potential. As a result of a
need to describe the complex interactions involved in these situations, various models
have been developed to address a number of specific situations. These are called
equilibrium or speciation models because the user is provided (model output) with'the
distribution of various species.

There are two basic approaches to the solution of a species distribution problem:
(1) The equilibrium constant approach, and (2) the Gibbs free energy approach. Most
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models use the former approach, which utilizes measured equilibrium constants for all
mass action expressions of the systems. The latter approach uses free energy values. In
both cases, the most stable condition is sought, and a solution to a set of nonlinear
equations is required. The solution involves an iterative procedure, as discussed by
Nordstrom et al. (26). The use of the Gibbs free energy minimization approach is
primarily useful for simple systems due to the limited availability of free energy
values. The larger data base for equilibrium constants makes this method generally
preferable. GEOCHEM (27) is an aquatic geochemical equilibrium model. Aquatic
equilibrium models are at a developmental stage. Current versions are steady-state
models, and are formulated for one soil compartment.

5.0 SELECTED MODELS AND ISSUES

Table 3 lists selected soil and groundwater models and their main features. Table
4 lists limitations and advantages of major model categories. Models listed in Table 3
are documented, operational and very representative of the various structures, fea-
tures and capabilities. For example:

(1) PESTAN (12) is a dynamic TDE soil solute (only) model, requiring the

steady-state moisture behavior components as user input. The model is
based on the analytic solution of equation (3), and is very easy to use,
but has also a limited applicability, unless model coefficients (e.g.,
adsorption rate) can be well estimated from monitoring studies. Mois-
ture module requirements can be obtained by any model of the
literature.
SCRAM (28) is a TDE dynamic, numerical finite difference soil model,
with a TDE flow module and a TDE solute module. It can handle
moisture behavior, surface runoff, organic pollutant advection, dis-
persion, adsorption, and is designed to handle (i.e., no computer code has
been developed) volatilization and degradation. This model may not
have received great attention by users because of the large number of
input data required.

(3) SESOIL (5,29) is a dynamic soil compartmental model; with a
hydrologic cycle and a pollutant cycle compartmental structure, that
permits users to tailor the model temporal and spatial resolution to the
study objectives. The model estimates the hydrologic cycle components
(including moisture behavior) from available NOAA, USDA, and USGS
data, and simulates the pollutant cycle by accounting for a number of
chemical processes for both inorganic (metal) and organic pollutants.

(4) PATHS (30) is mainly an analytical groundwater model, that provides a
rough evaluation of the spatial and temporal status of a pollutant fate.
The model has its own structure and features, and is a deviation from
the TDE, or the compartmental, or stochastic approaches.

(6) AT123D (31) is a series of soil or groundwater analytical submodels,
each submodel addressing pollutant transport: in 1-, 2-, or 3-dimensions;
for saturated or unsaturated soils; for chemical, radioactive waste heat
pollutants; and for different types of releases. The model can provide up
to 450 submodel combinations in order to accommodate various condi-
tions analytically.

(2

~
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(6) MMT (32) is a 1- or 2-dimensional solute transport numerical
groundwater model, to be driven off-line by a flow transport, such as
VTT (Variable Thickness Transport). MMT employs the random-walk
numerical method and was originally developed for radionuclide trans-
port. The model accounts for advection, sorption and decay.

The remaining models of Table 1 follow the scientific basic patterns described
above with small variations. All models handle one species at a time, and two soil
models (SESOIL, AT123D) can handle gaseous pollutants also. Other documented soil
models of the literature are the package (TDE approach) of Perez et al. (33), the work
(TDE approach) of Feddes et al. (34), and the models of Freeze (10), Van Genuchten &
Pinder (35), and Narasimhan (7). The U.S. Geological Survey (USGS) has been very
active for a number of years in TDE soil and groundwater quality model development
(36). Models of the USGS are well documented and available in the public domain.

Model selection, application and validation are issues of major concern in mathe-
matical soil and groundwater quality modeling. For the model selection, issues of
importance are: the features (physics, chemistry) of the model; its temporal (steady
state, dynamic) and spatial (e.g., compartmental approach resolution); the model input
data requirements; the mathematical techniques employed (finite difference,
analytic); monitoring data availability; and cost (professional time, computer time).
For the model application, issues of importance are: the availability of realistic input
data (e.g., field hydraulic conductivity, adsorption coefficient); and the existence of
monitoring data to verify model predictions. Some of these issues are briefly discussed
below.

Input data have to be compiled and input to the model from: site specific
investigations and analyses (e.g., leaching rates of pollutants, soil permeability);
national data bases (e.g., climatological data from the NOAA; and other sources (e.g.,
diffusion rates of pollutants from handbooks). Compilation of input data for site
specific computer runs are model specific, geohydrology and chemistry specific. Some
data categories are: pollutant source data, climatological data, geographic data, par-
ticulate transport data and biological data.

Exact knowledge of the physics of the soil system — although essential — is
impossible prior to employing any modeling package. Numerical (e.g., finite differ-
ence) TDE soil models, for example, require the net infiltration rainfall rate after each
storm event as an input parameter to their moisture module. This rate can be either a
user input or can be generated by another model. The same models require the soil
conductivity as a function of the soil moisture content as an input parameter. Its value
can be obtained either from field investigations, or from laboratory data, or from
references, but much uncertainty exists in this area of input data gathering (37).

Numerical soil models (time, spacej provide a general tool for quantitative and
qualitative analyses of soil quality, but require time consuming applications that may
result in high study costs. In addition input data have to be given for each node or
element of the model, which model has to be run twice, the number of rainfall events.
On the other hand, analytic models obtained from analytic solutions of equation (3) are
easier to use, but can simulate only averaged temporal and spatial conditions, which
may not always reflect real world situations. Statistical models may provide a compro-
mise between the above two situations.

Model output “validation” is essential to any soil modeling effort, although this
term has a broad meaning in the literature. For the purpose of this section we can
define validation as “the process which analyzes the validity of final model output,”
namely the validity of the predicted pollutant concentrations or mass in the soil
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column (or in groundwater), to groundwater and to the air, as compared to available
knowledge of measured pollutant concentrations from monitoring data (field sam-
pling). A disagreement of course in absolute levels of concentration (predicted versus
measured) does not necessarily indicate that either method of obtaining data (mod-
eling, field sampling) is incorrect or that either data set needs revision. Field sampling
approaches and modeling approaches rely on two different perspectives of the same
situation.

Important issues in groundwater model validation are: the estimation of the
aquifer physical properties, the estimation of the pollutant diffusion and decay
coefficient. The aquifer properties are obtained via flow model calibration (i.e., param-
eter estimation; see Bear, 20), and by employing various mathematical techniques
such as kriging. The other parameters are obtained by comparing model output (i.e.,
predicted concentrations) to field measurements: a quite difficult task, because clear
contaminant plume shapes do not always exist in real life.

Three major input data categories are required for soil and groundwater modeling
efforts: climatologic or hydrologic data, soil data and chemistry data. These data are
used as input to models and to validate models output. Climatologic data can be
obtained from site specific investigations or from NOAA or USGS records. Soil data
can be obtained from site specific investigation (e.g., soil hydraulic conductivity) or
from USDA data information documents. Chemistry data can be obtained from refer-
ence books (e.g., Lyman et al., 6) or from laboratory analyses (e.g., adsorption
coefficient). Data are model-specific, and environment-specific.
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Modeling of Human Exposure to Airborne
Toxic Materials

G. E. ANDERSON
Systems Applications, Inc., San Rafael, CA 94903

Under contract to the Systems and Strategy
Development Division of the OAQPS/EPA,
Systems Applications developed and applied
modeling methods for the estimation of
human exposure and dosage from airborne
materials. The model is intended for a
screening analysis of the impacts of
chemicals under EPA review as potentially
hazardous by the definitions of the NESHAPS
programe.

The analysis methods are national in
scope and address emissions from a wide
variety of industrial and community source
types. The materials reviewed are of
widely disparate natures. They include
metals, and bulk and trace hydrocarbons,
including chlorinated and oxide derivatives
of hydrocarbons. The analyses are intended
to be preliminary screening analyses for
use in scoping and prioritizing regulatory
attention to toxic exposures from the
chemicals studied.

The modeling package, delivered to the
EPA, includes nationwide data bases for
emissions, dispersion meteorology, and
population patterns. These data are used
as input for a Gaussian plume model for
point sources and a box model for urban—
wide area sources. Prototype modeling is
used for point sources that are too
numerous to define individually. Building
wake effects and atmospheric chemical decay
are addressed.
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The modeling approach has recently
been modified to a grid form so as to
address problems of exposure from multiple
sources and/or multiple chemicals
simultaneously.

Origins of Atmospheric Risk Analysis

Transfers of materials across tissue surfaces exposed to the
atmosphere are critical to life processes for humans, other
animals, and plants. Thus, living things are particularly
susceptible to harm by airborne irritants or toxins. The
risk of such harm has been a major motivation for the
development of techniques for the analysis of atmospheric
dispersion.

Much of the initial development of Gaussian modeling
and definition of dispersion paramenters was done during and
after World War I in addressing the problem of poison gas
dispersal. These studies involved the definition of risk
factors, such as exposure and dose. The next intensive
development effort came during and after World War II with
the nuclear weapons programe.

Airborne poisons in the nuclear weapons progam were not
limited to radiocactive materials released from weapons. The
weapons technology involved the use of many exotic
materials, some of which were toxic (e.g., beryllium).
Hazardous releases of these materials occurred in industrial
settings in urban areas and were studied by the Atomic
Energy Commission as occupational and public health
problems.

Definitions and techniques of risk analysis for
atmospheric pollutants developed in these military and
derivative programs were described in depth in "Meteorology
and Atomic Energy" (l). At the time that the weapons-—
related concerns wefg-being codified, public concerns for
and governmental regulation of the nation’s severely
deteriorated air quality was leading to the development of a
greatly expanded array of analysis techniques.

Elements of Atmospheric Risk Analysis

Although selection of the appropriate analysis techniques is
often very problem specific, the basic elements of human
health risk analysis are few, as presented in Figure l. The
figure shows that the aggregate risk to human health from
exposure to an airborne pollutant results from two

factors: (1) the spread of the primary agent (and/or its
transformation products) from its source(s) to contact with
people, and (2) the characteristics of the agent’s action on
the people who are exposed to it. The useful expression of
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the risk depends on joint statistical considerations of
agent dispersion and characteristics of the human receptors.

Each of the main risk analysis elements consists of
three interactive studies. Exposure estimates result from
the integration of pollutant dispersion patterns and human
population patterns. The dispersion patterns, in turn,
result from the joint action of emissions and dispersion
processes.

The health effect side of the diagram shows that unit
risk estimates result from interactive analyses of health-
affecting processes in the human body and observed effects
in human populations (epidemiology). Health effects are
identified by integrating clinical studies on humans or
animals with studies of physical and chemical responses to
pollutant agents in the human body.

Weaknesses in any of the risk-structure "building
blocks™ limit the credibility or usefulness of the risk
estimates. Conversely, each constituent analysils should,
most appropriately and efficiently, be of comparable rigor
and detail with regard to each other. Note, however, that
the results of each building block study are of value in
themselves.

This paper focuses on issues in the "dispersion" block
of Figure 1. These issues must be addressed, however, in
the context of a health effects problem. Some knowledge of
the health risk is necessary to properly scope the exposure
analysis.

A health risk for atmospheric pollutants is based on
the concept that adverse physiological changes may be
produced in human tissue that has contacted or absorbed some
airborne material. The change might depend--at least
statistically-—-on some characteristics of the individual
(e.g., age, sex, occupation, racial background), on the
complete time pattern of the pollutant received (amount of
dosage received over exposed time), and on any measure of
that pattern. (Exposure is the occurrence of contact
between human and pollutants. Dose is the total amount of
material receiveds 1In this paper the concentration to which
a person is exposed on an annual average basis 1s a measure
of the potential dose he may receive. Individual dose,
summed over all exposed persons, is referred to here as
dosage.) Pollutant patterns can be measured in several
ways: total dosage, dosage in a given time, exposure at or
above a given dose rate, and linear or nonlinear and
continuous or noncontinuous functions of any of the above
measures.

Appropriate methods of exposure analysis depend on the
form of the health effect function, which must be presumed
to depend on some function of the time history of
concentration to which a person is exposed. Even
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statistical bases for identifying health effects functions
are usually weak; therefore, the health functions used in
practice typically are based on the simplest possible
measures of a concentration pattern. The two simplest
measures are exposure and dosage.

Exposure is generally related to a given concentration
level. This type of model is applicable to reversible
health effects. That is, below the "standard" concen-
tration, the body can repalr damage rapidly enough to
suppress symptoms. As the standard is exceeded, the human
body becomes less capable of repairing damage at a
satisfactory rate. Thus, damage symptoms appear in more and
more people. All of the so-called criteria pollutants
subject to National Ambient Air Quality Standards (NAAQS)
are presumed to produce reversible effects at NAAQS
levels. The NAAQS themselves are exposure types of
standards. Of course, sufficiently high exposure to such
pollutants can produce irreversible organ damage or death.

Some pollutants can produce irreversible cell or
genetic damage or irreversible cancerous consequences at
very low concentrations. Because of the irreversibility of
such effects, the total damage to the body can depend on the
accumulation of such events and thus on the pollutant dosage
that the body receives. If such damage is sustained at very
low levels, it may well be generally undetectable. Yet the
production of a cancer is a random event; it may occur on
the first "hit", but the probability of occurrence increases
with accumulated dose. Some bodily damage may be reversible
or inconsequential at low levels of exposure or dosage but
irreversible at higher levels. Such behavior is referred to
as "threshold" variation.

It is presumed that the effect of carcinogenic
materials is to produce critical cell damage. Thus,
carcinogenic health effects models generally are dose (i.e.,
integrated exposure) models, not exposure models. The lack
of firm statistical bases often leads to the adoption of
nonthreshold, linear models, even though thresholds and
nonlinear effects might be expected.

If linear (dose) models without thresholds are to be
used for carcinogen (or other) risk assessment, estimation
of exposure at specified levels becomes irrelevant to risk
assessment or, at least, its use is nonintuitive. For
example, a carcinogen risk analysis may be based on a
linear, nonthreshold health effects model. The total health
risk would thus be proportional to the long-term exposure
summed for all affected people for the identified period,
and exposure of many people at low concentrations would be
equivalent to exposure of a few to high concentrations. The
atmospheric dispersion that reduces concentrations would
also lead to exposure of more people; therefore, increments
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to population risk would not necessarily diminish with
increasing dispersion time or distance. Limits to human
risk would exist only if the concentration or population
patterns were bounded, as for example, by either chemical
decay or scavenging by such phenomena as precipitation and
respiration.

Modeling Approaches in Use

The appropriate time and space scales are imposed by
estimated health effects functions, source and population
patterns, data quality and availability, and by the user’s
information needs. These constraints have led to a wide
range of analytical approaches.

The simplest approach is to simply identify the
likelihood of contact between people and pollutant at
significant concentrations. This is often the extent of
"risk" analysis of preliminary, multi-media, problemscoping
studies of hazardous or toxic materials (2). In the most
detailed approach, finely resolved spatial and temporal
patterns ("micro-environments") of concentration are
measured for each of many individuals representing finely
resolved population groups ("cohorts'") characterized by
unique "activity patterns" (3, 4).

In many risk analyses standard dispersion models,
available from the EPA for regulatory compliance purposes,
are used to compute concentration patterns for prototypes of
a class of sources, and the patterns are convolved with
population patterns that are characteristic of the source
sites (5, 6). A similar level of analysis detail that
relies on measured pollutant (ozone) concentration in each
county of the Northeast Corridor rather than on modeled
concentrations was used by Johnson and Capel (7).

It is important in defining any analysis scheme that
the analysis elements be consistent in scope, scale, and
detail with each other and with the purposes of the
analysis. Thus details of cohort exposure in micro-
environments can provide valuable information on populations
at risk if, in fact, pollutant concentrations are functions
of micro-environments. It appears that micro-environments
are clearly important in carbon monoxide (CO) exposure
analysis because automobile generated CO concentrations are
highly correlated with automobile usage patterns. It is not
clear that ozone exposures are so correlated. Ozone
commonly exists in "clouds" that are large compared to any
one micro-environment, but drift over an area large compared
to their size in the course of their formation and decay.
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Human Exposure Analysis at Systems Applications, Inc.

The Systems Applications Human Exposure and Dosage Model
(SHED) was developed under contract to the EPA Office of Ailr
Quality Planning and Standards. The work was done under the
OAQPS mandate to review chemicals in use for potential
regulation under the National Emissions Standards for
Hazardous Air Pollutants (NESHAPs). The large number of
chemicals identified as possibly carcinogenic left the
Pollutant Assessment Branch with the difficult task of
making "screening" estimates of the exposure/dosage of the
candidate pollutants so as to be able to order their
priorities for more detailed studies.

Thirty-five chemicals were specified for this initial
screening. The list of chemicals in Table I contains
materials of quite disparate character. Distinctive
characteristics include the following.

1. Phase-—Solids, liquids, and gases (at ambient
conditions) are represented.

2. Chemical Reactivity--Some are nonreactive; some decay
by atmospheric chemical processes; and some are created
by such processes.

3. Ubiquity-— Some are widely distributed; others are
found in isolated locations, isolated times, or both.

4. Mode of emission-In general, when a pollutant is
exposed to the atmosphere some fraction is lost to the
atmosphere. Since each material is handled
differently, it enters the air by a different mode.
Some identified modes are: evaporation through a
stack; emission through a vent (a vent is not designed
to elevate the emitted material--a stack 1s); leaks in
plumbing or storage containers; and wind-blown dust.

5. Emission rate--Rates range from minute to massive.

6. Proximity to people—-Materials are emitted from sites
of varying remoteness.

Because of the number of characteristics that must be
addressed, three different methods were used for estimating
concentration patterns, one method for each of three
categories of sources. The three source categoriles are as
follows.

Major, specific point sources. These consist of
individually identified sources, usually manufacturing
plants. Such sources have known locations and modes and
rates of emission. Each accounts for a significant fraction
of the national emissions of some species.

Other point sources. Sources that are too numerous,
small, or of uncertain location, and yet produce isolated
patterns of significant concentration, are not treated
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Table I. List of Chemicals for Human Exposure/Dosage Estimation

No. Chemical
1 Acetaldehyde
2 Acrolein
3 Allyl chloride
4 Benzyl chloride
5 Beryllium
6 Carbon tetrachloride
7 Chlorobenzene (mono)
8 Chloroform
9 Chloroprene
10 m-Cresol
11 o-Cresol
12 p-Cresol
13 o-Dichlorobenzene
14 p-Dichlorobenzene
15 Dimethylnitrosamine
16 2,3,7,8-TCDD (Dioxin)
17 Epichlorohydrin
18 Ethylene oxide
19 Formaldehyde
20 Hexachlorocyclopentadiene
21 Manganese
22 Methylene chloride
23 Nitrosomorpholine
24 Nickel
25 Nitrobenzene
26 PCBs
27 Phenol
28 Phosgene
29 Propylene oxide
30 Toluene
31 1,1,1-Trichloroethane
32 Trichloroethylene
33 m-Xy lene
34 o-Xylene
35 p-Xylene

In Fate of Chemicals in the Environment; Swann, R., et al.;
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specifically. Rather, a prototype of such sources is
defined, and the results of prototype analysis are
multiplied by estimated numbers of sources that the
prototype represents. Degreasers are an example of sources
that were treated by prototype.

Area Sources. Sources that are so numerous and emit so
little that patterns of concentration are analyzed only en
masse. Such souces include both stationary (e.g., home
chimneys) and mobile (e.g., automobiles) types. Emission
rates per unit area are estimated; emission modes are not
addressed.

Emission rates, modes, locations, and times must be
described for each species studied. The emission work was
done by Hydroscience, Incorporated (HI), of Knoxville,
Tennessee. Emission characterization involved review of
trade literature, files of the various states, EPA reports
and data, and site visits and correspondence with staff of
specific sources.

The results of this program include the completion of
emissions summaries that identify source locations and
estimate the total nationwide emissions of the 35 chemicals.

Dispersion Modeling

The estimation of human exposure/dosage to atmospheric
concentrations of the studied chemicals involved three
computational tasks:

1. Estimation of annual average concentration patterns of
each chemical in the region about each source.

2. Estimation of the population pattern over the area of
each computed concentration pattern.

3. Computation of sums of products of the concentration
and population patterns to provide exposure/dosage
estimates.

Concentration Patterns

The large number of chemicals and sources that were modeled
in this program would consume large computer resources if
conventional modeling systems had been used. To keep
computer costs within reasonable bounds while ensuring that
the computing effort would meet program needs, we developed
a combined "reactive prototype'" and "matrix" modeling
system.

The estimation of concentration patterns was done with
a different approach for each of the three source types
described above (specific point sources, prototype point
sources, and area sources). Each type of source requires a
different modeling approach. In addition, the concen-
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trations of some of the selected chemicals depend on
reactions in large-scale plumes of photoreactive materials
from urban regions or industrial complexes.

Although Systems Applications has developed and used
many types of photochemical simulation models, application
of such models to the number and variety of sources studied
in the present program would require large labor and funding
resources; hence, these models were not recommended for this
program.

Major (Specific) Point Sources

Major sources of most of the selected chemicals are

specifically identified chemical manufacturing plants.
Concentration patterns due to unit emissions from such
sources depend most strongly on the following factors:

Source elevation above terrain,

Wind vectors (speed and direction), and
Dispersive effects (intensity of atmospheric
turbulence).

Long-term average concentrations depend on the time
histories of the meteorological parameters. A useful
simplification that greatly reduces computational
requirements is the computation of long-term average
concentrations by taking climatological weighted sums of
concentrations computed for a set of discrete states of the
atmosphere.

In the present study the computations were carried out
taking into account the following source-specific factors:

l. Climatological data from nearest or otherwise most
appropriate recording station.

2, Individual treatment of releases from each identified
process or vent within a plant.

3. Release height, speed, and buoyancy.

4, Effects of wakes from nearby structures.

5. Diurnal variations of emissions.

6. Seasonal variations of emissions.

7. Urban or rural character of area.

8. Atmospheric chemical reaction after release of
emissions.

General Point Sources Represented by Prototype

Some polnt sources are not treated individually because of
their number and emissions. strength; such sources are too
numerous, their emissions are too small to warrant
individual modeling, or both. Unlike area sources, these
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sources are separated widely enough that their patterns of
pollution impact do not generally overlap. In lieu of the
individual modeling of each such source, a prototype source
is defined to represent each such source; dispersion and
exposure/dosage patterns are computed for the prototype; and
results are multiplied by the number of sources the
prototype represents.

Such sources were modeled using the matrix model for
unit emissions rates rather than emissions rates for actual,
specifically identified sources. When appropriate,
prototype sources were analyzed for each region of the
country using meteorological data representative of that
region. Nine geographic regions in the United States were
used (Figure 2); a model source was defined for each generic
source category in each analyzed region.

Area Sources

Area sources of either a selected chemical or a precursor
present a common problem for modeling. In particular, the
rich and complex patterns of hydrocarbon emissions from
general urban and industrial sources either include or might
produce through atmospheric photochemical reactions some of
the species on the analysis list. The treatment of such
species in photochemical airshed modeling is difficult (8,
9). The effort required for any one such exercise is
substantial, and the effort required for a comprehensive
analysis of all urban regions relevant to this program would
be prohibitive.

Reactive effects were treated through judicious scaling
of nonreactive results by factors developed by photochemical
"prototype" definitions. Nonreactive modeling of area
sources was carried out by use of a box model (10). This
type of model can be used to treat general, undifferentiated
source densities in an urban region. Box model results for
each wind speed and stability, weighted by climatological
probabilities, were used to compute long-term averages.

Basic box models cannot portray effects of nonuniform
source patterns. If, for particular chemical species or
particular source classes, the dependence of emissions on
population density or other identifiable parameters is
apparent and significant, we have used modifications to the
box modeling approach. As an example, it might be assumed
in modeling products of combustion of the lighter fuel oil
distillates that source distribution patterns are
proportional to population density patterns, because most of
such fuel is burned in residential furnaces in cold weather
cities.
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Population Modeling

Population modeling was also done using different methods
for each of the three types of sources: major, specific
point sources; prototype point sources; and area sources.

For major point sources, site-specific population
patterns were extracted from U.S. Census Bureau files using
data at the Enumeration District/Block Group (ED/BG)
level. These data provide the finest resolution of
population patterns available. The data were scaled from
1970 to a base year of 1978 using county growth factors
published by the Census Bureau. Interpolations of
population and concentration patterns were used to develop
patterns of exposure/dosage that were then summed to produce
source~specific exposure/dosage totals.

The same dispersion procedures were used for modeling
of other point sources; but since only prototype sources
were addressed, population data were required only for
prototypical conditions in each geographic region.
Prototypical population was represented by the average
population density in the urbanized areas of each region,
since nearly all sources treated by prototype were located
in urban areas.

For area sources, only city-average population density
and area were used for each city so modeled.

Results

The emissions study identified and provided computations of
the concentration, exposure, and dosage patterns for the
following.

1. There were 311 major chemical manufacturing or
consuming plants covered in this study. Because some
major chemical plants were sources of more than one
chemical, specific point source modeling was applied
for 538 plants. Since there may be more than one
source type in a plant, dispersion—dosage modeling was
conducted for a total of 1819 individual point sources
in this study.

2. There were 62 source categories involved in the
prototype modeling, each modeled in nine regions.
Hence, the prototype point source modeling was
conducted for a total of 558 prototype sources.

3. Gaussian dispersion model computations were made for
all "urbanized areas" (248) for each of the 77 area
source categories, for a total of 19,096 runs.

4, Gaussian dispersion model computations were made for
all other cities (243) with a population over 25,000
for each of the 77 area source categories, for a total
of 18,711 runs.

In Fate of Chemicals in the Environment; Swann, R., et al.;
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5. Box model computations were made for 150 cities with
populations between 2,500 and 25,000 for each of the 77
area source categories, for a total of 11,550 runs.

In total, emission estimates and dispersion,
population, and exposure/dosage computations were made for
51,734 cases.

Regional Grid Model of FExposure/Dosage

Although the SHED model has proved valuable for screening
individual species being studied for carcinogenicity, the
EPA has an interest in evaluating the actual hazard to
carcinogens experienced by exposed populations. People are
actually exposed to many chemicals simultaneously and may be
exposed to concentrations that result from many sources
impacting the same area. To address these issues, SHED was
modified so that superimposed concentration patterns from
multiple sources could be computed and that provision be
made for weighting the computed concentrations for each
chemical so that the accumulated hazard (risk) from
multichemical doses could be computed.

These changes were made by developing a grid model,
SHEAR. With a grid definition, relative locations of
sources could be preserved. The actual grid used was the
irregular set of ED/BG centroids. Although the centroid
grid points were located at irregular points, the use of
this grid preserved all of the spatial resolution inherent
in the population patterns, allowed preservation of SHED
interpolation algorithms, and produced the minimum loss of
information through excessive interpolations. The model
developed has the following features.

1. The user—specified modeling region may exclude internal
unpopulated areas (e.g., water areas).

2. Stack height and plume rise are treated in source and
meteorology—specific fashion.

3. Prototype sources are assigned locations by randomized
rules.

4e Emissions of any source class can be specified to be a
function of the meteorological condition, e.g., field
spraying of insecticldes occurs on low wind speed
hours.

Se ED/BG specific population is used.

6. Computed parameters are: Concentration, exposure (to
concentration); dosage; hazard (health risk to
individual); exposure (to hazard); and risk (health
risk to population).

In Fate of Chemicalsin the Environment; Swann, R., et al.;
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7. Each computed parameter can be summed and tabulated for
any subset of sources (single source, source type,
chemical, all sources and chemicals).

The model was applied to a sample problem for the
Beaumont, Texas/Lake Charles, Louisiana region.
Computations were carried out for nine chemicals:
beryllium, carbon tetrachloride, chloroform, dioxin,
epichlorohydrin, ethylene oxide, formaldehyde, manganese,
and trichloroethylene.

The application was a model test only and no attempt
was made to acquire or validate site-specific source data.
Specific and prototype point sources and area sources were
included; most risk came from the nonspecific, hypothetical
sources. Risk was computed using unvalidated, hypothetical
unit risk factors. Sample graphical results are presented
in Figures 3, 4, and 5.

In each figure, the regional UTM coordinates are given
and excluded areas are shown. Heavy lines are county
boundaries. The plotted sources are ED/BG centroids; their
size 1is roughly proportional to the district’s population.
Coded isopleths of concentration or hazard are presented,
and the code values are listed to the right.

The first trichloroethylene isopleths represent impact
patterns from a single specific source (a chemical plant).
Figure 4 shows trichloroethylene isopleths resulting from
all sources, and Figure 5 presents isopleths of net hazard
from all chemical sources in the region.

In Fate of Chemicals in the Environment; Swann, R., et al.;
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Region: Beaumont, Texas/

Isopleths of net hazard from all chemical sources.

Lake Charles, Louisiana (shear test region).

Figure 5.
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The Role of Multimedia Fate Models in
Chemical Risk Assessment

ALAN ESCHENROEDER
Arthur D. Little, Inc., Cambridge, MA 02140

This paper relates mathematical models for
chemicals moving through air, water, soil and biota
to methodologies for assessing health risks to
individuals or ecosystems experiencing
environmental eXposures. The procedures for
assessing risks are traced from sources to
receptors, and the application of models to this
process is described. The paper sets out to answer
questions of how to select and link models in the
context of risk assessment. The theory, structure,
verification and application of the models
themselves 1is left to other papers in this
symposium. Acute risks are distinguished from
chronic risks in the context of environmental
regulatory requirements. A technique for selecting
and assembling multimedia models based on release,
environmental and receptor characteristics is
described. The content of the paper is designed to
unify other papers in the framework and
organization of this symposium.

When chemicals are released in the environment, their
hazard potential to human or ecological receptors depends upon
the extent of contact between the receptors and the chemical.
This exposure level is not only influenced by where, when and
how much of the chemical is released, but also on its movement
and changes in air, water, soil or biota relative to the
locations of the receptors. Risk is defined as the probability
of some adverse consequence in the health context, or as the
probability times the extent of the consequence 1in the
technology context. In this paper we shall examine and discuss
how mathematical models are used to generate estimates of risk
when more than one of the environmental media must be considered
in tracing pathways connecting sources with receptors. The
principal objective here 1is to place in perspective the
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selection and application of fate models on the background of
the needs perceived by government and industry for quantitative
hazard or exposure analysis.

First, we investigate some of the regulatory motivations
for chronic risk analysis. Next, it is necessary to point up
the similarities and differences between acute and chronic risk
and delineate the steps in estimating health risks posed by
environmental chemicals. Following some jllustrations of model
structure, we conclude by discussing specific factors in fate
analysis that suggest choices of model components.

Some Regulatory Background

Environmental control statutes and their administrative
implementation through regulations have either i1implicitly or
explicitly required chronic risk assessment. This has often
been considered a yardstick in evaluating regulatory impact from
a cost-effectiveness point of view. Indeed, in the closing
weeks of the 97th Congress 2nd Session H.R. 6159 passed the
House by voice vote and was pending in the Senate Commerce
Committee at the time of this writing. The proposed legislation
(Risk Analysis Research and Demonstration Act of 1982)
establishes a program under the coordination of the Office of
Science and Technology Policy (OSTP) for improving the use of
risk analysis by those Federal agencies concerned with
regulatory decisions related to the protection of human 1life,
health and the environment. The bill would establish research,
demonstration and coordination programs, among these agencies.
It further requires the Administrator of OSTP to present
Congress with a plan for implementing risk analysis.

The Clean Air Act, the Federal Water Pollution Control Act,
the Safe Drinking Water Act, the Federal Insecticide, Fungicide
and Rodenticide Act, and the Toxic Substances Control Act
implicitly require risk analysis in setting standards that the
U.S. Environmental Protection Agency imposes through the state
and local control agencies. (Indeed, the "zero discharge" goal
in some statutes bypasses all needs for risk analysis.)

Highly toxic air pollutants fall under Section 112 of the
Clean Air Act. Unlike criteria pollutants, these hazardous air
pollutants must be controlled to protect the public health with
an "ample margin of safety." Implied in this language is the
belief in a discrete threshold of exposure below which no
effects occur and from which a safety margin can be measured.
Subsequent interpretations, however, indicated clearly that
Congress did not equate safeguarding the public health with
complete risk elimination,

The Federal Water Pollution Control Act (Clean Water Act)
establishes nationally applicable effluent 1limitations using
criteria based on different levels of control technology. For
example, risk assessments were carried out in response to the
settlement of litigation asserting a fallure to set standards
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for 129 potentially toxic materials called ‘'priority
pollutants.”" The agreement stemming from this litigation was
essentially ratified in the 1977 amendments to the Act and 1984
is the deadline year for the establishment of permissible
effluent levels,

The risk methodology recommended for the water quality
criteria involves either qualitative or quantitative estimates
of concentrations of a pollutant in ambient waters which, when
not exceeded, will "ensure a water quality sufficient to protect
a specified water use." Criteria are intended for both the
protection of human health and of ecosystems; however, they do
not carry the authority of law.

The hazardous waste guidelines and regulations generated by
the EPA in response to the Resource Conservation and Recovery
Act of 1976 (PL 94-580) propose to cover methods of defining and
identifying hazardous waste, standards for keeping records of
containing and transporting these wastes, and standards for
performance in the management of hazardous waste facilities, but
do not explicitly require risk assessment.

Most of the provisions of the Toxic Substances Control Act
(TSCA) of 1976 (PL 94-469) rely in some way on risk assessment
of chemicals. Under the reporting requirements of the statute,
any manufacturer, processor, or distributor of a chemical for
commercial purposes must inform the EPA immediately after
discovering any information which ‘''reasonably supports the
conclusion” that a chemical substance or mixture ''presents a
substantial risk cf injury to health or to the environment”
unless the EPA Administrator has been adequately informed
already. EPA is mandated to establish regulations for testing
new or existing substances when it is determined that there is
not enough health or environmental information, that testing is
necessary to develop such information and that the chemical or
nixture "may present an unreasonable risk of injury to health or
the environment."

Representations of adequate consideration of chronic risks
are, therefore, necessary in the plarning of many schemes for
manufacturing, transporting, storing, use and disposal of
potentially toxic waste materials. The combined effects of the
statutes as described above have focused regulatory attention on
the multimedia (air, water, soil and biota) aspects of such
activities. It would appear as if the trend 1s toward
acceptance of some risk rather than a guarantee (or hope) of
complete safety of the public.

Chronic vs. Acute Risk Analysis

Environmental chemical releases due to human activities may
be accidental (usually acute) or as an attendant consequence of
some planned activity (usually chronic). Traditionally, spills
have been separated from steady discharges because of statutory
distinctions, but any integrated pollutant assessment must
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consider both, Some materials are so hazardous that any routine
emissions are practically nil; therefore, inadvertent discharges
may dominate.

Space and time scales can be combined to draw the
distinctions between the risks due to these two types of
release. Acute risks are usually associated with immediate
effects of a release occurring within hours of the accident and
confined to within a few kilometers or less of its location,
Examples of this class of events are spills, fires, explosions
and their effects such as property damage, traumatic injury, or
sudden death.

Events that generate chronic risks may be the same as those
leading to acute effects or could be subtle releases distributed
over long periods of time. In either case, the term "chronic”
refers to longer term and potentially more widespread
consequences than those precipitated by acute risk events as
exemplified above. Whether caused by rapid or gradual releases,
chronic risks are occasioned by pollutant exposures of receptors
lasting days or even years. Some cases are difficult to
classify such as the short-term exposure that leads to an effect
which appears much later. Thus, the cause may be acute and the
effect, chronic. Their geographical ranges may extend over many
kilometers around an incineration site or along a transportation
corridor. The distributed use of potentially hezardous materials
such as pesticides generates chronic risk regardless cof
geographical range.

Any analysis of risk should recognize these distinctions in
all of their essential features. A typical approach to acute
risk separates the stochastic nature of discrete causal events
from the deterministic consequences which are treated using
engineering methods such as mathematical models. Another tool
if risk analysis is a risk profile that graphs the probability
of occurrence versus the severity of the consequences (e.g.,
probability, of a fish dying or probability of a person
contracting liver cancer; either as a result of exposure to a
specified environmental contaminant). In a way, this profile
shows the functional relationship between the probabilistic and
the deterministic parts of the problem by showing probability
versus consequences.

Let us now turn our attention to the main steps of any
procedure constructed to anticipate or respond to the risk
analysis requirements set forth by the statutes reviewed above
or voluntarily established as preduct standards by industries.
It is important to note that this type of procedure is a
technical means to arrive at a quantitative estimate. The
decisions regarding the acceptability of the result is
sociopolitical and 1s, therefore, beyond the scope of this
discussion.
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Components of a Chronic Risk Assessment

Materials Balance Analysis. The first step in our
methodology 1is the establishment of flows of hazardous
pollutants and their distributions among the environmental
compartments. The time phasing of releases must be considered;
for example, some releases may be instantaneous at a frequency
of once a month while others may be continuous with seasonal or
diurnal variations superimposed. Furthermore, the ultimate
chronic risk will also depend upon the spatial disposition of
releases; for example, a moving elevated point source will give
ambient concentration patterns different from those from a
stationary surface-based area source. Chemical speciation also
must enter our materials balance description in some cases. A
case in point is hexavalent chromium which has a higher order of
carcinogenicity than trivalent chromium, which is also found in
nature. Finally, partitioning among the media is an essential
ingredient in the characterization of emissions or discharges -
i.e., how much of a release enters the air, water, soil or
biota? Or, put another way, into what compartment is an
environmental release deposited initially? Answering this
question sometimes involves skipping ahead to a short-term
chemical fate analysis such as for a sudden spill, depending on
material properties, fractions of the spilled material may be
found in any or all of the four compartments (air, water, soil,
biota) or at their interfaces. This is an example of how the
output of an acute risk analysis can provide input to the
chronic risk analysis by providing the instantaneous
distribution of the released substance among the compartments.

Whether the releases to the environment are sudden or
gradual, it is necessary to devise a systematic method to
account for each component. One approach to this problem is
based on a matrix having rows consisting of activities or
sources (e.g., extraction, processing, manufacturing, storage,
transportation, use, disposal and reclamation) and columns
representing the media, air, earth, water and biota. Each
non-zero element of this matrix array is filled out with the
spatial, temporal and chemical detail called for above. The
materials balance thus derived provides points of entry into the
pathways of exposure that ultimately form the basis of the
chronic risk assessments. Brown and Bomberger have discussed
the methodology for this step extensively in another paper in
this symposium (1).

Envircnmental Fate. Having characterized the entry of
materials into the environment, we move into the second step of
our procedure. The goal at this stage of analysis is to define
ambient concentration of the material or its products in areas
of concern for receptor (e.g., people, materials or ecosystem
components) exposure. A famjly of computer simulation models
has been developed for calculating the ambient levels of a
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material subjected to the simultanecus influences of transport,
diffusion and transformation in a multimedia setting. This has
been implemented by linking single medium modeis at the
interfacial boundaries (such as the linking of an air model to a
soil model by deposition and volatilizaticen processes). These
capabilities have grown intensively over the past five years
largely due to the sponsorship of government and industry.

Examples of the need for multimedia models are found in
contemporary problem areas. Polynuclear aromatic hydrocarbons
and metals are emitted into the atmosphere as trace impurities
with the products of coal combustion. The organics have low
vapor pressure and partially condense on emitted particulates in
a stack plume. The particulates are transferred to the soil by
dry deposition, rainout or washout. The metals manifest
themselves in relatively refractory oxides formed selectively
among the fine size ranges of flyash particles. Both particle
bound pollutants must be treated in chronic inhalation risk
studies by a sequence of air dispersion and surface deposition
processes, whereas the vapor fraction of organics remains in the
air. Thus, the gas phase, aerosol and soil components are
treated simultaneously in multimedia model studies.

Another case of multimedia fate modeling may be exemplified
by human inhalation exposure estimates for PCB spills. The
spill size 1is estimated considering both spread and soil
infiltration. Volatilization calculations were carried out to
get transfer rates into the air compartment. Finally, plume
calculations using local meteorological statistics produced
smbient concentration patterns which can be subsequently fclded
together with population distributions to obtain exposures.

Numerous examples of fate models are reviewed in other
papers in this symposium. For example, single media models are
covered for air by Anderson (2), for water by Burns (3),

and for soil and groundwater by Bonazountas (4).

Receptor Exposure. Exposure modeling should produce a
statistically representative profile of pollutant intake by a
set of receptors. This is done by combining the space/time
distribution of pollutant concentrations with that of receptor
populations (whether they be people, fish, ducks or property
made of some material that is vulnerable to pollutant damage).
The accuracy and resolution of the exposure estimates are chosen
to be consistent with the main purposes of decision making.
These purposes include the following:

Screening of pollutants or sources to set priorities;
Evaluation of legislation or rulemaking;

Comparison of alternate ambient standards;

Planning of facilities at specific sites;

Support of field research programs; and

Design of real-time episode control systems.

O 00 0O0oO0
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It 1is clear that these goals place widely differing
requirements on both the resolution and the accuracy of exposure
estimates; thus, the approach selected should be optimized to
fit the requirements,

The exposure models are designed to be compatible with fate
analysis outputs whether they be for air, water or soil. If
there are significantly different exposure or dose/response
characteristics among various subpopulations, we form cohort
groups differentiated by age, sex, occupation, level of activity
or geographical habits. Limitations of available data derived
from clinical, epidemiological and toxicological studies usually
preclude distinction of dose/response curves among the cohorts;
however, there often are sufficient data on indoor vs. outdoor
levels, geographical variation, and occupational surroundings to
allow some distinctions to be drawn among cohorts. Thus,
peculiarity of microenvironments lead to differing exposure
levels.

Because the significance of exposure has only been
considered over the past few years, there is not as wide a
selection of exposure models available as that for fate models.
The latter have been applied for several decades to the
calculation of ambient exposure levels compared with some
standard values. Papers illustrative of human exposure
assessments in this symposium include ore on airborne pollutant
exposure assessments by Anderson (2), a generic approach to
estimating exposure in risk studies by Fiksel (5), and a
derivation of pollutant limit values in soil or water based on
acceptable doses to humans by Rosenblatt, Small and Kainz (6).

Risk Estimation. As mentioned above, chronic risk is
expressed as a probability of occurrence per year or per
lifetime of some adverse consequence caused by exposure to the
pollutant. Statutory mandates have focused on human health
effects as the primary expression of chronic risks. The basis
of the risk calculation is the dose/response curve that relates
the adverse effect to the amount or rate of a chemical taken in
to the subject. Because of regulatory emphasis of cancer, most
of the work devoted to the deviation of dose/response curves has
been concerned with the probability of appearance of a tumor as
the adverse effect.

The risk estimation procedure may be thought of as
performing three distinct functions:

1. Conversion of experimental dose/response data into a
form suitable for extrapolation of human risk using
least squares or, more usually, maximum likelihood
curve fits.

2, Generation of alternative dose/response models
for risk estimation to emphasize the range of results
generated by widely differing assumptions.

3. Display of risk levels for various subpopulations
under various applications of technological or
regulatory control of releases into the environment in
order to relate social costs to risk reduction.
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The dose/response models are intended to extrapolate both
from test animals to humans and from high doses to low. The
user should be concerned with assumptions wunderlying these
models. A range of assumptions for risk evaluation might be
obtained by making three choices of extrapolation formulas: the
one-hit linear mcdel, the multistage model and the log probit
model. The one-hit formulation is based on a postulate that the
invasion of a cell by a single pollutant molecule can initiate a
tumor. This gives a straight-line relationship between dose and
response. The multistage models depend on a mechanism involving
multiple processes at various stages of cell division to cause a
tumor. Going from high doses to low doses, the multistage risk
drops off more sharply than the ocne-hit risk as dose 1is
decreased. At intermediate to low doses. however, multistage
asymptotically approaches linearity at some constant factor
placing it somewhat below one-hit. Log probit is a model based
empirically on a sigmoid-shape assumption for all dose/response
curves. This shape approximates the notion of a threshold;
i.e., a dose below which defense mechanisms, metabolism or
elimination processes intervene to prevent tumor formation.

All of the extrapolation models are predicated on the
supposition that there are no interspecies differences. None
assumes any synergism or antagonism with other pollutants, and
all of them scale effects by surface area in order to consider
the size of the receptor organism. No distribution is made
among the various entry routes into the body since the
pharmacokinetics, which describe the chemical's fate in the
organism, are not differentiated. Despite these limitations,
regulatory agencies use dose/response extrapolation for decision
making; therefore, the analyst must be mindful of the wide range
of values yielded by the various models at low dose and be aware
of the uncertainty of the risk results. Because of these
difficulties, it 1s often wuseful to stop at the exposure
calculations and compare exposure statistics with ranges of
values accepted and experienced in everyday life.

In this symposium a comprehensive overview of the risk
estimation step and its relationship to the output of multimedia
fate models is given in the paper by Fiksel (5). Examples of
the application of and linkage among the various techniques are
also presented in that paper.

Multimedia Model Characteristics

Model Types. 1If it is determined that exposure pathways of
interest intersect more than one of the media, the analyst is
faced with the need to link together single media models (or to
apply existing mnultimedia models). Despite claims to the
contrary, there is probably no single model that is appropriate
to all problems. Thus, a hybrid combination of boundary
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conditions, algorithms and output displays is assembled to

respond to specific problem needs. The requirements are
expressed in terms of factors such as the following:

o accuracy as evidenced by validation tests

o time/space resolution

o overall interval or spatial scale

o resource availability (e.g., data processing system

capability, user personnel level, budget and
turnaround time)

These requirements are driven by the application whether it
be product design, regulatory mandates, regional planning,
standard setting, legislative drafting or control strategy
design. The techniques available for multimedia modeling up to
around 1978 were reviewed in a previous paper (7); this
symposium 1is intended to provide the fundamentals and
applications reflective of development efforts as well as the
current state-of-the-art. Much in the way of useful background
material is summarized in the proceedings of a workshop convened
by the U.S. Environmental Prctection Agency (8).

