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INTRODUCTION

This report has been prepared on the basis of information supplied to INERIS,
available objective (scientific or technical) data and current regulations.

INERIS cannot be held liable if the information provided to it is incomplete or
incorrect.

The opinions, recommendations, advice or equivalent expressed by INERIS as
part of the services contracted to it can be an aid to decision-making. Given the
mission incumbent upon INERIS by virtue of the legislation under which it was
created, INERIS does not take part in the actual decision-making process. INERIS
may not therefore be liable in place of the decision-maker.

The recipient will use the results included in this report in their entirety or otherwise
objectively. The recipient alone is liable for its use in the form of extracts or
summary abstracts. This applies equally if any modification were to be made to it.
INERIS declines any liability for any use made of the report that falls outside the
purpose of the service.
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GLOSSARY

ACUTE EXPOSURE: Short-term exposure, lasting from a few seconds to a few
days.

BACKGROUND CONCENTRATION: Ambient representative concentration of an
element, a compound or a substance in a given medium or a given region. It takes
account of natural concentrations (natural pedogeochemical background
concentration) and those concentrations that may originate from various man-
made sources (such as various pollution by fertilisers or pesticides associated with
normal agricultural practices or road traffic). It can also be defined as the normal
concentration in a given medium, in the absence of local contamination.

BIOACCUMULATION: The process by which a chemical accumulates in a living
organism, through the food chain or an ecosystem. Exchange process between a
living organism and its medium, leading to higher concentrations within this
organism than in its environment or its food.

BIOAMPLIFICATION: Process of successive accumulation of a chemical from the
bottom to the top of the food pyramid.

BIOAVAILABILITY: Ability of a chemical present in the environment to be taken
up and absorbed by a living organism and availability to interact with this
organism's metabolic processes.

BIOAVAILABILITY COEFFICIENT: Fraction of the external dose of a chemical
that penetrates into the organism and is available to interact with this organism's
metabolic processes.

BIOCONCENTRATION: The process by which a substance accumulates in a
living organism, by direct uptake from the surrounding medium. Example: a
chemical present in water can be bioconcentrated by fish through the gills and
skin.

BIOCONCENTRATION COEFFICIENT: In this document, this expression means
the ratio of the concentration in the animal tissue over the concentration in the
animal's exposure medium (water for aquatic organisms, food for other animals).

BIOTRANSFER COEFFICIENT: In this document, this expression means the ratio
of the concentration in the animal tissue over the daily intake of the animal.

CONCEPTUAL EXPOSURE DIAGRAM: Representation and/or summary
description of the site, its environment and its population including all information
collected during the survey and diagnostic phases, providing a clear and simplified
presentation of the problem encountered on the site studied. The conceptual
exposure diagram makes it easier to understand the mechanisms leading to the
risks evaluation, particularly the identification of relationships between pollution
sources, different transfer and exposure media and neighbouring populations.

CHRONIC EXPOSURE: Persistent, continuous or discontinuous exposure,
produced over a long period, lasting from a year to whole life.
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ENVIRONMENTAL MEDIA: Environmental media means the air, ground water,
surface water, soil or sediments.

EXPOSURE MEDIA: Exposure media means specifically the media with which the
receptor studied is in contact. For human populations, for example, this may be
the air inside dwellings, water from the tap, the top soil, or food.

EXPOSURE PATHWAY: Pathway of a substance from the source towards a
receptor. An exposure pathway includes a source, an exposure point and an
exposure route. If the exposition point is different from the source, there is also a
transfer mechanism and an intermediate compartment where the pollutant is
transported (eg. ingestion of self-grown vegetables).

EXPOSURE ROUTE: Route by which a chemical penetrates into the organism.
There are three different exposure routes: inhalation, ingestion and dermal
contact, which can be differentiated depending on the transfer medium involved:

« inhalation of a chemical as a gas or absorbed onto dust, or diluted in water
vapour,

« direct ingestion of soil, foods (plants grown on the site, animals reared on
the site), or contaminated water,

« dermal absorption by contact with a contaminated soil, dust and/or water
(bath, shower, sailing, etc.).

EXTERNAL DOSE: Quantity of chemical in contact with the organism's barriers
(intestinal walls, lung alveolae, skin). It is generally expressed as weight of
substance per unit body weight and per unit time.