Beyond the stage of development described in these
documents, multimedia model designs can be roughly categorized
as either well-mixed compartment types or transport types.
Either type may or may not handle chemical transformations. The
principal distinguishing characteristic of a multimedia model is
its capebility to calculate flows across media boundaries. The
content of the well-mixed compartment model is mostly concerned
with boundary processes since spatial uniformity is assumed in
each medium or phase. The parallel developments of Mackay's
approach (9) and tbat reported by Neely and Blau (10) are
examples of well-mixed compartment models. The most rudimentary
form of Mackay's apprcach uses the thermodynamic equilibrium
scenario by defining a set of fugacities whose evaluation
determines the partitioning of a chemical among the media.
Higher levels allow for steady flow and ursteady flow behavior
in the compartments, but the key element in applying any of the
well-mixed compartment models is estimation of compartment
volume. This step inherently presumes some estimate of
transport., The approach of Neely 1is 1laboratory-based and
involves the use of a decision tree to select calculation
algorithms. The two methods were comparatively analyzed by
Lyman (11) who concluded that for single component organic
chemicals both models are easy to use with a minimum of data and
can be executed cn a hand-held calculator. Considering the
severe limitations on these models, they are useful for
screening approximations.

The transport type of model becomes necessary where
site-specific predictive cability is needed. Mathematically
this type is distinguished from the well-mixed compartment by
its dependence upon partial differential equations generated by
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the space/time equations governing chemical composition.* In
general, these equations have variable coefficients and can be
nonlinear. This almost certainly requires the use of at least a
minicomputer if not a main frame system. The UTM model family
(8) exemplifies the transport type approach by linking a series
of single media simulations.

One weakness of some multimedia models that must be
considered by the user is inconsistency of time scales. For
example, if we employ monthly averaged air concentrations to get
rainout values on fifteen-minute interval inputs to a watershed
model, large errors can obviously occur. The air-land-water-
simulation (ALWAS) developed by Tucker and co-workers (12)
overcomes this limitation by allowing for sequential air quality
outputs to provide deposition data to drive a soil model. This
in turn is coupled to a surface water model.

Current Examples. In this symposium the characteristics,
types and applications of multimedia models are exemplified.
The compartment type 1s reviewed in a paper by Mackay and
Paterson (13). The fugacity approach is discussed and
applications are described for polychlorinated biphenyls in the
Great Lakes region. Applications of compartment modeling to
organic chemicals are covered by McCall, Swann and Laskowski
(14). The implementation of this type of approach using
laboratory data based properties estimates is illustrated. The
key role of interfacial transport in compartment or transport
models is the focus of a paper by Bomberger and co-workers (15).
The combined influernces of chemistry, phase change and
biotransformation are processes modeled at the
terrestrial-atmospheric interface.

Another  compartmental partitioning issue of major
consequence for pesticides is the dissolved versus adsorbed
fraction in an aqueous environment. Carter and Suffet (16)
present measurements of binding of pesticides to dissolved
fulvic acids that-will provide inputs to compartment models.
Data from laboratory measurements used in compartment models can
often bypass costly field experiments in the screening stage.
Thomas, Spillner and Takahashi (17) have related the soil
mobility of alachlér, butylate and metachlor to physicochemical
properties of these compounds.

In the area of transport-type models, soil/water systems
have been a primary area of development. The Hydrologic
Simulation Program (18) described in the paper by Johanson
simulates chemical movement and transformation in runoff,
groundwater and surface water in contact with soil or sediments.

*Strictly speaking, finite difference or finite element
solutions to differential equations are simply multiplying the
number of comparments many times, but the mathematical rules
for linking cells in difference calculations are rigorously set
by the form of the equations.
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An application of transport and compartment-type models to
hazard analysis is described in the paper by Honeycutt and
Ballantine (19). The compound CGA-72662 running off from
agricultural areas into surface waters was modeled in order to
set safe application procedures consistent with the protection
of aquatic environments. Patterson, et al (20) have adapted the
UTM model to a software package that is generally applicable to
fate assessments of toxic substances in air, water, soil and
biota. Their work, now in working draft form, is being used by
Dr. William Wood and Dr. Joan Lefler in the Office of Toxic
Substances of the U.S. Environmental Protection Agency.

Despite the intensive efforts devoted to making new
nultimedia models, it seems as if relatively little attention is
given to their verification through field or laboratory
measurements. (One nctable exception is US EPA's pesticide
evaluation project sponsored by its Athens, GA laboratory.) The
philosophy of model validation and the conclusions from testing
programs are reviewed by Donigian (El) in his paper. Although
the work described is mainly concerned with aquatic simulations,
the need for carefully designed evaluation studies will continue
to grow for multimedia models proposed for use in risk
assessments,

Selection and Application of Model Components

Influence of Entry Modes of Pollutants into  the
Environment. In selecting an appropriate multimedia model, the
user must begin by identifying several features that
characterize the emission, discharge or release of the pollutant
of interest into the environment. Following this
identification, quantitative estimates of rates and
distributions must be developed because the ultimate use of a
set of fate models is to calculate ambient levels in terms of
release rates, pollutant properties and environmental scenarios.
Since the designation of pathways 1is the primary step in
establishing the factors determining model selection, the
process begins with a set of initial points for the candidate
pathways. Choice of model structure depends on release points
and on the main aspects of fate processes influencing the
movement along each pathway. A formal description of this
approach is in preparation by Bonazountas and Fiksel (22).
Their handbook/catalogue will provide users with a direct and
simple way to select appropriate models. It will supply
background of the physical, chemical and biological issues that
must be considered in fitting model characteristics to problem
needs.

Releases into the environment may be natural or
anthropogenic. Bacterial or mineral action may constitute
worldwide generation sources that function independently of any
human activity. If pollutant impacts are to be evaluated, both
these sources and natural sinks, such as the oceans, soil
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surface or atmospheric photolysis must be considered along with
the anthropogenic materials balance.

Owing to their relatively good level of predictability,
chronic emissions or discharges can be <classified and
quantitatively characterized in a unified manner using a matrix
or tabular form as described previously. For a geographic
study, spatial differentiation can be introduced, for example,
by subdividing water into particular stream reaches, ponds,
aquifers, etc. A broad classificaticn of activity categories
should transcend the usual inventory of stacks or discharge
pipes; it should include extraction, processing, manufacturing,
storage, transportation, use, disposal and reclamation. Again,
the categories can be refined by storage at manufacturing site,
storage at forwarding terminal, storage at distribution depot
and storage by users, to cite one example.

For acute releases, the fault tree analysis is a convenient
tool for organizing the quantitative data needed for model
selection and implementation. The fault tree represents a
heirarchy of events that precede the release of concern. This
heirarchy grows like the branches of a tree as we track back
through one cause built upon another (hence the name, "fault
tree"). Each level of the tree identifies each antecedent
event, and the branches are characterized by probabilities
attached to each causal 1link 1in the sequence. The model
applications are needed to describe the environmental
consequences of each type of impulsive release of pollutants.
Thus, combining the probability of each event with its
quantitative consequences supplied by the model, one is led to
the expected value of ambient concentrations in the environment.
This distribution, in turn, can be used to generate a profile of
exposure and risk.

If required by the model(s) to be used, back-up data for
each entry in the matrix or table may be supplied to resolve the
total mass flow into spatial cells (UTM coordinates, depth or
height), temporal cells (hourly frequency distributions, diurnal
cycles, seasonal subdivisions or secular trends on annual
intervals) or speciation cells (by valency state of anions or by
hydrocarbon structure, for example). The level of difficulty
encountered by the user in supplying these data may influence
the choice of model(s).

Dynamics of Chemicals in the Environment. In identifying
pathways and, hence, models, the user must also consider what
becomes of the pollutant as it enters the environment. The
dominance of various factors over others will determine both
pathway selection and model selection in an integrated pollutant
assessment.

Within any medium of the environment, three types of
process (defined here as intramedia processes) govern the
pollutant concentration at each point at each time:
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o Advection ~ mass movement of the medium carrying the
material along.
o Diffusion - movement or spread of the pcllutant as

relative to the mass of the medium as driven by
molecular or turbulence scale dynamics.
o Transformation -~ production or consumption of the
pollutant usually driven by chemical reactions.
Superimposed on these mechanisms of change operating in the
bulk volume of each medium are processes that transfer the
pollutant from one medium to another. Some conceptual model
frameworks lump intermedia transfers together with embedded
transformation processes* causing unnecessary mathematical
confusion of boundary value specifications with source term
formalisms. Examples of intermedia pollutant transfers are as
follows:

o Surface deposition (rainout, washout, fallout and dry)
0 Evaporation (codistillation or volatilization)
o Adsorption ~ desorption

In choosing a model, the user can optimize fate assessment
efforts by delineating first, the source release patterns and
second, the dominant dynamical processes. Taking the intramedia
processes first, one can address model criteria by considering
the ratio of characteristic times. The advection time 1is the
principal length scale of the domain L divided by the average
flow speed u; 1.e.

L L/u

Typically, L may be stream reach distance and u, flow velocity.
The diffusion time is approximated by the random walk hypothesis
and is approximated by:

3 v A2/2D

where A 1is the characteristic transverse direction (e.g. stream
depth) and D, the transverse diffusivity, be it turbulent or
molecular. Finally, the transformation time is approximated by

T,V c /Ct

*Source terms, for example, are sometimes written in the
equation separately for chemical production sources and for
emission sources.
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o
where C_ is the average rate of concentration change due only to
transformation (typically a chemical reaction rate) and C, the
average concentration in the domain.

Let us examine three examples of how these times are used
in model selection. If T, << T and 1, << 7T there is rapid
chemical change before any movemént occurs. Ig T, >> T and 1
<< T a’ there is little chemical change and diffusion spreads the
pollutant rapidly so that the mixture is homogeneous. If T _ %
T, v 1_, all processes act simultaneously. Taking these cases
in order, we see that the first case is trivial requiring no
model (except possibly a reacting plume in the near field). The
second case is approximated by a nonreactive box model and the
third, by a full reactive diffusion model.

Source geometry, interphase transfer and time dependencies
must be superimposed on the above features to aid the user in
choosing a set of models. For example, the advection distances
would be different for point and area sources. Also, the
significance of source location must be considered in light of
interphase transfer efficiency; e.g., water discharge of a high
volatility, low solubility material transfers the problem
immediately from one of water modeling to air modeling.
Implicit in these environmental dynamic considerations are three
principles that may help guide the catalogue user:

o Intramedia processes are largely assessed on the basis
of environmental scenarios

o Intermedia transfers are largely determined by the
pollutant's fate properties

o Chemical transformations can figure in both of the
above

Clearly, we can find exceptions to these rules: molecular
diffusivity 1s a pollutant fate property, but may control an
intramedia process; rainfall history 1is an environmental
scenario characteristic, but may control an intermedia transfer.

In summary then, one should analyze the problem at systems
level prior to model selection based on entry characteristics
and environmental dynamics of the pollutant. Experience
suggests that it 1is better to rely on intuition and a few
calculations than to construct a formal logical decision tree
for guiding this process. Often, the compartment screening
models are helpful at this stage. Characterization of the
sources, the environment and the fate properties is an essential
prerequisite to any procedure.

Concluding Remarks

We note that multimedia fate modeling constitutes a central
link in the chain of calculations forming a risk analysis.
Although regulatory mandates, as described above, have
constituted the primary motivation for fate modeling in hazard
assessment, sound risk management practices will provide further

In Fate of Chemicalsin the Environment; Swann, R., et al.;
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impetus in the future as more anticipatory activity becomes a
part of corporate planning. Multimedia models are being
developed for various specific applications, and components are
becoming available for the assembly of custom designed hybrid
models. A decision procedure 1is evolving for selecting
appropriate components.

The variety and depth of the papers presented at this
symposium are ample evidence of the high level of interest now
focused on this field. Taken as a whole, these papers not only
provide a record of where we stand, but also provide a textbook
for potential model users.
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Partition Models for Equilibrium Distribution of
Chemicals in Environmental Compartments

P. J. McCALL, R. L. SWANN, and D. A. LASKOWSKI
Dow Chemical, Midland, MI 48640

Distribution of organic chemicals among environ-
mental compartments can be defined in terms of simple
equilibrium expressions. Partition coefficients be-
tween water and air, water and soil, and water and
biota can be combined to construct model environments
which can provide a framework for preliminary evalua-
tion of expected environmental behavior. This approach
is particularly useful when little data is available
since partition coefficients can be estimated with
reasonable accuracy from correlations between prop-
erties. In addition to identifying those environmental
compartments in which a chemical is likely to reside,
which can aid in directing future research, these
types of models can provide a base for more elaborate
kinetic models.

Increased production and use of chemicals have created a
need to better understand the fate and effects of chemicals in
the enviromment. Recognition of environmental concerns by regu-
latory agencies has led to new legislation aimed at finding
answers to important questions regarding the distribution and
behavior of chemicals in the environment. Historically laboratory
tests have investigated individual process associated with move-
ment (soil leaching, volatility, adsorption, etc.) and transfor-
mation (soil degradation, hydrolysis, photolysis, etc.) of
chemicals. The current thrust in environmental chemistry is to
integrate environmentally meaningful laboratory data into a real-
istic description of the "real world'" behavior of a chemical. The
underlying goal of this research is to reach in the most efficient
manner and in the shortest time possible, a reliable assessment of
fate. Several approaches have evolved which, in general, can be
described as models of the environment or parts of the environ-
ment. Models generally fall into two categories; physical or
mathematical. Physical models often termed microcosoms or model
ecosystems attempt to isolate a representative segment of the
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environment within which the fate of a chemical is observed in
order to describe its fate. Mathematical models attempt to define
all the important processes which act on a chemical in the envi-
ronment and incorporate them into a description of chemical behav-
ior as a function of the variables acting on the system. The type
of model approach taken depends on the degree of accuracy and pre-
cision expected and the questions asked of the model.

Two classes of mathematical models have been developed: those
which are specific and attempt to describe the transport and deg-
radation of a chemical in a particular situation; and those which
are general or "evaluative'" and attempt to generally classify the
behavior of chemicals in a hypothetical environment. The type of
modeling discussed here, equilibrium partitioning models, fall
into the latter category. Such models attempt, with a minimum of
information, to predict expected environmental distribution pat-
terns of a compound and thereby identify which environmental com-
partments will be of primary concern.

Partitioning Models

In its simplest form a partitioning model evaluates the dis-
tribution of a chemical between environmental compartments based
on the thermodynamics of the system. The chemical will interact
with its environment and tend to reach an equilibrium state among
compartments. Hamaker(l) first used such an approach in attempt-
ing to calculate the percent of a chemical in the soil air in an
air, water, solids soil system. The relationships between com-
partments were chemical equilibrium constants between the water
and soil (soil partition coefficient) and between the water and
air (Henry's Law constant). This model, as is true with all
models of this type, assumes that all compartments are well mixed,
at equilibrium, and are homogeneous. At this level the rates of
movement between compartments and degradation rates within com-
partments are not considered.

Mackay(2,3) building upon the earlier work of Baughman and
Lassiter(4) advanced the development of partitioning modeling
using the concept of fugacity. Here chemical equilibrium or par-
tition coefficients between two phases are expressed as an "escap-
ing tendency" the chemical exerts from any given phase. Thus,
when a system is at equilibrium the fugacity in each compartment
matches that in any other compartment. Fugacity has the units of
pressure and partition coefficients between two phases are the
ratio of the fugacity capacities in each phase.

In Mackay's development of an equilibrium model a slice of
the earth is selected as a unit world or model ecosystem. Fugac-
ities are calculated for each compartment of the ecosystem and the
overall distribution patterns of a given chemical are predicted.
In a similar approach McCall gg_gl,(é) have defined a model eco-
system which represents a unit world, however, this development
incorporates standard chemical equilibrium expressions into a
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series of simultaneous equations to predict distribution. Math-
ematically both approaches are essentially the same with the
exception that different units are used. The end result is the
same. A model is obtained which predicts distribution patterns
of chemicals in a simulated environment representative of a seg-
ment of the world. The goal is not to predict actual expected
environmental concentrations, but to predict expected behavior.
To which phase is the substance likely to migrate; will a pesti-
cide applied to soil leach or be volatile; will a chemical accu-
mulate in the biotic compartment; and so on.

The method of using fugacity calculations will be discussed
later in this symposium, therefore a detailed description will
not be given in this paper. The description of equilibrium models
using chemical equilibrium expressions will be discussed with the
recognition that the two approaches are very much the same.

Environmental Partition Coefficients

Soil Sorption Constant - Scil/Water (Keoc). The distribution
of a chemical between soil and water can be described with an
equilibrium expression that relates the amount of chemical sorbed
to soil or sediment to the amount in the water at equilibrium.

g chemical/g soil

Kd = Mg chemical/g water

(1)

where
Kd = sorption coefficient
g chemical/g soil = concentration of adsorbed chemical
Vg chemical/g water = concentration of chemical in
solution

The primary active surface that interacts with the chemical
in the sorption process has been shown to be the organic fraction
of the so0il(6-10). Therefore, the sorption characteristics of a
chemical can be normalized to obtain sorption constant based on
organic carbon (KOC) which is essentially independent of any soil.

_ Mg chemical/g organic carbon
oc Ug chemical/g water

(2)

This value, like other partition coefficients is a measure
of the hydrophobicity of a chemical. The more highly sorbed, the
more hydrophobic a substance is.

Henry's Law Constant - Water/Air (Ky). The distribution of
a chemical between water and air is an expression of Henry's Law
which can be written as follows(ll).
C
K = water _ T(WS) . 1 (3)

W C_. 16.04 PM H
air
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where
Kw = recipricol of Henry's Law Constant (H)
C . = concentration of the chemical in air (mg/
air X
liter)
C = concentration of the chemical in water (mg/
water .
liter)
P = vapor pressure of pure chemical (torr)
M = molecular weight
T = temperature (°K)
WS = water solubility (mg/l1)

Such a relationship describes how a chemical will partition
between water and the atmosphere under equilibrium conditions and
is appropriate only for dilute solutions which are typically ob-
served in the environment. Certain hydrocarbons despite possess-
ing relatively low vapor pressures, may tend to partition signif-
icantly toward the air. This is largely a result of their cor-
respondingly low water solubilities which result in low values for
Ky. Therefore, chemicals which have low values for Ky have a
greater tendency to partition towards the air and volatilize from
solution.

Bioconcentration Factor - Fish/Water (BCF). The partition-
ing of a chemical between water and fish is yet another expres-
sion of the hydrophobic nature of the chemical. The ratio of
chemical in the fish to that in the water at equilibrium is de-
fined as the bioconcentration factor.

Mg chemical/g fish (4)
g chemical/g water

BCF =

where
BCF = Bioconcentration factor
vg chemical/g fish = concentration of chemical in fish
g chemical/g water = concentration of chemical in
water

The bioconcentration factor, although usually related to fish
is actually an estimate of the bioaccumulation potential for biota
in general. Different organisms may bioconcentrate a given chem-
ical to a lesser or greater degree, however with different chemi-
cals, the relative ranking with respect to bioconcentration will
be essentially the same for all species.

Correlations Between Partition Coefficients. As has been
previously discussed, enviromnmental partition coefficients are to
a large extent a measure of a chemical's tendency to partition
between aqueous and organic media.

Correlations between various combinations of partition co-
efficients have appeared in the literature. Water solubility has

In Fate of Chemicals in the Environment; Swann, R., et al.;
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been related to n-octanol/water ratios(l2, 13, 14), bioconcentra-
tion factors(l>, 16) and soil sorption constants(l7-20). N-octan-
ol/water ratios have been correlated with bioconcentration factors
(21, 22, 23) and soil sorption constants have been correlated with
n-octanol/water ratios(18, 19, 24). More recently Kenega and
Goring have given correlation equations for all combinations of
these parameters(25).

The following correlation equations were used in the estima-
tion of partition coefficients used in this paper.

1oWS (ppm) = -1.7288 1nK__ - 0.01(MP-25) + 15.1621 (20)
In Koo = 1n Koy -0.7301°¢ (24)
1n BCF = 0.935 1ln K, -3.443 (25

The advantages of developing such correlations is that once
any of the parameters is known it is then a simple process to
estimate the others. This is particularly useful in early evalua-
tion of chemical partitioning in the enviromment. From a limited
amount of information on a chemical, for example, its vapor pres-
sure, water solubility and melting point, other partitioning para-
meters can be estimated and used in simple ecosystem models to
evaluate the chemical's expected environmental distribution.

Partitioning In Model Ecosystems

An ecosystem can be thought of as a representative segment or
model of the environment in which one is interested. Three such
model ecosystems will be discussed (Figures 1 and 2). A terres-
trial model, a model pond, and a model ecosystem, which combines
the first two models, are described in terms of equilibrium
schemes and compartmental parameters. The selection of a particu-
lar model will depend on the questions asked regarding the chemi-
cal. For example, if one is interested in the partitioning be-
havior of a soil-applied pesticide the terrestrial model would be
employed. The model pond would be selected for aquatic partition-
ing questions and the model ecosystem would be employed if overall
environmental distribution is considered.

Partition coefficients can then be combined to describe the
ecosystem, assuming all the compartments are well mixed such that
equilibrium is achieved between them. This assumption is gener-
ally not true of an environmental system since transfer rates
between compartments may be slower than transformation rates with-
in compartments. Therefore, equilibrium is never truly ap-
proached, except for perhaps with very stable compounds. However,
such simplifications can give an indication into which compart-
ments a chemical will tend to migrate and can provide a mechanism
for ranking and comparing chemicals.

Consider the model ecosystem in Figure 2, chosen to represent
a slice of the environment. The dimensions have been selected to
represent a 1000 m x 1000 m square surface which contains a 10 km
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MODEL ENVIRONMENTS

Terrestrial:
i KOC
Soil Air«<—— Soil Water «———" Soil Organic Carbon

1000m x 1000m x .076m = 7.6 x 10*°m°

25% Air, 25% Water, 50% Soil Solids
Soil Organic Carbon = 2%

Pond:

K,. BCF

Sediment ~———» Water «——" Fish

Water 1000m x 1000m 10m = 1 x 10" m?

Sediment 1000m x 1000m x .05 = 5 x 10*m3
Suspended Sediment 10 ppm in water = 50m3
Fish 1ppm in water = 10m?

Sediment Organic Carbon = 4%

Figure 1. Terrestrial and pond models.
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ECOSYSTEM:

Atmosphere

Water Soil

Suspended Sediment

Sediment

KOC Kw Kw KOC
Sediment “—— Water “——; Air «—— Soil Water <—— Soil

BCF

Fish

Atmosphere  1000m x 1000m x 10Km = 10'°m3
Water 1000m x 300m x 10m = 3 x 10m3
Soil 1000m x 700m x .076m = 5.4 x 10°m?
Sediment 1000m x 300m x .05m = 1.5x 10*m?
Suspended Sediment 10 ppm in water = 15m3
Fish 1 ppm in water = 3m?
Soil Organic Carbon = 2%
Sediment Organic Carbon = 4%

Figure 2. Model ecosystem.

In Fate of Chemicals in the Environment; Swann, R., et al.;
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column of air. The surface area is assumed to be 307 water,
consisting of a pond 10 m in depth. The top 7.5 cm of soil and
the top 5 cm of sediment are assumed to represent that portion
of those compartments which take part in the equilibrium process.

The overall equilibrium expression for the system can be
represented as follows:

I,deed Ky Ky Kdsoil ,
Cged Cy Ca Cow Cs (5)
1|, BCF
Cs
where
CSed = concentration of chemical in sediment
C = concentration of chemical in water
w . . . .
C = concentration of chemical in fish
£ ) . . .
Ca = concentration of chemical in air
C = concentration of chemical in soil water
sw . R . .
CS = concentration of chemical in soil

The primary compartment that connects the aquatic and ter-
restrial segments of the ecosystem is the air. The air is con-
sidered to be in equilibrium with the soil water (which is assumed
to be 25% of the soil compartment) and the water in the aquatic
segment.

If a given volume percent for each compartment is assumed,
the partition expressions must be written in terms of volumes by
considering densities (p) of the media. Soil and sediment are
assumed to have particle density of 2.5 g/cc. Water and fish are
assumed to have density of 1 g/cc. Air is already expressed on
volume basis.

If the amount of chemical in each compartment is expressed
as a percentage of the total chemical in the system (M), and if
the volume of each compartment is also expressed as a percentage
of the total volume of the system (V), then the equilibrium con-
stant between compartments can be written as follows.

M ed/(Avsed) 2.5

deed = TTuM Jav (6)
w w
IM_/ %V
I A
BCF =y J%V )
w w
VAL RAY M7V
K = \"2 \22 - SW SW (8)
W AT NEAY yALRNAY
a a a a

IM J(ZV ) 2.5
S S
ds AR
SwW SwW
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These expressions can be combined to show that . . .

>

M = 100

SRR T

Therefore, the percent of chemical in the water can be
solved for, and having this value the percent of chemical in each
compartment can be subsequently calculated. Equations for the
terrestrial model and the model pond are solved similarly. Also,
the sizes of the compartments can be changed to represent dif-
ferent types of environmental conditions.

Further insight into the distribution values obtained may be
gained by transforming the percent of the total chemical in each
compartment into concentrations. This is done by specifying a
load of chemical into the system and calculating concentrations
based on the amount of chemical in each compartment and the vol-
umes of the compartments.

Applications of The Model

Seven chemicals, whose physical properties and partition
coefficients are shown in Table I were evaluated with all three
models (Tables II-IV). When measured values were not available,
values were estimated from correlation equations previously des-
cribed. Inspection of the results reveals several interesting
aspects of this type of approach. The compounds are arranged in
the order of increasing water solubility. correspondingly, as
previously discussed, values for the soil sorption constant (K,.)
and the bioconcentration factor (BCF) generally decrease. In the
terrestrial model and model pon? the amount of chemical in the
water compartment is therefore generally observed to increase. In
the terrestrial system the amount of chemical in this compartment
can serve as an index to relate the relative leachability of
chemicals. In the model pond, chemicals which partition more into
the water will in general be less persistent in this type of
environment since they will be subjected to a greater degree to
dissipation forces of degradation, volatility, dilution, etc.
Bioconcentration into the fish also generally decreases with in-
crease in the amount of chemical in the water compartment as a
result of a decrease in chemical hydrophobicity. Tetrachlorobi-
phenyl represents an exception to this trend primarily as a result
of an unusually high BCF relative to its water solubility and
other properties.

The water to air ratio (X;) when taken by itself can be used
to represent the volatility of chemicals from aqueous solution.

As previously discussed according to Henry's Law, as water solu-
bility decreases and vapor pressure increases volatility will in-
crease. Therefore a chemical like tetrachlorobiphenyl will have a
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high potential to volatilize from aqueous solution, in fact, some-
what higher than 1,3-dichloropropene which has a vapor pressure
nearly five orders of magnitude greater. In considering volatil-
ity in the terrestrial model, K, is modified by Kgoc such that the
amount of chemical calculated to be in the soil air can represent
a relative volatility index. In this case, 1,3-D will be much
more volatile than the others. This chemical. is used as a soil
fumigdnt and migrates easily through the soil as a vapor. In
general, chemicals with concentrations greater than 1 Ug/m3 in
this system with a specified load of 200 kg will tend to be some-
what volatile, therefore nitrapyrin, lindane and tetrachlorobi-
phenyl will exhibit some degree of volatility.

Considering the terrestrial model or model pond alone can
give some insight into expected behavior in these systems. How-
ever, only by combining all the compartments in an overall eco-
system can a general overview of expected environment behavior be
obtained. For example, the model pond indicates the high poten-
tial of tetrachlorobiphenyl to bioconcentrate, However, in the
model ecosystem this chemical tends to migrate toward the atmos-
pheric compartment such that its tendency to bioaccumulate is
greatly diminished. Likewise, 1,3-dichloropropene partitions
almost completely into the air despite its very high water solu-
bility. DDT, on the other hand, partitions mainly into the soil
and the sediment. As a result, concentration of chemical in fish
is relatively high since they share the same aquatic environment
with the sediment.

Advancement of Equilibrium Models

Discussion to this point has presented equilibrium modeling
in its simplest form or level I as it is termed by Mackay(2).

From this fundamental level the model can be advanced to more com=-
plex levels. Inclusion of the dynamics of flow or transfer rates
between compartments and degradation properties within compart-
ments can transform the model to a nonequilibrium, steady state
description of a chemical's fate.

The next level of complexity is to maintain the assumptions
of the fundamental model, that compartments are well mixed and
rapidly equilibrated, and consider degradation rates within com-
partments. If this is done, the half-life of the chemical in the
system can be estimated along with an estimated amount degraded in
each compartment.

First order rate constants are assumed for all degradative
processes: soil and water microbial degradation, hydrolysis, oxi-
dation, photodegradation in air and water and any other mechanisms
of transformation that may apply. The rate at which the chemical
degrades will then be equal to the summation of the rate constants
acting on the amount of chemical in each compartment summed over
all compartments.

In Fate of Chemicalsin the Environment; Swann, R., et al.;
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The following expression calculates the half-life of the
chemical in the model ecosystem.

ZkS(AMS) +sted(AMsed) +ka(AMw) +-2ka(AMa)

t, = 0.693/ ™Mo+ IM .+ M+ IM
s s w a

L
2

1)
ed

where
Zki represents the sum of the rate constants acting in the
ith compartment. th
and ZM, = the percent of the total chemical in the i~ compart-
ment.,

An example of the evaluation of a theoretical chemical is
shown in Figure 3,

In addition to dissipation of the substance from the model
system through degradation, other dissipative mechanisms can be
considered. Neely and Mackay(26) and Mackay(3) have also intro-
duced advection (loss of the chemical from the troposphere via
diffusion) and sedimentation (loss of the chemical from dynamic
regions of the system by movement deep into sedimentation layers).
Both of these mechanisms are then assumed to act in the unit
world. This approach makes it possible to investigate the behav-
ior of atmosphere emissions where advection can be a significant
process. Therefore, from a regulatory standpoint if the emission
rate exceeds the advection rate and degradation processes in a
system, accumulation of material could be expected. Based on such
an analysis reduction of emissions would be called for.

The model can be developed further by introduction of trans-
fer rates between compartments. The system no longer is consid-
ered to be at equilibrium and diffusion processes become impor-
tant. Ideally this is the goal of the advanced model, to totally
describe the movement of the chemical through and between compart-
ments and into and out of the system as well as describing degra-
dation processes that act in each compartment. This is the great-
est level of complexity. Unfortunately, not enough information is
available to accurately define the transfer rates. Understanding
of volatilization of chemicals from soil needs to be developed
further. Transfer rates from water to air can be described in
laboratory studies but effects of wind and wave action, mixing and
volume relationships needs to be examined furthur. In addition,
little is known regarding rates of sorption and desorption of
chemicals to soils and sediments.

Finally, degradation processes which are usually assumed to
be first order are not. Degradation in soil has been shown by
Hamaker (27) to often behave in a biphasic manner. Biodegradation
in water has been shown to more closely follow second order kinet-
ics(28). Photolysis in solution is highly dependent on antenua-
tion of light in the water body which will depend on water quality

In Fate of Chemicalsin the Environment; Swann, R., et al.;
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Chemical: X

Physical Properties Partition Coefficients
* Molecular Weight= 300 * Koc= 1000
Water solubility= 1.23E+01 Kw = 76337
* Vapor pressure = 1.00E-05 Kow= 2075
* Melting Point = 100 BCF= 40

PERCENT OF CHEMICAL IN EACH COMPARTMENT

Air Water Sediment  Sp. Sediment Fish Soil
(1.00E410  3.00E+06 1.50E+04 1.50E+01 3.00E+00  5.40E+04)

Percent 2.19e+00  5.00E+01  2.50E+0] 2.50E-02 2.02E-03  2.27E+01

CONCENTRATION OF CHEMICAL IN EACH COMPARTMENT IN ppm

Air {micro-g/cu-mtr) Water Sediment  Sp. Sediment Fish Soil
4.37E-03 3.34E-02  1.33E+00 1.67E-05 1.35E+00 5.62E-01

COMPARTMENT HALF-LIVES

Soil Water Sediment Air
300 200 150 50
CHEMICAL HALF-LIFE IN TOTAL SYSTEM = 186 DAYS

* = Entered values, other values are estimated

Figure 3. Estimation of physical properties and partition
coefficients of organic chemicals.

In Fate of Chemicals in the Environment; Swann, R., et al.;
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and depth(29) and photolysis in air is often catalyzed by free
radical reactions(26).

In summary, a great deal of reasearch is yet to be conducted
to describe these complex phenomena.

Advantages and Disadvantages of Equilibrium Models

At the fundamental level of equilibrium modeling the advan-
tages are many. The model can combine a number of compartments
through simple relationship to describe a realistic environment
within which chemicals can be ranked and compared. Primary com-
partments that chemicals will tend to migrate toward or accumu-
late in can be identified. The arrangement of compartments and
their volumes can be selected to address specific environmental
scenarios. Data requirements are minimal, if the water solubil-
ity and vapor pressure of a chemical are known, other properties
can be estimated, and a reasonable estimate of partitioning char-
acteristics can be made. This is an invaluable tool in the early
evaluation of chemical, whether the model be applied to projected
environmental hazard or evaluation of the behavior of a chemical
in an envirommental application, as with pesticides. Finally,
the approach is mathematically very simple and can be handled on
simple computing devices.

In addition, this first simple stage can act as a starting
point for more advanced models which consider transfer and trans-
formation processes in a more comprehensive manner. It provides
a focal point for sorting out key information regarding a chem-
icals fate in the environment, and acts as good first approxima-
tion of behavior upon which to base further research.

Some disadvantages have already been mentioned. These pri-
marily appear as the model is made more complex. When degrada-
tion processes are considered at the next highest level (level
II) care must be taken with interpretation of the data, in par-
ticular with less persistent compounds. 2,4-D for example, when
applied to soil or a terrestrial system degrades very rapidly,
much more rapidly than in water. If the half-life of the chemical
was evaluated in the model ecosystem, it would be overestimated
since the majority of the chemical tends to equilibrate in the
water compartment. Relatively stable compounds for which transfer
rates will be faster than dissipative rates can be evaluated more
realistically.

A second shortcoming that arises at this stage of evaluation
is that in order to conduct the evaluation much more information
is required, i.e. soil and sediment degradation rates and hydroly-
sis and photolysis rates. At this point, more complex nonequili-
brium models may be more useful. If and when methods of estima-
ting degradation process become available, this level of evalua-
tion will become more useful.

The disadvantages of the nonequilibrium steady state models
have already been pointed out. In addition, evaluative models of

In Fate of Chemicalsin the Environment; Swann, R., et al.;
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this type become more and more specific as more information is
required to define the system and in so doing some usefulness may
be lost.

Summary

Equilibrium partitioning models can be a valuable tool in the
early evaluation of a chemical's fate. In an atmosphere of con-
tinued regulatory demands and a search for knowledge and under-
standing of chemical behavior in the environment, equilibrium
models provide a meaningful starting point for the evaluation pro-
cess. They do not attempt to supply a description of the ultimate
fate of a compound, but do lead to advanced understanding and dir-
ection in sorting out the information required to meet this goal.
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A New Mathematical Modeling System

R. C. JOHANSON
University of the Pacific, Dept. of Civil Engineering, Stockton, CA 95211

The Hydrological Simulation Program — Fortran (HSPF)
simulates the movement of water, sediment and many
associated constituents over and under the land
surface, and through streams, rivers and shallow
lakes. It is a relatively new package, funded by
the U.S.EPA. Substances such as pesticides are
handled by simulating the processes of adsorption
and desorption, transport in the dissolved and
adsorbed states, and degradation through hydrolysis,
photolysis, oxidation by free radicals, etc.
Spatial variation is handled by subdividing the area
into "processing units™, each of which represents a
relatively homogeneous segment of pervious or
impervious land-surface, or a reach of channel or an
impoundment. HSPF operates on the basis of
continuous simulation; the user can select a time
step ranging from 1 minute to 1 day. The software
package incorporates many modern features which have
made it reliable and easy to install on a variety of
machines. It is also easy to use and extend.

As environmental controls become more costly to implement and the
penalties of judgment errors become more severe, Water quality
management requires more efficient analytical tools based on
greater knowledge of the phenomena to be managed. In this
connection, the development and application of mathematical
models to simulate the transport and transformation of pollutants
through a watershed, and thus to anticipate environmental
problems, has been the subject of intensive research by the
Environmental Research Laboratory (U.S. EPA) in Athens, Georgia.
HSPF is one of the most recent products of this work. Starting
in 1976, it was developed from the following older models:
(1) The Stanford Watershed Model (SWM) developed at Stanford
University (l1). It can simulate the hydrologic behavior of
an entire watershed.

0097-6156,/83/0225-0125%06.75/0
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(2) The Agricultural Runoff Management (ARM) Model, developed by
Hydrocomp Inc. for the U.S.EPA (2). It simulates the
hydrology, sediment yield, and nutrient and pesticide
behavior of the land phase of the hydrological cycle. The
same organizations also developed the Non-Point Source (NPS)
Model (3) which handles the washoff of miscellaneous
pollutants from land surfaces.

(3) The HSP Quality Model (4). It simulates a comprehensive set
of water quality procégses in streams and lakes, but not
pesticides and toxic substances.

Later some features of the SERATRA Model, developed by
Batelle Northwest Laboratories (5) were added. This model was
designed to simulate the behavior of sediment and associated
constituents in streams. It includes processes such as
hydrolysis and photolysis and is thus suitable for modeling toxic
substances such as pesticides.

Basic Principles of HSPF

All of the above models are of the "deterministic conceptual”

type. That is:

(1) they do not contain random components. A given set of input
data will always produce the same set of output.

(2) they consist of sets of linked equations which represent, to
a certain degree, the actual phenomena being simulated.

These models employ continuous, rather than single event,
simulation. The advantage is that continuous output can be
analyzed statistically. The user can obtain answers to questions
such as "For what fraction of time will the concentration of X be
above Y mg/l at point Z in the system?” Or, "What danger does
chemical X pose to species A at locations B and C?". These are
the kinds of answers needed if he is to make rational decisions
regarding the permissible uses of chemicals for agricultural
purposes.

HSPF represents the temporal variations in a basin by
simulating its behavior over an extended period of time, using a
constant time step selected by the user. Spatial variations are
‘handled by subdividing the ©basin into several distinct
computational elements or Processing Units (PUs) (Figure 1).
There are several types of PUs such as:

(1) Pervious Land-segments, simulated by the PERLND module.

(2) Impervious Land-segments, simulated by the IMPLND module.

(3) Free—flowing stream reaches and reservoirs, simulated by the
RCHRES module.

The degree to which the study area is subdivided is up to
the user; HSPF can handle hundreds of PUs in a single run. For

In Fate of Chemicalsin the Environment; Swann, R., et al.;
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I Land Segment Number
—~ Land Segment Boundary
— +— Stream Reach
LT LTI @ Stream Reach Number

INPUTS: A OUTPUTS:
Meteorological: Physical: = 7 Stream Flows,
Precipitation, Soil Properties, Concenlration,
Temperature, Channe/ Properlies, £te.

£rc. Land Use,
£ie.

Figure 1. Subdivision of a basin for simulation using HSPF.
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every PU the hydrologic response is first simulated. Then

calculations of water temperature, sediment transport and

chemical behavior are superimposed on the flow calculations. The
user specifies how the various PUs are connected, forming the

"network” of water, constituent and information flow (Figure 1).
There are two classes of Operating Module in HSPF:

(1) Application Modules. These simulate the behavior of
processes which occur in the real world (eg. a Pervious
Land-segment).

(2) Utility Modules. These perform "housekeeping” operations on
time series (eg. multiply a concentration time series by a
flow time series, to get a "load” time series).

HSPF is an expandable system. Operating modules can be
added to, or removed from, the system with relative ease. The
software currently contains three application modules and six
utility modules (Figure 2).

Both classes of Operating Module usually need one or more
input time series and produce one or more output time series (eg.
outflow of water and constituents). From experience, the
designers of HSPF knew that much of the effort in wusing
continuous simulation models 1is associated with time series
manipulations. Thus, a sophisticated Time Series Management
System was included. It centers around the Time Series Store
(TSS) (Figure 10), which is a disk-based file on which any input
or output time series can be stored indefinitely.

HSPF can'be run with a time step ranging from 1l minute to 1
day. Data can be stored in the TSS with a similar range of
intervals. The system will automatically convert time series
from one interval to another, as they are transferred between the
TSS and the machine memory. This means, for example, that a
Pervious Land-segment could be run at an interval of 1 hour,
using 15 minute precipitation data and daily evaporation data
(stored on the TSS) as inputs.

The Pervious Land-segment (PERLND) Module

General Comments. The PERLND module simulates a variety of
processes occurring on and under the surface of a Pervious
Land-segment. Figure 3 is a "structure chart” (see "Software
Considerations”) which shows the twelve sections of this module
and the functions they perform. The sections usually involved in
simulating pesticides are SNOW and PWATER (hydrology), SEDMNT
(sediment), MSTLAY (solute transport) and PEST (pesticides). The
last 5 sections of the module are of primary importance in
simulating agricultural chemicals.

The user specifies which set of sections will be executed in
a given run. For example, he may initially "switch on™ only SNOW
and PWATER, to calibrate the simulated hydrological behavior of a
land-segment to observed data. Then he may tura on MSTLAY and

In Fate of Chemicalsin the Environment; Swann, R., et al.;
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Application Modules
PERLND [MPLND RCHRES
Snow Snow Hydraulics
Water Water Conservative
Sediment Solids Temperature
Quality Quality Sediment
Pesticide Nonconservative
Nitrogen B0D/00
Phosphorus Nitrogen
Tracer Fhosphorus
Carbon
FPlankton
corY PLTGEN DISPLY
Data transter Plot data Tabulate, summarize
DURANL GENER MUTSIN
Duration Transform or Input sequentiol
Analysis combine 7ime - series dafa
Figure 2. ‘'Operating Modules' presently in the HSPF software.
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Figure 3. Structure chart for the Pervious Land-segment module.
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TRACER so that he can compare the simulated and observed movement
of a conservative substance such as chloride. Finally, he may
turn TRACER off and PEST on, to simulate up to 3 pesticides.

Hydrologic Simulation in the PERLND Module. Hydrologic
simulation is done using the moisture accounting technique first
employed in the Stanford Watershed Model (Figure 4). That is,
the movement of water into, between, and out of, a set of
conceptual storages 1is computed using a fixed time step. Snow
accumulation and melt are simulated in the SNOW section (if it is
turned on) using energy balance procedures (6). Rain and
snowmelt are subject to interception. If that-storage is full
infiltration occurs. Infiltration capacity is a function of the
current moisture storage in the lower zone and a parameter INFILT
which reflects the permeability of the soil. Infiltrated
moisture passes to the lower zone or to groundwater storage.
Excess moisture either remains on the surface or enters flow
paths leading to the upper zone or to interflow. Percolation
from the upper zone to the lower zone and groundwater is modeled.
The model regards overland flow as equivalent to that along a
plane surface of length, slope and roughness specified by the
user. It uses a kinematic method to calculate the overland flow
rate. Other contributions to streamflow come from interflow and
groundwater outflow.

Evapotranspiration (ET) can occur from any of the storages.
The model algorithms compute the amount of ET from each storage,
based on potential ET data supplied by the user.

Sediment Simulation in the PERLND Module. The processes modeled
in the SEDMNT section are shown in Figure 5. It also shows the
simple equations used, which are based on one of the first
continuous sediment simulation models (7). The rate of
detachment by rainfall is a power function of rainfall intensity,
modified to account for protective cover (C) and any special
management practices (SMPF) (e.g. terracing, contouring). SMPF
corresponds to the factor P in the Universal Soil Loss Equation.
Washoff (WS) is the removal, by overland flow, of detached
material. It is modeled as a power function of overland flow,
which is computed by the hydrology section (PWATER), but washoff
is limited by the supply of detached material. This supply can
be altered by the user at any time, to simulate the effect of
soil tillage. Scour (SCR) is also modeled as a power function of
overland (surface) outflow. This simulates direct erosion by
surface outflow, such as gully formation. For scour, the model
considers the supply of parent material wunlimited. The
coefficients and exponents (KRER, JRER, etc) must be determined
by experience and/or calibration.

The sediment section also accounts for soil compaction
(using a first-order process) and deposition or removal of
detached sediment (e.g. by wind).

In Fate of Chemicalsin the Environment; Swann, R., et al.;
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Pervious Land-segment.
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Representation of the hydrological processes in a

ACS Symposium Series; American Chemical Society: Washington, DC, 1983.
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vSed/menl Sloroge ' -2
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Detachment: DET = (I-C)* SMPF * KRER * RAIN'RER
Washoff : WS = KSER * SURO"SER
Scour : SCR= KGER * SURO"ER

Figure 5. Sediment-related processes in a Pervious Land-

segment, as modeled in HSPF.
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Pesticide Simulation in the PERLND Module. The procedures used
to simulate pesticides were derived from those used in the
Agricultural Runoff Management (ARM) Model (2). HSPF can
simulate up to 3 pesticides in one run. The soil is viewed as
having four layers (Figure 6), corresponding to the surface,
upper, lower and groundwater storages used in the hydrology
section (Figure 4). Although in nature the transport and
reactions of pesticides occur simultaneously, the model treats
these processes serially, in each time step.

Transport rates for dissolved material are based on the
internal and external fluxes (flows) computed in the hydrology
section of the module. Soluble chemicals are transported down
through the soil profile and are washed out into streams with
surface runoff, interflow and groundwater flow. Sediment
associated pesticides (and nutrients) are removed from the
surface layer whenever sediment washoff occurs.

The two pesticide reactions simulated by HSPF are:

(1) Adsorption and desorption. The user can choose to handle
this using either temperature-corrected first order reaction
kinetics, in which case the concentrations are always moving
towards equilibrium but never quite reach it, or he can use
a Freundlich isotherm, in which instantaneous equilibrium is
assumed. With the Freundlich method, he can elect either to
use a single-valued 1isotherm or a non-single-valued one.
This was included in the model because there is experimental
evidence which suggests that pesticides do not always follow
the same curve on desorption as they do on adsorption.

(2) Degradation. Although the actual mechanisms of degradation
are many and complex, HSPF uses a simple first—order
relationship to approximate this process.

Adsorption, desorption and degradation are simulated in each
of the four soil layers (Figure 6). Different parameters can be
used in each layer.

Note that this section of the PERLND module could be used to
simulate substances other than pesticides, provided the processes
included in the modél adequately represent the behavior of the
compound in question.

The Impervious Land-segment (IMPLND) Module

This module 1s designed to simulate processes 1in areas where the
ground is totally impervious; usually it is used on parts of
urban areas. It is not designed to handle pesticides.

The Reach/reservoir (RCHRES) Module

General Comments. As the structure chart for this module shows
(Figure 7), it 1is designed to simulate the transport and

In Fate of Chemicalsin the Environment; Swann, R., et al.;
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Figure 6. Pesticide related processes in a Pervious Land-
segment, as modeled in HSPF.

In Fate of Chemicalsin the Environment; Swann, R., et al.;
ACS Symposium Series; American Chemical Society: Washington, DC, 1983.



136 FATE OF CHEMICALS IN THE ENVIRONMENT

In Fate of Chemicals in the Environment; Swann, R., et al.;

ACS Symposium Series; American Chemical Society: Washington, DC, 1983.

RCHRES
Simulafe a
reach or
mixed
reservoir
4.2(3)
HYDR | aocacc | cons | HTRCH |
Simulate Prepare fo Simulate Simulate
hydraulic simulate conservative water
behavior advection constituents femperature
4.2(3)1 4.2(3).2 4.2(3).3 4.2(3).4
SEDTRN_| GuaL | RQUAL |
Simulate Simulate Simulafe
fnorganic general biochemical
sediment quality constituents
constituenls
42(3).5 4.2(3). 4.2(3).7
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reactions of a wide variety of constituents in streams and lakes.
Like the PERLND module, each section of the RCHRES module
simulates a different set of processes, and the user can switch
on that combination of sections which is best suited to simulate
the constituents which he is studying.

Section HYDR simulates the movement of water (hydraulic
routing). Section HTRCH evaluates the exchange of heat between a
reach and the atmosphere and, thus, simulates water temperature.
These sections are important because transport and temperature
greatly influence almost all the other processes simulated by the
module. Sections SEDTRN and GQUAL simulate the movement of
sediment and "generalized" quality constituents (e.g-
pesticides). Section RQUAL simulates the "traditional”
biochemical constituents, such as oxygen, biochemical oxygen
demand, nutrients, phytoplankton, zooplankton, carbon dioxide and
refractory organic products of biological death and respiration.

One significant limitation of the RCHRES module is that it
assumes total mixing in the water body; thus it does not simulate
stratified impoundments.

Hydraulic Routing in the RCHRES Module. HSPF uses a simple
technique for flow routing. The catchment stream network is
subdivided into "reaches" (Figure 1) and calculations start with
the upstream ones. Each reach may have several outflows and each
outflow rate may be a function of storage in the reach (storage
routing) or a function of time (e.g. to supply demands of
irrigators), or a combination of both.

HSPF can handle a reach network of any complexity; it can
even handle situations where flows are split (diverted) and later
recombined further downstream (e.g- through hydro-power
diversion tunnels). Also, it makes no assumptions regarding the
shape of the water body. For example, streams do not have to be
represented with trapezoidal cross sections.

Sediment Routing in the RCHRES Module. The sediment routing
method has been adapted from that used in the SERATRA model (5).
Each reach is viewed as containing one "layer"” of suspended, or
entrained, sediment and one layer of bed sediment. Three classes
of sediment are handled - sand, silt and clay. Each 1is
separately routed through the reach and its deposition or erosion
rate is calculated.

For sand, the transport capacity is first calculated using
either the Colby (9), or Toffaleti (10) method, or a user
supplied power function of velocity. If the calculated transport
capacity exceeds the load present scour is simulated and if the
opposite is true deposition is simulated.

For silt and clay, the critical shear stress concept 1is
used. If the critical shear stress for scour is exceeded, scour
takes place. On the other hand, if the actual shear stress is
less than the critical value for deposition, deposition occurs.

In Fate of Chemicalsin the Environment; Swann, R., et al.;
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Pesticide Simulation in the RCHRES Module. Pesticides and many
other toxic substances are subject to a variety of processes in
the aquatic environment. In the RCHRES module, such compounds
are called "generalized quality constituents” and they are
simulated using module section GQUAL (Figure 7).

The algorithms used by module section GQUAL are, again,
based on those incorporated in the SERATRA model. The chemical
forms which it can handle and the processes included are shown
schematically in Figure 8. 1In this section of the module it is
assumed that all chemicals exist in solution and are, thus,
potentially subject to the processes shown on the left side of
the figure. These include:

(1) movement with the water (advection).

(2) hydrolysis. A first order pH-dependent equation is used.

(3) oxidation by agents such as singlet oxygen and alkylperoxy
radicals. A second order equation 1s used.

(4) volatilization. This is linked to the oxygen reaeration
rate which can be computed using a variety of equations.

(5) biodegradation. A second order equation is used.

(6) "other"” methods of decay. A first order equation is used.

(7) formation of “daughter” products by decay of “parent”
compounds.

The wuser decides which of the above processes will be
simulated (active) for each chemical. He need only supply input
for those processes that are active. In this connection, note
that:

(1) all of the above decay rates can be adjusted for
temperature.

(2) much of the supplementary input required for these processes
(e.g. biomass concentrations, free radical concentration)
can be supplied either as time series, or as monthly cyclic
data, or single fixed values.

If the user specifies that the chemical 1s sediment
associated, then all the processes shown on the right of Figure 8
also become active:

(1) Adsorption and desorption between the solution phase and
sand, silt and clay in suspension and on the bed. First
order reaction kinetics are used.

(2) Transport of adsorbed material with che sediment. This
includes advection, scour and deposition.

(3) Decay of adsorbed chemical, modeled as a first-order
process.

In Fate of Chemicalsin the Environment; Swann, R., et al.;
ACS Symposium Series; American Chemical Society: Washington, DC, 1983.
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The Utility Modules

HSPF's utility modules (Figure 2) are designed to give the user
maximum flexibility in managing simulation input and output.
COPY is used to manipulate time series, such as the transfer of
data from tape to the TSS. The user can change the form of the
time series during the COPY operation. A 5-minute rainfall
record may be aggregated to an hourly time interval, for example.
The PLTIGEN and DISPLY modules are discussed later, wunder
"Output”. The GENER module is used to transform a time series
(A) to produce a new series (C) or to combine two time series
(A&B) to create a new one (C). For example, this module is
useful if one wants to compute the mass outflow of a constituent
from the two time series of flow and concentration.

DURANL performs a duration and excursion analysis on a time
series and also computes some statistics. It can answer
questions like: "How often does the DO concentration stay below
4 mg/l1 for 4 consecutive hours?” This module includes a feature,
derived from Onishi et al (ll), for assessing the effect of the
likely exposure of a specified species to a given chemical. It
is presumed that the organism will suffer no damage if the
chemical 1is always present at levels below the “"maximum
acceptable toxicant concentration” (MATC). But if this level is
exceeded the organism will suffer either acute or chronic damage,
depending on the concentration and the time for which it persists
(Figure 9). For example, the borderline for 7-day continuous
exposure might be 1 ppm and the corresponding l-day value might
be 10 ppm. To perform this type of analysis using HSPF, the user
supplies module DURANL with the data necessary to compose Figure
9, and the time series of chemical concentration values. Then,
in addition to performing the usual statistical analyses, DURANL
determines the percentage of time that acute, chronic and
sub—lethal conditions would exist. The time series can be either
simulated or observed data.

Software Design Considerations

Development of HSPF involved the merging of most of the
capabilities of a set of existing models. This kind of project
can be accomplished in at least two ways. On the one hand, the
existing software can be left largely intact; modules can be
merged using interfaces which require a minimum of new code and
alterations to existing programs. On the other hand, the
functions performed by the older models can be incorporated in a
totally new package. The first approach involves a lower
investment but the shortcomings of the existing models, and any
inconsistencies between them, remain. The second approach is
costly but overcomes these problems; a design can be adopted
which draws on the experience gained in working with the older
models and also incorporates modern program design technology.
For intermediate values of shear stress, the bed is stable.

In Fate of Chemicalsin the Environment; Swann, R., et al.;
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In this way a system can be built which is internally consistent,
reliable and relatively easy to use, maintain and expand. The
designers (and EPA) chose the second route.

Developing, modifying, or even trying to understand, a large
computer program can be a very frustrating activity. To a large
extent, the problems can be alleviated by using Structured
Programming Technology. Because of its obvious suitability,
extensive use was made of this technology on this project. The
entire set of software was arranged in hierarchical order, shown
on a "structure chart™ (eg. Figures 3 and 7). The general idea
is that the entire system should form a tree, branching out from
the MAIN sub-program. “"Continuation flags" point to subordinate
structure charts, so that the entire HSPF program can be viewed
by studying the 80 structure charts needed to completely describe
it. These charts totally supplant the traditional "flowcharts".
Within each sub-program, instructions were first coded in "pseudo
code,” similar to Algol. In accordance with the tenets of
structured programming, as developed by Dijkstra and others
during the 1960's, the pseudo code included only the following
five basic “"structure figures:” SEQUENCE, IF-THEN-ELSE,
DO-UNTIL, WHILE-DO and CASE. The pseudo code was then translated
to standard Fortran. The benefits of writing in structured
pseudo code, compared to Fortran, became very obvious as the
project progressed.

The entire HSPF system is documented in a User's Manual
(12).

Operation of the Model

Overview. Figure 10 shows, in simplified form, the activities,
inputs and outputs 1involved in running HSPF, from a typical
user's point of view. The first phase involves copying input
time series, such as meteorological data, from sequential files
(cards, tape, disc) to the Time Series Store (TSS). This is
sometimes done in a single run but in most practical situations,
where data have to be gathered from diverse sources and gaps have
to be patched, several runs are made.

In the second phase the input time series for simulation,
data display and analysis runs usually come from the TSS,
although they can sometimes be obtained directly from sequential
files, thus bypassing the first phase described above. The other
type of input, required in all HSPF runs, is called the User's
Control Input.

The User's Control Input. The HSPF system has been made as

"intelligent” as possible. For example:

(1) It checks that user—supplied values fall within a reasonable
range, where possible.

(2) If a user omits some input, HSPF will supply default values
if they exist, or report an error if they do not.

In Fate of Chemicalsin the Environment; Swann, R., et al.;
ACS Symposium Series; American Chemical Society: Washington, DC, 1983.
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(3) It will ignore unnecessary input and blank or “comment”
lines. Thus, if a user has been simulating pesticides and
then turns that section off, possibly to re—calibrate the
hydrology, he does not have to delete the pesticide-related
input. HSPF will ignore it, until he once again turns the
PEST section on.

(4) It can accept input in Metric or English units. (e.g.
pesticlde application in kg/ha or 1b/acre, rainfall and
runoff in mm or inches).

Output. HSPF produces several classes of output:

(1) Continuous time series. These data are either passed as
input to operations further "downstream™ in the network or
they are recorded on disk in the Time Series Store, or both
things may be done (Figure 10).

(2) Run Interpreter output. This is produced as the User's
Control Input is scanned and checked, defaults are supplied,
etc. It is, roughly, an echo of the input, plus default
values supplied by HSPF.

(3) Regular printed summaries. Once the simulation time loop is
commenced, data are accumulated for display at an interval
specified by the user. The frequency of this output can be
varied from once per time step (say 1 hour) to once per
year. Regardless of the reporting period, the format of the
report is the same. First, the values of all significant
state variables (eg. storages), at the end of the reporting
period, are given. Then, the fluxes (eg. flows),
accumulated since the preceding report, are summarized. The
user can specify whether printout is to be given in English
or Metric units (regardless of the units used for input).
Or he may request output in both systems.

(4) Special summaries. By using module DISPLY, the user may
select any time series for special display. For example, he
may wish to print out daily average values of the total
amount of Alachlor in the Upper Layer. In this case, the
values (simulated or observed) would automatically be
averaged over each day and a year's worth of daily values
would appear in a neatly formatted table on a single page
(suitable for direct inclusion in a report).

(5) Statistical analyses. Again, any time series can be
analyzed, by pointing it to module DURANL. The functions of
this module have already been described in some detail.

(6) Plot data. The PLTGEN module can be used to route a set of
time series to a file, so that they can later be displayed
in graphical form, either together or on separate graphs.
In this connection, Figures 11 and 12 show typical pesticide
simulation results for a small watershed in Iowa, as
reported by Donigian et al (13).

In Fate of Chemicalsin the Environment; Swann, R., et al.;
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Concluding Comments

Is HSPF living up to the designers' expectations? The author's

answer is in the affirmative, for the following reasons:

(1) As predicted, programming errors have been quite rare and
easy to locate and fix.

(2) Users who have studied the code have found it easy to follow
— I believe this is an important test of program clarity and
consistency.

(3) Operating modules and individual subprograms have been added
or modified with relative ease.

(4) Adaptation of HSPF to computers with widely differing memory
configurations and word lengths has been relatively simple.

(5) The program has been used in a variety of situations ranging
from simple single land-segment simulations to studies
involving complex networks. The constituents handled have
ranged from water (only) to pesticides, nutrients and
certain biota. This demonstrates the versatility of the
program.

In summary, HSPF is an advanced software framework which can
accommodate a wide variety of time series—based simulation
modules and associated utility functions. As better algorithms
for simulating the various natural processes become available,
they can be incorporated into the system. Plans are already
under way to include in the PERLND module an improved technique
for solving the equations governing the advection and reactions
of pesticides and nutrients. The construction of an interactive
input preparer, currently under way, is being greatly facilitated
by the highly structured design of the User's Control Input.
This new software will make the package even easier to use. HSPF
can grow with the state of the art and should have a long and
useful life. It is being maintained, distributed and actively
supported by the EPA Center for Water Quality Modeling, in
Athens, Georgia.

Literature Cited

l. Crawford, N.H., and R.K. Linsley. Digital Simulation in
Hydrology: Stanford Watershed Model IV. Dept. of Civ. Eng.,
Stanford Univ., Stanford, Calif. Tech. Rep.39. 1966. 210
pages.

2. Donigian, A.S., Jr., D.C. Beyerlein, H.H. Davis, Jr., and
N.H. Crawfgord. Agricultural Runoff Management (ARM) Model
Version II: Refinement and Testing. Env. Res. Lab., Athens,
Georgia. 1977. EPA600/3-77-098. 294 pages.

3. Donigian, A.S. Jr., and N.H. Crawford. Modeling Nonpoint
Pollution from the Land Surface. Env. Res. Lab., Athens,
Georgia. 1976. EPA 600/3-76-083. 280 pages-

4. Hydrocomp Inc. Hydrocomp Water Quality Operations Manual.

In Fate of Chemicalsin the Environment; Swann, R., et al.;
ACS Symposium Series; American Chemical Society: Washington, DC, 1983.



7.

10.

11.

12.

13.

JOHANSON A New Mathematical Modeling System 147

Hydrocomp Inc., 201 San Antonio Circle, Mountain View, CA
94040. 1977. 192 pages.

Onishi, Y,. and S.E. Wise. Mathematical Model, SERATRA, for
Sediment-Contaminant Transport in Rivers and its Application
to Pesticide Transport in Four Mile and Wolf Creeks in Iowa.
Batelle Pacific NW Labs, Richland, WA. 1979.

U.S. Army Corps of Engineers. Snow Hydrology, Summary Report
of the Snow Investigations. North Pacific Division,
Portland, OR. 1956. 437 pages.

Negev, M. A Sediment Model on a Digital Computer. Dept. of
Civ. Eng., Stanford Univ., Stanford, CA. Tech. Rep.76. 1967.
109 pages.

Crawford, N.H. and A.S. Donigian, Jr. Pesticide Transport
and Runoff Model for Agricultural Lands. Office of R and D,
U.S. EPA, Wash. DC, 1973. EPA 660/2-74-013. 211 pages.
Colby, B.R. Practical Computation of Bed-Material Discharge.
J. Hyd. Div., ASCE. 1964, 90(HY2),217-246.

Toffaleti, F.B. Definitive Computations of Sand Discharge in
Rivers. J. Hyd. Div., ASCE. 1969, 95(HY1), 225-248.

Onishi, Y., S.M. Brown, A.R. Olsen, M.A. Parkhurst, S.E. Wise
and W.H. Walters. Methodology for Overland and Instream
Migration and Risk Assessment of Pesticides. Batelle Pacific
NW Labs., Richland, WA. Prepared for U.S. EPA, Athens, GA.
1979.

Johanson, R.C., J.C. Imhoff and H.H. Davis, Jr. Users Manual
for Hydrological Simulation Program - Fortran (HSPF). Env.
Res. Lab., Athens, GA. 1980. EPA 600/9-80-015. 678 pages.
Donigian, A.S., Jr., J.C. Imhoff and B.R. Bricknell.
Modeling Water Quality and the Effects of Best Management
Practices in Four Mile Creek, Iowa. Draft report on contract
68-03-2895, for U.S. EPA, Athens, GA. 1981.

RECEIVED April 15, 1983.

American Chemical
Society Library
1155 16th St. N. W.
In Fate of Chermwwamvi%]rﬁmt; MR etal.;

ACS Symposium Series; American Chemical Society: Washington, DC, 1983.



Model Predictions vs. Field Observations: The
Model Validation/Testing Process

ANTHONY S. DONIGIAN, JR.
Anderson-Nichols & Co., Palo Alto, CA 94303

The goal of this paper is to present the current
status of model validation and field testing of
chemical fate and transport models; other papers
in this symposium discuss the state-of-the-art

of modeling specific processes, environments, and
multimedia problems. The process of model valida-
tion, and its various components, is described;
considerations in field testing, where model
results are compared to field observations, are
discussed; an assessment of the current extent

of field testing for various processes and media
is presented; and future field testing and data
needs are enumerated.

In the past few years a variety of workshops and symposia have
been held on the subjects of model verification, field validation,
field testing, etc. of mathematical models for the fate and
transport of chemicals in various environmental media. Following
a decade of extensive model development in this area, the emphasis
has clearly shifted to answering the questions "How good are these
models?", "How well do they represent natural systems?", and "Can
they be used for management and regulatory decision-making?"

The impetus for this flurry of activity has been the recognized
need for cost-effective tools, based on sound scientific prin-
ciples (i.e., state-of-the~-art), to assist in the performance of
exposure assessments for new and existing chemical compounds and
toxic wastes.

In addition to the recently published literature, much of
the material for this paper was derived from technical presen-
tations and discussions at the following workshops in which I
had the opportunity to participate:

o Workshop on Verification of Water Quality Models,

West Point, New York, March 1979. (1)
0 Modeling the Fate of Chemicals in the Kduatic Environment
Workshop, Pellston, Michigan, August 1981. (2}
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o EPA Workshop on Field Applicability Testing of Environ-
mental Exposure Methods, Airlie House, Virginia,
March 1982. (3)
o EPA Exposure Assessment Workshops; Level I, Washington,
D.C. and Level II, Atlanta, Georgia, April 1982.
Throughout these workshops the need for model testing and
validation was evident. Since models are being used, and will be
used, increasingly in the future, for exposure and risk assess-
ments for chemicals and toxic wastes, the question of model
validity is paramount to their continued use and effectiveness
for management and regulatory decision-making. Although the
first two workshops listed above concentrated on the soil and
aquatic environments, the latter two workshops considered multi-
media problems including air and groundwater concerns. Following
a brief description of each workshop, the individual conclusions
and recommendations will be synthesized and integrated into
discussions on the model validation process, model testing and
error analyses, current extent of field testing, procedures and
measures for model validation, and future needs.

Recent Model Validation Workshops

Water Quality Model Verification Workshop, West Point, NY. 1In
March 1979, the EPA sponsored a "National Workshop on the
Verification of Water Quality Models" (1) with the objective to
evaluate the state-of-the art of water quality modeling and make
specific recommendations for the direction and emphasis of future
modeling efforts. The participants included a cross-section of
water quality modeling experts from government, academia, indus-
try, and private practice. The workshop was organized to address
the issues of models in decision-making, model data bases,
modeling framework and software validation, model parameter
estimation, model verification, and models as projection tools.
Each of these issues was addressed in individual work groups for
the following topical areas:

(1) Wasteload Generation

(2) Transport

(3) Salinity/Total Dissolved Solids

(4) Dissolved Oxygen/Temperature

(5) Bacteria/Virus

(6) Eutrophication

(7) Hazardous Substances
Each work group produced a report of its deliberations on the
above issues for their topical area, which was published and
summarized in the workshop proceedings along with technical
discussion papers (1).

Modeling the Fate of Chemicals in the Aquatic Environment,
Pellston, Michigan. 1In August 1981, the fourth in the Pellston
series of technical workshops was convened to assess the current

In Fate of Chemicalsin the Environment; Swann, R., et al.;
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status of modeling as an integrating mechanism for the important
processes controlling chemical fate and transport. Participants
included representatives from government, industry, academia, and
private practice. The workshop objectives were stated as follows:
0 Analyze the state-of-the-art of environmental fate
modeling considering both development and application
o Critically evaluate existing models for predicting
environmental exposure concentrations of chemicals in
various aquatic systems
o Critically examine the utility of various models as
decision-making aids for their specific applications
o Position the role of environmental fate modeling for
aquatic hazard assessment, considering both regulatory
applications and new product development; and
o Develop recommendations for future research needs in
environmental fate modeling (2)
The workshop was organized around four individual topics with an
associated work group for synthesis and integration of the mate-
rial presented: Modeling Overview - Use and Needs, Modeling
(individual) Processes, State-of-the-Art and Case Study Examples,
and Validation and Application Testing. The technical papers
and work group reports were published in the workshop proceedings
(2).

Field Applicability Testing (FAT) Workshop. In March 1982, the
EPA Office of Research and Development convened a workshop with
the specific objectives to (1) assess the state of knowledge on
determining the field applicability of laboratory bioassay tests,
toxicity studies, microcosm studies, and mathematical chemical
exposure models (i.e., the extent to which these methods have
been tested/compared with field data), and (2) recommend research
objectives and priorities to advance the current level of field
testing. Workshop attendees included representatives from EPA
research laboratories, universities, and private industry.
Working groups were organized with specific responsibility to
assess the utility and limits of four different methods (or tools)
currently used by EPA and industry for evaluating hazards posed
by toxic chemicals: (1) laboratory toxicity data, (2) microcosm
test data, (3) site-specific data, and (4) chemical fate and
exposure model results. The Exposure Modeling Committee (;)
report presented an assessment of the current extent of field
model testing and recommendations for future testing efforts.

EPA Exposure Assessment Workshops - Level I and II. In April
1982, the EPA Office of Research and Development (ORD) organized
two workshops designed to assess and identify current techniques
(i.e., data, protocols, predictive models) used in performing
exposure assessments, enumerate technical information gaps, and
recommend prioritized research topics to satisfy current and
anticipated needs. The Level I workshop was comprised of
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technology users (for performing exposure assessments) in the EPA
program offices, ORD modelers and outside experts from academia,
industry, and consulting firms. The goal was to join together
the users and developers of exposure assessment techniques to
identify current methods, technology gaps, and future needs. The
subsequent Level II workshop, composed of model developers and
scientists, deliberated on the specific technical issues iden-
tified in the Level I workshop and developed a ranking of specific
research activities needed to satisfy current and projected
exposure assessment needs. The material presented in this paper
for this workshop is based on the observations of the author and
preliminary workshop proceedings.

The Model Testing/Validation Process

Part of the confusion surrounding the model testing and vali-
dation process is largely because different meanings have been
attached to the terms calibration, verification, validation,
and post-audit in the technical literature. As a result of the
Pellston conference, I have adopted the following relationship
among these terms:

Calibration

Verification { = Model Testing or Validation

Post-Audit
Thus, the process of model testing and validation (considered
synonymous) should ideally include the steps of calibration
(if necessary), verification, and post-audit analyses. I
indicate "ideally" because in many applications existing data
will not support performance of all steps. In chemical fate
modeling, chemical data for verification is often lacking and
post-audit analyses are rare (unfortunately) for any type of
modeling exercise.

Figure 1 presents an overview of the model testing/valida-
tion process as developed at the Pellston workshop. A distinction
is drawn between validation of empirical versus theoretical models
as discussed by Lassiter (4). In reality, many models are
combinations of empiricism and theory, with empirical formulations
providing process descriptions or interactions lacking a sound,
well-developed theoretical basis. The importance of field data
is shown in Figure 1 for each step in the model validation
process; considerations in comparing field data with model
predictions will be discussed in a later section.

The model construction check is needed to confirm the
correct structure and operation of the model algorithms over the
range of conditions and model parameters expected.

Calibration is probably the most misunderstood of all the
model validation components. Calibration is the process of
adjusting selected model parameters within an expected range
until the differences between model predictions and field
observations are within selected criteria for performance (to be
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discussed later). For certain disciplines, such as air transport
models and hydromechanic models for tsunami propagation or
hurricane surge, the underlying theory is sufficiently well-
developed that calibration is minimal or not needed (5).

However, for all operational, empirical models (or portions
thereof), including most chemical fate models, calibration is
usually needed and highly recommended. The advocates of cali-
bration (including this author) argue that calibration is needed
to "account for spatial variations not represented by the model
formulation; functional dependencies of parameters that are
either non-quantifiable, unknown, and/or not included in the
model algorithms; or extrapolation of laboratory measurements of
parameters to natural field conditions™ (6). On the other hand,
the opponents argue that calibration is essentially a curve-
fitting procedure using the numerous degrees-of-freedom of the
model to match observed and predicted values. It is clear that
the need for calibration increases the user effort and data
required to appropriately apply a model. However, any model can
be operated without calibration depending on the extent to which
critical model parameters (usually refined through calibration)
can be estimated from past experience and other data. 1In the
area of pesticide runoff modeling, Lorber and Mulkey have shown
that so-called "calibration-independent" (empirical, in this
case) models produced their "'best! results...only after some
deliberation and reassignment of initial parameter estimates™ (7).
In many cases, calibration becomes an expedient alternative
when the calibration-independent model fails to satisfy acceptance
criteria with the originally estimated pa?ameter values.

Verification is the complement of calibration; model
predictions are compared to field observations that were not used
in calibration or fidelity testing. This is usually the second
half of split-sample testing procedures, where the universe of
data is divided (either in space or time), with a portion of the
data used for calibration/fidelity check and the remainder used
for verification. 1In essence, verification is an independent
test of how well the model (with its calibrated parameters) is
representing the important processes occurring in the natural
system. Although field and environmental conditions are often
different during the verification step, parameters determined
during calibration are not adjusted for verification.

Post-Audit Analyses are the ultimate tests of a model's
predictive capabilities. Model prédictions for a proposed alter-
native are compared to field observations following implementation
of the alternatives. The degree to which agreement is obtained
based upon the acceptance criteria reflects on both the model
capabilities and the assumptions made by the user to represent
the proposed altenative. Unfortunately, post-audit analyses
have been performed in few situations.
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Model Testing and Error Analysis

The process of field validation and testing of models was
presented at the Pellston conference as a systematic analysis

of errors (6). In any model calibration, verification or vali-
dation effort, the model user is continually faced with the

need to analyze and explain differences (i.e., errors, in this
discussion) between observed data and model predictions. This
requires assessments of the accuracy and validity of observed
model input data, parameter values, system representation, and
observed output data. Figure 2 schematically compares the model
and the natural system with regard to inputs, outputs, and sources
of error. Clearly there are possible errors associated with each
of the categories noted above, i.e., input, parameters, system
representation, output. Differences in each of these categories
can have dramatic impacts on the conclusions of the model vali-
dation process.

Input Errors. Errors in model input often constitute one of the
most significant causes of discrepancies between observed data
and model predictions. As shown in Figure 2, the natural system
receives the "true" input (usually as a "driving function")
whereas the model receives the "observed" input as detected by
some measurement method or device. Whenever a measurement is made
a possible source of error is introduced. System inputs usually
vary continuously both in space and time, whereas measurements are
usually peint values, or averages of multiple point values, and
for a particular time or accumulated over a time period. Although
continuous measurement devices are in common use, errors are still
possible, and essentially all models require transformation of
a continuous record into discrete time and space scales acceptable
to the model formulation and structure.

A classic example of input errors in watershed hydrologic
modeling is the use of point rainfall measurements to estimate
the effective rainfall over a watershed area. Since rainfall is
the driving time series in hydrologic modeling, any errors in
the input rainfall, i.e., misrepresentation of effective watershed
rainfall, will likely propagate through the simulation and thus
have a critical effect on model calibration and verification.
Donigian, et. al., (8) describe an example of this type of error
in an application of the Hydrologic Simulation Program FORTRAN
(9) for analysis of agricultural best management practices in a
5000-hectare Iowa watershed. Due to limited precipitation data,
it was nécessary to use data from different gage locations for
calibration and verification. Comparison of model runs for the
same time period using the two rainfall records (i.e., one within
the watershed and the other 10 kilometers east) resulted in a
35% change in mean flow, although the rainfall volumes differed
by less than 5%. Verification procedures were subsequently
modified to provide a more consistent basis for evaluating model
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performance. Similar discrepancies were noted by Troutman in
analyzing the effects of spacial variability of precipitation on
runoff predictions using a USGS model applied to a Texas water-
shed (10).

Another example of possible input errors especially critical
for chemical fate modeling is errors associated with input
loadings of chemicals. For a watershed modeling effort, these
errors would be associated with chemical input via rainfall or
dry deposition; chemical land application rates, methods, and
timing; and point discharges of chemicals. For pesticides and
other more exotic chemicals, rainfall and dry deposition can
usually be ignored unless drift from aerial applications in
neighboring air sheds is significant.

Assumptions on chemical application rates, methods, and
timing were shown to have major impact on resulting concentra-
tions and loads measured at the watershed outlet (8). Application
rates determined by an inventory of farmers can includ® substan-
tial error since many farmers may not follow label recommenda-
tions. Surface versus subsurface application methods affect the
susceptibility to removal by surface runoff, erosion, and/or
subsurface flow components. Timing of applications is especially
critical for fast decaying pesticides since the majority of the
pesticide loss by runoff occurs in the first few storm events
following application. Consequently, the amount and timing of
application, e.g., before or after a specific event, has a
major impact on how much loss occurs during the event.

For an aquatic model of chemical fate and transport, the
input loadings associated with both point and nonpoint sources
must be considered. Point loads from industrial or municipal
discharges can show significant daily, weekly, or seasonal
fluctuations. Nonpoint loads determined either from data or
nonpoint loading models are so highly variable that significant
errors are likely. 1In all these cases, errors in input to a
model (in conjunction with output errors, discussed below) must
be considered in order to provide a valid assessment of model
capabilities through the validation process.

System Representation Errors. System representation errors refer
to differences in the processes and the time and space scales
represented in the model, versus those that determine the
response of the natural system. In essence, these errors are the
ma jor ones of concern when one asks "How good is the model?".
Whenever comparing model output with observed data in an attempt
to evaluate model capabilities, the analyst must have an under-
standing of the major natural processes, and human impacts, that
influence the observed data. Differences between model output and
observed data can then be analyzed in light of the limitations

of the model algorithm used to represent a particularly critical
process, and to insure that all such critical processes are
modeled to some appropriate level of detail. For example, a
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lake model that simulates dissolved oxygen (DO) without
simulating biological components cannot be expected to reproduce
observed DO values during algae bloom conditions. Similarly,
for chemical transport modeling a compound that even partially
adsorbs to sediment particles cannot be accurately represented
without modeling sediment transport and sediment-chemical
interactions. A model without algorithms for these processes
may be quite appropriate for completely soluble (non-adsorbing)
compounds, but it would not be applicable to many compounds

that undergo adsorption and desorption.

Although the existence or absence of a particular process
can often be determined from observed data, an assessment of how
well an algorithm represents the process is often difficult to
make due to observation errors, natural variations in field
data, and lack of sufficient data on individual component
processes. In such circumstances, model validity must be
inferred or 'possibly based on comparisons with laboratory data
obtained under controlled conditions. Often laboratory data
provide the basis for developing an algorithm since field data
are so much more difficult and expensive to collect and inter-
pret. Examples of system representation errors and their
analysis were presented at the Pellston workshop (6).

Parameter Errors. Parameter errors are derived primarily from
the inability to accurately measure and predict many of the
parameters that characterize the natural system and, for chemical
fate modeling, the relevant chemical processes under field
conditions. Errors are associated both with parameter values
obtained from actual measurements and from calibration. Due to
natural variations in topography, soil characteristics, crop
cover densities, etc., a single parameter value or time-variable
parameter function (e.g., crop cover) will always have some
associated error. The goal is to obtain measured parameter
values that, to the extent possible, represent mean or average
conditions for the natural system. If the specific parameter
values demonstrate significant variations, then further segmen-
tation of the system representation may be needed to develop
regions with relatively uniform characteristics. Such is the
case for different crop types and vastly different soils
characteristics for watershed modeling. This is also related

to the spatial scales required to adequately represent the
system.

Parameters for which measured values are not clearly defined
or readily available are often determined through calibration with
observed data. In watershed chemical fate modeling, calibration
has traditionally been associated with hydrologic parameters (e.g.,
erodibility coefficients, scour and deposition rates) because the
required flow and sediment data are often available. Although
initial parameter values can always be estimated, calibration is
usually recommended to account for local and spatial variations.
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Chemical parameters (e.g., partition coefficients, decay
rates, temperature and moisture effects) are not usually consi-
dered as calibration parameters because they can be measured
in a laboratory; moreover, calibration is usually not possible
due to lack of observed data. However, most scientists will
agree that extrapolation of laboratory parameter measurements
to field conditions is a risky assumption. If observed chemical
data are available, refinement of initial chemical parameters
through calibration should be considered. Errors in calibration-
derived parameter values are often a function of how much
calibration was performed or errors in system inputs and/or
outputs. In many modeling efforts, conscientious model users
will often overrun the calibration budget because of the natural
tendency to continue to make calibration runs in an effort to
minimize discrepancies between simulated and observed values.
Parameter errors associated with calibration are more often a
result of missing and/or erroneous data either as system inputs
or outputs.

Errors in system output measurements can produce calibration
errors because the model user will be attempting to calibrate
against inaccurate or missing data. Errors associated with
system outputs are discussed below.

Output Errors. Output errors are analogous to input errors; they
can lead to blased parameter values or erroneous conclusions on
the ability of the model to represent the natural system. As
noted earlier, whenever a measurement is made, the possibility of
an error is introduced. For example, published U.S.G.S. stream-
flow data often used in hydrologic models can be 5 to 15% or more
in error; this, in effect, provides a tolerance range within
which simulated values can be judged to be representative of the
observed data. It can also provide a guide for terminating
calibration efforts.

Output errors can be especially insidious since the natural
tendency of most model users is to accept the observed data values
as the "truth” upon which the adequacy and ability of the model
will be judged. Model users should develop a healthy, informed
scepticism of the observed data, especially when major,
unexplained differences between observed and simulated values
exist. The FAT workshop described earlier concluded that it is
clearly inappropriate to allocate all differences between pre-
dicted and observed values as model errors; measurement errors
in field data collection programs can be substantial and must
be considered.

A dramatic example of this type of error was discussed by
Donigian, (6) at the Pellston workshop based on the Iowa study
described earlier (8); Figure 3 shows the calibration (top
figure, 1978 data) and verification (bottom figure, 1978) results.
A simulated alachlor concentration value of greater than 0.1 mg/l
occurred on May 27, 1978, (top figure) whereas the observed
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value is zero. Since May is the month of alachlor applications
in Central Iowa it is logical to expect significant alachlor
concentrations for even minor runoff events during this period.
Coincidentally, a storm of comparable rainfall and flow occurred
during the verification period on May 29, 1976, (bottom graph in
Figure 3) producing a maximum alachlor concentration of about
0.1 mg/l, which was equal to the simulated value. Further
investigation showed that problems in communications led to
missing samples on both May 27 and June 1, 1978.

In comparing the May storms of 1978 and 1976, clearly the
simulated concentration values in Figure 3 are more representative
of what actually occurred than the observed values. This is not
meant to be a criticism of the sampling program but an indication
of how errors in observed data can exist and impact the model
validation process.

In addition to outright errors in observed data, the model
user needs to assess how representative the data are considering
sampling methods and locations, and in view of subsequent mani-
pulation of the data, for example, to estimate chemical loads
based on the flow and concentration values. While observed data
are measurements at a particular point on a stream, the model
simulation represents an average concentration in an assumed,
completely-mixed section of the stream. Also, the method of
sample collection, e.g., depth integrated, cross-sectionally
integrated, or grab samples - should be considered in terms of
obtaining a representative sample.

Comparisons between observed data and model predictions
must be made on a consistent basis, i.e., apples with apples
and oranges with oranges. Since models provide a continuous
timeseries, any type of statistic can be produced such as daily
maximums, minimums, averages, medians, etc. However, observed
data are usually collected on infrequent intervals so only
certain statistics can be reliably estimated. Validation of
aquatic chemical fate and transport models is often performed
by comparing both simulated and observed concentration values
and total chemical loadings obtained from multiplying the flow
and the concentration values. Whereas the model supplies flow
and concentration values in each time step, the calculated
observed loads are usually based on values interpolated between
actual flow and sample measurements. The frequency of sample
collection will affect the validity of the resulting calculated
load. Thus, the model user needs to be aware of how observed
chemical loads are calculated in order to assess the veracity of
the values.

Although this section has emphasized possible errors in the
observed data, the above considerations should not be used as a
crutch to support an invalid or inaccurate model. 1In truth, in
most circumstances the observed data are our best real indication
of system behavior. Combining model simulations with an informed
skepticism of both model and the observed data can lead to a
better overall understanding of modeling natural systems.
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Current Status of Field Testing

The Exposure Modeling Work Group of the FAT Workshop identified
transport and transformation processes incorporated in existing
exposure models, evaluated the current extent of field applica-
bility testing, and enumerated specific research and field data
collection needs. The specific media and environmental systems
considered included air, runoff, streams, lakes, estuaries, and
soil systems (unsaturated and saturated). The Work Group
concluded that the current extent and/or adequacy of model field
testing could only be assessed with respect to the model accuracy
required for specific types of regulatory problems. Screening
and site-specific assessments for all media were identified as
the most likely problems expected under current and future
regulatory conditions. Although specific precision and accuracy
requirements could not be defined, these two levels of assessmerit
were characterized as follows:

o screening - screening level modeling (e.g., chemical
pre-manufacturing notice evaluations) is usually
accomplished by far-field models and accuracy is
expected to be within one order of magnitude.

0 site-specific - more detailed modeling is required for
site-specific problems (e.g., waste load allocations,
hazardous waste system siting) and accuracy is expected
to be within a factor of 2-4 for many situations and
within a factor of less than 2 for some situations. (3)

The current extent of field testing was evaluated for each level
since the testing and data requirements for site-specific assess-
ments would be significantly more stringent than for screening
purposes.

Tables I and II present the results of the Work Group
discussions for the screening and site-specific level models,
respectively. The assessment in these tables is based on a
ranking scale between 0 and 100; 0 indicates situations where
no testing has been attempted and 100 identifies areas where
extensive testing has been completed with sufficient post-audits
to validate the predictive capability of relevant models. The
scores can also be interpreted to mean the extent to which
additional field testing would improve our understanding of how
well the models represent natural systems. It is important to
note that the scores do not indicate model accuracy per se; they
show the degree to which current field testing has been able to
identify or estimate model accuracy.

The tables were designed to encompass processes included in
most models of the various media of concern. Although selected
processes are not rigorously defined for each media (e.g.,
sorption/desorption in air refers to toxicant-particulate inter-
actions), the goal was to provide a concise ranking table for
each level of analysis.
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As expected, the tables clearly show that the transport
processes have been more thoroughly tested for all media than
related transformation processes. Also, chemical transformations
have been more extensively tested than biological transformations.
Both transport and transformation processes for soil systems
ranked consistently lower than the same processes in water
systems. The site-specific assessment reflected in Table II
is clearly supported by the results of the earlier West Point
and Pellston workshops and the subsequent EPA Exposure Assessment
workshops. Sediment/particulate transport (especially for non-
cohesive sediments) and sediment-contaminant-water interactions
were listed as major model development and testing needs, with
particular emphasis on testing existing models as a means to
further development and refinement. Testing of sediment trans-
port and erosion models should consider the importance of these
processes for modeling toxicant transport. Mixing processes,
both at the land surface (primarily for the availability of
chemicals to runoff) and at the stream bed, need further investi-
gations in terms of physical, chemical, and biological (i.e.,
bioturbation) processes; the common assumption of an active zone
or depth of mixing should be further refined.

In all of the workshops, but especially in the FAT and
Exposure Assessment workshops, the need for better understanding
and model representation of soil systems, including both unsatu-
rated and saturated zones, was evident. This included the entire
range of processes shown in Table II, i.e., transport, chemical
and biological transformations, and intermedia transfers by
sorption/desorption and volatilization. In fact, the Exposure
Assessment workshop (Level II) listed biological degradation
processes as a major research priority for both soil and water
systems, since current understanding in both systems must be
improved for site-specific assessments.

Procedures and Measures for Model Validation

Despite a recent emphasis on model testing and validation
throughout the literature, unified and accepted procedures and
measures for model validation do not exist at the present time.
At the West Point workshop (1) a clear consenus was evident
throughout all the work groups that quantitative measures of
model performance (both calibration and verification) should be
an integral part of the modeling efforts and used to supplement
qualitative assessments. These concepts were re-confirmed at
the Pellston workshop where it was noted that development of a
statistical foundation for model testing was needed to provide
accepted methodologies for the modeling community. The goal

is to provide definitive answers to the common questions asked
by the manager or decision-maker, i.e., "How good is the model?"
and "What is the level of confidence that we can place on your
results?" (11).
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Although procedures for model testing are often problem and
model specific, the FAT workshop (3) identified three general
categories in common use for field testing:

1. Model parameter estimation by laboratory, microcosm,

or pilot plant studies followed by field application.
Many theoretical models will require laboratory measures
of parameters, such as rate constants or partition
coefficients, not easily measured in the field.

2. "Split-sample" field testing involving calibration and
verification on separate data sets, often for different
time periods at one site. This approach has been used
widely in hydrologic modeling and has general utility
for model testing.

3. Site to site extrapolation of model results involving
model calibration at one site and subsequent testing
against data collected at another site. This is analog-
ous to the classic case of the "ungaged" watershed
problem in hydrology, where estimates at an ungaged site
are derived from model applications at locations further
up or downstream, or from a neighboring site.

These three procedures are often combined in various ways depen-
ding on data availability, model structure, and modeling purposes.
For example, transport processes may often be calibrated and
verified on available data, while the transformation process
parameters may be derived from laboratory measurements and
applied without calibration.

The greatest need in model performance testing and validation
is clearly the use of quantitative measures to describe compari-
sons of observed and predicted values. As noted above, although
a rigorous statistical theory for model performance assessments
has yet to be developed, a variety of statistical measures has
been used in various combinations and the frequency of use has
been increasing in recent years. The FAT workshop (3) identified
three general types of comparisons that are often made in model
performance testing:

1. Paired-data performance, involving comparison of
predicted and observed values for exact locations in
time and space. This may be a more rigorous test than
needed for many purposes; timing differences can have
severe impacts on the statistical comparison.

2. Time and space integrated, paired-data performance.
Spacially and/or temporally integrated data can be
compared to analogous model predictions, such as daily
or monthly averages or totals. This can circumvent some
of the timing problems noted in (1).

3. Frequency domain performance, involving comparison of
cumulative frequency distributions of the observed data
and model predictions. In many situations, considering
the various sources of error discussed earlier, it may
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be less important to match specific events or time
periods than to characterize the general response of
the system by its frequency distribution. This is a
common practice in hydrology where flow frequency
duration curves are used.
Statistical measures for the paired-data, and integrated paired-
data performance tests noted above are essentially identical.
They include simple statistics (e.g., sums, means, standard
deviations, coefficient of variation), error analysis terms
(e.g., average error, relative error, standard error of estimate),
linear regression analysis, and correlation coefficients.
Thomann (11) discusses various model verification measures and
demonstrates their application to eutrophication model results.
Studies by Ambrose and Roesch (12), Hartigan et. al. (13),
Young and Alward (5), and Lorber and Mulkey (7) demonstrate the
use of these statistical measures as quantitative assessments of
model performance for a wide range of models.

Frequency domain performance has been analyzed with goodness-
of-fit tests such as the Chi-square, Kolmogorov-Smirnov, and
Wilcoxon Rank Sum tests. The studies by Young and Alward (14)
and Hartigan et. al. (13) demonstrate the use of these tests for
pesticide runoff and large-scale river basin modeling efforts,
respectively, in conjunction with the paired-data tests. James
and Burges (1§) discuss the use of the above statistics and some
additional tests in both the calibration and verification phases
of model validation. They also discuss methods of data analysis
for detection of errors; this last topic needs additional
research in order to consider uncertainties in the data which
provide both the model input and the output to which model
predictions are compared.

The use of statistical tests to characterize model perfor-
mance has increased markedly within the last few years as
demonstrated by the references cited above; many other examples
are in the literature. The ocurrent time is appropriate for
integration of existing techniques into a unified framework of
guidelines, procedures and quantitative measures for model
testing and validation.

Future Needs

Future needs in support of model validation and performance
testing must continue to be in the area of coordinated, well-
designed field data collection programs supplemented with directed
research on specific topics. The FAT workshop produced a listing
of the field data collection and research needs for the air,
streams/lakes/estuaries, and runoff/unsaturated/saturated soil
media categories, as follows:
o air: long-range transport phenomena, dry deposition over
complex (inhomogeneous) terrain, dry deposition as
affected by chemical species, wet deposition,
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aerosol formation, and toxic chemical transforma-

tion.

o streams/lakes/estuaries: contaminant transformations in
sediments, transfers between bottom sediments and
overlying water, sediment and sorbed pollutant
transport and transformation rates and kinetics.

o runoff/unsaturated/saturated soil media:

- runoff/unsaturated/stream watershed systems -
sediment transport, adsorption/desorption, and
transformations

- unsaturated/saturated flow systems - transforma-
tions, volatilization, adsorption/desorption,
dispersion/diffusion, and leaching

- saturated flow systems - transformations, adsorp-
tion/desorption, dispersion/diffusion, and
advection.

Specific research investigations into sediment/particulate
transport, sediment/water/contaminant interactions, soil (unsatu-
rated and saturated) contaminant fate and transport, and biologi-
cal degradation processes were identified as priorities by the
Exposure Assessment workshops.

Finally, the need exists for unified and consistent proce-
dures and/or guidelines for model performance testing and
validation, supplemented with rigorous and accepted statistical
measures that allow consideration of data error/uncertainties.
Perhaps, current efforts by the American Society of Civil
Engineers and The American Society of Testing and Materials to
establish modeling and model testing guidelines will begin to
satisfy this need.
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Application of Fugacity Models to the Estimation
of Chemical Distribution and Persistence in the
Environment

DONALD MACKAY, SALLY PATERSON, and MICHAEL JOY

University of Toronto, Department of Chemical Engineering and
Applied Chemistry, Toronto, Ontario, Canada M5S 1A4

The roles of mathematical models for predicting the
likely behavior of chemicals in real and evaluative
environments are discussed, and it is suggested
that more consideration should be given to defining
acceptable levels of model complexity. The con-
cepts underlying a series of fugacity models are
described and illustrated by applying the models to
(1) an assessment of the behavior of a trichloro-
biphenyl with four fugacity models of an evaluative
lake environment as an illustration of various
levels of complexity (ii) an assessment of the
relative behavior of mono, di, tri and tetra
chlorobiphenyls in the same environment as an
illustration of the effect of changing chemical
properties on behavior and (iii) a description of
trichlorobiphenyl behavior in a lake similar to
Lake Michigan using the QWASI (Quantitative Water
Air Sediment Interaction) fugacity model. It is
concluded that evaluative models can generate
behavior profile information of value for hazard
assessment purposes by integrating data on par-
titioning, reaction, advection, and inter-phase
transport. By applying the same concepts and
equations to models of real environments and vali-
dating them, the evaluative and real modeling
efforts become mutually supportive and the credi-
bility of both is increased.

In a series of recent papers (1 - 4), we have advocated the
use of the fugacity concept as an aid to compartmental modeling
of chemicals which may be deliberately or inadvertantly discharged
into the environment. The use of fugacity instead of concentra-
tion may facilitate the formulation and interpretation of environ-—
mental models; it can simplify the mathematics and permit pro-
cesses which are quite different in character to be compared
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quantitatively in order that the dominant processes can be identi-
fied. Fugacity is easily conceived as an escaping tendency or
pressure with units of pressure (eg. Pa). 1In this paper, we
review briefly the underlying concepts of fugacity modeling,
discuss its application to real and evaluative environments, and
demonstrate that the models may be applied at various selected
levels of complexity.

We believe that one key to successful environmental compart-
ment modeling is to identify first the required or acceptable
level of model complexity, then include the dominant processes in
the model followed by others in order of decreasing importance
until the desired level of complexity is achieved. Other, less
important processes are ignored. The modeler's defence to criti-
cism that a process has been ignored is then clear - inclusion
would exceed acceptable complexity. The difficult and possibly
contentious step is to rank processes in order of importance. We
suggest that this ranking can rarely be done a priori, it is
usually the result of trial and error. Indeed the art of environ-
mental modeling lies in the ability of the modeler to concep-
tualize the problem, identify a sufficient number of dominant
processes and then write reasonable descriptive equations for each
process. Manipulating the equations to obtain a solution is
usually the least difficult task.

Real environments are usually characterized by inherent com-
plexity and a corresponding inadequacy of detailed understanding
of properties and process rates. Chemical concentrations vary
temporally and spatially. The bulk movement of air, water, sus-—
pended soils and biota is irregular and difficult to describe
numerically. Reactions are numerous, interactive and may vary
diurnally and seasonally. Faced with this complexity, the model-
ler's response is to average properties and processes, assume
homogeneity instead of heterogeneity, and generally simplify the
system until it becomes tractable., Accomplishing this task for a
real environment requires considerable effort and insight with the
result that the modeler may have little intellectual energy (or
funds) left for interpreting the behavior of the chemical, as
distinct from the behavior of the environment.

A very significant advance was made by Baughman and Lassiter
(5) when they suggested using evaluative environments for eluci-
dation of the environmental behavior of chemicals. This led to
the EXAMS model (6), the studies of selected chemicals by Smith
et al (7, 8), the development of "Unit Worlds" by Neely and Mackay
(9) and Mackay and Paterson (2), and the incorporation of similar
Unit Worlds into hazard assessment by Schmidt-Bleek et al (10).
The evaluative approach frees the modeler from concerns about
environmental identification and enables all attention to be
focused on the chemical's behavior. An unfortunate consequence
is that direct validation is not possible; thus there may be
reluctance to accept the conclusions. Perhaps this reluctance may
best be alleviated by demonstrating that the evaluative model

In Fate of Chemicals in the Environment; Swann, R., et al.;
ACS Symposium Series; American Chemical Society: Washington, DC, 1983.



9. MACKAY ET AL. Fugacity Model Application 177

process can be applied successfully to microcosms, to well con-
trolled outdoor environments such as small ponds or agricultural
plots, or to rivers or lakes.

Modeling of evaluative and real environments should be viewed
as complementary. Evaluative models are particularly suitable for
assessment of new chemicals, for comparing chemicals, and for
obtaining general chemical behavior profiles. Real models are
obviously best used for elucidating the actual or potential nature
of contamination situations and remedial actions. The use of
similar or identical calculation techniques in both is very
desirable since success in the real case may lead to greater
credibility in the evaluative case.

Fugacity Models

An attractive feature of the fugacity models is that they
can be applied at various levels of complexity, depending on the
perceived modelling need and the availability of data. The
determinants of complexity are believed to be as follows.

1. Number of compartments considered.

2. 1If phase equilibrium is assumed between some or all

compartments.

3. If degradation reactions are included.

4., 1If advection processes are included.

5. If steady state is assumed or time dependence of

concentration and emissions is included.

A fugacity level I calculation may be 6 compartment equili-
brium, no reaction, no advection, steady statej a level II may
be equilibrium, with reaction and advection, steady state! level
IIT may be non equilibrium, with reaction .and advection, steady
state,and level IV and EXAMS are non equilibium, with reaction and
advection, unsteady state.

With models being formulated by many independent groups, it
is inevitable that comparisons will be made in the hope of identi-
fying the better or more useful models. Comparison between models
of different classes is usually not meaningful.

Equilibrium. Equilibrium between compartments can be expres-—
sed either as partition coefficients K,, (i.e. concentration ratio
at equilibrium) or in the fugacity modéls as fugacity capacities
Z. and Z. such that K,. is Z./Z.,, the relationships being depicted
in Figuré 1. Z is defined as tfe ratio of concentration C
(mol/m?) to fugacity f (Pa), definitions being given in Table I.

An advantage of the fugacity .capacity approach is that for N
compartments N values of Z are defined while there may be N(N-1)/2
partition coefficients. Using Z values the partitioning proper-
ties between two phases are attributed independently to each
phase. It is possible to assign (accidentally) three inconsistent
partition coefficients between air, soil and water but the three Z
values are inherently consistent.

In Fate of Chemicalsin the Environment; Swann, R., et al.;
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Figure 1. Relationships
partition coefficients.

between fugacity capacities and
See Table 1 for symbol definitions.

Table I. Definition of Fugacity Capacities
Compartment Definition of Z (mol/m?Pa)
Air 1/RT R=8.314 Pa m®/mol K T=Temg. (K)
$,,8 A8 i1
Water 1/H or C°/P° C” = aqueous solubility

(mol/m?)
$ = vapor pressure (Pa)

Henry's law constant
(Pa m?® /mol)

Solid Sorbent (e.g. soil KppS/H Kp = partition coeff,
sediment, particles) (L/kg)
Py = density (kg/L)
Biota KBp /H KB = bioconcentration
B factor (L/kg)
Pg = density (kg/L)
Pure Solute 1/Psv v = Solute molar volume

(m3 /mol)
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Reactions. Reactions are expressed by first order equations
in chemical concentration (rate constant k.h ~) such that the
rates of processes such as hydrolysis, oxidation, photolysis, or
biolysis can be combined by adding the k terms to yield a total
rate constant kT.

= = = 3
rate k1C + k,C + k3C etc CZki Cky mol/m3h

This rate can also be expressed in terms of fugacity f for a
compartment of volume Vm® as

Rate (mol/h) = VCkT = VZka = DRf

The D, term or group (VZk,) has units of mol/hPa and can be
viewed as a rate of loss of chémical from the compartment (by
reaction) per unit of fugacity.

Advection. Advection to and from a compartment of volume V
at flow rate G m®/h by, for example, air or water flow can be
expressed as a pseudo first order rate process with a rate con-
stant kA equal to G/V. The rate is also given by

Rate (mol/h) = GC = VCk, = VZk,f = GZf = DAf

The D, term or group (GZ) again has units of mol/hPa and is
a rate of %oss or gain of chemical from the compartment (by ad-
vection) per unit of fugacity.

Interphase Diffusion. When interphase transport rates are
characterized it can be shown that the diffusion rate between two
compartments i and j can be expressed as (3)

Rate (mol/h) = D..(f. - £.)
1] 1 J
Where D.. can be calculated from mass transfer coefficients
i . .
or an uptake half-time. For example, for air-water exchange DAw
is given by

DAw=A/(1/KAZA + l/Kwa)

where A is the surface area (m?) and K, and are the air
and water phase mass transfer coefficients %m/h). For uptake by
fish (subscript F) a half-time 7° (h) can be used.

Doy = 0.69V 2 /7

Inter~phase diffusion processes can be viewed as the net result of
two counter-processes with rates of D,..f. and D,.f..
ij 1 ij7 3
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Interphase Material Transfer. 1In some cases there is uni-
directional bulk transfer of material and associated chemical
between compartments (e.g. sediment deposition or atmospheric
particle fallout) in which case the rate is given by an expres-—
sion similar to that for advection in which Gy (m3 /h) is the rate
of transfer of the material namely

Rate (mol/h) = GBC = GBZf = DBf

again D is a loss or gain coefficient and has units of mol/hPa.

Time Dependence. The implications of introducing time depen-
dence are obvious. Steady state models usually yield algebraic
equations which are amenable to simple solution. Unsteady state
models yield differential equations in time (or occasionally in
position as in the case of rivers) which are soluble only in a
few simple cases, the river oxygen reaeration equation being the
classic example. Although numerical solution is straightforward,
it is less satisfying because the sensitivity of the results to
the assumed parameter values is not immediately apparent, there
being no general solution. The amount of data generated by
numerical solution is often overwhelming and the essential fea-
tures of the chemical's behavior may be disguised in the mass of
detailed data output.

Some economies are possible if equilibrium is assumed between
selected compartments, an equal fugacity being assignable. This
is possible if the time for equilibration is short compared to the
time constant for the dominant processes of reaction or advection.
For example, the rate of chemical uptake by fish from water can
often be ignored (and thus need not be measured or known within
limits) if the chemical has a life time of hundreds of days since
the uptake time is usually only a few days. This is equivalent to
the frequently used "steady state" assumption in chemical kinetics
in which the differential equation for a short lived intermediate
species is set to zero, thus reducing the equation to algebraic
form. When the compartment contains a small amount of chemical or
adjusts quickly to its environment, it can be treated algebrai-
cally.

Summary. In summary, when modeling with the fugacity con-
cept, all equilibria can be treated by Z values (one for each
compartment) and all reaction, advection and transport processes
can be treated by D values. The only other quantities requiring
definition are compartment volumes and emission rates or initial
concentrations. A major advantage is that since all D quantities
are in equivalent units they can be compared directly and the
dominant processes identified. By converting diverse processes
such as volatilization, sediment deposition, fish uptake and
stream flow into identical units, their relative importance can be
established directly and easily. Further, algebraic manipulation
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is facilitated because many of the D quantities can be grouped
and error is less likely since there is no need to manipulate a
large number of symbols in diverse units.

Illustrative Application

We illustrate these concepts by applying various fugacity
models to PCB behavior in evaluative and real lake environments.
The evaluative models are similar to those presented earlier (3,
4). The real model has been developed recently to provide a
relatively simple fugacity model for real situations such as an
already contaminated lake or river, or in assessing the likely
impact of new or changed industrial emissions into aquatic envi-
ronments. This model is called the Quantitative Water Air Sedi-
ment Interactive (or QWASI) fugacity model. Mathematical details
are given elsewhere (15).

The evaluative fugacity model equations and levels have been
presented earlier (1, 2, 3). The level I model gives distribution
at equilibrium of a fixed amount of chemical. Level II gives the
equilibrium distribution of a steady emission balanced by an equal
reaction (and/or advection) rate and the average residence time or
persistence. Level III gives the non-equilibrium steady state
distribution in which emissions are into specified compartments
and transfer rates between compartments may be restricted. Level
IV is essentially the same as level III except that emissions vary
with time and a set of simultaneous differential equations must be
solved numerically (instead of algebraically).

The QWASI fugacity model contains expressions for the 15
processes detailed in Figure 2. For each process, a D term is
calculated as the rate divided by the prevailing fugacity such
that the rate becomes Df as described earlier. The D terms are
then grouped and mass balance equations derived.

The following assumptions apply. The air fugacity is defined
and is not affected by the water or sediment processes. Common
fugacities apply to (i) the air, air particles and rain (£,), (ii
to water, suspended sediment in the lake and flowing from ié(f ),
and to the inflow water and suspended sediment f_). If fish
concentrations are to be included, they can be c3dlculated as
fWZB’ but the amount in fish is considered negligible.

In the most general case two differential equations are
derived, one for the water in f _ and one for the sediment in f,.
If steady state is assumed the gwo equations become algebraic and
direct analytical solution is possible. An intermediate situation
can exist if the amount in the water is small compared to the
amount in the sediment, a steady state water situation can be
assumed. The water differential equation then becomes algebraic
and can be substituted into the sediment equation. Details of
these equations and their solutions are given by Mackay et al (15)

Table II gives estimated properties of a series of chloro-
biphenyls and are average values for each chlorine number group of
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Table II
Physical Chemical Properties of the Chlorinated Biphenyls (CBP)

Subscripts are:- A air, W water, S sediment, P suspended sediment,
B biota.

Property Mono CBP Di CBP Tri CBP Tetra CBP Units
Mol. wt. 189 223 257 292 g/mol
H 60 60 77 76 Pa m? /mol
Log Kow 4.66 5.19 5.76 6.35 -
Partition Coefficients
Kps 757 2560 9530 37100 L/kg
Kpp 7570 25600 95300 371000 L/kg
KB 2290 7740 28800 112000 L/kg
Fugacity Capacities
ZA 0.0004 0.0004 0.0004 0.0004 mol/m3Pa
Zw 0.017 0.016 0.013 0.013 "
ZS 19.0 63 186 730 "
Zp 190 630 1860 7300 "
ZB 38.0 130 375 1500 "
Transport Parameters
D 81.2 80.6 64.1 64.6 mol/Pah
Aw
D 16.4 16.4 13.0 13.1 "
ws
D 397 394 313 315 "
wp
D 7.60 7.72 6.24 6.24 "
wB
Reaction Rate Constants
ky 4.0x103  2.0x107% 1.0x107°  5.0x107/ hl
k 0.01 5.1x107%  3.5x107° 1.13x107° hl
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congeners (13). The corresponding Z values are calculated as
shown in Table II and following the general approach described
earlier for evaluative environment calculations (2). These quan-
tities should be taken as estimates rather than precise determin-—
ations since the objective here is to describe the approach and
method rather than prepare a detailed evaluation or simulation
model.

The evaluative lake environment is similar to the "unit
world" described by Mackay and Paterson (2), consisting of a 1 km
square area with an atmosphere 6000 m high, a water column 80 m
deep (the approximate depth of Lake Michigan) containing sus-
pended solids (5 parts per million by volume) and biota (con~
sidered to be fish) of 1 ppm by volume, and underlain by a sedi-
ment 3 cm deep. The bottom sediment contains 4% organic carbon
and the value for suspended sediment was arbitrarily selected as
ten times these bottom sediment values reflecting the enhanced
sorption discussed by O'Connor and Connally (14).

Chemicals were supplied to the evaluative lake by two routes;
by emissions of 0.001 mol/h directly into the water, and by
advection into the Q}E consisting of an air flow of 6.0 x 10" m3/h
containing 5.0 x 10 mol/m® (approximately 1.3 ng/m?®) resulting
in a net inflow of 0.0003 mol/h. Total emissions are thus 0.0013
mol/h. This advection rate corresponds to an air residence time
(volume/flowrate) of 100 hours.

Reaction rate constants are postulated as shown in Table II
for degradation in water (biolysis and photolysis), in bottom
sediments (probably biolysis), and for permanent burial of sedi-
ment. The values were selected from a perusal of the literature
and must be regarded as speculative. A factor of 20 reduction in
reaction rate constant is assumed for addition of each chlorine.

Transfer rate constants are postulated as shown in Table II,
following the approach described by Mackay and Paterson (4). The
air-water value selected was lower than is generally used since it
appears that a low value is necessary to reconcile observed air
and water concentration, and mass balances as discussed in a
recent review of PCB behavior in the Great Lakes (Mackay et al.
(13)).

The first set of calculations illustrates various levels of
complexity for one chemical (a trichlorobiphenyl). Figure 3, 4,
5 and 6 show Level I, II, III and IV calculations, the Level IV
calculations being for emissions of 0.001 mol/h for 25 years
followed by response to an emission reduction by a factor of ten
to 0.0001 mol/h.

The Level I calculation (Fig. 3) suggests that the dominant
compartment is sediment which contains 57% of the chemical,
followed by air (25%), water (10%) and suspended sediment (7%).
The fish concentration is 30000 times that of the water. The
absolute concentrations have no significance since they depend on
the assumed amount and volumes.

In Fate of Chemicalsin the Environment; Swann, R., et al.;
ACS Symposium Series; American Chemical Society: Washington, DC, 1983.
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FUGACITY (Pa)

MACKAY ET AL.

WATER 1.5x 1077 mol/m3 (39ng/L)}
SUSPENDED
SOLIDS 2.1x1072 mot/m3 (3.7ug/q)
FISH 4.3x10°3 mol/m3® (l.Ipg/9)}
WATER & SUSPENDED SOLIDS
IO'5 //
«——FISH
10-6
BOTTOM SEDIMENT
1.3x10™% mol/m3
(0.022 ug /g)
10-7
«—FEMISSION 0.0010 mot/h —»|«———EMISSION 0.000! mol/h.—»
AR 1.7x107M mol/m3
(44 ng/m3)
10-8 1 1 1 1 i i H i
(o] 5 10 i5 20 25 30 35 40 45 50
YEARS
Figure 6. Level IV calculation for a trichlorobiphenyl
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showing response to emission changes.
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The Level II calculation (Fig. 4) has the same distribution
as Fig. 3. The inflow of 1.30 m mol/h is largely removed by
advection (1.284 m mol/h) with contributions by sediment burial
(.0074 m mol/h), by sediment reaction (.0030 m mol/h) and by water
reaction (.0006 m mol/h). This assumes that water to air transfer
is rapid thus providing a resistance to this transfer, as in
level III will alter the fate considerably. Atmospheric distri-
bution of PCBs is likely to be important. The residence time of
400 h is largely controlled by air advection.

The level III calculation (Fig. 5) shows that the air-water
volatilization rate constraint reduces air advective loss to
1.038 m mol/h and other reaction processes assume greater impor-
tance.

The residence time is now 2.2 years, in fair agreement with
observations. The concentrations in air, water, sediment and fish
are within an order of magnitude of values observed in contami-
nated lakes such as Lake Michigan.

The Level IV calculation (Fig. 6) shows the buildup in
concentrations and fugacity to the steady state (level III values)
then the subsequent decay. Clearly, sediments are slower to
respond to buildup and decay, i.e. they have a longer '"time
constant." A tenfold drop in sediment concentration would require
15 years.

It can be concluded that these models yield a satisfactory
picture of the behavior and persistence of this PCB. The dominant
processes are apparent. A new chemical of similar properties is
unlikely to receive environmental regulatory approval, thus the
model is apparently capable of identifying such chemicals prior to
their dispersal into the environment.

The Level III calculations are particularly enlightening and
it is believed that they will ultimately be used for regulatory
purposes. This is illustrated by Figures 7, 8, 5 and 9 which are
for mono, di, tri and tetra chlorobiphenyls. The effect of in-
creasing chlorine number is striking. The lower congeners are
fairly short-lived, partition less into sediments and biota and
most reaction tends to occur in the water column, advection with
air and burial in sediment being relatively unimportant. As
chlorine number increases, the amounts and persistence increase,
more chemical partitions into the sediments and biota, while
water column degradation becomes less important compared to sedi-
ment degradation and advection. Ultimately, sediment burial and
advection dominate the chemical's fate. It is clear that con-
geners will suffer quite different environmental fates and equal
emissions of each will result in very different concentrations and
thus exposures. These differences should be reflected in changes
in congener distribution of commercial PCB mixtures. From the
hazard assessment viewpoint, it is apparent that the lower chlo-
rine content congeners are of less concern than the longer-lived
higher chlorine content congeners. This point has been made
previously by Neely (11, 12).

In Fate of Chemicalsin the Environment; Swann, R., et al.;
ACS Symposium Series; American Chemical Society: Washington, DC, 1983.
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No claim is made that PCBs behave exactly in the real envi-
ronment as is suggested here, but the same principles are believed
to apply.

The QWASI fugacity model was then run for a trichlorobiphenyl
in a lake the size of Lake Michigan, being approximately 60,000
times the size of the evaluative environment. A detailed justi-
fication for the selection of D values is beyond our scope here
but in selecting values, we have relied on recent reports by Neely
(11), Rogers (15), Armstrong and Swackhamer (16), Thomann (17),
and Andren (18).

To illustrate the model a steady state solution is given
which would apply to the lake after prolonged steady exposure to
water emission of 10 mol/h and atmospheric input from air of
5.3 ng/m*. The solution is given in Figure 2B in the form of
fugacities, concentrations and transport and transformation
process rates.

The dominant processes are apparently sediment deposition,
sediment burial, volatilization,and deposition with air particles
(i.e. dry dustfall and scavenging by rain). It is believed that
the concentrations and process rates may be broadly consistent
with average conditions in Lake Michigan in the early 1970s. No
claim is made that the model simulates Lake Michigan precisely
since the Lake has complex heterogeneous water movement and sedi-
mentation. But the general behavior is believed to be correct
and, with adjustment of the parameters, a better fit could be
obtained.

If emissions were reduced by a factor of 10 to 1 mol/h and
the air concentration is reduced by a factor of 5, a new steady
state would emerge with a half time for change of approximately &
years, the behavior being similar to that of the Level IV evalu-
ative model shown earlier.

An attractive feature of the QWASI model is that the rates of
the 15 processes (corresponding to 15 D values ) can be compared
directly and the implications of changing the assigned values can
be readily explored. In some cases, the assigned values are quite
speculative, partly because of uncertainty about transport rates
(eg. deposition rates or volatilization mass transfer coeffi-
cients) and partly because of uncertainty about the associated
equilibria (eg. Z values for depositing particles in air and
water). It is possible to reach similar concentrations by
adjusting sets of parameters, for example, increasing emissions
and simultaneously increasing reaction rate constants. Examin-
ation of the algebraic structure of the steady state solution
shows which D values act together in groups; for example, sedi-
ment burial and transformation rates can be varied individually
provided that their total remains constant.

Assembling a model of a complex system such as Lake Michigan
thus becomes a process of parameter selection and modification,
using available process rate and equilibrium data, and resorting
to intuition where necessary. It is believed, however, that this

In Fate of Chemicalsin the Environment; Swann, R., et al.;
ACS Symposium Series; American Chemical Society: Washington, DC, 1983.
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fugacity model has the ability to reproduce the reality yet remain
reasonably simple. By using expressions which have a similar
physical and chemical basis as those in evaluative models, the two
modeling efforts can be mutually supportive and increase credi-
bility and usage.

Progress can best be made by applying these models to new and

existing chemicals at all scales, i.e. to real environments such
as Lake Michigan, to rivers or small ponds, to microcosms and
ultimately to laboratory flasks in which one process is isolated
for study. The fugacity models described here will, it is hoped,
contribute to the integration of such disparate data into more
accurate profiles of chemical behavior in the environment.
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Environmental Fate and Transport at the
Terrestrial-Atmospheric Interface

DAVID C. BOMBERGER, JULIA L. GWINN, WILLIAM R. MABEY,
DANIEL TUSE, and TSONG WEN CHOU

SRI International, Menlo Park, CA 94025

Simple models are used to identify the dominant fate or
transport path of a material near the terrestrial-

atmospheric interface. The models are based on
partitioning and fugacity concepts as well as first-
order transformation kinetics and second-order

transport kinetics. Along with a consideration of the
chemical and biological transformations, this approach
determines 1if the material is 1likely to volatilize
rapidly, leach downward, or move up and down in the
soil profile in response to precipitation and
evapotranspiration. This determination can be useful
for preliminary risk assessments or for choosing the
appropriate more complete terrestrial and atmospheric
models for a study of environmental fate. The models
are 1llustrated using a set of pesticides with widely
different behavior patterns.

Organic materials, such as pesticides or wastes placed on or
near the soil surface, can undergo various fates. They can
oxidize, hydrolyze, photolyze, volatilize, or biodegrade. They
can be carried off the land surface into nearby streams by soil
erosion or they can be leached into the soil by precipitation or
irrigation. 1In addition, there are interactions among the various
fate processes; for example, leaching into the soil retards
volatilization. Also, every compound behaves differently. In
assessing the overall impact that a compound might have on the
environment, it 1is necessary to identify the important fate
processes and quantify their effects and interactions. This can
be done at several levels of completeness. One approach is to use
simple screening estimates to determine what 1s expected to be the
one or two dominant fate processes. On the other hand, all fate
processes can be studied in great detail, and laboratory or actual
field experiments may be used to gain a full understanding of what
happens to a particular compound.

0097-6156/83/0225-0197$06.00/0
© 1983 American Chemical Society
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The most economical route 1s probably to use screening
studies to determine the dominant fate processes and then study
only those in detail. In this paper we review some simple
screening techniques that can be used to quantify volatilization
and leaching rates at the soll/air interface. Volatilization and
leaching rates are then compared with estimates of transformation
rates to determine the compound's overall fate and identify the
process requiring further study if a more exact fate assessment is
required.

Method

Soil Diffusion. Water-soluble material in the soil includes
material dissolved in the soil water, material dissolved in the
soil air, and material adsorbed to the soil solids. The soil
water-soll air equilibrium partitioning is described by Henry's
law:

C, = HC ¢D)

when C, is the gas phase concentration (mole/liter or g/cms) and
C_ is the liquid phase concentration in the same units. H is the
Henry's law constant and is unitless.

The equilibrium partitioning between soil water and soil
solids is described by:

S = KOCFOC CW ( 2 )
=K C
S P w

where C is the concentration adsorbed .on the soil (g/g or
mole/g), Koc is the partition coefficient on soil organic carbon,
and Fo is the fraction of the soil solid that 1is organic. Then,
if we Sefine:

v = soil volume (cm3)

QA = volume fraction of soil that 1s air

ew = volume fraction of soil that is water
d = specific gravity of soil solids (g/cm3)
s} = soil bulk density,

In Fate of Chemicals in the Environment; Swann, R., et al.;
ACS Symposium Series; American Chemical Society: Washington, DC, 1983.
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the total amount of material in the soil can be expressed as:

Total VQ C oc oc A
nmaterial VO,C, + —p— A, v(1- 0,-9, )——— d (3)

ew d(OCFOC
VCA(QA + ‘i + ——ﬁ——]

For convenience, we define a as:

ew OCFOC
S R )

The distribution between the three phases can then be described by

>
]

Fraction compound in air phase = GA/a (5)

A _ = Fraction compound in water phase = Bw/Ha (6)

A = Fraction compound in solid phase =1 - XA - Xw (7)
Goring (1) showed that for many compounds, diffusion in the
soil occurs primarily in on%y one of the three soil phases. For
volatile compounds (H > 10 , diffusion was claimed to occur_%n
the air phase. For nonvolatile compounds (H < 3 x 10
diffusion, if it is important, occurs in the water phase.

Volatile Compounds. For volatile chemicals, Goring (1)
showed that diffusion in the soil could ©be described
mathematically as though it occurred only in the air phase.

2
aCA A i CA

st - Dgoil 2 (8)
Nz

wRere z is the coordinate direction normal to the soil surface.

Ds {1 Was defined as:

A _DATA

Deoil = g

(9

where DA is the diffusion coefficient of the chemical in free air

and Ty 1s a correction for the porosity of the soil. The
factor a corrects for the fact that the chemical is adsorbed on
the soil solids and dissolved in the soil water. As a chemical

In Fate of Chemicals in the Environment; Swann, R., et al.;
ACS Symposium Series; American Chemical Society: Washington, DC, 1983.
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diffuses in the soil air, it is assumed to be replaced immediately
by material from the solid and water phases. This has the effect
of slowing the development of a concentration profile in the soil
air, which, in turn, retards the overall rate at which the
chemical is transported by diffusion. T, is given by Hamaker 2):

10/3
A

T = —
2
(GA + ew)

(10)

Several important assumptions are required for the
derivation:

No transport by water movement occurs.

Diffusion coefficient is a constant.

Porosity correction is constant in both time and space.

Chemicals move between the three soil phases much more
rapidly than they diffuse in the air phase. This
means that they appear to be in equilibrium.

Adsorption is reversible.

The last two assumptions are the most critical and are probably
violated under field conditions. Smith et al. (3) found that at
least a half-hour was required to achieve adsorption equilibrium
between a chemical in the soil water and on the soil solids.
Solution of the diffusion equation has shown that many volatile
compounds have theoretical diffusion half-lives in the soil of
several hours. Under actual field conditions, the time required
to achieve adsorption equilibrium will retard diffusion, and
diffusion half-lives in the soil will be longer than predicted.
Numerous studies have reported material bound irreversibly to
soils, which would cause apparent diffusion half-lives in the
field to be longer than predicted.

There 1s another underlying assumption that 1is also very
important--that the soil stays wet. It 1is well established that
organics bind much more strongly to dry soil than they do to wet
soil. K__ increases in value when the soil dries out. This means
that in a dry soil (6 _ = 0) the value of « given by Equation 4 is
too low and the estimated diffusion coefficient is too large.
Spencer and Cliath (4) measured very dramatic increases in
sorption of 1lindane as soil moisture was decreased below the
amount required for monolayer coverage. Ehlers et al. (5) showed
decreases in the effective soil diffusion coefficient as the soil
dried. Because under field conditions the soil can dry out,
predicted soil diffusion half-lives will almost always be shorter
than those that actually occur.

In Fate of Chemicalsin the Environment; Swann, R., et al.;
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Farmer (6) reviewed the various diffusion models for soil and
developed solutions for several of these wmodels. An appropriate
model for field studies is a nonsteady state model that assumes
that material is mixed into the soil to a depth L and then allowed
to diffuse both to the surface and more deeply into the soil.
Material diffusing to the surface is immediately removed by
diffusion and convection in the air above the soil. The effect of
this assumption is to make the concentration of a diffusing
compound zero at the soil surface. With these boundary conditions
the solution to Equation 8 can be converted to the useful form:

4D t 2 2
£= [0 |1 -exp (| + erfe [—— (11)
L 4Dsoilt 4Dsoilt

where f 1is the fraction of the material originally in the soil

that remains at any time t. It can be shown that f = 0.5 when

2

L /4D2011t = 1.04, which means that the half-life for diffusion
2 A

is L /4.].6DSoil .
Nonvolatile Compounds. The same formal development can be

used to develop diffusion equations for nonvolatile compounds.

The result is:

6Cw W 62cw
5t~ Dsoil 2 (12)
Dz
w DwTw
soil =~ Ha (13)

where D¥ is the compound's diffusion coefficient in free water and
T, is a correction factor for the soll porosity.

Diffusion coefficients 1in water are much smaller tkan
diffusion _(ioeff cients in air. As atg exgmple, for oxygen, D™ =
1.75 x 107" cm“/s but D¥ = 2.1 x 10~° cm“/s. Consequently, the
predicted soil diffusion half-lives for volatile compounds range
from hours to days, whereas the predicted half-lives for
nonvolatile compounds range from weeks to months. This long
diffusion half-life for nonvolatile compounds results in a
violation of one of the derivation assumptions: that no transport
by water movement occurs. Over several weeks, a significant
fraction of soil water will evaporate, and the movement of water
through the pores becomes the principal transport mechanism for
dissolved nonvolatile organics. The water evaporation rate
determines the compound's mass transport rate, and overall
volatilization rates will be slow.

In Fate of Chemicalsin the Environment; Swann, R., et al.;
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Mass Transport and Leaching. Organic substances can be moved
through the soil by soil water flowing downward as a result of
infiltration induced by precipitation and irrigation and upward as
a result of evapotranspiration. The rate of movement will be
affected by the adsorption equilibrium of the substance between
soil water and soil solids. In general, substances that are
strongly adsorbed move much more slowly than the soil water, and
those that are weakly adsorbed may move at the same rate. Several
mathematical models have been proposed for describing this
movement. The earlier models were developed from the study of
chromatography (7, 8, 9). These models assumed a pointwise
equilibrium adsorpti& tFroughout: the soil profile. Davidson et
al. (10) also assumed this pointwise equilibrium. Oddson et al.
(11) and Lindstrom et al. (12) used a kinetic adsorption model.
All these models could be solved analytically, but required
steady-state soil water conditions. These models are of limited
use because in actual field situations soil water content and
movement change with time.

Davidson et al. (13) developed numerical solutions of the
differential equation for solute transport for a model that
included both the transient and steady-state soil water conditions
after precipitation events. The model also included the effects
of diffusion and dispersion. The model did not, however, include
the effects of evapotranspiration. Evapotranspiration causes a
movement of water to the so0il surface that carries organic
material with it. This water movement is responsible for the well
known "wick effect,” (1l4) and not including it severely limits the
utility of the model.

Because the more complicated model that required numerical
solution still neglected important effects, we chose to use a
simple analytical model for convenience. We chose O0Oddson's
because its major features had been verified by Huggenberger (15,
16) for lindane, one of the compounds in our study. 0ddson
included the kinetics of adsorption by assuming that the rate of
adsorption is proportional to the difference between the amount
that has already adsorbed and the equilibrium value:

bCS
3 - B(KPCW- Cy) (14)

8 (1/h) 1is a constant describing the rate at which adsorptiom
equilibrium is achieved.
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The overall transport of chemical by water movement 1is
described by:

o, %, %_
et e T O (15)

where v is the superficial water velocity in the soil. [The
superficial velocity 1is equal ,to ,the rate at which water is
applied to the soil surface cm /em -s .] This formulation does
not include the effects of diffusion or dispersion, which wmakes
the solutions tractable.

Oddson solved an initial value problem that described the
convective movement of an organic down from the soil surface for
the following specific conditions:

No organic chemical is present in the soils originally.

The organic chemical is placed on the soil surface and
carried into the soil by water applied to the soil surface.
Assuming the resulting concentration at the surface 1is
constant at C (compound solubility) for the time T that it
takes to dissofve all the material and is zero thereafter, we
have

c(0,t) = Csat for 0 <t <T

and
C(0,t) =0 for t > T

The actual solutions that were developed are not shown here
because they are not needed for a screening analysis. The major
features of the solutions include the following:

K_ influences the depth of maximum concentration of organic
in solution, but does not affect the value of that
concentration. The organic chemical in solution will move
through the soil as a gaussian peak. The lower K , the more
spread out the peak will be. The depth of d%vement of
maximum concentration is equal to the depth of water
penetration divided by K /8 . For field studies, an
appropriate value of 8 to Pus® 1is the field capacity, which
is the water content’ that develops in a soil that is
saturated and then allowed to drain freely.

The concentration of material adsorbed on the soil also moves
down as a peak. The position of maximum adsorbed material is
about the same as for the maximum concentration in. solution.

In Fate of Chemicals in the Environment; Swann, R., et al.;
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These two conclusions are the important results from the
model because they enable us to say how deep into the soil profile
the majority of an organic chemical penetrates due to water
inputs. If V centimeters of water are applied to a soil surface,
then the water penetrates the soil to a depth of V/8 . If V is
sufficient to dissolve all the organic chemical prwesent, then
depth where the maximum concentration of chemical in the soil will
be found is V/pKp.

The rate of adsorption, which 1is described by the
parameter B , affects the shape of the concentration peak. Large
values of B cause sharp peaks, whereas small values cause wide
peaks. Various values have been found for 8 (11). They range
from 0.025 to 5.0, with the lower values that imply a slow
approach to equilibrium associated with soils high in organic
content. It appears also that 8 may not really be a constant,
being larger when adsorption is far from equilibrium and smaller
later. For soils with the smaller values of 8 , some organic
material may be found at the depth of water penetration even
though the bulk of the organic may be much nearer to the surface.

Soil. The fate of organics is highly dependent on the soil
properties. The models for diffusion and mass transport show that
highly organic soils retard diffusion and mass transport by
strengthening the sorptive attraction of the soil particles for
organics. Highly porous and dry soils (0, large) foster diffusion
because they offer adequate air space tAor diffusion. For this
investigation we chose a soil with "typical properties™ so that
the behavior of different compounds could be compared. The soil
has a porosity of 50%, the soil particles themselves have a
density of 2.5 g/c§n3 (a clay), and the bulk density of the dry
soil is 1.25 g/cm”. The soil field capacity is 307 and its
organic content is 1%. Soil organic contents can vary from almost
zero for sandy soils to 11%Z or more for organic mucks. Two
percent 1is considered highly organic, and 1% 1s fairly
representative of agricultural soil.

Diffusion Coefficients. Diffusion coefficients 1in air were
estimated using the Fuller, Schetller, and Giddings correlation
(17) even though for some compound measured values were available.

Adsorption Partition Coefficients. Experimental K, . values were
used when available; otherwise, the K e values were estimted. We
used a correlation between aqueous soiubility (CS t) and Koe that
contained data for pesticides and a group of pofér and nonpolar
organic chemicals collected by Kenega and Goring (18) and Smith et
al. (3):

log K = -0.27 - 0.782 log C_, (16)

t
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This relationship does not include the correction recommended by
Yalkowsky (19) for including differences between solid and liquid
compounds because Yalkowsky's work was not available at the
beginning of the study. Yalkowsky showed that solids and liquids
do not fit well into the same correlation unless the solid
solubilities are corrected for the entropy of melting. The error
introduced by not including the correction is not significant for
this screening analysis.

Henry's Law Constants. When available, experimental values of
Henry's law constants were used. When experimental values could
not be found, values were estimated using the method outlined by
Mackay (20, 21, 22):

H = RTP/CS (17)

at

where R 1s the wuniversal gas constant, T is the absolute
temperature, P is the vapor pressure of the compound in its stable
form at 20°C, and C is its aqueous solubility at 20°C. For
sat

solid compounds where vapor pressures were only available for
melts at elevated temperature, the vapor pressure of the subcooled
liquid at 20°C was estimated by using the Clausius-Clapeyron
equation. The vapor pressure of the subcooled 1liquid was not
corrected to give the vapor pressure of the stable solid because
Yalkowsky's (23) work on heats of fusion was not available at the
beginning of the study. The error introduced by not including the
correction is not significant for this screening analysis.

Transformation Rates. A literature search was conducted to
determine rates of oxidation, hydrolysis, photolysis, and
biodegradation. When no values were found, we made estimates
based on our experience, known rates for similar compounds, and
structure-activity relationships. 1In cases where there was great
uncertainty, a transformation rate of zero was assumed so that the
compound would be considered persistent. This would force a more
detailed fate assessment to be conducted 1if considerations of
toxicity indicated that the compound might be hazardous.

Results and Discussion

Results of volatilization and leaching estimations are
reported for six pesticides that span a wide range of the
physical/chemical properties that affect fate at the soil/air
interface. The pesticides are Mirex, toxaphene, methoxychlor,
lindane, malathion, and dibromochloropropane (DBCP). These
particular pesticides were chosen for discussion here because they
illustrate the methods for assessing the fate of organics at the
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soll/air interface. They were not chosen out of any concern for
their toxicity or 1long-term environmental effects. However,
several of the pesticides are considered priority pollutants by
the EPA. Because all but malathion are currently restricted or no
longer registered for use, our discussion 1s largely academic.

Table I shows the results of calculating a soil diffusion
coefficient and soil diffusion half-lives for the pesticides. The
10% moisture level specified means that the soll 1s relatively dry
and that 40%Z of the soil volume is air available for diffusion.
Complete calculations were not made for methoxychlor, lindane, and
malathion because, based on Goring's criteria for the Henry's law
constant, they are not volatile enough to diffuse significantly in
the gas phase. This lack of volatility is reflected in their low
values of A, . These materials would move upward in the soil only
if carried ﬁw water that was moving upward to replace the water
lost through evapotranspiration at the surface. Mirex has a very
high Henry's law constant. On the basis of Goring's criteria,
Mirex should diffuse in the soil air; but, because of its strong
adsorption, it has a very large a and consequently a very small
soil air diffusion coefficient. The behavior of Mirex shows that
Goring's criteria must be applied carefully.

Half-lives for Mirex, toxaphene, and DBCP were calculated by
assuming that they were mixed into the top 10 cm of the soil so
that the effects of Henry's law constants and sorption partition
coefficients could be compared on a common basis for all
chemicals. For DBCP, this mixing depth partially reflects the
method of use because after application it was flushed into the
soil profile by flooding or irrigating the fields. For toxaphene,
the mixing depth reflects the fact that in some soils 1t is
persistent from one year to the next and would be mixed into the
soll profile by plowing. For Mirex, the 10-cm mixing depth is
probably totally artificial because Mirex is not plowed into the
soll; also, as the discussion on leaching shows it is not mobile
in the soil.

The pesticides are arranged 1in order of decreasing
adsorption, and although the adsorption coefficient changes by six
orders of magnitude, the change in diffusion half-life is not
directly correlated with this change. The Mirex, which 1s very
strongly adsorbed and only moderately volatile, hardly diffuses at
all. It stays where it 1is placed. The toxaphene, which 1s
strongly sorbed but is also quite volatile, is predicted to have a
soil diffusion half-life of only 9 days. The DBCP, which is much
less strongly adsorbed, has a diffusion half-life of only 1.2 days
even though it 1s less volatile than toxaphene.

In Table 1I, we use DBCP to illustrate how soll properties
and conditions can affect diffusion half-lives. Increasing the
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organic content of the soil increases adsorption and
increases a, which, in turn, decreases the diffusion coefficient
in the soil. An even more dramatic effect 1s obtained by
increasing soil moisture. This fills the pore spaces and blocks
diffusion in the gas phase by decreasing T,. Changing soil
moisture from 10% to 25% increases soil half-lives by a factor of
six. This effect was discussed by Farmer et al. (27) in a study
where they noted that keeping soil cover over a dump site wet was
one means of controlling diffusion of hexachlorobenzene from the
dump into the atmosphere.

Table II. Volatilization Half-Lives of DBCP Mixed Into
10 cm of Several Kinds of Soils

(day)
Soil Condition

Soil Organic Dry Soil Wet Soil

Content (10% water, (25% water,

Foe 407 air) 25% air)
0.0025 0.6 3.6
0.01 1.2 7.2
0.05 5.2 26.2

Table TIITI illustrates the impact of adsorption on the
leaching of organic chemicals in the soil. A water input of 305
cm was used, which is equivalent to a full year of precipitation
in the eastern United States. 1In a soil with a field capacity of
30%, the water would penetrate 1017 cm. Mirex with a very large
K 1s practically 1immobile; after a full year of precipitation,
it is still on the surface. It 1is 1likely that any compound
adsorbed this strongly would be carried off the land surface by
soil erosion instead of being leached into the soil. 1In contrast,
DBCP, which is very weakly adsorbed, penetrates the soil profile
almost as far as the water does.
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Table I1I. Leaching Behavior of Pesticides in a Typical
Soil with a Field Capacity of 30%

Depth of Maximum
Concentration After

Adsorption 305 cm of
Coefficient Water Applied
Pesticide Kp (cm)

Mirex 2.4 x 10° 0.001
Toxaphene 2.1 x 10° 0.1
Methoxychlor 8.0 x 10% 0.3
Lindane 1.3 x 10 19
Malathion 2.3 102
DBCP 4 x 1071 610

For each of the model compounds, some material will have
leached deeper into the soil than 1is shown 1in the table. The
model calculates only the position of maximum concentration. For
a compound like DBCP, which has a very weak adsorption interaction
with the soil, the concentration profile will be spread out. DBCP
would probably be found at low concentrations at the 1017 cm
level. For the strongly adsorbed compounds, such as toxaphene and
methoxychlor, the concentration peak will be narrow, and the depth
of maximum concentration is the depth where most of the material
is.

Table IV uses DBCP to 1llustrate the effect of soll organic
carbon concentration on leaching mobility. In the very Ilow
organic carbon soil, there 1s almost no adsorption for the
compound and the leaching model breaks down because it predicts
penetration depths greater than the water penetration. In these
cases the prediction is adjusted to show compound and water
penetration depths as the same.
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Table IV. Effect of Soll Organic Carbon Levels
on Leaching Depth

(cm)
Soil Organic Total Precipitation Water
Content
(Foc) 25 cm 305 cm
0.0025 832 10172
0.01 50 610
0.05 10 122

3There 1s so little adsorption that the material moves with the
water front. The mathematical model breaks down under these
circumstances.

Volatilization and leaching interact with each other and
other fate processes. Two of the pesticides, DBCP and lindane,
are discussed 1in some detail to 1illustrate some of the
interactions. The other four are discussed only briefly.

DBCP. The predictions suggest that DBCP is volatile and diffuses
rapidly into the atmosphere and that 1t is also readily leached
into the soil profile. In the model soil, its volatilization
half-life was only 1.2 days when it was assumed to be evenly
distributed into the top 10 cm of soil. However, DBCP could be
leached as much as 50 cm deep by only 25 cm of water, and at this
depth diffusion to the surface would be slow. From the literature
study of transformation processes, we found no clear evidence for
rapid oxidation or hydrolysis. Photolysis would not occur below
the soil surface. No useable data for estimating biodegradation
rates were found although Castro and Belser (Z§) showed that
biodegradation did occur. The rate was assumed to be slow because
all halogenated hydrocarbons degrade slowly. DBCP was therefore
assumed to be persistent.

The predicted fate of DBCP depends on the amount of water
that enters the soil after it has been applied. With very little
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water and leaching depths of 10 cm or less, volatilization will
dominate and most DBCP will leave the soil. On the other hand, if
enough water enters the soil to leach DBCP below 10 cm,
volatilization will be retarded, and DBCP could remain in the soil
profile for an extended period. In either case, however, because
DBCP does mnot adsorb strongly to soil, the concentration profile
from leaching is quite spread out. Even if the bulk of the DBCP
is leached only 10 cm deep, some material would be leached much
deeper where diffusion to the surface would be slow.
Contamination of shallow ground waters might be possible and
should be considered in a more detailed fate assessment. The
detailed assessment should obtain useful values for oxidation,
hydrolysis, and blodegradation rates.

Lindane. The volatilization calculations predicted that lindane
that has entered the soil profile does not volatilize by diffusion
but rather by mass transport due to water evaporation at the soil
surface. On the other hand, the leaching calculations show that
lindane is not highly mobile in the soil profile: 305 cm of water
move it only 10 cm into the soil profile from the surface. There
is no evidence for oxidation, and because aquatic hydrolysis half-
lives are at least six months (29), hydrolysis rates in the soil
will be slow. Photolysis is not expected, but biodegradation does
occur. A major Dbiodegradation product 1s y-pentachloro-
cyclohexane (PCCH), which 1s much more volatile than 1lindane
(30). The results of studies of the biodegradation rates scatter
widely, and reported half-lives range from weeks to months. If
lindane were applied to the surface in a climate where
precipitation exceeds evapotranspiration, it could be leached deep
into the soil over time and could contaminate ground water if the
slower bilodegradation rates applied. In a situation where
evapotranspiration and precipitation or irrigation were in
balance, lindane could move up and down in the soil profile with
little net transport in either direction. The major loss would be
by bioconversion to PCCH and then volatilization of the PCCH.
Actual field experiments (31) have confirmed this behavior.

Mirex. Mirex does not leach into the soil profile and 1is
predicted to volatilize only slowly. There is no evidence for any
rapid transformation so it should be considered persistent.
Because 1t 1s so strongly adsorbed to the soil and stays on the
surface, a major loss from terrestrial systems would probably be
erosion and transport into surface waters.

Toxaphene. Toxaphene 1is apparently strongly adsorbed and should
not move in the soil profile. Because of its strong sorptive
interaction with soils, some material may erode into surface
waters during irrigation or precipitation events. There is no
evidence for oxidation, hydrolysis, or biodegradation (29).
Photolysis probably would not occur. However, volatilization is
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predicted to be rapid. Our predictions of rapid volatilization
are consistent with measurements made by Sieber et al. (32).
Normally, toxaphene would be considered nonpersistent in the soil
environment because of its wvolatility. However, field studies
show that toxaphene 1is persistent. The difference between
prediction and reality probably results because toxaphene is not a
single compound but a mixture of hundreds of components. Although
the overall mixture is strongly adsorbed and not mobile in the
soil, some individual components may be mobile and leach deep into
the soil where diffusion to the surface would be slow. In
addition, although the mixture has a high volatility, some
components may be relatively nonvolatile and persist in the
soil. Thus, wmixtures may not be suitable candidates for the
screening approach developed here.

Methoxychlor. Methoxychlor is strongly adsorbed to the soil and
does not leach, and volatilization is slow. There is no evidence
for oxidation, and although photolysis 1is rapid in aquatic
systems, it is assumed not to occur in the soil environment. The
hydrolysis half-life is a year in aquatic systems (33) and
probably longer in soil systems because of adsorption.
Biodegradation does occur in soil systems, however, with a half-
life of from 1 to 3 weeks (34). Methoxychlor would not persist in
the soil environment. T

Malathion. Malathion is not strongly adsorbed and could leach
deeply into the soil. It is not volatile and would volatilize
from the soil only as rapidly as it was carried to the surface by
evapotranspiration. Biotransformation 1is rapid (35), however, so
it should not persist in the soil environment.

Summary

A screening analysis has been developed that can be conducted
quickly with only a modest investment of time and money. It is
useful in determining both how long a compound might persist near
the soil surface and where it goes if it does not persist. If a
detailed fate assessment 1is required, the screening helps to
determine whether complicated leaching or runoff models will be
needed. The analysis has been applied here to pesticides but
there are situations where it can be applied to other organics.
Some aspects of migration of organics from landfills and land
disposal sites can be considered. It can also be applied to
determine the fate of organic ingredients in some consumer
products where, if it were coupled to considerations of toxicity
and environmental impact, it would be a useful tool for choosing
between competing ingredients.
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Interactions Between Dissolved Humic and Fulvic
Acids and Pollutants in Aquatic Environments

CHARLES W. CARTER! and 1. H. SUFFET
Drexel University, Environmental Studies Institute, Philadelphia, PA 19104

We have made quantitative measurements of the binding
of organic compounds to dissolved humic and fulvic
acids. The extent of binding increases as a compounds
octanol/water partition coefficient increases or as
its water solubility decreases. Humic acids bind
compounds to a greater extend than fulvic acids, but
there are large differences between different humic
and fulvic acids.

A number of mathematical models have been developed in recent
years which attempt to predict the behavior of organic water
pollutants.1’2'3 Models assume that compounds will partition
into various compartments in the environment such as air, water,
biota, suspended solids and sediment. The input to the models
includes the affinity of the compound for each of the
compartments, the rate of transfer between the compartments, and
the rates of various degradation processes in the various
compartments. There is a growing body of data, however, which
indicates that the models to date may have overlooked a small
but significant interaction. A number of authors have suggested
that a portion of the compounds in the aqueous phase may be
bound to dissolved humic materials and are not therefore truly
dissolved.

If this binding does occur, then one would expect very
strongly bound compounds to show an unusual affinity for the
aqueous phase. This could increase the mobility of these
compounds in the environment. It is likely that the bound
fraction will undergo phase transfers and degradation at
different rates than the free truly dissolved fraction of a
dissolved pollutant. If this is the case, then an observed
equilibrium between a pollutant in the free and bound states
could significantly affect its environmental behavior.
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A number of different authors have made quantitative
measurements of the extent of binding of organic compounds to
dissolved humic materials. Wershaw et al? and Porrier et
al’ have measured the binding of DDT to humic materials from
different origins. More recently, Carter and Suffetb® and
Carter’ have measured the binding of a variety of compounds
including pesticides, polynuclear aromatics and phthalates to
various humic materials. Means and Hiyajaratne8 have
quantitatively measured the binding of Atrazine and Linuron to
colloidal estuarine organic matter. Diachenko? has measured
the binding of a number of chlorinated organic compounds to
various humic materials. All of these authors indicate that a
substantial fraction of a pollutant found in the aqueous phase
may in fact be bound to dissolved humic materials, and they
suggest that this may change the behavior of the compound.

There is more current literature which speaks to exactly
this point. HassettlO has found that the sorption of organic
compounds from water to suspended particles is altered in the
presence of dissolved organic carbon. Griffin Chianll and
Diachenko? have found that the volatility of organic compounds
in water decreases when humic materials are present. Perduel?
has found that the rate of hydrolysis of the octyl ester of
2,4-D is decreased in the presence of humic materials.
Landrum!3 and Hassettl® found that dissolved organic matter
can affect the analysis of organic compounds. Eisenreichl?
has presented data on the partitioning of PCB's between solids
and pore water in Lake Superior sediments. His data suggest
that the dissolved organic carbon in the pore water may
significantly affect the mobility of the PCB's. Zepp et al1l6
have reported that the rate of photolysis of some organic
compounds increases in the presence of humic materials.
Leverseel’ has found that the extent of bioaccumulation of
some polynuclear aromatic compounds changes in the presence of
humic materials.

From the literature reviewed above it is clear that a number
of authors have determined that certain compounds can and do
bind to dissolved humic materials. Other authors have invoked
this binding phenomenon to explain otherwise peculiar data. It
would be desirable to incorporate this binding into
environmental fate models, but there is not much data on the
phenomena and there are few methods available to collect more of
this data.

This paper will summarize some of our work on the binding of
pesticides and other pollutants by dissolved humic materials.
The methods used in our work and in the work of other authors
will also be presented. Hopefully this will stimulate more
widespread interest in understanding these phenomena and will
facilitate the collection of meaningful data.
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Methods Available for Quantitatively Measuring the Extent of
Binding of Organic Pollutants to Dissolved Humic Materials

Three methods were used in this research to measure the extent
of binding of organic pollutants to dissolved humic materials.
They were equilibrium dialysis, solubility measurements and
changes in sorption behavior in the presence of humic
materials. Other authors have used solubility measurements,
ultrafiltration and volatilization measurements. The methods
will be described in the following paragraphs.

In a dialysis experiment, a dialysis bag containing the
dissolved humic materials is placed in a solution of a pollutant
(preferably radiolabeled). The dialysis tubing is chosen so the
pollutant is free to diffuse through the bag while the humic
materials are retained inside the bag. The solution is shaken
at constant temperature until it comes to an equilibrium point.
At equilibrium, the pollutant inside the dialysis bag consists
of two fractions: that truly dissolved and the bound to the
humic materials. The concentration of pollutant on the outside
of the dialysis bag consists only of the free, truly dissolved
fraction. Any increase of the pollutant concentration on the
inside of the dialysis bag is due to binding by dissolved humic
materials. A series of dialysis experiments, therefore, can
measure the bound fraction concentration as a function of the
free concentration.

In a solubility experiment the solubility of the compound of
interest is measured in the presence and absence of dissolved
humic materials. Two techniques were used to measure
solubility: a shake and filter method similar to that used by
Yalkowsky, and a flow through column technique similar to that
used by May et al.19 The measured solubilities of & number of
compounds in our experiments were always higher in the presence
of humic materials. This increase in the solubility is due to
the binding of the compound by humic materials. 1In the presence
of humic materials the measured solubility consists of two
fractions; free and bound. The free concentration should be the
same in the presence or absence of humic materials. The
difference between the solubilities of the compound in the
presence and absence of humic materials is therefore a
measurement of the bound fraction.

The third technique we used was a measurement of changes in
the sorption behavior of a compound in the presence of humic
materials. A thin film of OV-1, a methyl silicone gum used as a
chromatographic stationary phase, was plated on the bottom of a
60 ml Hypo-Vial (Pierce Chemical Co., Rockford, Il.). A
solution of radiolabeled pollutant was added to the vial in
either buffered distilled water in a solution of humic
materials. Again, it is assumed that the pollutant is solution
congists of two fraction; free and bound. It is also assumed
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that the bound fraction will not sorb to the film of OV-1. This
is a fairly reasonable assumption since the humic polymer is
negatively charged at the pH values studied and will have a high
affinity for the aqueous phase. Usging these assumptions it is
possible to calculate the bound concentration as a function of
the free concentration using the following equation. The
derivation of the equation has been presented previously.7

K = E, -1x 106/DOC
c K

K - binding constant ([g compound/gDOC}/(g compound/g
water])

£ - sorption constant in distilled water ([g compound/g
OV-1]1/ (g compound/g water])

K' - sorption constant in presence of humic material

D0C - dissolved organic carbon (mg/L)

A number of techniques have been used by other authors,
and these will be summarized briefly. Wershaw et al% and
Matsuda and Schnitzer2® have both used the solubility
technique. The techniques and interpretation are
essentially identicel to those used in this research. Means
and wiyajaratne8 have used an ultrafiltration technique.

In this technique a solution of a pesticide in either
distilled water or a natural water previously concentrated
by ultrafiltration is passed through an ultrafilter or a
reverse osmosis membrane. The free pesiicide can pass
through the membrane, so its concentration can be measured.
The difference between the concentration in the ultra-
filtered water and the concentration inside the
ultrafiltration cell is therefore a measure of the bound
concentration. Griffin and Chianll, HassettZI, and
Diachenko? have used volatilization measurements to
determine the extent of binding of pesticides and pollutants
to dissolved humic materials. 1In these experiments either
the rate of gas stripping of a compound or its equilibrium
vapor pressure is measured in the presence and absence of
humic materials. The results obtained can be manipulated in
such a way to determine the percentage of the pollutant
bound.

Comparisons Between Methods

We have made some preliminary comparisons of the methods
used in this research.’ 1In general the dialysis
experiments give the most reliable results. These
experiments can not, however, be run with all compounds.
For example, diethyl-hexyl-phthalate DEHP (MW = 392) would
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not diffuse through dialysis membranes with molecular weight
cut off values of either 1000 or 2000 Daltons. Dialysis
tubing with higher molecular weight cut off values than 2000
was unable to effectively retain the humic materials and
therefore could not be used. For these reasons it was not
possible to run the dialysis experiments on DEHP. In order
to compare the results obtained with DEHP with the results
for other compounds it was necessary to run some experiments
to compare the different methods used. The data is
presented in Table 1.

The comparisons in Table 1 using anthracene as the model
pollutant showed that the dialysis and sorption techniques
compare well. For both Boonton Humic Acid and Pakim Pond
Humic Acid the results were not significantly different.

The solubility results were significantly low in the case of
Boonton Humic Acid (BSHA) and were high in the case Pakim
Pond Humic Acid (PPHA). However, all of the measurements
were within a factor of three for the different methods, and
all showed the BSHA bound more anthracene than PPHA.

The comparisons using DDT as the model pollutant showed
a larger discrepancy between the results for the dialysis
and sorption techniques than the comparisons for
anthracene. For both semples of humic acid the sorption
technique gave results that were higher by about a factor of
two. The cause of the discrepancy is not clear. Although
the methods produce different results, the results are not
so different that they prohibit any conclusions. For
example, both techniques show that DDT is quite strongly
bound by the humic acids, and that the binding is much more
extensive than for anthracene. Both techniques also show
that Boonton Humic Acid binds DDT more strongly than Pakim
Pond Humic Acid.

Table I also shows the comparisons between the
solubility and sorption methods for DEHP. Dialysis results
were not compared because, as previously mentioned, DEHP
would not diffuse through the dialysis membranes. The
results from both methods were highly inconsistent and they
showed serious discrepancies. Two series of solubility
experiments using Pakim Pond Humic Acid gave results which
compared quite well. Two series of solubility experiments
with Boonton Humic Acid, however, gave results which
differed by an order of magnitude. The higher results
agreed more closely with the solubility results. The
sorption results for both humic acids gave quite high
results, which for Pakim Pond Humic Acid were higher than
the solubility results by a factor of three. The high
values are similar to those found by Matsuda and
Schnitzer?0 who used a solubility technique to measure the
extent of binding of various phthalates to soil fulviec
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TABLE 1

METHOD COMPARISONS

ANTHRACENE
BOONTON HUMIC ACID PAKIM POND HUMIC ACID

Dialysis 83400 12900

(29300) (5500)
Solubility 64800 41200

(3200) (1000)
Sorption 94800 12100

(7300) (3300)

DDT

Dialysis 417,000 122,000

(66200) (14800)
Sorption 751,000 199,000

(47600) (38800)

DEHP

Solubility 149,000 147,000

(66200) (97600)
Solubility* 1,375000 138,000%x*

(873,000)
Sorption 1,680,000 531,000

(1,105,000) (327,000)

* Different HA concentrations.
*x0nly two determinations.
Values in parentheses are 95% confidence limits.
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acid. The binding constant calculated from their data for
DEHP is about 3,000,000. Despite all of these
discrepancies, the results again indicate that more of the
pollutant is bound to Boonton Humic Acid than to Pakim Pond
Humic Acid. Both techniques also show that more DEHP is
bound to the humic acids than anthracene.

Quantitative Binding Measurements

Using the above techniques we have measured binding
constants for a number of compounds to dissolved humic
materials. Some of the results will be summarized in the
following paragraphs.

Figures 1 and 2 show the effect of temperature on the
extent of binding of DDT to both Pakim Pond Humic Acid and
Boonton Humic Acid. The Y axis in these figures is the
amount of DDT bound to the humic acid in nanograms of DDT
per gram of humic acid. The X axis is the free, truly
dissolved DDT in nanograms per liter. This is similar to
the presentation of an adsorption isotherm. If the slope of
the lines is multiplied by 1000 it becomes analogous to a
weight-weight partition coefficient ([g DDT/g DOC1/(g DDT/g
water]). This will be referred to as the binding constant.
A number of things should be noted in these figures. First,
for both Pakim Pond Humic Acid and Boonton Humic Acid a
decrease in temperature results in a significant increase in
the binding constant. The binding constant for Pakim Pond
humic acid increased from 120,000 to 220,000. Boonton humic
acid increased from 410,000 to 700,000. Second, all of the
curves appear to be linear, and all of them pass very close
to the origin. This is similar to the results of numerous
studies of the sorption of organic compounds to sediments in
that a linear isotherm is an adequate model for the data
over most of the relevant concentration range. Third, both
sets of data are quite consistent. This reflects the
relative ease and precision of the dialysis technique.

Figure 3 presents some measurements of the extent of
binding of DDT to dissolved organic carbon in secondary
sewage effluent. The data is somewhat noisy, partially due
to the fact that a portion of the DOC was able to pass
through the dialysis bag. Nonetheless, the experiments
showed that the DDT was bound to the sewage effluent DOC.
The value of the binding constant from this experiment is
76300. The data can be adjusted for the leakage through the
dialysis bag assuming that the DOC which leaked was also
capable of binding DDT. Using this set of assumptions, the
binding constant is 193,700. These two values, at 20 mg/1l
DOC, correspond to 60% and 80% bound. Figure 4 is a graph
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Figure 1, Effect of Temperature, Pakim pond humic acid.
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of % bound vs. DOC at various values of the binding
constant. This can be used to convert the constants back to
environmentally useful terms.

Binding of Various Compounds By Pskim Pond Humic Acid

We attempted to determine what properties of a compound
resulted in its being strongly bound to humic materials.

The binding constants of a number of compounds were measured
using dialysis, solubility and sorption techniques. The
solubility technique was used for compounds which were not
radiolabeled. All data was collected at pH = 8.3. The
binding constants were then compared to the octanol/water
partition coefficients for the compounds and the molar
solubilities of the compounds. The data is presented in
Table II. The Kow values were taken from the
literature.18,22-24 7pe solubility values were determined
in this research with the exception of DDT and Lindane,
which were taken from the literature. A plot of log Kc vs.
log Kow is presented in Figure 5. The slope of this line is
0.71, the intercept is 0.75 and the value of the correlation
coefficient is 0.9258. The regression is highly significant
(p 0.001).

It should be noted, that there is considerable latitude
in the data. If the solubility data is used for DEHP and
anthracene instead of the sorption and dialysis data the
slope decreases, the intercept increases and the correlation
is poorer. There is also a large amount of scatter in the
data for the compounds with the lowest association
constants, Lindane and di-n-butyl phthalate. Another source
of error in this regression is in the literature data for
the octanol/water partition coefficient. Values reported by
different authors sometimes vary by orders of magni-
tude.20 Dpespite these shortcomings in the data it is
clear that binding constant is strongly related to the Kow
value for a compound. This data is good news for modelers
in that some of the concepts used in modeling sediment
pollutant interactions may also be applicable to dissolved
humic material - pollutant interactions.

Binding of DDT By Various Humic Materials

Unfortunately there is also some bad news for modelers.
Different humic materials bind compounds to dramatically
different extents, and the reasons for this are unclear.
Figure 6 shows the binding constants of DDT to seven
different humic materials. Some of this data is from a
factorial experiment which has been published elsewhere.’
Inspection of this data shows that the humic acids and the
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TABLE 11

LOG K. vs. LOG Koy DATA

COMPOUND LOG K, LOG Kgy TECHNIQUE
Fluorene 3.95 3.99 Solubility
Fluoranthene 4.59 5.22 Solubility
DBP 3.70 4.91 Solubility
DCHP 4.72 5.71 Solubility
TCB 4.06 4,27 Solubility
DEHP 5.15 6.69 Sorption
Anthracene 4.60 4.63 Dialysis
Lindane 3.04 3.70 Dialysis
DDT 5.09 6.36 Dialysis

DBP, di-n-butylphthalate

DCHP, Dicyclohexylphthalate

TCB, 1,2,4, trichlorobenzene
DEHP, di-(2-ethylhexyl) phthalate

]

LOG K.

225

LOG Koy

Figure 5. Koy vs. K¢
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sewage effluent DOC tended to bind DDT most strongly. Two
of the fulvic acids (soluble at pH=1l) also bound the DDT,
but to a lesser extent than the humic acids. One fulvic
acid (Suwannee fulvic acid) showed no tendency whatsoever to
bind DDT. This puzzling observation was also true for
anthracene and DEHP. Suwannee fulvic acid is also the only
material used in this research which was subjected to
extensive cleanup procedures. It is possible that the lack
of any binding ability is due to the cleanup procedures, and
not to inherent differences in the fulvic acids from
different sources. A variety of attempts were made to
determine what characteristics of the humic materials
resulted in the differences in binding. The measurements
included % carbon, % ash, % iron, various spectroscopic
techniques, molecular size estimates and pyrolysis gas
chromatography. None of these efforts were successful.

With the data currently available, it is not possible to
predict how strongly a particular sample of humic material
will bind a pollutant without actually measuring the binding
constant.

Conclusgions

There is a body of data in the literature which indicates
that dissolved humic materials may play a significant and
previously overlooked role in the behavior of organic water
pollutants. It has been shown that dissolved humic
materials can affect degradation rates and phase transfer
rates for a number of compounds. A number of methods have
been developed in this research and by other researchers
which can make quantitative measurements of the extent of
binding between organic water pollutants and dissolved humic
materials. Hopefully these methods will be used by other
researchers to gain more insight into this phenomenon.

The data presented here indicates that the extent of
binding for a particular compound is related to the
octanol/water partition coefficient for that compound. This
is very similar to the sorption of compounds from water to
sediment. Compounds with log Kow values less than four
(such as Lindane) will probably not be bound to an
appreciable extent in the environment. Compounds with very
high log Kow values (DDT and DEHP) may be bound to a
significant extent. The extent of binding will depend on
both the concentration of humic material and on the nature
of the humic material. The humic materials used in this
research showed dramatically different affinities for DDT.
The reasons for this are poorly understood and deserve
further study.
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A Comparative Study of the Relationships
Between the Mobility of Alachlor, Butylate, and
Metolachlor in Soil and Their Physicochemical
Properties

C. J. SPILLNER, V. M. THOMAS, and D. G. TAKAHASHI

Stauffer Chemical Company, Mountain View Research Center,
Pesticide Metabolism Section, Mountain View, CA 94042

H. B. SCHER
Stauffer Chemical Company, DeGuigne Technical Center, Richmond, CA 94804

The order of the mobilities of alachlor, butylate,
and metolachlor in columns of various soils was metola-
chlor > alachlor > butylate. This correlates directly
with the water solubilities and inversely to the adsorp-
tion coefficients and octanol/water partition coefficients
of these compounds. Diffusion of these compounds in soil
thin-layers was as follows: butylate > alachlor > meto-
lachlor, which correlates directly with the vapor pres-
sures of these compounds. Significant soil properties
affecting diffusion appeared to be bulk density and
temperature. Soil moisture is also probably important,
but its effect on the diffusion of these compounds was
not determined.

The physicochemical properties of a pesticide and its interaction
with soil greatly influences both its mobility and biological a-
vailability in a soil environment (1). Reviews on this subject
have been published by Goring and Hamaker (2) and Greenland and
Hayes (3).

The objectives of this study were to (a) determine the mobil-
ities of the herbicides, alachlor (2-chloro-2',6'-diethyl-N-(me-
thoxymethyl)acetanilide), butylate (S-ethyl diisobutylthiocarba-
mate), and metolachlor (2-chloro-N-(2-ethyl-6-methyl phenyl)-N-
(2-methoxy-l-methyl ethyl) acetamide in the laboratory using soil
leaching columns and soil thin-layer vapor diffusion techniques,
(b) determine their soil adsorption coefficients and other physico-
chemical properties such as octanol/water partition coefficients,
water solubilities, vapor pressures, heats of adsorption and heats

0097-6156,/83,/0225-0231306.00/0
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of solution and (c¢) correlate the mobilities and the physicochem-
ical properties of these compounds.

Materials and Methods

Chemicals. Purified, [l%C]-labelled alachlor (specific activity
= 17 mCi/mM), butylate (specific activity = 2.54 mCi/mM) and
metolachlor (specific activity = 4.5 mCi/mM) were used in the
leaching, adsorption, and diffusion studies. The radiopurity of
these compounds was greater than 95% as determined by thin-layer
chromatography. All other studies were conducted using analyti-
cal grade, non-radioactive material (purity > 95%).

Physical Properties. Octanol/water partition coefficients were
determined following the method described by A. Leo, et al.,
(13). Samples were analyzed by gas chromatography (GC). Water
solubility was determined by equilibration of analytical grade
material with water at constant temperature. Equilibrium was
approached from both under and super saturation conditions and
samples were analyzed by GC. Vapor pressures were determined
by the Knudsen effusion method.

Soils. The physical and chemical properties of the soils used
in these studies are presented in TABLE I. Soils were screened
(500u) prior to use.

Analytical Methods. Liquid scintillation counting (LSC) was done
using Packard Models 3375 and 3380 Liquid Scintillation Spectro-
meters equipped with automatic external standards. Solid samples
were combusted in a Packard model 306 Sample Oxidizer prior to
LSC analysis.

Soil Thin-Layer Vapor Diffusion. Glass plates (20 x 20 cm) were
covered with soil slurries of Keeton sandy loam and Prairie silty
clay loam to a thickness of 0.75 mm. The plates were allowed to
dry overnight and then 10 mL aliquots of acetone solutions of
[t#c]alachlor, [!*C]butylate, and [!“C]metolachlor (corresponding
to 0.18 pmole and 1.0 x 10° dpm) were applied to the soil. The
specific activities of these compounds were all adjusted to 2.54
mCi/mM prior to running these experiments. The treated plates
were evenly sprayed to saturation with distilled water, wrapped
in a plastic film to reduce atmospheric volatility, and then

held in a dark growth chamber maintained at 24°C. At 0-, 12-,
and 24-hour intervals, the plates were removed, and placed under
x-ray film. They were stored in a freezer compartment (-4°C)

for three days before developing the film.

So0il Column Leaching. Glass tubing (diameter = 1 cm) was cut in-
to 50 cm lengths, and one end was plugged with glass wool and

Miracloth®. Air dry soil (percent moisture = 2%, 1%, 4% for Fel-
ton, Keeton, Prairie, respectively) was packed into the tubes to
a depth of 30 cm. A small layer of white builders sand was then

In Fate of Chemicalsin the Environment; Swann, R., et al.;
ACS Symposium Series; American Chemical Society: Washington, DC, 1983.



233

Mobilities and Physicochemical Properties

SPILLNER ET AL.

12.

*(K31oeded PTaTJF 20FM3 LTajeurxoadde) Tros Jo 8 QT °3eanies 03 I93em JO Junowe-o3ejusdoiad uorjzeIN}ES

*y) ‘®aBTD BIUBS ‘sSqET JUBTJ PuB TTOS pPue ‘*y) ‘solen so] ‘Laojeioqe] L1i1sg £q pauwaojiad sasATeuy

*0,009-066 ' °Tduwes 3 (°z ® Surisnquod £q pauTwWIaILP I933BW dTJURSIQ

*emoI ‘urwanyl ‘wieg I93I04 Y WOAF PO3IOSTTOO TTOS

-uweo

v%maw

£ITTS
2/3 ¢°1 8¢ 1'9 %2°8 %462 %65 %21 ®eIateiagd
weot

Apues
29/8 %1 8¢ L9 %2y %8 %97 %99 o399y
pues
20/3 [°T 8T T°9 %8°€ %Y %9 %06 uo3Tad
ag =ds ad gNo £eT) ITTS pues sweN

*STTOS Jo sorlaadoag TeOTWSY) pue TBOTUBYOSN I ATIVL

(]|

Q1 ol ol

LI

In Fate of Chemicals in the Environment; Swann, R., et al.;
ACS Symposium Series; American Chemical Society: Washington, DC, 1983.



234 FATE OF CHEMICALS IN THE ENVIRONMENT

added to mark the treatment zone. A weighed 5 cm equivalent of
soil was then treated with 0.5 mL of acetone containing enough
of the !*C herbicides to provide the appropriate treatment rate.
The treated soil was added to the column, and a 15 cm equivalent
of water (12 mL) was added so that the soil was just saturated
(1 mL leachate was collected from the Felton soil columns). Af-
ter a 3-hour equilibration period, the columns were broken into
2.5 or 5 cm sections. Each section was extracted with 10 mL of
acetone by shaking for 3 hours, the suspension was allowed to
settle, and aliquots of the extracts were analyzed by LSC. All
leaching was done in an environmental chamber held at 26°C. The
average percent recovery of radiocactivity was 93.4%.

Soil Adsorption. Soil (2.5 g) and 10 mL of aqueous pesticide so-
lution were combined in 30 mL screw cap (teflon-lined) centrifuge
tubes which were then agitated for 3 hours, in darkness, in a
growth chamber set at 10 + 1°C, 19 % 1°C, or 30 + 2°C. The tubes
were centrifuged and the supernatants were analyzed by LSC. Con-
trol experiments included untreated solution/soil mixtures used
for LSC background determnations and treated solutions without
soil used to determine the extent of pesticide adsorption by the
glass tubes.

The adsorption solutions from the highest concentrations
runs were extracted with ether. The ether extracts were concen-
trated and analyzed by TLC. Similarly, the corresponding soils
were extracted with ether and the ether extracts were analyzed
by TLC. Other soil samples were analyzed by combustion in order
to determine directly the amount of adsorbed herbicide.

The adsorption coefficients (K) were determined using the
equation for the Freundlich adsorption isotherm:

1/n

C = KC (1)
S w

where Cw = equilibrium solution concentration

and CS weight absorbed solute/weight solid

(at equilibrium).

Least-squares linear regression analysis was performed on the
data.

The thermodynamic heats of adsorption (AH) were calculated
using equation 3, which is derived as follows from the relation-
ship between free energy and the equilibrium constant:

AG = =RTIn(Kd) = AH-TAS (2)
therefore, 1n(Kd) = - AH + AS (3)
RT R
Kd = ¢ _/¢C (4)
S w

Equation 3 is analogous to the Clausius-Clapeyron equation for
equilibrium of a substance in the vapor and condensed phases (4).

In Fate of Chemicalsin the Environment; Swann, R., et al.;
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Where AG is free energy, R is gas constant (1.987 cal/deg

K mole~!), T is degrees Kelvin, and AS is entropy. Kd is the
distribution constant of the herbicide between the solution
phase and the adsorbed phase (equation 4). Thus, least squares
linear regression analysis of 1n(Kd) vs. 1/T yielded values for
heats of adsorption (AH) for the herbicides in Keeton soil.

Results

Physical Properties. Results of these measurements are given in
Figure 1.

Soil Thin-Layer Vapor Diffusion. An example of an autoradiogram
obtained from a diffusion experiment is shown in Figure 2. The
extent of diffusion of metolachlor, alachlor, and butylate is
given in TABLE II. Butylate diffusion increased during the 24

TABLE II. Diffusion of Alachlor, Butylate, and Metolachlor in
Soil Thin-Layers

Area of Diffusion (em?)

Compound Soil 0-Dry  0-Moist 6 Hr 12 Hr 24 Hr
Butylate Keeton 1.1 2.0 8.0 5.3 19
Alachlor 1.1 2.0 2.0 2.3 2.8
Metolachlor 1.0 1.1 1.3 1.3 3.3
Butylate Prairie 1.3 1.5 11 13 25
Alachlor 1.3 1.3 2.3 2.6 5.7
Metolachlor 1.5 1.5 2.0 1.5 5.2

hour test period while the diffusion of alachlor and metolachlor
was rather limited in soil plates which were saturated with wa-
ter. No diffusion was detected in dry soil. Under all of the
conditions considered, the relative degrees of diffusion through
a moist thin-layer of soil, was butylate > alachlor vmetolachlor.
In a second experiment, the extent of diffusion in each soil (sa-
turated with water) was measured as a function of temperature.
These results are shown in TABLE III. Temperature had the great-
est affect on the diffusion of butylate and less influence on the

TABLE III. Diffusion of Alachlor, Butylate, and Metolachlor in
Soil Thin-Layers at Various Temperatures'-:'-1

Area of Diffusion (cm?)

Keeton Soil Prairie Soil
Compound 13 C 18 C 29 ¢ 13 C 18 C 29 C
Butylate 13 28 36 20 39 20
Alachlor 3.5 4.5 3.8 4.2 7.6 7.6
Metolachlor 3.8 4.5 4.2 3.5 8.6 8.6

2 Extent of diffusion in 24 hours.

In Fate of Chemicalsin the Environment; Swann, R., et al.;
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Figure 2. Vapor diffusion of Butylate on sandy loam and
silty clay loam.
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diffusion of alachlor and metolachlor. 1In both of these studies
greater diffusion was observed in the Prairie soil in comparison
to the Keeton soil.

Freundlich Soil Adsorption Goefficients. Control experiments in-
dicated that all of the compounds were stable in the stock solu-
tions, in the adsorption solutions, and in the soil during these
studies. A preliminary adsorption run conducted to determine the
time required for equilibration of the herbicides between water
and soil indicated that ca. 3 hours shaking was adequate.

Results of adsorption experiments for butylate, alachlor,
and metolachlor in Keeton soil at 10, 19, and 30°C were plotted
using the Freundlich equation. A summary of the coefficients ob-
tained from the Freundlich equation for these experiments is pre-
sented in TABLE IV. Excellent correlation using the Freundlich
equation over the concentration ranges studied (four orders of
magnitude) is indicated by the r values of 0.99. The n exponent
from the Freundlich equation indicates the extent of linearity of
the adsorption isotherm in the concentration range studied. If
n = 1 then adsorption is constant at all concentrations studied
(the adsorption isotherm is linear) and K is equivalent to the
distribution coefficient between the soil and water (Kd), which
is the ratio of the soil concentration (mole/kg) to the solution
concentration (mole/L). A value of n > 1 indicates that as the
solution concentration increases the sorption sites become satur=-
ated, resulting in a disproportionate amount of chemical being
dissolved. Since n is nearly equal to 1 in these studies, the
adsorption isotherms are nearly linear and the values for Kd
(shown in TABLE IV) correspond closely to K. These Kd values
were used to calculate heats of adsorption (AH).

TABLE IV. Adsorption Coefficients for Butylate, Alachlor, and
Metolachlor in Keeton Soil at Various Temperatures
Obtained Using the Freundlich Equation.

Compound T(°C) K n r Kd2
Butylate 10 2.79 1.02 0.99 2.86
20 3.18 1.01 0.99 3.14

30 3.28 1.01 0.99 3.26

Alachlor 10 1.65 1.13 0.99 2.00
20 1.2 1.08 0.99 1.80

30 1.45 1.09 0.99 1.65

Metolachlor 10 1.98 1.03 0.99 2.10
20 1.87 1.05 0.99 1.98

30 1.54 1.06 0.99 1.64

= The average distribution constant, calculated from the
ratio of soil concentration (moles/kg):solution concen-
tration (moles/L).

In Fate of Chemicalsin the Environment; Swann, R., et al.;
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Heats of Adsorption. Temperature effects were determined by mea-
suring adsorption at three temperatures. As seen from TABLE IV,
the K values vary with temperature such that for butylate, K in-
creases with temperature, while for alachlor and metolachlor, K
decreases with temperature. These results indicate that butylate
becomes more adsorbed to Keeton soil as the temperature increases
while alachlor and metolachlor become less adsorbed as tempera-
ture increases. In order to obtain a quantitative measure of
these effects, heats of adsorption (AH) were calculated as des-
cribed previously in the Materials and Methods section (equation
3). TABLE IV contains values for the average molar distribution
constants (Kd) for butylate, alachlor, and metolachlor which were
plotted vs the inverse temperatures (1/°K) to obtain the AH's
shown in Figure 3.

Soil Column Leaching. The distribution of radioactivity from
[1*C]butylate applied at 4.5 KG/HA and [!*Clalachlor and [!“C]-
metolachlor applied at 2.25 KG/HA and leached with 15 cm of water
in Felton sand, is shown in Figure 4. Although all three herbi-
cides are mobile in this soil type, butylate showed less mobil-
ity, with 59.6% of the applied raidoactivity found in the upper
10 cm of the column, while 28.4% and 24.3% of the applied l*C

was found in the upper 10 cm of the alachlor and metolachlor
columns, respectively.

In Keeton sandy loam, mobility was reduced (Figure 4), but
54.6% of the butylate remained in the 5 cm treated area, while
36.3% and 28.2% of the applied alachlor and metolachlor remained
in this section.

In Prairie silty clay loam (Figure 4), the mobility of all
three herbicides was greatly reduced due to the soils' high or-
ganic matter content (8.2%). Most of the applied radioactivity
was found in the upper 10 cm of the column for each compound.

Rf values, calculated by dividing the distance moved by the
water front by the distance moved by the compounds are given in
TABLE V. These values can be used to verify various models. For

TABLE V. Rf of Butylate, Alachlor, and Metolachlor in Various
Soil Columns
Soil Columns
Felton Keeton Prairie Calc. Rf@

Butylate 0.6 0.33 0.17 0.26
Alachlor 0.9 0.5 0.25 0.41
Metolachlor 0.9 0.8 0.33 0.37

2 Rf in Keeton soil were calculated as follows (see ref. 17):
RE = (1+(K)(@s)(_ 1)) where

p2/3 -1
Rf = Rf of the pesticide in the soil column.
K = Freundlich adsorption coefficient from TABLE IV.
ds bulk density of soil from TABLE I.

p = soil pore fraction (0.476).

In Fate of Chemicalsin the Environment; Swann, R., et al.;
ACS Symposium Series; American Chemical Society: Washington, DC, 1983.



240

FATE OF CHEMICALS IN THE ENVIRONMENT

(4]
|

S
|

DISTRIBUTION CONSTANT (K4)
w
I

N
I

> /
]

AH
(cal/mole) _

@® Butylate 284
A Alachlor -5638 -

B Metolachlor -415

3.0

35
(1/7) x 103

Figure 3. Heats of adsorption for Butylate, Alachlor, and
Metolachlor in sandy loam soil.
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example, Hamaker (6) gives an equation for converting from ad-
sorption coefficients (K) to Rf values. In view of the relative
simplicity of this model, the calculated Rf values presented in
TABLE V, (determined from the K values in TABLE V at 20°C) are
good approximations of the actuval Rf determined in these leach-
ing studies.

Discussion

Soil Diffusion. The results from the soil thin-layer diffusiomn
study of butylate, alachlor, and metolachlor appear to be corre-
lated directly to the vapor pressues and inversely related to wa-
ter solubilities (TABLE II) in accord with Henry's law of solute/
solvent interactions (5). Thus, diffusion is the result of pest-
icide vapor movement in equilibrium with the liquid phase of the
soil environment, rather than diffusion in the liquid phase or
movement with the liquid phase. These conclusions are supported
by the following observations: 1) movement with the liquid phase
can be ruled out in these diffusion studies since in the soil col-
umn leaching studies alachlor and metolachlor leached more than
butylate, but diffused less; 2) diffusion in the liquid phase is
not significant since adsorption to soil organic matter would be
expected to play a predominant role, and the results indicate
that soil organic matter had no affect on the diffusion of these
compounds (i.e., greater diffusion occurred in Prairie soil which
had the greatest percent organic matter). The possibility of dif-
fusion occurring in the space between the soil layer and the plas-
tic wrap covering the soil, was ruled out by adding an additiomal
layer of moist soil over the applied herbicides and by observing
that the area of diffusion did not change. The various soil pro-
perties which appear to be important in the diffusion of these
herbicides are soil moisture, soil temperature, and soil bulk
density. Although not enough different soils were tested to es-
tablish these correlations. The absence of diffusion in air-dry
soils was determined in a preliminary experiment and the direct
correlation with temperature is clear in TABLE III. There also
appears to be an inverse correlation between diffusion and soil
bulk density since greater diffusion was observed in the Prairie
soil compared to the Keeton soil. The effect of temperature is
not surprising in view of the relationship between vapor pressure
(p) and temperature (T) shown in equation 5:

log p = A-B/T (5)

where A and B are constants and T is absolute temperature (17).
These findings are consistent with the work of Farmer, et al.,
(18,19) and Igue, et al., (20) who have reported on the impor-
tance of these factors (vapor pressure, temperature, soil mois-
ture content, and soil bulk density) and their effect on the
diffusion of pesticides in soil. 1In addition to water solubility,

In Fate of Chemicalsin the Environment; Swann, R., et al.;
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these are some of the important factors which must be considered
when developing a comprehensive environmental model which in-
cludes pesticide diffusion in the soil.

Soil Mobility. The mobility of these compounds in soil leaching
columns can be directly correlated to their respective water sol-
ubilities (TABLE II). 1In all cases, increasing leaching was ob-
served as follows: metolachlor > alachlor > butylate. Further-
more, soil organic matter appears to be the single most important
soil factor affecting the vertical mobility of these compounds.
This is demonstrated by the slight leaching of all three com-
pounds observed in Prairie soil (OM - 8.2%) in which the differ-
ences in mobility are minimal.

Adsorption of these compounds in the soil is a predominant
factor in their mobilities. A thorough understanding of these
processes results in a better understanding of the mobility of
these compounds in soil.

The K values recorded in TABLE IV are related to adsorption
such that increasing values indicate greater adsorption. In the
present study, butylate exhibited the largest K values in Keeton
soil and is therefore the most strongly adsorbed of the three
compounds studied. These results indicate that butylate would
be the least mobile of these three compounds in that soil type.
This is consistent with the results from the comparative leach-
ing of butylate, alachlor, and metolachlor in three soil types
(including Keeton soil). 1In all soils, butylate exhibited the
least mobility. Adsorption properties of pesticides have been
shown to most uniformly correlate with the organic matter content
of the soil (6). Obrigawitch et al., concluded that soil organic
matter was the single most important soil property affecting me-
tolachlor adsorption and mobility (7). In a single test at one
concentration, the adsorption of butylate and alachlor was great-
er in Prairie loam soil (OM = 8.2%) compared to Keeton soil (OM
= 4.2%). The results from the present study indicate that in-
creased adsorption (corresponding to the increase in soil OM) is
responsible for the decreased leaching observed in the soils with
the greatest OM. Other physical properties of these compounds
which are also correlated with their adsorption properties (K)
are water solubility (Sg,0) and octanol/water partition coeffi-
cient (Pow). Evidence for these types of correlation abound in
the literature (8). It is not surprising that these physical
properties are correlated since they all reflect the solution
properties of the compound. In systems where soil organic matter
is the principle soil constituent responsible for adsorption, the
correlation between adsorption and octanol/water partition coef-
ficient is reasonable, since octanol as a sorbant simulates the
soil organic matter (9). Recently, a method has been proposed
whereby all of these physical properties (K, Pow, SH,0) can be
estimated from the reverse phase-HPLC retention time of a com-
pound (10). This is indicative of the similarity in the physical

In Fate of Chemicalsin the Environment; Swann, R., et al.;
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processes involved in the partitioning of a compound in an RP-
HPLC column (aqueous/organic phase), partitioning in water/soil
and water/octanol systems, and movement in the soil.

Heats of adsorption are shown in Figure 3 for these com-
pounds. These modest AH's probably indicate that hydrophobic
bonding is responsible for adsorption (12). This is consistent
with the non-polar nature of these compounds and the important
role of soil organic matter in adsorption. Soil organic matter
is considered to be hydrophobic (ll). One usually obtains nega-
tive heats of adsorption for pesticides (l2) indicating that heat
is evolved during the process (exothermic). However, with butyl-
ate, a positive AH was observed, which indicates an endothermic
process; thus, heat was absorbed from the system when butylate
was adsorbed by the Keeton soil. The AH observed is also in cor-
respondence with the heats of solution measured for these com-
pounds. Alachlor and metolachlor exhibit positive heats of solu-
tion (greater solubility at higher temperatures) while butylate
exhibits a negative heat of solution, so that its solubility de-
creases at elevated temperatures. The effect of temperature on
adsorption is directly linked to the solution properties of these
compounds at various temperatures.

Butylate probably exhibits a negative heat of solution (and
hence a postive heat of adsorption) due teo the hydroponic effect
described by Tanford (l4). This effect is caused by the disrupt-
ed water molecules rearranging themselves inte a lower energy
state at the hydrophobic surface of the butylate molecule. 1In
addition, there is probably a negative entropy of solution as the
water molecules find themselves in a more ordered state at the
hydrophobic surface of the butylate molecule (15). The butylate
molecule presents a hydrophobic surface from all directions but
metolachlor and alachlor do not (Figure 5).

Conclusions

The good correlation of the results of vapor diffusion and leach-
ing experiments for butylate, alachlor, and metolachlor with
their physical properties has given support to the value of phy-
sical property measurements to predict pesticide movement in the
soil.

Transport of the herbicides by vapor diffusion on moist soil
was shown to be directly related to vapor pressure and inversely
related to water solubility. Transport of the herbicides by
leaching was shown to be inversely related to the Freundlich ad-
sorption coefficient which in turn was directly related to the
octanol/water partition coefficient and inversely related to wa-
ter solubility (16).

Another interesting result was the observed positive heat of
adsorption for butylate (negative heat of solution) and negative
heat of adsorption for alachlor and metolachlor (positive heat of
solution). This result indicates that at low temperatures (near

In Fate of Chemicalsin the Environment; Swann, R., et al.;
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Butylate

Alachlor

Figure 5. Computer generated minimum energy configurations of
Metolachlor, Alachlor, and Butylate.

In Fate of Chemicalsin the Environment; Swann, R., et a.;
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0°C) their relative adsorptivities will converge and that as the
temperature increases, their relative adsorptivities will diverge
as butylate becomes more strongly adsorbed and alachlor and meto-
lachlor become less strongly adsorbed. This result should trans-
late into a reduction of leaching of butylate (compared to ala-
chlor and metolachlor) as the temperature of the soil system is
raised. Thus, the effect of temperature can be handled by an
environmental model for soil mobility by including the heat of
adsorption of the pesticide.
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Mathematical Modeling Application to
Environmental Risk Assessments

R. C. HONEYCUTT and L. G. BALLANTINE
Ciba-Geigy Corporation, Agricultural Division, Greensboro, NC 27419

This gives an example of fate modeling in which the risks of an
insect growth inhibitor, CGA-72662, in aquatic environments were
assessed using a combination of the SWRRB and EXAMS mathematical
models. Runoff of CGA-72662 from agricultural watersheds was
estimated using the SWRRB model. The runoff data were then used
to estimate the loading of CGA-72662 into the EXAMS model for
aquatic environments. EXAMS was used to estimate the maximum
concentrations of CGA-72662 that would occur in various compart-
ments of the defined ponds and lakes. The maximum expected
environmental concentrations of CGA-72662 in water were then
compared with acute and chronic toxicity data for CGA-72662 in
fish and aquatic invertebrates in order to establish a safety
factor for CGA-72662 in aquatic environments.

The major objective of this presentation is to illustrate how an
environmental risk assessment of a chemical can be made using
mathematical models which are available at the present time.
CGA-72662, a CIBA-GEIGY insect growth inhibitor, is used as an
example to show how a risk assessment can be carried out using
the SWRRB runoff model coupled to the EXAMS fate model.

With any environmental risk assessment of a chemical, there
are three factors: 1) The environmental fate of a chemical and
2) the exposure to and 3) the toxicity of the chemical to orga-
nisms inhabiting the environment in question.

The environmental fate of a chemical is usually a function
of many physical and chemical processes which the chemical may
encounter from the time it is applied until it dissipates. Such
processes include: Photolysis on surfaces, in solution or in
air, hydrolysis, biolysis, oxidation, tramnsport by drift, ero-
sion (runoff) and other means of transport and dissipation.
Historically, most risk assessments have emphasized the toxicity
of a chemical separately without adequate consideration of the
amount of exposure to a chemical which an organism might

0097-6156,/83/0225-0249%$06.00/0
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encounter. However, when one considers first the use pattern
and environmental fate of a chemical and uses these to predict
the amount of exposure of an organism to the chemical, then a
more realistic risk assessment is achieved. For example, a
chemical may be very toxic to fish. However, if the chemical is
degraded rapidly in the environment or adsorbs readily to soil
sediment, it may not pose a significant risk to fish living in
areas adjacent to its application. With the advent of environ-
mental models, one can assess the fate of a chemical and couple
these data to exposure and toxicity data to determine safety
margins for biota in the environment.

CIBA GEIGY Corporation is presently using models as an aid
to data interpretation for risk assessment. Our general philo-
sophy is to use the model as an aid to risk assessment and not
as a predictive tool to eliminate definitive studies. Hopeful-
ly, environmental fate models will be useful as a predictive
tool as they become validated.

CGA-72662 will be used as an example to briefly illustrate
an approach to the use of models in environmental risk assess-
ment, CGA-72662 is an insecticide which is being developed for
use on celery in Florida. The celery is usually grown on a high
organic matter muck soil. The recommended application rate is
0.125 1bs. ai/A. A maximum of twelve applications at seven day
intervals may be used for one crop of celery for a total of 1.5
lbs. ai/A. At first glance one might suspect that an environ-
mental hazard might exist from runoff into lakes or ponds adja-
cent to the application site. As will be demonstrated later,
the SWRRB runoff model was coupled to the EXAMS environmental
fate model to further examine this prospect by predicting the
fate of CGA-72662 and predicting the exposure to aquatic orga-
nisms. The results showed very little risk and a high safety
margin for these organisms. Although, the results do not elimi-
nate the necessity to conduct appropriate environmental chemis-
try studies; the results do give us much confidence that CGA-
72662 used in this manner does not pose a significant environ-
mental risk. The model will also help project the need for
future long-term studies.

Description of the Runoff SWRRB and the EXAMS Models

SWRRB - The Simulator for Water Resources on Rural Basins
(SWRRB) was developed at EPA by R. Carsel and is a modification
of the USDA model CREAMS (1). It was orginally developed to
predict daily runoff volume for small watersheds throughout the
U.S. The basic runoff model is based on the water balance equa-
tion:

SM =SM+P -Q~ET -0 -QR

In Fate of Chemicalsin the Environment; Swann, R., et al.;
ACS Symposium Series; American Chemical Society: Washington, DC, 1983.



13. HONEYCUTT AND BALLANTINE Fate Model Application 251

SM is the soil moisture at the beginning.

SM¢ is the soil moisture t days later.

P is the amount of rainfall.

Q is the amount of runoff.

ET is the amount of evapotranspiration.

0 is the amount of percolation below the root zone.

QR is the amount of return flow during the t day period.

Thus, the SWRRB model takes into account many physical processes
which contribute to runoff.

The pesticide component of SWRRB takes into account the
fate of the chemical applied under field conditions: For
example, the amount of pesticide actually reaching the ground
after application over a plant canopy is calculated. Further,
field dissipation of the chemical by photolysis on leaf surfaces
as well as degradation in the soil is accounted for with the
pesticide component of SWRRB. Leaching of the pesticide below
the top lem of soil is also computed and runoff corrected for
such losses. Further, adsorption of the pesticide to soil sur-
faces and sediment is taken into account by SWRRB.

The automated pesticide runoff model consists of a set of
FORTRAN programs which calculate the amount of pesticide runoff
from input of river basin data, rainfall data, pesticide charac-
teristics, and application data. Table I shows the input re-
quirements for the SWRRB model. Table II shows the output data
from the SWRBB model.

Table 1
Input data for SWRRB

Pesticide Name

Soil adsorption constant Kg

Washoff fraction

Foliar surface photolysis (tl/% = days)
Soil decay constant (K = days™1)
Application efficiency

Initial pesticide on foliage (lbs. ai/A)
Initial pesticide on ground (lbs. ai/A)
Enrichment ratio (pesticide contributed by sediment)
Application day (Julian Calendar)
Application rate (lbs. ai/A)

Table II
Output data for SWRRB

1. Listing of input data.
River basin parameters and pesticide characteristics
2. Average daily temperature and solar radiation
3. Soil hydraulic properties by layer
4. Rainfall data
5. Daily pesticide runoff values
6. Average monthly and annual values for pesticide runoff

In Fate of Chemicals in the Environment; Swann, R., et al.;
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EXAMS - The Exposure Analyses Modeling System was developed
at EPA by Burns, Cline, and Lassiter (2) The model is based on
the conservation of the mass of a chemical within a dynamic
aquatic environment. The following equation can be used to
mathematically describe the model.

ds

dt

=V+Pp+Pg+H+A+M+Se+D-1L

where S = concentration of the chemical in the system
V = volatilization
Pp = direct photolysis
Pg = sensitized photolysis

= hydrolysis

= breakdown by photo—autotrophs

= microbial degradation

Se = exchanges with sediment reservoirs

D = dilution

L = loadings of chemical into system

X o

The particular model can be viewed as composed of several
compartments as shown below for a lake in Figure 1.

1 L — |3 L —> |5 E —>» | 8 L
2 B 4 B 6 H 9. B
7 B

Figure 1. Compartments of EXAMS. Key: L, Littorial, top; B,
Benthic, bottom; E, Ipilimnion, upper layer of water; H,
Hypolimnion, lower layer of water.

In Fate of Chemicals in the Environment; Swann, R., et al.;
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Any compartment of the aquatic ecosystem can be represented as a
particular volume containing water, particulate matter, biota,
dissolved materials, etc. Loadings and exports are represented
as mass fluxes across the boundaries of the volume element (pro-
cesses Se, D and L). Reactive processes are treated as point
processes centered within the volume. Thus, the EXAMS model
takes into account both physical and chemical processes that
affect the environmental fate of a particular chemical.

The automated EXAMS model consists of a set of FORTRAN pro-
grams which calculates the fate, exposure and dissipation of the
chemical from input environmental data such as: 1) Global para-
meters (rainfall, irradiance, latitude), 2) Biological parame-
ters (biomass, bacterial counts, chlorophyll), 3) Depths and in-
lows, 4) Sediment characteristics, 5) Wind, 6) Evaporation, 7)
Aeration, 8) Advective and turbulent interconnections, 9) Water
flow, 10) Sediment flow, 11) pH and pOH, and 12) Temperature.
Also characteristics of the chemical are taken into account such
as hydrolysis photolysis, oxidation, biolysis, and volatility.

Table III shows some of the input requirements for EXAMS.

Table III
Input Parameters for EXAMS

1. Compound name

2. Molecular weight (g/mol)

3. Solubility (ppm) mg/L

4. Soil adsorption constant (mg/kg + mg/L)

5. Vapor pressure (torr)

6. Quantum yield

7. Reference latitude

8. Biolysis rate constant (g/hr. cells)

9. Photolysis rate constant (hr.”1)
10. Hydrolysis rate constants (e.g., acid hr.~1/M)
11. Dissociation constants (ac¢id, base, neutral)

Table IV shows the types of output data from EXAMS:

Table IV
Output Parameters for EXAMS

1. Chemical input data

Parameters describing environment

3. Maximum, average and minimum concentrations of chemical at
steady state

4. Degree to which each chemical and physical process effects
dissipation

5. Distribution of chemical between water, sediment and biota

6. Daily accounting of chemical concentrations in water and
sediment

7. Degradation rates for each process

8. Exposure analysis summary including persistence evaluation

[
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Use of SWRRB and EXAMS to Assess the Hazard of CGA-72662 to an
Aquatic Environment

SWRRB

The SWRRB runoff model was used to determine the amount of CGA-
72662 that would runoff of a hypothetical 3.2 acre watershed
with a predominant muck soil type. The following were the SWRRB
input data.

1. Chemical name = CGA-72662
2. Soil adsorption constant = Kq = 49.5
(The organic matter content of muck soil in Florida is
about 80%.)
3. The washoff fraction = 1.00.
4. Foliar surface photolysis =t, , = 1 day.
5. Soil decay constant = 0.008 day!.
6. Application efficiency = 0.65
(65% of CGA-72662 reached the ground.)
7. 0 lbs. ai/A on foliage before application.
8. 0 lbs. ai/A on ground before application.
9. 12 applications at 0.125 1bs. ai/A/applications at 7 day
intervals.
10. River Basin = Watkins 2 3.2 acres.

The runoff for 1974 and 1975 was calculated by SWRRB to be 0.001
1bs. ai/A for each year,

This runoff figure was then used to calculate the amount of
CGA-72662 that could enter the EXAMS aquatic environments due to
runoff during one season.

SWRBB-EXAMS Interconnections -~ Calculation for Load Input into
EXAMS Pond

Using the following equations from Reinert (3), the expected
environmental concentration in water (EECy) due to runoff into
the EXAMS pond can be calculated:

W, = Weight of water in EXAMS pond of volume 2 X 10* M3
Wy =2X10* M X 1 ft.3 X 62.4 1b./ft.3 = 4.46 X 107
1b. 0.028 ¥
Wg = weight of sediment in pond.
1 .

W = 6.75 X 105 kg x ~200 0. _ y 49 x 106 1b.

453.6 kg
Z, = load that will partition into water of pond.

In Fate of Chemicals in the Environment; Swann, R., et al.;
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.—E(—ww)_ 7 = load
Wg(Kgq)+Wy, W, = weight of water
Wg = weight of sediment
soil adsorption constant = 49.5

Zy =

~
-9
]

Z = 0.001 1lbs., ai/A runoff X 3.2 acres 2 watershed

Z = 0.0032 1lbs. load
0.0032 (4.5 X 107)

Zy = = 0.0012 1b. CGA-64250
into (1.5 X 108)(49.5)+4.5 X 107 pond water
The Expected Environmental Concentration (EECy) in water
is:
6 6
grc,, - ZaX 105 _0.0012 X 10° _, s
ppm Wy 4.46 X 107

The non point source flow rate (NPSFL) into the EXAMS pond is
5.1 X 103 kg/hr.

Calculation (3) of the non point source loading rate
(NPSLDG) into the EXAMS pond is then:

NPSLDG = EEC,, X NPSFL X 107 kg/hr.
=2.,7 X105 X 5.1 X103 x 10°® kg/hr.
NPSLDG = 1.38 X 10~7 kg/hr.

This loading rate is then input into EXAMS pond environment.

The non point source loading rates (NPSLDG) for an
Eutrophic Lake or an Oligotrophic Lake can be similarly calcu-
lated using the Reinert - (3) Approach.

Use of EXAMS Ponds and Lakes to Determine Environmental Fate of
CGA-72662

The following data were input into the EXAMS model to determine
the fate of CGA-72662 resulting from runoff (0.001 1lbs. ai/A)
into ponds or lakes.

Molecular weight 166.19 (grams/mole)

Solubility 15,000 ppm

kg = 49.5

Vapor pressure = 10~® torr

Reaction quantum yield = 0.3

Direct photolysis rate = 6.93 X 152 hr.7!

Reference Latitude = 32

Hydrolysis (none at pH 5,7,9 - 30-70°C for 28 days)

. 2nd order rate constant for bottom biolysis = 1.7 X 107!
100g/hr. cells

.

WOV WA~

In Fate of Chemicals in the Environment; Swann, R., et al.;
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10. NPSLDG for pond = 1.38 X 10~7 kg/hr.
11. NPSLDG for Eutrophic Lake = 3.6 X 10~® kg/hr.
12. NPSLDG for Oligotrophic Lake = 3.6 X 10~® kg/hr.

The output from EXAMS gives the environmental fate of CGA-72662
and shows what the exposure levels of CGA-72662 are to aquatic

organisms inhabiting ponds and lakes adjacent to an application
site. These data are shown in Table V.

Table V

Environmental Exposure Levels of CGA-72662

Max imum Maximum Self-
Concen- Concen- Purifi-
tration tration cation
in Water in Sediments Half-Life Time
Environment ppm ppm in Days Mo.
Pond 1.6 X 10-8 1.5 x 108 12.6 9
Eutrophic 1.4 X 10~6 8.5 X 1077 61.2 12
Lake
Oligotrophic 5.2 X 1077 1.7 X 1077 4.8 3
Lake

The data in Table V indicate that runoff of CGA-72662 from 12
applications would result in extremely low concentrations of
CGA-72662 in ponds and lakes. The water column in all cases
would contain all of the chemical, the sediment little or no
CGA-72662. It follows from these data that exposure of CGA-
72662 to aquatic organisms would be low. The data in Table V
also shows that CGA-72662 would be persistent only in eutrophic
lake environments. After the load is removed, the half-life of
CGA-72662 in ponds, eutrophic lakes and oligotrophic lakes was
13, 62, and 5 days respectively. Self purification times were
9, 12, and 3 months respectively.

Table VI shows the final risk assessment of CGA-72662
to aquatic organisms.

In Fate of Chemicals in the Environment; Swann, R., et al.;
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Table VI Risk Assessment
CGA-72662

Aquatic Safety Factors (LC.,/MEC,)

LCs Eutrophic Oligotrophic

Species (ppm) Pond Lake Lake
Bluegill Sunfish >90 5.6 X 107 6.4 X 107 1.8 X 108
(Lepomis
macrochirus)
Rainbow Trout >88 5.5 X 107 6.3 X 107 1.8 X 108
(Salmo gairdneri)
Channel Catfish >92 5.8 X 107 6.6 X 107 1.8 X 108
(Ictalurus
punctatus)
Freshwater 93 5.8 X 107 6.6 X 107 9.3 X 108
Invertebrate

(Daphnia magna)

The toxicity of CGA-72662 to fish and daphnids was determined
from aquatic laboratory tests. The LC., was then compared to
the maximum env1ronmental concentration of CGA-72662 expected
(from EXAMS) in ponds and lakes. The ratio of LC, 'MEC is
called the aquatic safety factor.

Aquatlc safety factors ranged from 5.5 X 107 for rainbow
trout in ponds to 9.3 X 108 for daphnia in lakes. These data
emphasize that exposure levels of CGA-72662 are low and must be
taken into account for a risk assessment. Although the persis-
tence of CGA-72662 in eutrophic lakes is relatively long, the
exposure 1is extremely low and of no environmental consequence.
Overall, use of SWRRB runoff and EXAMS models show CGA-72662 to
be very safe in aquatic habitats when used on vegetables in
Florida muck soil.

Limitations of SWRRB and EXAMS Models

No discussion of the use of runoff and environmental fate models
would be complete without pointing out their limitations and
pitfalls.

In Fate of Chemicals in the Environment; Swann, R., et al.;
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SWRRB Limitations and Pitfalls

1. Since the existing watersheds in the model are based on
collected field data, choice of application dates are cri-
tical since the intensity of rainfall is important. Real-
istic dates must be chosen to coincide with recommended
application times before or during the growing season.
E.g., choosing a date just prior to a 4" rain will be a
worst case scenario, but may be the wrong time of year.

2. Choice of soil type and adsorption constants are less cri-
tical than choice of application dates.

3. The application efficiency must be determined or chosen
carefully.

4. The photolysis and soil degradation constants must be real-
istic for the compound in question. Laboratory or field
studies are usually needed to confirm these numbers.

5. Choice of watershed must be realistic and the watershed
should have pertinent crops on it.

Table VII shows a sensitivity analysis on the SWRRB model., It
can be seen that the intensity of the rainfall is one of the

most important parameters affecting runoff.

EXAMS Limitations and Pitfalls

1. Pesticide input data must be accurate and realistic for the
chemical in question. E.g., minor changes in input load
may result in major changes in output data.

2. The EXAMS model was designated for point source pollution
examination. However, modification for non point source
pollution can be done.

3. EXAMS may not take into account other important transfor-
mation or transport processes that occur in natural aquatic
environments. Thus, validation is important.

Table VIII shows a sensitivity analysis on the EXAMS model.
Changing the input load dramatically changes the concentration
of chemical in both water and sediment. Photolysis rates appear
to effect the model less than input loads. Changing the soil
type effects the purification time of the system and not so much
the water concentrations of the chemical indicating the influ-
ence of chemical adsorption to degradation.

In Fate of Chemicals in the Environment; Swann, R., et al.;
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Table IX is a summary of the sensitivity of SWRRB and EXAMS to
change in inputs. These data are taken from Tables VII and

VIII. It can readily be seen that SWRRB is sensitive to rain-
fall intensity while EXAMS is sensitive to input load changes.

Table IX
EFFECTS ON SWRRB AND EXAMS DUE TO SENSITIVITY

Effects (Fold Change)

Parameter Amount of Conc. in
Changed Change Runoff EXAMS POND
1bs. ai/A (ppm)
Soil Type Kyq 67X* NONE NONE
Total Rainfall 5% NONE -
Intensity of Rainfall - 23X+ -
Soil Degradation Rate 17X NONE -
Photolysis Rate 20X NONE -
Photolysis Rate 10X - 3Ix+
Input Load From Runoff 61X - 160X+
* 49.5
—_— = 67
0.74
Summary

1. Environmental models which are accessible today can be used
for exposure assessment of pesticides.

2. For a realistic risk assessment, the environmental fate,
exposure levels and toxicity of the compound must be con-
sidered in an integrated fashion.

3. The SWRRB runoff model coupled to the EXAMS fate model can
be used to predict exposure levels of chemicals to aquatic
organisms. Safety factors can then be calculated.

4. Limitations do exist with each model. Care must be taken
to describe both the environments and chemical characteris-
tics in a realistic manner.

In Fate of Chemicals in the Environment; Swann, R., et al.;
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Application of the Preliminary Pollutant Limit
Value (PPLV) Environmental Risk Assessment
Approach to Selected Land Uses

DAVID H. ROSENBLATT, MITCHELL J. SMALL, and
ROBERT J. KAINZ

U.S. Army Medical Bioengineering Research & Development Laboratory,
Fort Detrick, Frederick, MD 21701

The site-specific Preliminary Pollutant Limit
Value (PPLV) process for environmental risk assessment
has been applied to contaminated land areas in order to
determine what use might be made of them at various
levels of contamination. The process involves exami-
nation of the potential for each chemical of concern to
proceed from the soil or water, through defined
pathways, to man or other target organisms. Each
pathway is treated as 1f it consisted of a series of
compartments at equilibrium, except that the exposure
of man to the last of these compartments 1is handled as
a consumption rate process. The best available
toxicological information is used to estimate an
acceptable daily dose, (D), for human (or other
organism) exposure to each compound. This value is
used to calculate levels of the compound in the soil or
water such that Dp 1s not likely to be exceeded during
the course of specified categories of human activity.

A PPLV 1is derived from consideration of the Dy along
with the probable exposure level. Four specific
examples of the use of the PPLV concept are described
to illustrate how the concept 1s applied in real world
situations. Soil and water PPLVs are developed for
several compounds. These PPLVs vary according to
envisioned scenario; for example, subsistence farming,
residential housing, hunting, fishing, and industrial
or timbering operations. Each scenario entails one or
more exposure pathways. The PPLVs so derived allow for
various options for cleanup or restriction of land use,
such that public health will not be jeopardized by
residual contamination. FEach potential cleanup effort
represents a different level of hazard reduction. The
PPLV concept facilitates decisions as to the effective
use of limited dollars to clean a site to a level of
intended use.

This chapter not subject to U.S. copyright.
Published 1983, American Chemical Society
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The US Army, which for several years has had responsibili-
ties for renovating contaminated tracts of land, has developed a
conceptual framework that can accommodate a variety of decision-
making processes and models to respond to the question, "How
clean i1s clean?" This approach focuses on determining accept-
able pollutant residue levels as goals for remedial action. It
recognizes that potential land use, courses of remedial actionm,
the nature and extent of contamination, and the population at
risk are all considerations that may affect those goals.
Despite its flexibility, the Army methodology can be described
well in terms of referenced scientific estimation methods or
correlations and in terms of recently developed paradigms. The
Army’s Preliminary Pollutant Limit Value (PPLV) concept (1,2,3),
a decision tool, 1s being used and continually improved.

The site-specific PPLV process involves examination of the
potential for each chemical of concern to proceed from its
point(s) of origin in the soil or water, through defined path-
ways, to the target organism, typically man (Figure 1). For
human targets, the compartments along the pathway are assumed to
be at equilibrium, except that human exposure is handled as a
rate process (Figure 2). It must be assumed that the compound
of interest does not decompose and that 1f decomposition does
occur, the hazard is reduced rather than increased. 1In cases
where this does not hold true and where products pose serious
problems, individual detection, identification, and evaluation
should be undertaken to address the decomposition products,
treating them as new compounds.

The best available toxicological information is used to
estimate an acceptable daily dose, Dy, for human exposure to
each compound. This is then used to calculate levels of the
compound in the soill or water such that Dp is not likely to be
exceeded during the course of specified categories of human
activity. A PPLV is derived from consideration of the Dy along
with the probable exposure level. PPLVs vary according to
envisioned scenario, e.g., subsistence farming, residential
housing, hunting, fishing, and industrial or timbering opera-
tions. Each scenario entails one or more exposure pathways.
PPLVs permit assessment of the various options for cleanup or
restriction of land use, such that public health will not be
jeopardized by residual contamination. Each potential remedial
action represents a different level of hazard reduction. The
PPLV concept contributes to cost-effective decisions on the use
of funds for such remedial actions, in accordance with intended
levels of use,

~ The PPLV process has been applied in several contexts.
Each application has revealed new aspects that had not been
considered previously (Table I). Nevertheless, the examples
share one characteristic common to toxic chemical risk analysis;
an acceptable exposure level must be combined with a relation-
ship between source concentration and estimated degree of
exposure. This concept has been published previously(l,2,3);

In Fate of Chemicalsin the Environment; Swann, R., et al.;
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Figure 1. Pathways from soil via water, plant, and animal
compartments to man.
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Figure 2.
to man.
toxicant, Dy, can be obtained from seven sources of literature

information.
R x Ca _

Table I.

The pathway from soil via water, plants, and animals
In this fate model, the acceptable daily dose of

The equation for acceptable daily dose is:

PPLV Studies Related to Selected Land Uses

Scenarios and Associated

Site Pathways Compounds of Potential
(Ref) Scenarios Pathways Concern at Site
Alabama Subsistence Vegetable 2,4,6-Trinitrotoluene
AAP (4) agriculture consumption (TNT)
2,4-Dinitrotoluene (DNT
Livestock N-Methyl-N,2,4,6-tetra~
consumption nitroaniline (Tetryl)
1,3,5-Trinitrobenzene
Dairy ( TNB)
consumption 1,3~Dinitrobenzene (DNB)
Diphenylamine
Soil Aniline
ingestion N,N-Dimethylaniline
Nitrobenzene
Residential Vegetable Nitrocellulose®
housing consumption Lead®
Soil
ingestion
Apartment Soil
housing ingestion

In Fate of Chemicals in the Environment; Swann, R., et al.;
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Savanna
ADA (5)

Gratiot
County
Landfill
(6)

Bangor
Naval
Submarine
Base
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Table I--continued

Industrial
Hunting
Timber
harvesting
Recreational

fishing

Downriver
drinking
water supply

Subsistence
agriculture

Residential
housing

Industrial

Recreational
fishing

Dust
inhalation

Meat
consumption

Dust
inhalation

Sediment to
bottom
feeders

Dry lagoons
leaching to
river

Livestock
(soil)

Water
ingestion

Dust inhala-
tion or water
ingestion

Fish and
shellfish
consumption

TNT
DNT
TNB

Hexahydro-
1,3,5~-trinitro~
1,3,5~triazine (RDX)

Polybromobiphenyls
(PBBs)

TNT

RDX

Picric acid®

Picramic acid®

Propylene glycol
dinitrate (PGDN)

a. Not a toxic hazard.

b. Lead presents some complex problems.

These were discussed

at length by two of the present authors (Ref. 4).

c. Plcric and picramic acids are strongly ifonized, Not enough
is known of their bioconcentration behavior to permit cal-
culation of a bloconcentration factor; hence, they will not
be discussed further in the present report.

In Fate of Chemicals in the Environment; Swann, R., et al.;
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the present report concentrates on its use in deriving limit
values associated with selected land uses.

Acceptable Daily Doses (DT)

The acceptable daily dose of a toxicant (in mg/(kg x day)), Dy,
relative to chronic human health effects, 1s central to PPLV
calculations. Table II lists seven sources of information from
which D values may be drawn. From this, it is seen that, if
there is available an ADI (Acceptable Daily Intake) value
originating with the World Health Organization (7), then that
figure should be used as .

A second excellent, but limited, source of information is
the 1list in the National Interim Primary Drinking Water Regu-
lations; its MCL (Maximum Concentration Level) values (8) are
directly convertible to Dp values (1,2,3) by applying the factor
weight of water consumed + body weight:

Dp = MCL/35

A third generally accepted source of values is the collec-
tion of TLVs (Threshold Limit Values) published by the American
Conference of Governmental Industrial Hygienists (9) and
utilized by the Occupational Safety and Health Administration.
Conversion of these to (10) involves three factors: The
first 1s division by 7/5 (= 1.4) to convert from a normal 5-day
workweek to a 7-day exposure week. The second is division by
100; this allows for exceptionally sensitive individuals, who
would not normally be part of the work force, and takes into
consideration the completely involuntary and unsuspected nature
of the exposure. The third factor converts from TLV (expressed
in mg m™7) to a total dose; the breathing rate, RB’, for a 70-kg
person (BW = body weight) doing 1light work is taken as 12.1
m3/8-hr day (10). Thus,

Dp = (TLV x RB")/(140 x BW) = TLV/810

TLVs must be used cautiously to preclude the effects of hidden,
inapplicable assumptions,

A fourth official source of values is the Food and Drug
Administration, whose guldelines find occasional use in deriving
PPLVs. For example, for a given compound, where the guideline
is for concentration in beef fat,

D. = (Meat consumption rate)(Fraction fat in meat)(guideline value)
T BW

The remaining listed sources from which Dy might be derived
involve animal experiments. Although similar experiments were
the ultimate source of the first four methods for calculating

In Fate of Chemicalsin the Environment; Swann, R., et al.;
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Information Sources from which to Derive Values of

Acceptable Daily Doses (DTS) of Toxic Pollutants
for Human Beings (in Order of Priority)

Calculation
Input Information Required Reference
Existing Standards
Acceptable daily intake None WHO (7)
(ADT)
Maximum concentration Adjust for water EPA (8)

level (MCL) in drink-
ing water

Threshold limit value
(TLV) for occupational
exposures

FDA guidelines for
concentrations in
foods

consumption level

Use factors for
breathing rate,
exposure time,

safety factor -of 1072

Use factors for con-
sumption of
particular foods

Experimental Results in Laboratory Animal Studies

Lifetime no-effect
level (NELL)

Ninety-day no-effect
level (NELgq)

Acute toxicity (LD50)

Use_safety factor of
1072

Use_safety factor of
10°

Use safety gactor of
1.155 x 107

ACGIH (9,10)

FDA

In Fate of Chemicals in the Environment; Swann, R., et al.;
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Dm, the toxicological experiments referred to here have not gone
tgrough the process of extrapolation, evaluation, and consen-
sus. Thus, they are used only in the absence of better data.
The no-effect level (NEL) from a chronic or lifetime study in a
laboratory animal is diminished by a factor of 100 (11), {f.e.,

Dp = NELp x 1072

The widely accepted safety margin of 10~2 should be sufficient
to allow for interspecies differences and especially susceptible
individuals or groups within the population.

The no-effect level from a subchronic (90-day) study is
assigned an additional safety factor of 10 because of the
shorter period of exposure (11). Hence

= -3

The most likely toxicity value to be found in the litera-
ture 1is the LDg (dose lethal to 50% of the animals) for some
laboratory species, usually rat or mouse. This value may be
obtained by plotting on probit paper the fraction of experi-
mental animals killed against the acute dosage. There is seldom
enough information to permit extrapolation to a dosage at which
only a very small (e.g., 1%) fraction of the animals would be
killed, much less to an acceptable risk level., Handy and
Schindler (l}), however, assume a safe limit for the 2aximum
body concentration of a toxic substance to be 5 x 107" x LDsq .
Based on experimental studies, they also assume a biological
half-1ife of 30 days, which implies a disappearance rate of
2.31% per day. If the daily intake of the toxic substance is
made equal to the daily disappearance rate at the safe concen-
tration limit, then that safe concentration is maintained.
Thus,

Dr = 2.31 x 1072 x 5 x 1074 x Ldgy = 1.155 x 107> x LDg,

This is the least desirable method of estimating D but may be
the only available method when new or relatively unfamiliar com-
pounds are being dealt with.

Carcinogens pose a special challenge; although characteri-
zation of certain compounds as suspected carcinogens might be
agreed upon by most researchers, there is no consensus among
scientists regarding a suitable mathematical model for carcino~
genesis; neither is there an accepted "safe" level for a car-
cinogen. For the time being, the authors regard a risk level of
one cancer death per hundred thousand lifetime exposures to be
an acceptable criterion for carcinogenic pollutants that do not
threaten a large population., Such criteria have been published
by the U.S. Environmental Protection Agency for drinking water
pollutants (13).

In Fate of Chemicalsin the Environment; Swann, R., et al.;
ACS Symposium Series; American Chemical Society: Washington, DC, 1983.



14. ROSENBLATT ET AL. Preliminary Pollutant Limit Value Process 271

Partition Coefficients

Assume that between any two adjacent media (such as soil and
water or water and crops) the pollutant 1s partitioned in a
perfectly constant manner, e.g.,

Cg = Acceptable concentration in soil
Cy = KguCg = Acceptable concentration in water
C, = Kprw = Acceptable concentration in plant(s), dry

welght basis
C, = Kpan = Acceptable concentration in meat animal

Also,

Cp = KgpCs = KgiKpCs

The K values are partition coefficients. The assumption
that these are real constants 1s seldom completely true, of
course, because equilibrium 1s rarely achieved and because the
equilibrium ratios generally are not the same for all concen-
tration levels. Moreover, it is difficult to find the needed
information, and one must often accept a single literature value
as typlcal of a given intermedia transfer. When the organic
content of the soll is known or can be accurately estimated, omne
can usually derive Kgy from a compound’s aqueous solubility, S,
or its octanol/water partition coefficient, K, (14) Values of

as namely "bloconcentration factors" between feed and meat
animals (15,16), can also be derived from S or K Bioconcen-
tration factors between water and fish are well documented
(14). A considerable weakness exists in our perception of the
proper estimates to use for partition coefficients between soil
and edible crop materials, Thus, at one time, two of the
present authors used a default value of Ky, = 1 for munitions
compounds that are neither very soluble in water nor very
insoluble (4); at another time, a value of was assumed for
compounds with very low values of K i.e., polybromobiphenyls
6).

sw?

Scenarios, Single Pathway PPLVs (SPPPLVs), and PPLVs

For each category of land or water body use, one may envision a
simplified scenario. 1In each scenario, only those activities
most likely to lead to toxic exposures are considered. For
example, In the industrial scenario, indoor workers would not be
exposed to levels of dust bearing high concentrations of soil
contaminants; outdoor workers who stir up dry soil with heavy
machinery, however, could expeet to inhale contaminant-laden
dust. A scenario could involve more than one exposure path-—
way. Thus, the industrial worker might drink water from a
contaminated well, in addition to breathing contaminated dust;
these exposures might represent not only different pathways but
different sources.

In Fate of Chemicalsin the Environment; Swann, R., et al.;
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An SPPPLV usually involves Dp, one or more K values, and a
rate of ingestion, inhalation, or other contaminant transfer
factor. Additional factors may be included to account for
effects that modify intensity or time of exposure. Examples of
general equations of this sort have been published previously
(1,2,3); those useful in the present examples have been modified
as required.

Where pathways have their origin in the same medium or have
a common point of intersection, a simple calculation is used to
adjust the concentration at the origin or the intersection such
that SPPPLVs taken together provide the target organism, usually
humans, with an exposure providing exactly Dp. Thus, for
SPPPLVs via three pathways from the same source:

PPLV = [1/(SPPPLV)1 + 1/(SPPPLV)2 + 1/(SPPPLV)3]-1
If several independent sources of the pollutant have to be
considered, the individually calculated PPLVs must be reduced to

some arbitrary combination consistent with the Drp.

Physicochemical Properties

For the studies summarized in Table I and discussed in the
following sections of the text, physicochemical properties
(including partition coefficients) were collected from a variety
of reference documents or estimated according to available
equations (Table III). Acceptable dalily doses were calculated
from toxicological data (Table III)., When more than one
equation was available, judgment was used to determine which to
apply. Table III excludes those contaminants footnoted in
Table I. A default value of 1.0 was adopted for Ky, for the
first nine compounds of Table III (4). For PBBs, tge value of
log Koo was calculated from the solubility in creek water

(7.96 x 10~% uM), according to the equation (1,3):

log K,, = -0.557 log S + 4.277 = 6,003
With an_assumed 2% organic carbon content in soil, K, =
g ; 1013"£or PBBs; 1if Kip 1s assumed to be 5, Kgp = Koy X Ky =
S x .

Alabama Army Ammunition Plant (4)

The 5,168-acre Alabama Army Ammunition Plant tract, on the banks
of the Coosa River in Talladega County, AL, is 4 miles north of
Childersburg, AL (4). Plant operations, between 1942 and 1945,
left residues from the manufacture of diphenylamine, TNT, DNT,
and tetryl. Some of these compounds have been found on the
site, and others are suspected. The shallow water table,
draining to the Coosa River, 1is probably contaminated, bhut only
deeper, uncontaminated aquifers would be used as the source for

In Fate of Chemicalsin the Environment; Swann, R., et al.;
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Table III. Physicochemical Constants and Acceptable Daily
Doses (Dp) of Soil and Water Contaminants®

Doh
b s¢ Log ky® ) ¢ (mg?kg/

Contaminant® (mg/L) K, (day™ ") Koa BCF8 day)
TNT 1247 1.843 sk 6.7x1073 14.71  1.4x1073
DNT 2731 1.98m  4.6%  4.3x1073 - 3.2x1072
Tetryl L — - 1.4x20"2 ~- 1.8x1073
TNB 321 1,18%  9.6%  1.4x1072 - 5.8x1073
DNB 370l —- - 3.6x1073  ——  1.2x1073
Diphenyl- 360 - - 1.3x1072  —  2.0x1072

amine
Aniline 35,000° - - 2.8x107% - 1.2x1072
N,N-Dimethyl- 16,0000 - - 4.4x107% - 3.0x1072

aniline
Nitrobenzene 1,780P - - 9x1073  —- 6.2x10™3
RDX 421 0.879 12.9% - 4.2 1.0x10738
PBBs 5x10”4¢ - - - - 3.73x 10-4u
PGDN 1,300V 0.90¥ - - 2.81  2.5x1074%

a. Only data useful for the present report are given here.

b. See Table 1 for abbreviations.

ce. Solubility.

d. Log octanol/water partition coefficient,

e. Depuration rate constant for fish (17).

f. Basic data for equations presumably involve contaminant con-
centrations in dry feed. Experiments were carried out long
enough for a steady concentration in fat to be reached for any
concentration in feed. K a = BF x 0.3 for cattle, For all
calculated values of BF sgown in this table, the equation used
is log BF = 1.2-0.56 log S, (when S must be expressed in mg/L)
(15).

- Table III continued on next page
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Table I1I--continued

g. BCF = Concentration in whole fish/concentration in water,

h. Dy = acceptable daily dose, as discussed in text. Sources of
Dy are provided for the first 9 compounds in Reference ®;
the value for DNT is based on a criterion of one excess cancer
death in 10° lifetime exposure,

i. Reference (18).

j. Calculated from value for TNB (19) by method of Reference
(14).

k. Tog ky = 1.47-0.414 log K, ; ky in day™! (17).

1. Log BCF = 0.76 log K,, —0.3, from Reference (14)

m. Reference (19).

n. Reference (20).

0. Reference (21).

p. Reference (15).

q. Reference (22).

r. Average value for 27-day studies (23/.

s. Reference (24).

t. For creek water; solubility in distilled water is 9 times
lower (25).

u, Based on FDA guideline of 0.3 mg/kg in beef fat (26), 30%
fat in beef, and consumption of 0.29 kg/day, -

0.29 x 0.3 x 0.3

DT BW

= 3.73 x 10° mg/kg

ve Reference (27).
Ww. Estimated according to Reference (14).

x. Estimated from TLV (9) of 0.2 mg/m3 according to equation

in text.
D = (Breathing rate for 8-hr work day)x(TLV)x(5 day work week)
T (Body welight)x(7 day work week)x(safety factor)

2 12.1 m3 x 5 days x 0.2 mg/rn3
70 kg x 7 days x 100

In Fate of Chemicals in the Environment; Swann, R., et al.;
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water supplies. Hence, groundwater contamination was not
considered in PPLV scenarios.

Consumption of 1livestock and dairy products, as well as
ingestion of soll by children, were considered for the sub-
sistence agriculture case, but the SPPPLVs were significantly
higher than for vegetable consumption; similarly, soil ingestion
by children was considered for the residential housing scenario.

For the subsistence farming and residential housing
scenarios, the only significant pathway for the nine organic
compounds of concern would be that from soil via vegetable

consumption. The SPPPLV (and also, in this case, the PPLV)
would be:

BWxDT
Cs = Vegetable Consumption (dry weight) x Ksp =
70 DT
ST kg x 1T - 3 D

On the other hand, 1f the land were to be used for apart-
ment housing, the growing of significant amounts of vegetables
would not be expected. Here, the only significant pathway was
adjudged to be via ingestion of soil by children, with an
estimated consumption of 0.1 g (107" kg), per 12~-kg child per
day. The pathway-related equation for this situation is:

12 D,

- _ 5
C, = ——= = 1.2 x 10° D,

For the industrial setting, the outdoor worker scenario, as
mentioned above, represents a worst case. Owing to wind and
weather conditions, one assumes that the worker 1s exposed to
dust only 50% of his approximately 225 workdays. The maximum
dust_concentration is the normal nuisance dust TLV (9) of 10~
kg/m3, breathed by a 70-kg adult at a rate of 12,1 ﬁj'per 8-hour
workday (ﬁ). A factor of 10 is introduced (see equation below)
to account for a more robust worker population than the general
population. From these assumptions, the calculation is

365 x 70 x 10 x DT 7
CS =—= 2.35 x 10 DT
10 " x 225 x 0.4 x 12.1

For DNT, an oncogen, the factor of 10 is inappropriate, so that

- 6
Cg = 2.35 x 10° p;

In Fate of Chemicals in the Environment; Swann, R., et al.;
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Timber-harvesting might involve perhaps 4% of the exposure
to dust posed by other outdoor industrial activity; hence, the
values of C; would be higher by a factor of 25.

Ingestion of venison taken in hunting activity 1s assumed
to be 11 kg by each member of a family of four per year. The
value of a is adjusted by a factor of 2/3, because venison is
a leaner meat, perhaps 207 fat, than beef. The animals browse
over a wide area, including uncontaminated land, for which
reason a factor of 0.1 1s introduced. The equation thus derived
(with BW = 70) is

70 x 365 x DT

C =
s 0.1 x (2/3) Kpa x 11

4
= 3,48 x 10 DT/Kpa

Results for the five scenarios examined in detail are shown
in Table IV. It may be seen that subsistence farming and resi-
dential housing entail the most restrictive PPLVs at the Alabama
AAP site.

Savanna Army Depot Activity (5)

The 5,330 hectare (13,170 acre) Savanna Army Depot Activity,
north of Savanna, IL, consists of high ground and Mississippi
River flood plain. In the flood plain are 223 hectares of
waterways connected to the river; about 10 hectares of sediment
plain in these waterways are considered potentially contaminated
by munitions-related compounds (see Table I). Of these
compounds, only TNT has been isolated (0.3 mg/kg in one sediment
sample); DNT, TNB, and RDX are associated with TNT in other
nunitions contexts, hence they were also included. The water-
ways are fished by a number of activity personnel and

retirees. These persons and thelr families may eat some of
their catch, and thereby ingest those compounds that might be
present in the fish (predominantly carp and catfish, hoth bottom-
feeders). Acceptable safe sediment level guidance for these
compounds was therefore desired.

The activity also has six bermed dry lagoons whose total
area comprises 0.521 hectares. RDX has been found in surface
soils of lagoons on high ground at levels up to 4,000 mg/kg.

TNT and TNB have been found in groundwater beneath these high-
ground lagoons at concentrations below 0.5 mg/L, and could be
assumed to reside in lagoon soil, as could DNT. This ground-
water 1s directed to the Mississippi River. There was concern
that the leachate from the lagoons could pose a hazard in river-
derived water supplies downstream.

The question of acceptable soil levels in waterway sedi-
ments was resolved by linking such levels to the human exposure
route of fish ingestion. The fishermen involved do not require
the fish they catch to provide a major portion of thelr diet.
Thus, a safe-sided estimate of their fish dietary intake was set
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Table IV. Allowable Concentrations (PPLVs) for Soil
Contaminants at Alabama Army Ammunition Plant
Pathways Governing PPLV for Soil (Cg)
Scenario PPLV mg/kg)
Subsistence Vegetable consumption 953 Dy
farming
Residential Vegetable consumption 953 Dy
housing
Apartment Soil ingestion by l.2x105 Dp
housing children
Industrial Dust inhalation 2.35x107DT
(outdoor worker) (2.35x10% Dy for DNT)
3.48 x 104 DT
Hunting Consumption of venison —
pa
Timber Dust inhalation 5.9x108 D.
harvesting (5.9x107 ¥or DNT)
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at 0.01 kg per 70 kg person per day. This 1s about 1.5 times as
high as the ingestion rate employed in Water Quality Criteria
computations (13). Factors related to the pattern of iIntake by
fish of the compounds of concern were introduced. These were:
(1) The ratio of contaminated waterway bottom area/total
waterway bottom area; (2) consumption by bottom feeders of
detritus, i.e., 6% of their body weight (28); and (3) the
depuration rate constants, ks, of Table I1I. Based on

these,

70 x 223 x k, x Dy ;
Cs = 0.06 x 10 x 0,01 ~ 26 x 10k, Dy

Calculated values -of C; are shown in Table V. The Cg value
for TNT (1.9x10% mg/kg) is well in excess of the concentration
of TNT in the one measured sediment sample (0.3 mg/kg). It was
expected that the Cg levels for other postulated compounds of
concern would also be far in excess of sediment levels.

For leaching from lagoons, water consumption was considered
the route of possible exposure to the pollutants. Estimated
acceptable drinking water levels were determined by

BW x D, 70 D
I = L D, (mg/L)

Co = 2 L/day/person 2

The concentration that could possibly be attained in the river
due to contaminated dry lagoon soil (Cw ) was then calculated.
A worst-case scenario for delivery of pollutant to the
Mississippl River would entall the assumptions that: (1) The
rainfall on all lagoons becomes saturated with the contaminant;
(2) all contaminated rainwater reaches the river, and (3) char-
acteristic river flow is at an historic low.

Hence, the soll contamination levels do not enter into
consideration, only the lagoon areas exposed to rainfall,
Annual rainfall in the vicinity of the Activity 1s 0.86
m/year., The historic low flow of the Mississippl River in the
Actlvity area was estimated at 2.5x1013 L/yr. Thus,

_ Lagoons area x Rainfall x S

Historic low flow

Insertion of values for area, rain, and river flow,converted to
a consistent unit basis, ylelds

o -7
C, =1.79 x 107" x S (mg/L)

The ratio C,/C,, may be considered a "safety factor;" 1if in
excess of 1, it would indicate that the acceptable drinking
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Table V. Calculated Values of Acceptable
Contaminant Levels in Waterway Sediment
(Cg) and Safety Factors (C,/C,")
for River-~Derived Drinking Water,
Savanna Army Depot Activity.
(Based on Data of Table III;
for calculation, see text)

C

s
Contaminant (mg/kg) Cw/ Cw'
TNT 1.9x10% 2.3x103
DNT 3.8x102 1.9x10
TNB 1.4x10° 3.5x10%
RDX 3.3x10% 4.5%10

In Fate of Chemicals in the Environment; Swann, R., et al.;
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water concentrations would exceed the river contamination levels
for this worst-case scenmario. This ratio, in terms of Dy and S,
is

i 8
Ct/Cy = 195 x 10° x Dy/S
Values of Cw/Cw' for possible compounds of concern appear in
Table V. All values are well in excess of 1, which indicates

that downstream drinking water supplies would not reach pollut-
ant levels that might cause adverse human health effects.

Gratiot County Landfill Qg)

Approximately 122,000 kg of polybromobiphenyls (PBBs) were
buried in the 40-acre Gratiot County, MI, landfill between 1971
and 1973. The upper natural clay barrier beneath the landfill
was breached in a few locations; hence, groundwater flowing
beneath the landfill can become contaminated as a result of
flooding of the landfill during periods when the groundwater
significantly rises, even 1if capping largely prevents leaching
by rainwater falling on the site. In addition to the landfill,
adjacent farms seem to have been contaminated by PBBs that may
have blown off trucks carrying such material to the landfill.
Although the solubility of PBBs, measured in distilled, deion-
ized or creek water, is below 107~ mg/L, groundwater concentra-
tions of up to 2.6 x 10-2 mg/L have been reported; this is not
surprising, since dissolved organic matter can greatly increase
the solubility of PBBs (25). Three land use scenarios have been
examined (see Table I); all rest on the assumption that the PBBs
will not be removed and that the landfill will be properly
capped. Other scenarios, in which PBB removal down to a safe
level was postulated, could be developed, and their consequences
explored.

The transfer of PBBs from soil to plants is so low, e.g.,
Table III and References (6 29), that the only important issue
in the agricultural scenario a appears to be soil ingestion (and
possibly ingestion of groundwater) by cattle, Based on an esti-
mated half-life, ty1/2> in beef of 120 days (30) an estimated
mass of fat per animal, Mg, of 67 kg and a soil ingestion rate,
Mg, of 0.72 kg/day (21), a reasonably conservative soil-to-fat
bioconcentration factor can be obtained:

0.72 x t1/2

s Mf x 0.693

BF = 1.86

Where C¢ = FDA guideline for PBB concentration in fat (26), the
SPPPLV for the soil ingestion pathway is then

Cg = Cg/BFg = 0.3/1.86 = 0.16 mg/kg
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Note: Should groundwater (45.4 kg/day) be used for cattle, the
applicable PPLV would be

~ Cf X Mf x 0.693

- -3
A = 2.6 x 10 ~ mg/L

C

1/2

If residences are supplied with well water, this would be
the most likely source of PBBs, For adults, ghe acceptable
concentration would be C, = 35 = 1.3 x 1074 mg/L. (That for
children might be somewhat less.,

The residential soil concentration PPLY is governed by
children’s soil ingestion, estimated at 10" kg/day (32).

BW x D 12 kg x D
CS - Chili4 T _ - T _ 45 mg/kg
10 10 ~ kg/day

If one source 1is assumed to be contaminated at less than
its applicable PPLV, then the PPLV for the other source need not
be reduced to zero. Thus, if the groundwater were contaminated
by 0.005 mg/L of PBBs, the residential soil PPLV, Cgs would be
(0.008/0.013) x 45 = 28 mg/kg.

The PPLVs applicable to industrial scenarios would possibly
be water ingestion (as in the case of residential housing), and
more likely dust inhalation. A conservative approach would be
to use the equation applied to DNT for worker exposure to dust,
i.e.,

Cg = 2.35 x 10® D, = 875 ng/kg
In view of the above, groundwater in the vicinity of the land-
f111 should be used as a drinking water supply only if the PBB
concentrations are vigorously monitored. Cattle grazing should
be restricted to the extent necessary.

Bangor Naval Submarine Base

Bangor Naval Submarine Base, on the Hood Canal in the State of
Washington, provides fine recreational facilities for service
people stationed there, as well as for civilian employees. A
proposal to divert runoff from munitions-contaminated areas
towards the recreational fishing pond, Cattail Lake, led to a
decision to identify hazard levels for the compounds of inter-
est. In addition to trout, there was concern over contamination
of bivalves, such as oysters, cockles, and clams, at the pond’s
outlet to Hood Canal. Bioconcentration factors (BCFs), assumed
applicable for both fish and bivalves, were developed for three
compounds (Table III). BCFs, together with Dp values and worst-
case levels of fish or bivalve consumption (0.4 kg/day) provided
PPLVs for the pond water, according to the equation

In Fate of Chemicalsin the Environment; Swann, R., et al.;
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BW x DT
Cw = Consumption rate x BCF = 175 DT/BCF

From this equatiom, Cw values were calculated, in mg/L, as:

TNT, 1.7 x 10%; RDX, 4.2 x 10~2; PGDN, 1.6 x 10~2. These very
stringent values reflect the lifetime consumption of almost a
pound of fish per person per day, and do not take into account
the fact that whole fish generally contain more fat than the
edible portions of fish or bivalves; the BCFs reflect whole fish
data. It is recommended that the foregoing C, values be ugsed as
detection limits for monitoring. If these are exceeded, the
assumptions may need to be reconsidered, since they appear to be
somewhat too stringent.

Summary

The examples provided above represent a variety of situations
where the uses to which land or water may be put would depend on
estimates of acceptable contaminant levels. Conversely, con-
taminants might be removed from land or prevented from reaching
water so that the land or water could be used beneficially for
specified purposes.
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Human Exposure and Health Risk Assessments
Using Outputs of Environmental Fate Models

J. R. FIKSEL and K. M. SCOW
Arthur D. Little, Inc., Cambridge, MA 02140

The assessment of human exposure to and health risks
associated with environmental pollution requires
knowledge of ambient concentrations of pollutants
in the air, water, and soil media. Based on the
outputs of environmental fate and transport models,
combined with available monitoring data, it is
possible to estimate the average daily amount of a
chemical ingested, inhaled, or absorbed by exposed
human populations. This estimation may be performed
at a national, regional, or local level, and may
also identify specific subpopulations that are
exposed to higher than average concentrations. Once
the human exposure levels have been quantified, it
is then possible to assess the risks of adverse
health effects for various subpopulations. The per
capita risk may be defined as the probability that
an exposed individual will suffer a specified health
effect either during or following exposure. Al-
though both chronic and acute health effects may be
addressed within this framework, attention will be
focused upon methods for estimating carcinogenic
risks based on extrapolations from laboratory ani-
mal dose-response data. Several successful appli-
cations of the above methodology will be presented,
along with a discussion of the important assump-
tions, uncertainties, and limitationms.

The purpose of an exposure and risk assessment is to characterize
the magnitude and extent of human or enviromnmental exposure to
selected pollutants and to quantify the potential adverse effects
of those exposures. The assessment can be used both to provide a
baseline estimate of existing health risks attributable to an
environmental pollutant and to determine the potential reduction
in exposure and risk for various control options. Exposure and
risk assessments are playing an increasingly central role in
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providing Federal agencies such as the EPA with a quantifiable
basis for regulatory strategy development. For example, the
agency's nationwide Ambient Water Quality Criteria for priority
pollutants and the Office of Drinking Water's SNARLs are based on
health risk; both TSCA and FIFRA require the conduct of some level
of exposure and/or risk assessment for certain cases. This paper
will describe the methods currently available for exposure and
risk assessment, with particular emphasis on the use of fate model
outputs as a basis for human exposure and risk estimation.

The scope of an exposure and risk assessment may be char-
acterized by a number of key features:

. Geographic scale, which may be global, national, regional or
local.
. Pollutant sources, which may include industrial, residen-

tial, commercial, both point and non-point sources; natural
sources may also be included.

. Environmental media, which may include air, surface water
(water column and sediment), soil, groundwater, biota, or any
combination thereof.

. Pollutants addressed, which may be a specific compound or a
class of related substances.

. Receptor populations considered, which may include humans,
animals, plants, micro-organisms, specific habitats or com-—
munities, or abiotic receptors; subpopulations that are
exposed to unusually high pollutant levels may be high-
lighted.

. Exposure routes considered which may include ingestion,
inhalation, dermal absorption, or any combination thereof.

. Adverse effects considered, which may include acute or
chronic human health effects as well as environmental ef-
fects.

. Time frame of the assessment, which may be retrospective,

current or prospective.

. Intended use of the assessment, which may be for regulatory,
scientific, or public information purposes.

An exposure and risk assessment will usually integrate a
number of different inputs, including health and environmental
effects evaluations as well as pollutant profiles for environ-
mental releases, ambient monitoring data, and environmental fate
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and distribution information. These inputs are combined with
information about the number and distribution of exposed humans
and other biota, and about the rate of intake for each exposure
route (e.g., inhalation, ingestion, dermal absorption) through
which these populations may be exposed to the pollutant in
question.

The output of an exposure and risk assessment will usually
describe the levels of exposure and quantity the population
exposed for both humans and other biota, and will estimate the
associated probabilities of the incidence of adverse health
effects. Population exposure or risk, obtained by multiplying the
individual (per capita) exposure or risk by the numbers exposed at
each level of exposure, may also be a useful measure of impact.
Various analyses can be performed on the results, for example,
comparison of exposures in a particular geographic area against
national average exposure levels. Likewise, for the same pol-
lutant, environmental risks due to a particular industry might be
compared against risks associated with occupational or household
activities. In addition, the health risk of different substances
could be compared for priority setting.

An important issue that must be recognized by practitioners
is data adequacy and the associated levels of confidence in the
exposure and risk assessment results. Depending on the accuracy
and completeness of the required data, the results can range from
well-defined numerical estimates to rough qualitative statements.
Moreover, many of the techniques utilized to analyze data, notably
fate modeling and dose-response extrapolation, involve a number of
assumptions which may not be fully verifiable. Therefore, it is
crucial that the outputs of the exposure and risk assessment are
properly qualified in terms of model and data limitations.
Despite such limitations, a well-organized and scientifically-
documented assessment can be an extremely useful instrument for
understanding pollutant impacts and guiding regulatory actions.

Exposure and Risk Assessment Methods. In evaluating exposure if
1s necessary to identify both the exposure route and the exposure
medium; these are the two components of an exposure pathway.
Exposure routes for humans include ingestion of food, water, soil,
chemical products; inhalation of gases, water vapor and par-
ticulates; and dermal absorption, usually from solutions. Expo-
sure media include finished drinking water, also foods such as
fish, crops, plastic-wrapped or canned items; air in the vicinity
of pollutant sources, in the workplace or home, in urban areas, and
by highways; untreated surface water used for swimming and other
forms of recreation, irrigation, or watering of livestock; and a
variety of consumer products. Exposure pathways are logical
combinations of these factors such as ingestion of surface water
during swimming, or inhalation of air downwind from an atmospheric
source.

In Fate of Chemicalsin the Environment; Swann, R., et al.;
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Once the exposure pathways of concern have been defined, an
exposure and risk assessment can be performed.

In the following exposition, we will describe the exposure
and risk assessment methods in four major steps (See Figure 1):

Pollutant Concentration Estimation: Use of Fate Models
Exposure Route and Receptor Analysis

Exposure Estimation

Risk Estimation

An important input to the Risk Estimation step, as shown in
Figure 1, is the analysis of health effects associated with the
pollutant in question. Since environmental toxicology is itself a
complex and difficult field, we have confined this paper to a
discussion of how dose-response estimates can be utilized within a
risk assessment, with emphasis on human carcinogenesis. Thus, the
scope of this paper corresponds to the four steps surrounded by a
dashed line in Figure 1.

Pollutant Concentration Estimation: Use of Fate Models

A variety of modeling approaches may be used to estimate pollutant
concentrations in exposure media. These range from qualitative
estimates extrapolated from case examples or environmental scen-
arios, simple analytical equilibrium or transport models, to
complex multi-media models. In selecting an approach or ap-
proaches, it is important that:

. all exposure media of.concern are included in the modeling
analysis;

. the temporal resolution is equivalent for pollutant dis-
tribution and exposure estimation, and the time-steps are
compatible with the dosing schedule of any effects studies
(e.g., hourly SO7 exposures);

. the spatial resolution of models takes into account the
location and activities of receptor populations, and the
results are at the same level of detail as the population
breakdown;

. sensitivity analyses are performed for the environmental
variables most significantly influencing exposure levels.

For many environmental situations, adequate models do not
exist or are just now under development. Furthermore, for new or
uncommon chemicals, many of the physical, chemical, and biological
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properties needed to estimate transformation rates, persistenge,
and distribution are not available. For example, few models exist
to predict adequately the distribution of pollutants released from
a landfill into ground water and surface water. Models to estimate
residual concentrations of pollutants in edible foods, con-
taminated irrigation water, resulting from pesticide or nutrient
application, or from dry deposition, are in very early stages of
development. Therefore, uncertainties and limitations of the
models should be identified, and estimates of pollutant dis-
tribution should be compared with monitoring data, if available,

Exposure Route and Receptor Analysis

The purpose of an Exposure Route and Receptor Analysis is to
provide methods for estimating individual and population exposure.
The results of this step combined with the output of the fate
models serve as primary input to the exposure estimation step.
Unlike the other analytic steps, the data prepared in this step are
not necessarily pollutant-specific. The two discrete components
of this analysis are: (1) selection of algorithms for estimating
individual intake levels of pollutants for each exposure pathway;
and (2) determination of the regional distribution of study area
receptor populations and the temporal factors and behavioral
patterns influencing this distribution.

Estimation of Intake. For each exposure pathway, the general
equation for estimation of the individual pollutant intake is:

(Pollutant Intake Rate) = (Exposure Medium Intake Rate)
e (Pollutant Concentration in Medium)

The exposure medium intake rate may be expressed simply as a
unit mass per day (e.g., for ingestion), or with more detailed
information, (e.g., for dermal absorption), as:

(Unit Exposure Medium Intake Rate) o (Frequency) e (Duration)
o (Extent of Exposure) e (Pollutant Absorption Efficiency)

If possible, the intake should be expressed both as a
statistical mean or median and maximum (e.g., 95th percentile).
Ideally, a frequency distribution of exposure for the study area
population is the goal. In most cases, however, the variability in
exposure medium intake rates and pollutant concentrations are
unknown and average/maximum values must suffice.

The time period to use in estimating and grouping pollutant
intake values is determined by the eventual application of the
exposure results. Exposure medium intake rates may vary on a daily
(e.g., for inhalation) or seasonal (e.g., for recreational dermal
absorption) tasis. If the variability has a significant influence
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on pollutant intake rates, then exposure should be calculated in
small enough time-steps to reflect these differences.

The absorption efficiency term allows estimation of the
effective dose or the amount of pollutant which crosses the
membrane of the exposed tissue (e.g., the lung) and reaches a
target organ (e.g., the liver). For many pollutants this type of
metabolic data is not available and consequently 100% absorption
is a common preliminary assumption in exposure assessments. For
well-studied substances such as radionuclides, a methodology for
calculation of target organ doses has been developed for bone
marrow, lungs, endosteal cells, stomach wall, lower intestine
wall, thyroid, liver, kidney, testes and ovaries as well as for the
total body.

Intake can be expressed either as a pollutant mass per unit
time, as discussed above, or as a mass per kg of body weight per
unit time. The latter expression facilitates comparison to health
effects data, especially laboratory animal data, which are com-
monly reported in equivalent units. Similarly, depending on the
route of exposure, intake may be estimated on an annual basis to
address chronic effects, or on a smaller time scale for addressing
acute effects including lethality, teratogenesis, reproductive
and neurotoxic effects.

Table I illustrates the estimation of ambient exposures to
benzene associated with various categories of atmospheric emission
sources. Since benzene is a suspected carcinogen, annual exposure
is an appropriate measure for assessing long-term effects.

The magnitude of exposure in a geographic area is a function
not only of the amount of pollutant to which a "typical" individual
is exposed but also of the size of the population exposed. This is
especially important in the calculation of risk for an area or
subpopulation. The resulting quantity is a population exposure
factor which is the product of the individual pollutant intake
level per unit time (average or maximum) multiplied by the
population size exposed.

Population Characterization. An important part of any exposure
assessment is the development of a detailed and up-to-date human
demographic data base for the area being studied. These data can
provide the basis for estimates of subpopulations associated with
different exposure pathways. In national exposure assessments it
is common to use an average population density for the total U.S.
or to simply distinguish between rural and urban densitites. In a
geographic exposure assessment in which site-specific data on
pollutant releases, environmental fate and ambient levels are
measured or estimated, it is important to have equally detailed
population data. Population breakdowns by age, sex, housing and
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Table I. Estimated Ambient Exposure to Benzene

Annual Exposure

Source Category 106bP§ 825~ Percent
Chemical manufacturing 8.5 4.7
Coke ovens 0.2 0.1
Petroleum refineries 2.5 1.4
Auto emissions (SMSA's over

500,000 population) 150.0 82.5
Gas stations

Nearby residents in urban areas 19.0 10.5

Self-service users 1.6 0.9
Total assessed 181.8 100.0

Source: U.S.E.P.A. (15)

In Fate of Chemicals in the Environment; Swann, R., et al.;
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other units are available from the 1980 U.S. Census; the data are
grouped by state, county, tract, enumeration district/place, block
group and block.

Within the general population, it may be important to
quantify special subpopulations associated with specific types of
exposure. The subpopulations can be divided into at least two
categories: sensitive groups and specific exposure-related
groups. The sensitive subpopulations are those that because of
their age or health characteristics (e.g., very young or old age,
poor health, high susceptibility to certain health effects) have
the potential to be at greater risk when exposed. These groups can
be identified within a geographic region and, therefore, asso-
ciated with an exposure level for that area. Exposure-related
groups may be broken down by drinking water supply, recreational
activities (swimmers, fishermen, boaters), dietary habits (con-
sumers of seafood, home garden produce), occupation, commuting
patterns, consumer habits, specific subregions (near sources), and
other important subdivisions.

Human Exposure Estimation

Exposure estimation is the next logical step in an exposure
assessment. In this step, the data and methods developed in the
previous steps 4dre linked together so that the relationship
between pollutant sources and human exposure can be examined.
Through estimation of the degree of exposure rather than just
estimation of concentrations in environmental media, a more
detailed analysis of a pollution problem is possible, including:

. Estimation of the amount of pollutant to which a receptor is
exposed in a unit time period, including a cumulative total
for chronic exposure;

. Consideration of the influence of receptor behavior patterns
or environmental conditions on receptor exposure.

For a limited number of exposure pathways (primarily inha-
lation of air in the vicinity of sources), pollutant fate and
distribution models have been adapted to estimate population
exposure. Examples of such models include the SAI and SRI
methodologies developed for EPA's Office of Air Quality Planning
and Standards (1,2), the NAAQS Exposure Model (3), and the GEMS
approach developed for EPA's Office of Toxic Substances (4). In
most cases, however, fate model output will serve as an inde-
pendent input to an exposure estimate.

Ideally, an exposure assessment will represent the probable
exposure of most of the local population for all times of the year
and under all environmental conditions typical for the area.

In Fate of Chemicalsin the Environment; Swann, R., et al.;
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Because an assessment of this detail can be very difficult and
costly to perform, however, (especially if it requires the use of
complex fate models), exposure estimates may be limited to average
seasonal conditions (e.g., summer -- low flow -- low rainfall,
etc.) and to specific "worst case" meteorological or hydrological
conditions for that area (e.g., inversion conditions, 7 day-10
year low flow).

Human populations are likely to be exposed to a pollutant
through more than one exposure route at a time. Total exposure may
combine intake through ingestion of different substances, dermal
absorption from surface water and water supply, and inhalation at
different locations in the study area (e.g., work, home, recre-
ational areas, commuting routes). Calculation of total exposure
requires that the pharmacokinetics (absorption, metabolism, stor-—
age, excretion) for different exposure routes are understood for
the pollutant of concern. Otherwise, only exposures by route can
be combined.

Estimates of human exposure by route and subpopulation can be
used directly, without comparison to health effects data, to
evaluate potential pollutant problems in an area. For example,
the following analyses can be performed:

. Comparison of exposure levels to national "average'" exposure
levels;
. Comparison of the impact of different routes or pathways of

exposure such as drinking water vs. inhalation;

. Comparison of locally attributable exposure vs. imports from
outside (such as foods);

. Comparison of day-time to night-time exposure or iden-
tification of seasonal variability in exposure;

. Comparison of source-proximate (near-field) subpopulations
to the rest of the population (far-field);

. Identification of the sources responsible for the greatest
exposure, both in terms of population affected and magnitude
of individual intake;

. Identification of sensitive subpopulations or high-exposure
areas in the region being studied.

Particularly in the last two examples, fate models provide a
useful tool not only for estimating concentrations, but also for
tracing back the relative contributions of various sources to
total exposure.
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Risk Estimation

The final step in performing an exposure and risk assessment is to
combine the information developed from analyses of exposure and
effects in order to estimate the risk to humans. Risk may be
defined as "the potential for negative consequences of an event or
activity." In the present case, the event or activity is the
release of a pollutant into the enviromment, and the negative
consequences are adverse effects wupon humans. Thus, 1if a
pollutant is believed to be harmful and if it is present in the
environment, there is certainly a potential for harm; that is,
some risk exists. The purpose of a risk assessment is to go beyond
such a qualitative statement, by estimating or measuring this
potential. Although.the nature of adverse effects is generally
understood, the key difficulty in risk estimation lies in deter-
mining the probability that adverse effects will occur. The
probability is comprised of two factors:

. the likelihood that groups of organisms will be exposed to
potentially toxic concentrations of the pollutant;

. the likelihood that organisms will experience adverse effects
given that they are exposed.

Different pollutants will present different types of problems
within this framework, depending upon their properties and ef-
fects. For a highly persistent substance which is present in the
human diet and known to have long-term effects, the main challenge
lies in estimating the likelihood of adverse effects based on
observed exposure levels. On the other hand, for a substance which
degrades rapidly and appears only in scattered locations, but is
known to be an acute toxicant, the focus should be on estimating
the likelihood of exposure. Therefore, the risk estimation
methodology must be flexible enough to encompass these and a
multiplicity of other situationms.

Given a population of susceptible individuals, risk may be
expressed in several ways. One can state the probabilities that
certain fractions of the population will be adversely affected
(e.g., 52 chance that 9/10 will be affected, 20% chance that 1/3
will be affected). This is usually difficult to achieve. One can
alternatively state the expected number that will be affected,
allowing a certain margin for error (e.g., 1/3+25%7 will be
affected). In the absence of such quantitative data, one can give
an order-of-magnitude estimate which has no real measure of
confidence attached to it (e.g., at most 1% will be affected).

Hence, in terms of level of precision, risk estimates may be
classified into three types:

In Fate of Chemicalsin the Environment; Swann, R., et al.;
ACS Symposium Series; American Chemical Society: Washington, DC, 1983.



298 FATE OF CHEMICALS IN THE ENVIRONMENT

. Probability distribution
. Numerical interval
. Order of magnitude

As a rule, the level of precision of a risk estimate cannot
exceed the precision of the exposure and effects data from which it
is obtained. 1In the following we will focus upon carcinogenic risk
estimation, for which it will often be possible to achieve at least
interval estimates of risk.

Dose Response Thresholds. A dose-response curve can be defined as
a relationship between the amount or rate of the chemical
administered and the probability (i.e., risk) of the subject
manifesting a delayed tumor at that dose. It is customary to
estimate the "excess' risk; that is, the increase in probability
of cancer above the normal background level. Hence the dose-
response curve is a cumulative probability distribution function
and should increase from zero to one, assuming that higher doses

are more toxic. The estimation of carcinogenic risk using
experimental data involves the formulation of a dose-response
curve based on the observed effects. Toxicological data are

generally expressed in terms of the percentage of organisms in
which effects were observed at various dose levels. A number of
alternate models are available which accept such data as input and
calculate a dose-response relationship based on certain assump-
tions about the form of the curve. The purpose of this exposition
is to discuss the use of data, the choice of models, and the
handling of uncertainties in the process of carcinogenic risk
extrapolation.

One important point of controversy in risk extrapolation is
the existence of the threshold level for carcinogenic and muta-
genic response to a pollutant. Some argue that an organism is able
to cope with low doses of a substance through metabolic processes
or repair mechanisms, so that harmful effects do not appear until
a certain minimum threshold, or "safe dose', is surpassed. Others
contend that a carcinogenic substance must be considered poten-
tially harmful at any dose, and that even a single molecule may
initiate a tumor at the cellular level. This is the so-called
"one-hit" hypothesis.

The question of existence of a threshold has often been
circumvented by the approach of selecting an '"acceptable" risk
level and determining the corresponding acceptable or 'virtually
safe dose" (VSD). However, as Upholt has pointed out, one need not
assume a safe dose, nor insist on a zero tolerance (5). From a
practical point of view, the behavior of the dose-response curve
at low doses is an academic question, since there is an unavoidable
background response due to the multitude of naturally occurring
carcinogens, as well as the genetic heterogeneity of human
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populations. Moreover, due to realistic restrictions on sample
size in animal experiments, it is extremely difficult to statis-
tically reject the no-threshold hypothesis. Even with no observed
tumors, the upper statistical confidence bound on the true risk
will be linear at low doses, no matter what model is assumed (6).
Thus the threshold issue may never be satisfactorily resolved
through purely statistical arguments.

Dose-Response Data Conversion. The basis of any risk extrapola-
tion for a specific carcinogen is a set of data, obtained
experimentally or through field observation, describing the ef-
fects of that substance upon a population of organisms. Of course,
human data are preferable for estimation of human risk, but
epidemiological studies suffer from difficulties in quantifying
exposures, as well as from a host of confounding factors, such as
lifestyle, that may promote carcinogenesis (7). For these reasons
extrapolations are more commonly performed using laboratory data

for one or more species of mammals. Dose-response measurements
are usually provided at several dose levels, including a control
group which receives no dosage. The scientific quality and

reliability of these data are an important consideration in risk
assessment.

In assessing animal data, careful attention must be paid to
the quality of the data, the incidence of spontaneous tumors in the
control population, consistency if more than one study is avail-
able, and statistical wvalidity. If the exposure route and
experimental regimen employed do not agree with the most likely
mode(s) of human exposure (e.g., intramuscular injection), the
data must be interpreted cautiously. Consideration should be
given to data on metabolism of the compound by the animal species
tested, as compared with metabolism in humans if this information
is known. If only in vitro data are available, only qualitative
estimates may be possible because of uncertainties regarding the
association between in vitro results and human or animal effects.
The availability of associated pharmacokinetic data, however, may
allow development of a rough quantitative estimate.

In order to extrapolate laboratory animal results to humans,
an interspecies dose conversion must be performed. Animals such
as rodents have different physical dimensions, rates of intake
(ingestion or inhalation), and lifespans from humans, and there-
fore are expected to respond differently to a specified dose level
of any chemical. Estimation of equivalent human doses is usually
performed by scaling laboratory doses according to observable
species differences. Unfortunately, detailed quantitative data on
the comparative pharmacokinetics of animals and humans are non-
existent, so that scaling methods remain approximate. In car-
cinogenic risk extrapolation, it is commonly assumed that the rate
of response for mammals is proportional to internal surface area
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(7). Although other bases for conversion (e.g., body weight) have
been utilized, the surface area method is the most widely
accepted, and will be adopted here. This approach is more
conservative, yielding risk estimates about an order of magnitude
greater than those derived from scaling by body weight.

Assumptions in Risk Extrapolation. Risk extrapolation cannot be
performed as a mechanical exercise, due to the need for judgment in
the selection of data and application of dose-response models. In
particular, there are a number of implicit assumptions inherent in
risk extrapolation. They may be summarized as follows:

. It is assumed that a substance which is carcinogenic in
laboratory animals is also a human carcinogen, although
species differences in susceptibility are frequently ob-
served.

B It is assumed the equivalent human doses can be scaled on the
basis of relative surface area, although metabolic dif-
ferences may be important in interspecies comparison.

o It is assumed that there is no absolute threshold for
carcinogenic response, although ‘detoxification nechanisms
may prevent tumor initiationm at low doses.

. If only ingestion experiments have been performed, it may be
necessary to assume similar responses via the inhalation
route, with appropriate dose scaling.

. It is assumed that the proportion of exposed humans who will
experience tumors during their lifetime may be deduced from
the proportion of laboratory animals exhibiting tumors at the
time of sacrifice.

Given these assumptions, it is possible to apply various
dose-response models that estimate response at low doses. Each
model postulates a different shape of dose-response curve in
extrapolating from high to low doses. By using several models, a
range of uncertainty can be established between the least con-
servative and the most conservative results. We expect that the
resulting range of uncertainty will dominate any of,6 the un-
certainties generated in the preceding models and, therefore, the
uncertainty presented represents only the uncertainty generated in
the risk estimates.

It is important to note that for a particular substance the
assumption of carcinogenicity to humans may be false, even though
it is a proven carcinogen in several animal species. In such a
case, the lower bound on the excess risk to humans is effectively
zero, in the sense that zero-risk is a possibility which cannot be
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dismissed. Thus, the risk estimates obtained through dose-
response extrapolation must be regarded as probable upper bounds
on the true human risk.

Dose-Response Extrapolation Models. A dose-response model is
simply a hypothetical mathematical relationship between dose-rate
and probability of respomse. For example, the simplest form of
such a model asserts that probability of tumor initiation is a
linear multiple of dose-rate (provided the dosage is well below
the organism's acute effect threshold for the substance 1in
question). In general, we will express dose-response models as
follows:

P(x) = f(x; a,b,...)

where X is the average daily dose (e.g., g/kg body weight/day)
P(x) is the percent of organisms expected to respond at
or below dose x,

F( ) is a mathematical expression of the dose-response
model
a,b,... are fixed parameters of the model, dependent

upon the experimental dose-response data.

Thus P(x) is a cumulative distribution function and will increase
monotonically with dose-rate x.

There have been a number of recent survey articles and
theoretical papers describing the available models for low-dose
extrapolation. Through a literature review the most prominent
models have been selected and discussed below. However, there are
other models, less commonly used, that were not mentioned here for
the sake of brevity. The models addressed below represent a good
cross-section of the different features and capabilities that are
pertinent to carcinogenic risk estimation.

The One-Hit and Multiple-Hit Models. The one-hit model was one of
the earliest dose-response models proposed for carcinogenesis, and
has been recommended and utilized by several federal agencies for
purposes of risk estimation for carcinogens (8). It is also widely
used to quantify the carcinogenic effects of radiation (9).
Though the scientific community has recently begun to favor the
more general multi-stage model, the linear model is still pre-
ferred by many researchers due to its computational simplicity,
its conservative nature, and the appeal of its underlying ratio-
nale.

The "one-hit' hypothesis states that the tumor initiation is
a Poisson process, in that each additional molecule of a car-
cinogen produces an equal increment in the probability of a
response, and that all such "hits" are independent. Consequently,
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the dose-response function is:
P(x) =1 - exp [-(ax +b)], a > 0O

where a is the "slope'" of the low-dose curve and b is determined by
the background response. At low doses, this expression is
approximated by the linear functiom P(x) = ax + b.

This model does not allow for a threshold effect, and thus may
overstate the risk at low doses. It tends to yield higher
estimates of human risk than the other models discussed below.

The Log-Probit Model. The log-probit model has been utilized
widely in the risk assessment literature, although it has no
physiological justificatiom. It was first proposed by Mantel and
Bryan, and has been found to provide a good fit with a considerable
amount of empirical data (10). The model rests on the assumption
that the susceptibility of a population or organisms to a
carcinogen has a lognormal distribution with respect to dose,
i.e., the logarithm of the dose will produce a positive response if
normally distributed. The functional form of the model is:

P(x) = & (a + b logig Xx)
where ¢ is the normal cumulative distribution function.

This model tends to approach a zero probability rapidly at low
doses (although it never reaches zero) and thus is compatible with
the threshold hypothesis. Mantel and Bryan, in applying the
model, recommend setting the slope parameter b equal to 1, since
this appears to yield comservative results for most substances.
Nevertheless, the slope of the fitted curve is extremely steep
compared to other extrapolation methods, and it will generally
yield lower risk estimates than any of the polynomial models as the
dose approaches zero.

The Multi~Stage Model. The multi-stage model (not to be confused
with the multi-hit model) is really a family of models in which the
hazard rate is polynomial function of dose. First formulated by
Armitage and Doll, it was later refined by Guess and Crump and
their colleagues (11), (12). The underlying biological concept is
that tumor initiation requires several successive stages or events
at a particular receptor site. These stages are not simply "hits,"
but may involve biochemical activation processes coupled with
cellular responses. The general functional form of the model with
n stages is:

n .
P(x) =1 - exp - [:2 aj xl] s aj>0

i=0
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This model also reduces a one-hit model in the case n=1. However,
when quadratic or higher-order polynomials are used, the shape of
the curve changes considerably. Even so, at very low doses,
provided that aj 0, the linear component dominates. The resulting
slope is usually much shallower than in the one-hit case, and thus
yields a lower risk estimate.

Sample Application. The risk assessment techniques described
above have been implemented for a number of suspected carcinogens,
under a program sponsored by the Environmental Protection Agency's
Office of Water Regulations and Standards. It was recommended
that several models be implemented in a risk assessment appli-
cation, since it is difficult to justify the use of any single
model on scientific or statistical grounds. The various models
represent a variety of unproven assumptions about the shape of the
dose-response curve at low doses, and the resulting risk estimates
may differ by several orders of magnitude. Thus the use of two or
more models will provide an "envelope' of dose-response rela-
tionships, giving an indication of the wide uncertainty sur-
rounding the true human carcinogenic response. The following
criteria were used in the selection of the three models:

o Acceptance by the scientific and regulatory community.

. Ease and practicality of application with available data.

. Accommodation of competing hypotheses about threshold ef-
fects.

Due to the second criterion, time-to-tumor models were
eliminated from consideration. These models require more detailed
experimental data than is generally available. Moreover, it is
difficult and unproductive to interpret the distribution of time-
to-tumor in the context of human exposures. In most cases, the
time-to-tumor variable would be integrated over a human lifetime,
thus reducing the model to a purely dose-dependent one. Therefore
we restrict our attention to quantal response models that estimate
lifetime risks.

The most widely-accepted dose response model at the present
time is the multi-stage model, which has great flexibility in
curve-fitting, and also has a strong physiological justification.
Although it is difficult to implement, there are already computer
codes in existence that estimate the model parameters (13). The
two most widely~used models, until recently, were the one-hit
model and the log-probit model. They are both easy to implement,
and represent opposite extremes in terms of shape - the former
represents the linear non-threshold assumption, whereas the latter
has a steep threshold-like curvature. In numerous applications
with different substances it has been found that these three
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models span a broad range of risk estimates at typical human
exposure levels. Their use in parallel will ensure a realistic
portrayal of the great uncertainty associated with low-dose
extrapolation.

The following example is based on a risk assessment of di(2-
ethylhexyl) phthalate (DEHP) performed by Arthur D. Little. The
experimental dose-response data upon which the extrapolation is
based are presented in Table II. DEHP was shown to produce a
statistically significant increase in hepatocellular carcinoma
when added to the diet of laboratory mice (14). Equivalent human
doses were calculated using the methods described earlier, and the
response was then extrapolated downward using each of the . three
models selected. The results of this extrapolation are shown in
Table III for a range of human exposure levels from ten micrograms
to one hundred milligrams per day. The risk is expressed as the
number of excess lifetime cancers expected per million exposed
population.

Examination of these results reveals that the one-hit and
multi-stage models are both linear in the low dose region, whereas
the log-probit model increases steeply in a non-linear fashion
through this region. The differences between the highest and
lowest model predictions at each exposure level may be regarded as
a measure of the model uncertainty in the risk extrapolation. For
example, at 10 mg/day per capita exposure the range of model
uncertainty is from 500 to 1000 cancers per million population, or
a factor of about 2. At one hundred milligrams per day, however,
the model uncertainty increases to a factor of about 4. This model
uncertainty must be distinguished from the propagated uncertainty
which might be present in the exposure estimates received from the
exposure model. As with any risk assessmént the results must be
interpreted with extreme caution.

Limitations of Risk Assessment

There are a number of difficulties involved in the prediction
of human health effects, which may be summarized as follows:

. scarcity of epidemiological or laboratory data concerning
long-term effects of low level exposure to the hundreds of
chemicals that may be hazardous;

. controversy about the biological effect mechanisms, result-
ing in a divergence of views about how to extrapolate the
dose-response relationships obtained experimentally;

. high degree of uncertainty in the quantification of health
effect incidence, due to both data and model error con-
tributions.
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Table II. Carcinogenic Response in B6C3F1 Mice DEHP in the
Diet for Two Years

Equivalent
Dosage Human Dose
(mg/kg) (mg/day) Response¥® Percent
Male Mice 0 0 9/50 18
3000 1800 14/48 29
6000 3600 19/50 38
Female Mice 0 0 0/50 0
3000 1800 7/50 14
6000 3600 17/50 34

*Hepatocellular carcinoma.

Source: National Toxicology Program, Carcinogenesis Bioassay of
di(2-ethylhexyl) phthalate, (14).

Table III. Probable Upper Bounds on Expected Excess Lifetime
Cancers Per Million Population Due to DEHP Ingestion
Exposure Level

(mg/day)
.01 .1 1 10 100
One-Hit Model 1 10 100 1000 10,000
Log-Probit Model - .3 30 1000 20,000
Multi~Stage Model .5 5 50 500 5,000

Source: Arthur D. Little,Inc.
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The process of extrapolating high dose health effects to low-
exposure risks for individual chemicals is confounded by many
unresolved issues, including the difficulty of interspecies com-
parisons, and the uncertainty about the shape of the dose-response
curve. An additional major source of uncertainty is introduced
when one attempts to assess low-exposure risk in a multifactor
situation. The etiology of the observed effect may defy interpre-
tation. Often, it is not possible to determine the causative
agent(s), and dose-response parameters are thus difficult to
characterize. For example, exposure to two or more materials can
enhance the cancer-inducing effects of each or perhaps only one
component. Conversely, the actions of the toxicants may be
antagonistic, either canceling each other out or perhaps slowing
the onset of a response such that it may initially be overlooked.
These synergistic or antagonistic interactions serve to complicate
currently utilized risk extrapolation procedures, but they more
accurately reflect real-world situations where the possibility for
these interactions is large. As an example, certain polycyclic
aromatic hydrocarbons (PAH) compounds are known to be promoters
and/or initiators of carcinogenesis in rodents, so that a risk
assessment must consider their presence in combination with other
substances.

Some of the problems in extrapolating no-observed-effect
levels in animals to the human situation are relatively easy to
surmount by the use of scaling factors to compensate for dif-
ferences in body weight or body surface area. In other cases,
species differences may present difficulties in extrapolating
between animal and human. For example, the structure of the rodent
respiratory system is such that breathing through the nose is
obligatory while in humans this is not the case. The result is a
significant difference due to the protection of the rodent lung by
the extremely efficient nasal filtering systems. Recognizing and
compensating for anatomically determined differences between man
and test animal requires biological sophistication and a cautious
approach to extrapolation. The other major problem of inter-
pretation of animal data concerns biochemical and pharmacokinetic
diversity. If it can be demonstrated that a chemical is stored,
absorbed, metabolized and excreted by the same pathways in animal
or man, one can expect similar toxic consequences. If the pathways
or conversion rates or excretion patterns are dissimilar, then
predictions of the effect in man will be inaccurate. Once the
effects analysis has been completed, perhaps only qualitative
estimates of risk will be justifiable. Depending upon the
compound, it may be possible to develop quantitative dose-response
relationships and to extrapolate them to man as a function of
exposure. Ideally, the analysis shoud identify exposure levels
that are probably non-threatening, those levels that are asso-
ciated with various effects, as well as the limitations of the data
upon which these conclusions are based.

In Fate of Chemicalsin the Environment; Swann, R., et al.;
ACS Symposium Series; American Chemical Society: Washington, DC, 1983.



15. FIKSEL AND SCOW Human Exposure and Health Risk Assessments 307

Literature Cited

1. C. Anderson, C. Liu, H. Holman and J. Killus. "Human Exposure
to Atmospheric Concentrations of Selected Chemicals." SAI
Report EF-156R2, 1980.

2. B.E. Suta. "BESTPOP: A Fine Grained Computer System for the
Assessment of Residential Population." SRI International,
1978.

3. T. Johnson and R. Paul, "NAAQS Exposure Model (NEM) and Its
Application to Nitrogen Dioxide." Prepared for the U.S.
Environmental Protection Agency OAQPS, 1981.

4. L. Hall, "The OTS Graphical Exposure Modeling System (GEMS)."
Pre-publication Draft, EPA Office of Toxic Substances, July
20, 1982.

5. W.M. Upholt. "Models for Extrapolation of Health Risk"
Proceedings of the EPA Conference on Environmental Modeling
and Simulatiom. April 19-22, 1976, Cincinnati, Ohio.

6. H. Guess, K. Crump and R. Peto. 'Uncertainty Estimates for
Low-Dose Rate Extrapolations of Animal Carcinogenicity
Data." Cancer Research, 37, 1977, pp. 3475-3483.

7. J.P. Leape. "Quantitative Risk Assessments in Regulation of
Environmental Carcinogens." Harvard Environmental Law Re-
view, 4, 1980, p. 86.

8. Federal Register. Scientific Bases for Identification of

Potential Carcinogens and Estimation of Risk: Request for
Comments on Report, Federal Register, 44, 1979, pp. 39858-
39879.

9. National Research Council. The Effects of Populations of
Exposure to Low Levels of Ionizing Radiation: 1980, National
Academy Press, Washington, D.C.

10. N. Mantel and W.R. Bryan. "Safety Testing of Carcinogenic
Agents." J. Natl. Cancer Inst., 27, 1961, pp. 455-470.
11. P. Armitage and R. Doll. "Stochastic Models for Car-

cinogenesis." Fourth Berkeley Symposium on Mathematical Sta-
tistics and Probability, University of California Press,
Berkeley, CA, 1961.

12. H.A. Guess and K.S. Crump. 'Low Dose Extrapolation of Data
from Animal Carcinogenicity Experiments — Analysis of a New
Statistical Technique." Math. Biosciences, 32, 1976, pp. 15-

36.
13. K.S. Crump and W.W. Wilson. "A FORTRAN Program to Extrapolate
Dichotomaus Animal Carcinogenicity Data to Low Dose." Na-

tional Institute of Environmental Health Sciences. Contract
No. 1-ES-2123. August, 1979.

14. National Toxicology Program. “Carcinogenesis Bioassay of
di(2-ethylhexyl)-phthalate."” (Draft Report) U.S. Dept. of
Health and Human Services, DHAS Pub. No. 81-1773, 1980.

15. U.S. Environmental Protection Agency. Assessment of Health
Effects of Benzene Germane to Low-level Exposure. Wash-
ington, D.C.: Office of Research and Development, 1978, EPA-
600/1-78-061.

RECEIVED March 23, 1983.

In Fate of Chemicalsin the Environment; Swann, R., et al.;
ACS Symposium Series; American Chemical Society: Washington, DC, 1983.



A

Absorption efficiency, exposed

human tisSue .........oeevevevnvnnnnnn 293
Acceptable daily doses, human
LOXICIY +eenvreeeneiieeeeeeen e eaneans 268
Accounting boundary, aquatic
SYSIEIMS .ovvenininnrneneiieenrnracnenane 33
Activity categories, chronic emission
model selection.........coceeevennene. 100
Acute release, model selection......... 100
Acute risks, definition.................... 92
ADL/LeGrand model...................... 59t
Adsorption
definition ........ocviviiiiiiiiiiininnan. 47
dynamical processes .......c........... 101

effect on herbicide soil mobility .... 243
effect on soil leaching of organic

chemicals........cccceveuennieenns. 208
pesticides in aqueous soil............. 234
Adsorption coefficients, herbicide
soil mobility ........coeveiviiinninnnn. 234
Adsorption and desorption, pesticide
simulation by HSPF ............ 134, 138
Advection
chemical loss from model
€COSYStEM ..uuvninirineninennnenns 119
definition ...........ccoeevnnienrininnnnn. 101
equations for fugacity models ....... 179
hydrodynamic transport in aquatic
SYSEEMS ..vvvveieneeeecnnnrnienrannens
pesticide simulation in RCHRES
module.........cceevvreeniininninnnns 138
pollutant physical parameters ....... 46
trichlorobiphenyl fugacity model... 187f
Adverse effects, exposure and risk
ASSESSMENT ...ueieininiieinreaninenanns 288
Agricultural chemicals, PERLND
module simulation .............. 128-134
Agricultural pollutants.................... 45¢
ﬁgricultural runoff management....... 126
ir
fugacity capacities ................ 178, 181
various forms of released chemical
Substances ........c.coeevniinennnn. 6
Airborne toxic materials, human ex-
posure model ....................... 67-84f
Air/soil interface, environmental fate
and transport ..................... 197214

311

INDEX

Alabama Army ammunition plant
allowable concentrations for soil

CONtAMINANES ...vvveeeernerneneenns 277t
PPLYV, calculations,
discussion ................ 272, 275-276
Alachlor
configuration ..........coveeeevenveninnnns 245f
observed data and model predic-
HHONS tvvviirerireerreernerenanns 162f, 163
soil mobility related to physico-
chemical properties .......... 231-247
various physicochemical proper-
HES ivveiiiiiiiiieeeeneannnns 236f, 238t
Alkylate detergent, calculated ben-
zene emission factor ................ 16¢
American Conference of Govern-
mental Industrial Hygienists,
toxicant acceptable daily
AOSE.cuieiiiinreeieieiiiirieiieneas 268
Analytical methods, pollutant
binding to humic materials ...217-227
Analytical models, deterministic
model formulations.................. 50
Aniline
calculated benzene emission
) :Y011¢) RO UU USRS 16¢
physicochemical constants and ac-
ceptable daily doses.............. 273t
Animal, route of human exposure to
toxic chemicals .......c........ 265f, 266f

Anthracene, humic
binding .......coeevnoeeinns 2201, 224, 225t
Application modules, HSPF oper-

ating modules ................... 128, 129f
Application rates
direct release measurement.......... 10
INPUt €ITOTS ..evvenenieniiiiiiniineen, 159
Aquatic environment hazard,
SWRRB and EXAMS ......... 254-257
Aquatic equilibrium models .......... 58, 61t
Aquatic fate codes, available ......... 35-37

Aquatic safety factors, CGA-72662 ...
Aquatic systems, fate of chemicals .25-37

AT123D model......cceveeeenieniciinnennnns 59¢
Atmospheric dispersion, effect on
EXPOSULE ..eveeeeneninineninraernnnenens 71
Atmospheric risk analysis, ele-
MENES Lovevnrereiniininiecniinrienans 68-72
Automobile emissions
benzene eXposure .................. 20, 294t

In Fate of Chemicalsin the Environment; Swann, R., et al.;
ACS Symposium Series; American Chemical Society: Washington, DC, 1983.



312

Automobile emissions —Continued
chemical release sources .......... 10

B

Bangor Naval Submarine Base,

PPLV calculations, discussion ... 281
Basin subdivision, HSPF simulation 127f
Benthic subsystems, chemical trans-

port in aquatic systems............. 28
Benzene

chemical release estimation ........ 13-20
estimated annual ambient
EXPOSUTE ....eeunrinrnriacnaniananians 294t
natural SOUICes ..........ceeevvviernennas 19
uses of derivatives...................... 14f
Binding constant, related to octanol/
water partition coefficients........ 224
Bioaccumulation
chemical transport in aquatic
SYSEEMS ..euvinriininiieienraeenns 28
definition ......covvevievineenenieniinrennns 49
correlation to other partition
coefficients.......c..oceveniinennnnns 109
partition coefficients ................... 271
related to various partition
coefficients..........c.coevvvvenennns
transfer of PBBs .........ccevevennenen.

_water/fish partitioning ....
Biodegradation pollutants in soil and

groundwater ...........coceeevnenennnn. 49
Biodegradation
DBCP ..o, 210
definition ...........coceiviiiiinennnnn. 50, 211
lindane ........ccoeveveieviviiiiienennnn. 211
Malathion ........c.coovvveieeninenannnn. 212
Methoxychlor.........cccvvveevnininnnn.. 212
pesticide simulation in RCHRES
module ........c.viiviiiiieininnn., 138

pollutants in soil and groundwater 49

second order kinetics .................. 119
Biolysis rate, organic pollutants in
aquatic Systems..........ccccceeeeennns 32
Biosorption, chemical transport in
aquatic SyStems.............ccveuennen 28
Biota
chemical transport in aquatic
SYSLEIMNS ..ovvvreriunenrnnianrneenanns 28
fugacity capacities ...................... 178f
Butylate
configuration ...........ceceeevvenenennnes 245f
diffusion in soil thin-layers........... 235¢
heats of adsorption ..................... 240f
soil adsorption coefficients........... 238
soil mobility related to physico-
chemical properties ............. 231-247
vapor diffusion on loam............... 237f
various physicochemical
Properties .....c..ccevveenrennennnns 236f

FATE Of CHEMICALS IN THE ENVIRONMENT

C

Calibration
alachlor concentration
definition .....cooevvvveenriireenienenns
Carbon monoxide exposure, micro-

ENVIroNMENtS........vvvvivniininnnenss 72
Carcinogenic health effect models,
diSCUSSION ..vvveveinenrinreninninnnns 71
Carcinogenic response, mice on
DEHP di€t ........cevveenvvinnrnnnnnn. 305¢
Carcinogenic risk estimation
carcinogenic pollutants................ 270
diSCUSSION ..veceuivrinierniniinninsns 298-306
SHED application discussion ..... 73-80
various models ..............ccocunee 301-304
Cation exchange, sorption/desorp-
[170] 1 PO PO YN 47
Chemical intermediate, benzene
release......cocoeuerviieiiiininiiiiiennns 13
Chemical migration and risk assess-
ment, aquatic fate code ............ 36
Chemical processes, pollutants in
soil and groundwater ....... 48-49, 59¢
Chemical release, mode effect on
model choice........ccoovenininnnnns
Chemical vat, chemical release
SOUICES . eueeenrnraeacnssraarsensararanes 7
Chlorinated biphenyls, physicochem-
ical properties............co..oveunnn. 184¢
Chlorinated organic compounds,
binding by humic materials ....... 216
Chlorpyrifos
chemical distribution using various
model ecosystems .......... 115~117f
physical properties and partition
coefficients.........c.ocovvvveninnns 114f

Chronic risk assessment .
Clausius—Clapeyron equation, herbi-

cide soil mobility.........c...ocvnie 234
Clean Air Act, discussion ............... 90
Cohort exposure, micro-

ENVIFONMENTS ......evvnrnenrenerenenens 72
Coke oven, benzene

release ................ 7, 13, 16-19¢, 294¢
Compartmental model, discussion ..53-55
Complexation, definition................. 49
Complexity, determinants ............... 177

Computer codes, aquatic systems ... 25-37
Concentration patterns, dispersion

modeling.......ccocvvveieiinviiiiiiennns 75
Contaminant levels, PPLV calculated

VAlUES .uvvviirnenrrnreneneneaniinienns 279t
Contamination of soil, primary

SOUTCES ..eurnenenrnrnraencannaensieasnres 45¢
Control volume, environmental

modeling......coceeuvnvviiiiniiininnnns 33
COPY, HSPF utility modules ..... 129/, 140
Correlation equations, estimation of

partition coefficients ................ 109

In Fate of Chemicalsin the Environment; Swann, R., et al.;
ACS Symposium Series; American Chemical Society: Washington, DC, 1983.



INDEX

Cumene, calculated benzene emis-

sion factor.........cvcvvienvveninenenes 16¢
Cyclohexane, calculated benzene
emission factor .........coeevieninnnn. 16¢
D
2,4-D

chemical distribution using var-
ious model ecosystems ...... 115/~117f
physical properties and partition

coefficients..........covveveninnnnn, 114f
Data conversion, dose-response ....... 299
Data structure, aquatic fate codes .... 34
DBCP
adsorption coefficient.................. 209¢
air/soil interface ........coccoeuvunennnss 210
diffusion in soil ..........c..eee.ll 206, 207:
half-life.....covvivveiiieiiiieieieeens 206
DDT (dichlorodiphenyltrichloro-
thane)
physical properties and partition
coefficients..........ccevveeniennnnes 114f

binding constants of
different humic mate-

rials .............. 220¢, 224, 225¢t, 226f
binding by sewage effluent DOC... 223
chemical distribution using various
model ecosystems .......... 115(~117f
Decay, pesticide simulation in
RCHRES module .........c..cu.uees 138
Degradation
biphasic in $Oil.......c..cociviviiuennnss 119
pesticide reactions simulated by
................................. 134
rates in equilibrium models ..... 118-121
DEHP, humic binding...........occeeneen. 220¢
Deposition, surface, dynamic
PTOCESSES .euvuininininiriinririarannnes 101
Desorption, dynamic processes........ 101
Detention time, aquatic system........ 34
Deterministic, mathematical soil
model.......oovviiiiiiiiiiiien, 50
Dialysis, method discussion, humic
material ..........coociiiiiiinnnnn. 218, 220¢
Di-n-butylphthalate, binding constant
related to o/w partition coeffi-
CIENL tevvveiiniienieeiiierennns 224, 225t.f
Dichlorobenzene, calculated benzene
emission factor ..........ocvvenenenn, 16¢
Dichlorobiphenyl, fugacity model
calculation .......ccoeveuviniinieninnnns 192f
1,3-Dichloropropene
chemical distribution using various
model ecosystems .......... 115/~117f
physical properties and partition
coefficients.........ccccvevninnnnn. 114f
Dicyclohexylphthalate, binding con-
stant related to o/w partition
coefficient ...........c..c...c.... 224, 225t.f

313
Di-(2-ethylhexyl) phthalate
binding constant related to o/w
partition coefficient ....... 224, 225tf
humic binding........cccoenerenieiiinin
carcenogenic risk assessment ....... 304

Diffusion
defInition ........ccoeieeiiirininniiinans
equations for fugacity models
pollutant physical parameters

various herbicides in soil .............
Diffusion/volatilization, pollutants in
soil and groundwater................ 48
Diffusion coefficient, pestncndes in
SOIl wenirniiiiierneeeeeenns 201, 204, 206
Diffusion half-life effect on soil prop-
erties and conditions................ 206

N,N-Dimethylaniline, physicochem-
ical constants and acceptable

daily doses.....ccocevevirviniiiinninnins 273t
Diphenylamine, physicochemical
constants and acceptable daily
AOSES teueviinrneiniiiiiiieeiians 273¢
Discharge pipe sampling, direct re-
lease measurement .................. 10
Dispersion
atmospheric pollutants ................ 69
hydrodynamic transport in aquatic
SYSIEMS t.vviiiiiiienniereiananneeenns
Dispersion models, EPA risk anal-

VSES teurnenrniairreiiniienineriinerinnns 72,175
DISPLY HSPF utility module ......... 129f
Distribution

benzene eXposure..........oeuviunenenns 20
human exposure estimation.......... 295
DNB, physicochemical constants
and acceptable daily doses........ 273t
DNT
acceptable levels in waterway
sediment.......cooveuvinieninninnn, 279t
physicochemical constants and ac-
ceptable daily doses.............. 273t
Dosage, statistical bases for identi-
fying health effect functions ...... 71
Dose-response models, vari-
OUS tevrinrrneenenneenaeenns 71, 96, 301-304
Dose-response thresholds, carcino-
genic risk estimation, discus-
SION tenvrnienveieneeie e eeeeenss 298-300
Drinking water contamination, PPLV
calculations ......c.vevevinieneeninenns 278
DURANL, HSPF utility modules..... 129f
Dust concentration, PPLV
calculation ........ceeeenvenreinninines 275
Dynamics, effect on model selection 100
E
Ecosystem, definition..................... 109
Emission factor
benzene as an intermediate .......... 13

In Fate of Chemicalsin the Environment; Swann, R., et al.;
ACS Symposium Series; American Chemical Society: Washington, DC, 1983.



314

Emission factor—Continued
effect on fugacity model

calculation .............ccceeuennnn.. 189f
manufacturing plants using
benzene......ccocveveieieiniiinnnn.. 16
Emissions, pollutants released to the
7o) 1 I 43-46
Environment

chronic risk assessment
discussion of compartment

modeling..........ccoevveiiiieninnnn, 176
SWRBB-EXAMS aquatic hazard
assessment on exposure
levels .oovvniiiiniiniiiiiiiieniaans 256
waste disposal sites .................... 57
Environmental partition coefficients 107
Equations
model ecosystem ................... 112-113
TDE moisture module.................. 51
Equilibrium dialysis, pollutant
binding to humic materials ........ 217
Equilibrium distribution, trichlorobi-
phenyl fugacity model.............. 186f
Equilibrium expression
organic chemical distribution ... 105-122

advantages and disadvantages .. 121-122

definition ..........oceveveniiiiiiieinnnn. 106
fugacity .oo.ovveieiiiiiieirceceeens 177
Error analysis, model..................... 157
Ethylbenzene, calculated benzene
emission factor .............coceueenee 16¢
Evaporation, dynamic processes...... 101
Evapotranspiration, Malathion......... 212

Exposure analyses modeling system
(EXAMS) ....... 35, 252-253¢, 255-260¢
Exposure and dosage grid model,

SHEAR ......cooviviiiiieiieeinnne, 80
Exposure model
chronic risk assessment............... 94
human, airborne toxic mate-
rals ..ooviiiiiiin 67-84f
human exposure and risk
ASSESSMENt...ouvevirineenieneninnns 293

Exposure and risk assessment,

method discussion ........... 288, 289
Exposure routes
analysis discussion ................. 292-295
pesticides in aquatic system ......... 25
statistical bases for identifying
health effect functions........... 71
various toxic chemicals ........ 266t, 267t
Extrapolation formulas, dose/re-
sponse models ............cceeeeenii, 96
F
Fate model
aquatic SyStems .........oeeveueeneenen. 25, 35
human exposure and risk
eStimation ........ccevevvreenenennnns 288
pesticides .......cocvviiiiiiiiiiinennn. 25, 249
pollutant concentration estima-
HHOM vvieeiieiieeeeeeeeaes 290-292

FATE OF CHEMICALS IN THE ENVIRONMENT

Fault tree analysis, acute release

model selection............eevveeen.n. 100
Federal Insecticide, Fungicide, and
Rodenticide Act, discussion ...... 90
Federal Water Pollution Control Act,
diSCUSSION ..euvnvviriinreeieeieneannes 9
FEM WASTE model...........ccccvveeenn. 59¢
FETRA, aquatic fate code .............. 36
Field testing, current status ........ 164, 168
Flow module
groundwater model..................... 57
soil model.........ccoooeiineiiniiininn. 51

Fluoranthene, binding constant re-

lated to o/w partition coeffi-

(ST 1| AU 224, 225t.f

Fluorene, binding constant related to

o/w partition coefficient ....224, 225¢,f
Food chain transmission, chemical

transport in aquatic systems...... 28
Food and Drug Administration, toxi-

cant acceptable daily dose ........ 268
Frequency domain performance,
model performance testing ........ 168
Freundlich equation
adsorption isotherm.................... 234

empirical model ..........c.coeevennnnes 47
pollutant concentration of the soil 55

soil adsorption coefficients........... 238
Fugacity capacities
chlorinated biphenyls.................. 184«
definition ........cccoeveveninvieenenenennnne 178¢
relationships between partition
coefficients..........ccveeevnennnnns 178f
Fugacity model
application ............... 175-196, 181-194
partitioning...............ccooiiiiniinnn. 106
SUIMMATY .. veveveneneererenernenesnenanres 180
Fulvic acid binding, pollutant inter-
ACLIONS .vvveniieniiiriiaeneeenanens 215-229
G
Gasoline, sources of benzene emis-

SIOM .vvivneriennennn, 13, 16, 181, 19, 294¢
GENER, HSPF utility module... 129f, 140
GEO CHEM model ........c..coevvenennee 59:¢
Gratiot county landfill, PPLV calcu-

lation, discussion ................ 280-281
Grid model, exposure and dosage,

SHEAR ....coiviiiiienieiinininenns 80
Groundwater

fate modeling ........c.coeeiininninns 41-63
various forms of released chemical
SUDSIANCES ...oveverierernenrnenans
H
Half-life
pesticide in s0il........ccceveiiiiiinns 206
dissolved nonvolatile organics in
SOMl cvvveniiiiciiieceeeens 201

In Fate of Chemicalsin the Environment; Swann, R., et al.;
ACS Symposium Series; American Chemical Society: Washington, DC, 1983.



INDEX

Heats of adsorption, temperature ef-
fects for various herbicides ..239, 240f
Henry’s Law constants
air/soil interface ..........ccoeevninnnnn.
environmental............ccceeunennnn.n.
Herbicide, soil mobility related to
physicochemical properties ..231-247
Heat of solution, various pesticides .. 236f
HSPF model

basic principles .......co.ccceuiennenn.n. 126
operation discussion .............. 142-145f
pesticide simulation .................... 145f
software design considera-
13 70) 1SS 140, 142
Human activities, cause of environ-
mental release..........c.eevvvnenennn. 4, 5
Human risk assessment
acceptable daily dose of a toxi-
(211 1 AP PPTTOTNS 268
diSCUSSION ..evvivivininiiiieininenenes 295-306
list of chemicals..........ccoevenvnnne.. 74

toxic chemicals
Humic acid binding

effect of temperature...................

pollutant interactions .............. 215-229

various compounds..................... 224
Hydraulic residence time, aquatic
SYSEEM.uiuiiniiniiiiiniiiniireienianess 34
Hydraulic routing, RCHRES
module......oooevvinieiiiiiiiniiiinnns 137
Hydrocarbons, environmental
partitioning............cceveueeinennnen. 108
Hydrodynamic, chemical transport
in aquatic systems ................... 26
Hydrologic simulation
aquatic fate code ...........ccoeennnn. 36, 41
PERLND module ................. 131, 132f
Hydrological simulation program-
Fortran—See HSPF
Hydrolysis
definition ...........cooeveeiiiiineennnn., 49
equilibrium models ................ 118-121
fate of chemicals in aquatic sys-

LEITIS vrvrererennnrnenennenanens 29, 30, 31f
Methoxychlor......ccocvevveeenirinennnn. 212
pesticide simulation in RCHRES

module......covvveeiinininnnenn., 138
Toxaphene........ccceeuvevievinennennnnn.. 211

Hydrophobicity, environmental parti-
tion coefficients ...................... 107
HydroQual, aquatic fate codes......... 35
I
Impervious land-segments, pro-
cessing units of HSPF.............. 126
IMPLND module, HSPF processing
UNIES ©ovveevnnrinenerenrenns 126, 129f, 134
Input data
errors in model] validation/testing .. 157
EXAMS e, 253
soil and groundwater modeling ..... 63
SWRRB.....ccooviiiiriiiiiiiiiieeneeens 251

315

Ion exchange, sorption/desorption.... 47
Ionization, chemical transport in
aquatic systems ................26, 27, 48
Isopleths, SHED model applica-
[57) 1 RO PR PPPRRt 1-84f
L
Lake environment model ................ 185
Langmuir model, equation .............. 47
Land disposal
direct release measurement.......... 10
type of pollutants ...............e.ceen 6, 45¢
Leachate migration, soil
CONtamINAtion ....ocueveenreneenenrense 43
Leaching
depth effect on soil organic carbon
levels coovvniiiiiiieiiieiiceienes 210t
estimations
herbicide, discussion...........c....... 243
HNAane .......cooevveevverneeennirecinenes 211
Malathion .......cceeveeeieiimrnieninnnns 212
MethoXychlor......covvievieiniininnnnns 212
MITEX . ovivinireiernecenrerrisenainenenenss 211
soil column
materials and methods.............. 232
various herbicides ................... 239
soil diffusion......cccoeecvreinvnninninnins 202
Lethality analysis, HPSF model....... 141f
Lindane
adsorption coefficient.................. 209¢
air/soll interface .......cocevuvenennennns 211

binding constant related to o/w
| partition coefficient ....... 224, 225¢,f
chemical distribution using various

model ecosystems .......... 1154117
diffusion in soil .......ccceeennenns 206, 207t
physical properties and partition

coefficientS....cccceeveneninencnines 114f
sorption related to soil moisture.... 200

Liquid scintillation counting, mate-

rials and methods .........ccooeueins 232
Logical structure, aquatic fate

COAES vrnirinriiirerieieeiiiiniieanes 32-34

Log-probit model, carcenogenic risk

estimation ............. 96, 302-304, 305¢
Low-dose extrapolation, carceno-
genic risk assessment............... 304
Land use, PPLYV risk assess-
MENE oeninenreaieeneeecninensarnnes 263-284
M
Macrofauna, benthic, chemical trans-
port in aquatic systems........... 28
Malathion
adsorption coefficient............... 209¢
air/soll interface ............covvennns 212
diffusion in soil ................. 206, 207¢

Maleic anhydride, calculated ben-
zene emission factor.............. 16¢

Manufacturing, estimated human
benzene eXposure.................

In Fate of Chemicalsin the Environment; Swann, R., et al.;
ACS Symposium Series; American Chemical Society: Washington, DC, 1983.



316

Mass balance

chronic risk assessment............. 93
environmental modeling ............ 33
estimation technique .............. 10, 12
equation for fugacity model ........ 180
soil diffusion......................... 202
Mathematical model
estimating releases.................. 12
pollutants in soil and ground-
L1 1) N 50, 59¢
SYSteM ...vviiiiiiiiiiii i 125-147
Methoxychlor
adsorption coefficient ......... 209¢, 238t
air/soil interface ..................... 212
diffusion in soil .......... 206, 207t, 235t
Metolachlor
configuration ..............c..eeuenn 245f
heats of adsorption.................. 240f
soil column leaching ................ 241f
soil mobility related to physico-
chemical properties ........ 231-247
various physicochemical
PrOPerties .....ooevunnnnnnennnes 236f
Microbial degradation
equilibrium models ............. 118-121
fate of chemicals in aquatic
SYSLEMS . .uvvvereerienrinnnanens 30
Mirex
adsorption coefficient............... 209¢
air/soil interface ..................... 211
diffusion in soil ................. 206, 207t
half-life ..............cooeeviiien.. 206
MITRE/JRB model.................... 59¢
MMT/VVT model ..................... 59t
Models
in aquatic systems ................. 25-37
approaches in use for toxic mate-
nals ..ooovvviiniiiii e 72-84f
carcinogenic risk assessment....... 304

components selection and

application
multimedia ...............00ieelll,
soil and ground water chemical
fate ...ooiiiiiiiiiiiiiiaee 41-63
various soil and groundwater ..... 58-63
Model ecosystem
discussion ...........coiiiiiine 11f£, 110
expression of chemical half-life .... 119
factors influencing selection........ 109
Model validation workshops,
TECENL .\vvrerrrnnrninnnnrnnanns 152-154
Model validation/testing
PIOCESS .iviiiirianeneananrenanns 151-171
Moisture movement in soil,
eqUAtION ...cevvvvviiiaiirenaennans 52
Molecular diffusivity, effect on
model selection ................... 102
Monochlorobenzene, calculated ben-
zene emission factor.............. 16¢
Monochlorobiphenyl, fugacity model
calculation.............ooveienennn. 191f

FATE OF CHEMICALS IN THE ENVIRONMENT

Monod equation, fate of chemicals in

aquatic SyStems .........ooovvnnes 30
Multimedia models
characteristics ..............cooonn. 96-98
chemical risk assessment ........ 89-104
Multiple-hit model, carcinogenic risk
estimation ................. 96, 301-304
MUTSIN, HSPF utility modules..... 129
N
National Ambient Air Quality Stan-
dards (NAAQS), discussion ..... 71
National Emissions Standards for
Hazardous Air Pollutants
(NESHAPS) ....vveeneecnnnnn. 73
Natural system model, inputs, out-
puts, and €ITors........ooevevvnnn. 158f
Nitrapyrin
chemical distribution using various
model ecosystem ......... 115~117f
physical properties and partition
coefficients ..................... 114f
Nitrobenzene
calculated benzene emission fac-
[0 G 16¢
physicochemical constants and ac-
ceptable daily doses............ 273t
Nonvolatile compounds, soil
diffusion........cccovveviiiiiiinnn, 201
o
Octanol/water partition coefficient
materials and methods.............. 232
related to binding constant ......... 224
various pesticides ................... 236f
One-hit models ................. 96,301,305¢
Organics
effect on herbicide soil mobility.... 239
environmental fate and transport .. 197
neutral, capture by non-living
particulates .................... 27
synthetic, aquatic fate codes ....... 35
Organic carbon
DDT binding.........vevvevievnnnnnn. 221
effect on soil leaching mobility..... 209
Organic compounds
binding by humic materials......... 216
estimated chemical half-life......... 120
examples of multimedia models.... 98
sorption mechanism................. 47
Output
errors in model validation/testing .. 161
EXAMS system ......cccovveeennnnes 253
HSPF system........oocevevvvvnnnnss 144
SWRRB system .......ccovvvevnnnnes 251
Oxidation
equilibrium models ............. 118-121
fate of chemicals in aquatic
SYSEMS ..oeniviiiiniiniienninns 29

In Fate of Chemicalsin the Environment; Swann, R., et al.;
ACS Symposium Series; American Chemical Society: Washington, DC, 1983.



INDEX

Oxidation—Continued

Methoxychlor ...........oovvenn..... 212
pesticide simulation in RCHRES
module..........cooveviiann 138
Toxaphene ............covvvnnnienn. 211
Oxidation/reduction, definition ....... 49
Ozone exposures, discussion ......... 72
P
Paired-data performance, model per-
formance testing .................. 168
Parameter errors, model validation/
TESHNG «.vvvrieeeeaaaeerearceenanns 160
Particle, chemical transport in
aquatic systems................... 27
Particle density, soil and sediment ... 112
Partition coefficients
adsorption ..o 204
chlorinated biphenyls ............... 184
correlations .........ccevvvnuinnnnnnn.. 108
environmental ................o...... 107
estimation..........vvvvvvvnnnnnnnnnn. 120f
PPLYV risk assessment .............. 271
relationships between fugacity
Capacties ......ccceeenereannnnn. 178f
uptake of synthetic organics........ 28
Partition model, equilibrium distribu-
tion of chemicals .............. 105-122
PATHS model..........cccvvnvvnnai. 59t
PBBs, physicochemical constants
and acceptable daily doses....... 273t
PCP
fugacity model application.......... 181
multimedia fate modeling........... 94
PERLND module, discus-
Y1) | RN 126, 128-134

Pervious land-segments, processing

units of HSPF..................... 126
PEST, aquatic fate code............... 36
Pesticide

aquatic risk assessment ........ 249-262
binding by humic materials......... 216
diffusion in soil ................. 206, 207t
emitted to the aquatic environ-

1172) o | S A 25
environmental fate and transport .. 197
examples of multimedia models.... 98
leaching insoil ...................... 209¢
volatilization and leaching estima-

HONS ©vvvtiiiiiieeeeierinnnnns 205-212

Pesticide simulation HSPF model
SYSTEIM .« evvnnnneernreeeeneeeeennnnns 145f
PERLND module .............. 134, 135f
RCHRES module .............. 138, 139f
PESTAN model........................ 59t
Petroleum refining, benzene re-

lease .....oooveiieiiiiiiinninnnn. 13, 294
PGDN, physicochemical constants

and acceptable daily doses....... 273t

Pharmacokinetics
data availability ...............o0l 299
total human exposure............... 296
Phenol, calculated benzene emission
[7:19100) SO 16¢
2-Phenyl-1,3-dioxane, hydrolysis pH
rate profiles ...t 31f
Phenyl acetate, hydrolysis pH rate
profiles ........oooiiiiiiiiiiannns 31f
Photochemical smog, chemical re-
lease SOUICE ....ovvuvnrvviinseeenns 7
Photodegradation, equilibrium
models .....oooiiiiiiiiiinnnn. 118-121
Photolysis
aquatic Systems ............oeeennnns 29
5] 216 PR 210
lindane .......ooovvvvvieeeinniniinnnn. 211
Methoxychlor ... 212
Toxaphene .......c.cooviiiiiiiaen 211
various effects on ...........ooennnn. 119
Phthalates, binding by humic
materials. ......oooerriiiiiiiieans 216
Physical processes, pollutants in soil
and groundwater ............ 46-48, 56
Physical properties, estimation ....... 1201
Physicochemical properties
PPLYV risk assessment .............. 272

related to herbicide soil mobility... 231

PLTGEN, HSPF utility modules..... 1291
PLUME model ......cccvveenennninnne 59t
Pollutant
effect of dynamics on model
SEleCtION ...vvvvneveeinnnneinnnns 100
effect of entry mode on model
choiCe ...oovviiiriiiiniiiiiinn 99100
generic exposure and risk assess-
ment methods ...........ouuni. 291
NESHAP screening,
characteristics .......ovvenennnns 73
organic, rate of transformation in
aquatic systems ................ 32
primary sources .. 44t, 45t, 69, 288, 296
Pollutant binding
concentration calculation........... 218
effect of temperature................ 221
Pollutant concentration estimation,
fate model use ............... -292
Pollutant cycle, mathematical
simulation ..........oeieeiiiiinnnns 41
Pollutant fate models
human exposure estimation ..... 295-297
mathematical .........ooovvveniienns 50
Pollutant impact patterns, SHED
model application ............. 821-84f
Pollutant mass immobilized by cation
exchange, equation...............
Pollutant transfers, examples ......... 101
Polychlorinated biphenyls, examples
of multimedia models.............
Polynuclear aromatic hydrocarbons,
multimedia models................

In Fate of Chemicalsin the Environment; Swann, R., et al.;
ACS Symposium Series; American Chemical Society: Washington, DC, 1983.



318

Polynuclear aromatics, binding by

humic materials...........o.oe.... 216
Pond model ..........oovvvieviinnn.... 110
Population characterization, human

exposure and risk assessment ... 293

Population modeling, airborne pollu-

tants, discussion.................. 79
PPLV risk assessment, calculations

for various sites ... 264, 266t, 272-282
Preliminary pollutant limit value—

See PPLV

Q
QWASI fugacity model ............ 181-194
R
R. WALK model....................... 59t
Radioactive waste disposal,
pollutants................ccevene.. 45t
Rainfall, effect on models ........ 102, 157
Ranking model ...................... 57, 61t
RCHRES module, discussion ....126, 129,
134-137
RDX
acceptable levels in waterway
sediment ........................ 279t
physicochemical constants and ac-
ceptable daily doses............ 273t

Reaction rate constants, chlorinated

biphenyls.........cccvvvvvviinn.. 184«
Receptor exposure, chronic risk as-
sessment ............. 94, 288, 292-295
Refineries, petroleum, benzene ex-
POSUIE ievnivnriniiieainarennnnns 19t
Regulatory background, environ-
mental risk estimates............. 90
Release estimates, research
OppOrtUNities ........ovvuunvennnn.. 20
Release rates
direct measurements................ 10
production limit ..................... 12
VATIOUS +.vverreeeaeenenrerannnnnnans 101
Resource Conservation and Re-
covery Act, discussion ......... 90-91
Reverse osmosis membrane, pollu-
tant binding to humic materials.. 218
Risk analysis research and demon-
stration act of 1982 ............... 90
Risk assessment
atmospheric .................oenel 68-72
carcinogenic and mutagenic
TESPONSE ..evvvvnnnnnnnniiaannnns 298
chronic vs. acute.................... 91
discussion ............. 249, 289, 300, 303
human, definition ................... 97
mathematical model................. 89
PPLV application
procedures.......covvviiirinieninnnn,

Runoff predictions, discrepancies .... 159

FATE OF CHEMICALS IN THE ENVIRONMENT

Runoff SWRRB model, descrip-

1306 1 RN 250251t
N
Safe Drinking Water Act, discussion 90
Saturated soil zone modeling ......... 57
Savanna Army depot activity,
PPLV calculations,
discussion ............... 276, 278-280
SCRAM model.........coovevviiiinnne. 59t
Sediment radionuclide transport
model, aquatic fate code ......... 36
Sediment routing, RCHRES module 137
Sediment simulation
chemical loss from model
€COSYSteM. .. ovivvniniinnnnnnns 119
mathematical .............c.ooeieenn 41
PERLND module .............. 131, 133f
SERATRA model, aquatic fate
[« [ RN 36, 126
SESOIL, soil compartment
model .....ooiiiiiiiiiiiiiiiian, 53, 59t
Sewage
DDT binding........ccoovviviinnnnn. 221
land disposal.......ccooviviiiinnn, 45t
type of pollutants ................... 45t
SHEAR model, regional grid model
of exposure/dosage ............... 0
SHED model. discussion ........... 73-84f
Simplified lake and stream analyzer
code, aquatic fate codes .........
Simulation models, deterministic
model formulations ............... 50
Simulator for water resources on
rural basins—See SWRRB
Software design considerations,
HSPF ..o 140, 142
Soil
fate modeling ................ooele 41-63
fate of organics...................... 204
mechanical and chemical
properties .....oevvunnnnnnnn. .e.. 233t
route of human exposure to toxic
chemicals .......cc........ 265f, 266f
Soil adsorption coefficients, Freund-
lich equation .........oovvinnnnnn 238
Soil compartment, schematic
presentation.........cooveiennnnn, 42
Soil contaminant
physicochemical constants and ac-
ceptable daily doses............ 273t
Primary SOUICES .....ooverveerannnsss 45¢
Soil diffusion,
discussion .... 199-200, 231, 242, 243
Soil ingestion, PPLV for PBB
CONCENtration .........ccoceveveenn. 280
Soil matrix phases, schematic ........ S4t
Soil moisture, effect on soil diffusion
coefficient .......c.ccoovvvvvniiiennns 200

In Fate of Chemicalsin the Environment; Swann, R., et al.;
ACS Symposium Series; American Chemical Society: Washington, DC, 1983.



INDEX

Soil quality model ..................... 51
Soil sorption constant
equilibrium expression.............. 107
related to various partition coeffi-
CIeNtS ....ovvvvirieiiinnnn.s 109, 113
Soil thin-layer vapor diffusion, mate-
rials and methods.................. 232
SOLAR photochemical code, aquatic
fate code .........oevviviiiinnin... 37
Solubility
method comparisons ............ 217-227
pollutant physical parameters ...... 46
Solute, fugacity capacities ............ 178
Solute concentration .................. 55
Solute module
groundwater .............ccevveenn... 57
SOMl . eviiii i 51
Solvent operations, benzene use ..... 19
Sorption
chemical transport in aquatic
SYSeMS ....ovviiiiiiiiiiaaan 27
method comparisons, humic
material ...........ovvieieeenn... 220¢
pollutant physical parameters ...... 46
Sorption/desorption processes,
€qUAtIONS .. .vevieririienennnnns 47

Sorption behavior, pollutant binding

to humic material ................. 217
Sorption method, discussion.......... 219
Source categories, NESHAPs ........ 73
Source geometry, effect on model

selection.........ocvvviiiiiininnn, 102
Sources of airborne pollutants,

diSCUSSION .. vvvvvvriiiiiieaanans 77

Sources of chemical release, discus-
Y (0] + D 3-20, 43-46, 76
Split-sample field testing, model field

1401011 S 168
Stack emissions, chemical release

SOUICES . .ivueernncunreaaecanarannns 7
Stanford watershed model ............ 125
Stochastic model ..................... 50, 55
Styrene, calculated benzene emis-

sion factor.........ooevvvvinninnnn. 161
Surface deposition, dynamical

PTOCESSES . vveeeenneeenvuiseesnanss 101
SWRRB model, discussion ....... 251-259:
SWRRB-EXAMS interconnections,

pesticide aquatic hazard

ASSESSMENt ....vvnennrnenneaniaenns 254
Systems Applications Human Expo-

sure and Dosage model (SHED),

discussion ...........ccoeiieenn.. 73-84

TDE model, discussion ..... 51-53, 57, 61t
Temperature, effect on soil diffusion

of various herbicides ....... 235¢, 238¢
Terrestrial model....................... 1101

319
Tetrachlorobiphenyl
chemical distribution using various
model ecosystems ........ 115/~117f
fugacity model calculation.......... 193f

physical properties and partition

coefficients ...............oeet 114f
Tetryl, physicochemical constants
and acceptable daily doses....... 273t
Thermodynamic heats of adsorption,
herbicide soil mobility............ 234
Threshold level, carcinogenic and
mutagenic response............... 298
Threshold Limit Values, various
SOUICES . \veernneerenseeannssonnsnn 268
Threshold variation, pollutant
dosage ... 71
Time dependence
effect on model selection............ 102
fugacity model....................... 180
Time series, HSPF model............. 140
TNB
acceptable levels in waterway
sediment .........coevnnnnnnnenns 279t
physicochemical constants and ac-
ceptable daily doses............ 273t
acceptable levels in waterway
sediment .......ccovviiiiinnenns 279¢
physicochemical constants and ac-
ceptable daily doses............ 273
TODAM, aquatic fate code ........... 36
Toxaphene
adsorption coefficient............... 209
air/soil interface ..................... 211
diffusion in soil ................. 206, 207t
TOXIC, aquatic fate code............. 3
Toxic chemical risk analysis
modelsinuse .........oiiiiiinnn 72-84f
PPLV process .....ccovvvvveennnns 264, 271
Toxic pollutants, acceptable daily
dose information sources .... 268, 269
Toxic Substances Control Act, dis-
CUSSION .'veiivrenianreenerenannns 90-91
Toxicity, pesticides in fish and
daphnids...............oooiinn 257
TOXIWASP, aquatic fate code........ 37
Trace metals, fate in surface and
sub-surface waters................ 58

Traditional differential equation
model (TDE model) ...51-53, 57, 61
Transport mechanism

aquatic SyStems .......c.ovvinnenn, 26-32
chemical release..................... 4
dissolved nonvolatile organics in
SOIl +vvviiiiiiii i 201
pesticide simulation in RCHRES
module .........oovvvnviiiiann 138
Transport parameters, chlorinated
biphenyls............ooieiiiiiinn 184
Transport types, multimedia model
designs .......ooiiiiiiiiiiiiin 97

In Fate of Chemicalsin the Environment; Swann, R., et al.;
ACS Symposium Series; American Chemical Society: Washington, DC, 1983.



320

1,2,4-Trichlorobenzene, binding con-
stant related to o/w partition
coefficient .................. 224, 225t.f
Trichlorobiphenyl, fugacity mod-
el ..... 182f, 183f, 186, 188f, 189f, 194
Trichloroethylene, SHED model ap-
plication ..........c...oooiiiil 81-84f

Ultrafiltration technique, pollutant

binding to humic materials....... 218
Unified transport model for toxi-

cants, aquatic fate code........... 37
USGS models.........ovvvveeivvnnn.., 59t
Utility modules, HSPF

model ..............ee.l 128, 129f, 140

A%

Validation process, model ........ 154-157
Vapor diffusion, soil thin layer, ma-

terials and methods............... 232

Vapor pressure, various pesticides ... 236f
Vegetable consumption exposure,

PPLYV calculation ................. 275
Verification
alachlor concentration .............. 162f
definition.........cc.oovviiiiiiiie.., 156
Viscosity, pollutant physical
parameters ..........oiieniiiin.... 46
Volatile compounds, soil diffusion ... 199
Volatility, related to various partition
coefficients ................... 113, 118
Volatilization
chemical transport in aquatic
SYSTEMS ..viiieriiiiiiiieinnnes 28
effect on fugacity model............ 190
estimation, pesticides ........... 205-212
half-life, in soil ...................... 208¢

FATE OF CHEMICALS IN THE ENVIRONMENT

Volatilization—Continued oL
measurements of pollutant binding

to humic materials ............. 218
pesticide simulation in RCHRES
module.........ccovvnnnninn... 138
various pollutants .......... 46, 210-212
w
Wastes, environmental fate and
transport.....coovvvvreerennnrerenes. 197
Waste disposal sites, environmental
impact ranking modeling......... 57
Waste treatment pond, chemical re-
lease SOUICES...euuuuniinnarrvennns 10
Wastewater, type of pollutants ....... 45t
WASTOX, aquatic fate code.......... 37
Water
fugacity capacities .................. 178t
route of human exposure to toxic
chemicals ................. 265f, 266f
various forms of released chemical
SUDSLANCES +\vvveeeerseeneennnnns 6
Water balance equation, basic runoff
model.........covvviiiiiiiiiiiinn, 250
Water contaminants, physicochem-
ical constants and acceptable
daily doses .....cceevniiininiinnn 273
Water quality analysis simulation
program, aquatic fate code....... 37
Water solubility
correlation to other partition
coefficients .........cccennnnn 109
effect on partitioning................ 108
various pesticides ................... 236f
Watershed chemical fate modeling ... 41
Watershed hydrologic modeling,
INpUt €rTOrS .....ovvvvviiieiriennns 157
Well-mixed compartment types,
multimedia model designs........ 97
World Health Organization, accept-
able daily toxicant dose .......... 268

In Fate of Chemicals in the Environment; Swann, R., et al.;
ACS Symposium Series; American Chemical Society: Washington, DC, 1983.



	Title Page
	Half Title Page
	Copyright
	ACS Symposium Series
	FOREWORD
	
	PREFACE

	
	1 Release of Chemicals into the Environment
	Human Activities That Cause Releases
	Form of Substances Released
	Source Characteristics
	Approaches to Estimating Releases
	Example of an Ad-Hoc Approach: Benzene
	Research Opportunities
	Literature Cited


	
	2 Fate of Chemicals in Aquatic Systems: Process Models and Computer Codes
	Transport and Transfer Processes
	Transformation Processes
	Logical and Data Structures of Aquatic Fate Codes
	Available Aquatic Fate Codes
	Literature Cited


	
	3 Soil and Groundwater Fate Modeling
	1.0 INTRODUCTION
	2.0 SOURCES AND EMISSIONS
	3.0 ENVIRONMENTAL FACTORS AND CHEMISTRY
	3.1 General
	3.2 Physical Processes
	Sorption/lon-Cation Exchange
	Diffusion/Volatilization

	3.3 Chemical Processes
	Ionization
	Hydrolysis
	Oxidation/Reduction
	Complexation

	3.4 Biological Processes

	4.0 MATHEMATICAL MODELING
	4.1 General Overview
	4.2 Unsaturated Soil Zone (Soil) Modeling
	4.2.1 TDE Modeling
	4.2.2 Compartmental Modeling
	4.2.3 Stochastic, Probabilistic, Other Modeling Concepts
	4.2.4 Physical, Chemical, Biological Processes Modeled

	4.3 Saturated Soil Zone (Groundwater) Modeling
	4.4 Ranking Modeling
	4.5 Aquatic Equilibria Models

	5.0 SELECTED MODELS AND ISSUES
	6.0 ACKNOWLEDGMENTS
	LITERATURE CITED


	
	4 Modeling of Human Exposure to Airborne Toxic Materials
	Origins of Atmospheric Risk Analysis
	Elements of Atmospheric Risk Analysis
	Modeling Approaches in Use
	Human Exposure Analysis at Systems Applications, Inc.
	Dispersion Modeling
	Concentration Patterns
	Major (Specific) Point Sources
	General Point Sources Represented by Prototype
	Area Sources
	Population Modeling
	Results
	Regional Grid Model of Exposure/Dosage
	Literature Cited


	
	5 The Role of Multimedia Fate Models in Chemical Risk Assessment
	Some Regulatory Background
	Chronic vs. Acute Risk Analysis
	Components of a Chronic Risk Assessment
	Multimedia Model Characteristics
	Selection and Application of Model Components
	Concluding Remarks
	Literature Cited


	
	6 Partition Models for Equilibrium Distribution of Chemicals in Environmental Compartments
	Partitioning Models
	Environmental Partition Coefficients
	Partitioning In Model Ecosystems
	Applications of The Model
	Advancement of Equilibrium Models
	Advantages and Disadvantages of Equilibrium Models
	Summary
	Literature Cited


	
	7 A New Mathematical Modeling System
	Basic Principles of HSPF
	The Pervious Land-segment (PERLND) Module
	The Impervious Land-segment (IMPLND) Module
	The Reach/reservoir (RCHRES) Module
	The Utility Modules
	Software Design Considerations
	Operation of the Model
	Concluding Comments
	Literature Cited


	
	8 Model Predictions vs. Field Observations: The Model Validation/Testing Process
	Recent Model Validation Workshops
	The Model Testing/Validation Process
	Model Testing and Error Analysis
	Current Status of Field Testing
	Procedures and Measures for Model Validation
	Future Needs
	Literature Cited


	
	9 Application of Fugacity Models to the Estimation of Chemical Distribution and Persistence in the Environment
	Fugacity Models
	Illustrative Application
	Literature Cited


	
	10 Environmental Fate and Transport at the Terrestrial-Atmospheric Interface
	Method
	Summary
	Acknowledgment
	Literature Cited


	
	11 Interactions Between Dissolved Humic and Fulvic Acids and Pollutants in Aquatic Environments
	Methods Available for Quantitatively Measuring the Extent of Binding of Organic Pollutants to Dissolved Humic Materials
	Comparisons Between Methods
	Quantitative Binding Measurements
	Binding of Various Compounds By Pakim Pond Humic Acid
	Binding of DDT By Various Humic Materials
	Conclusions
	Literature Cited


	
	12 A Comparative Study of the Relationships Between the Mobility of Alachlor, Butylate, and Metolachlor in Soil and Their Physicochemical Properties
	Materials and Methods
	Results
	Discussion
	Conclusions
	Acknowledgments
	Literature Cited


	
	13 Mathematical Modeling Application to Environmental Risk Assessments
	Description of the Runoff SWRRB and the EXAMS Models
	Use of SWRRB and EXAMS to Assess the Hazard of CGA-72662 to an Aquatic Environment
	SWRRB
	SWRBB-EXAMS Interconnections - Calculation for Load Input into EXAMS Pond
	Use of EXAMS Ponds and Lakes to Determine Environmental Fate of CGA-72662
	Limitations of SWRRB and EXAMS Models
	SWRRB Limitations and Pitfalls
	EXAMS Limitations and Pitfalls

	Summary
	Acknowledgments
	Literature Cited


	
	14 Application of the Preliminary Pollutant Limit Value (PPLV) Environmental Risk Assessment Approach to Selected Land Uses
	Acceptable Daily Doses (DT)
	Partition Coefficients
	Scenarios, Single Pathway PPLVs (SPPPLVs), and PPLVs
	Physicochemical Properties
	Alabama Army Ammunition Plant (4)
	Savanna Army Depot Activity (5)
	Gratiot County Landfill (6)
	Bangor Naval Submarine Base
	Summary
	Literature Cited


	
	15 Human Exposure and Health Risk Assessments Using Outputs of Environmental Fate Models
	Pollutant Concentration Estimation: Use of Fate Models
	Exposure Route and Receptor Analysis
	Human Exposure Estimation
	Risk Estimation
	Limitations of Risk Assessment
	Literature Cited


	
	INDEX
	A
	B
	C
	D
	E
	F
	G
	H
	I
	L
	M
	N
	O
	P
	Q
	R
	S
	T
	U
	V
	W