GEOCHEMICAL BACKGROUND CONCENTRATION: Natural concentration of
an element, a compound or a substance in a given medium, in the absence of all
specific external sources, such as those due to human activity.

INTAKE: Quantity of chemical provided to an organism and in contact with this
organism's barriers (intestinal walls, lung alveolae, skin). It is generally expressed
as weight of chemical per unit body weight of the organism and time.

NATURAL ATTENUATION: Term covering all processes involved in dispersion,
dilution, adsorption and chemical or biological degradation phenomena having the
effect of reducing the weight, volume, concentration, availability or toxicity of a
source of pollution.

QUANTITATIVE STRUCTURE ACTIVITY RELATIONSHIP (QSAR): Statistical
relationship established for a set of chemicals or compounds and used to estimate
the value of a parameter for these chemicals or these compounds from their
structure or from one or more of their physico-chemical characteristics (eg.
relationship giving the bioconcentration coefficient of a chemical in the fish based
on this chemical's octanol-water partition coefficient).

RELATIVE BIOAVAILABILITY COEFFICIENT: Ratio of the bioavailability
coefficient for a chemical present on a particular matrix over the bioavailability
coefficient for this same chemical in a reference form. Example: the relative
bioavailability coefficient of lead for soil is generally calculated as the ratio of the
bioavailability coefficient of lead ingested from a soil matrix over the bioavailability
coefficient of lead ingested as lead acetate.
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RESIDUAL RISKS: Risks resulting from exposure to residual concentrations (cf.
residual risks analysis).

RESIDUAL RISKS ANALYSIS (ARR): Quantitative evaluation of health risks
carried out on residual exposures, i.e. on exposures expected after applying the
management plan.

Extract of the circular dated 8 February 2007 on registered facilities (Prevention of
soil pollution - Management of polluted soils): "When the characteristics of a
management plan enables to not eliminate all possibilities of contact between
pollution and people, potential health risks associated with residual exposures
must be evaluated and assessed. The residual risks analysis (ARR) is the specific
tool for this purpose.”

SUB-CHRONIC EXPOSURE: Exposure of intermediate duration between acute
exposure and chronic exposure, lasting from a few days to a year.

TRANSFER: Migration of subtances in any form whatever (dissolved, liquid,
gaseous) in one or more media (eg. through or at the surface of a soil, caused by
water, air and human activities, or even by soil organisms).

UPTAKE: Quantity of chemical penetrating the organism's barriers following
contact. It can be estimated as the product of the external dose multiplied by the
absorption rate for the chemical. It is generally expressed as weight of chemical
per unit body weight of the organism and per unit time.
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ABBREVIATIONS

2,3,7,8 TCDD: 2,3,7,8 TetraChloroDibenzoDioxin

BaP: Benzo(a)Pyren

ERS: Health Risks Assessment

PAH: Polycyclic Aromatic Hydrocarbons

ICPE: Facility Registered for Protection of the Environment
PCB: PolyChloroBiphenyls

PCDD: PolyChloroDibenzoDioxins

PCDF: PolyChloroDibenzoFurans

QSAR: Quantitative Structure Activity Relationship

TRV : Toxicological Reference Value
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SUMMARY

Human health risks assessment associated with developing a contaminated site or
setting up an industrial facility requires the exposure level of the population from
different sources and environmental media be modelled, using several transfer
and exposure routes for pollutants.

This document presents calculation approaches used by INERIS to assess
exposures associated with a polluted site or an industrial facility.

It is split into two parts:

¢ the first (part A) describes the document's scope of application, offers a general
description of the approaches to modelling presented and states the principles
an assessor should use as the basis for selecting the right approach;

e for each transfer type and exposure pathway, the second (part B) gives the
conceptual model, equations and conditions for using these equations
(assumptions, limitations, uncertainties).

The routes covered in this manual relate to inhalation, ingestion and dermal
contact. The environmental and exposure media considered are soils,
groundwater, surface water, outdoor air, indoor air, plants, animal products and
breast milk.

This document aims to provide practical and relatively simple calculation
approaches to answer conventional questions of risk assessment. These
approaches must be selected and used depending on the defined conceptual
diagram and more generally the context of each study.

On the other hand this document does not describe an integrated model with
paired calculation modules, used to represent the mass balance of a pollutant in
the environment.

Nor does INERIS claim to provide state-of-the-art modelling. During INERIS’work,
modelling approaches may change and this manual may be updated. It will be
accompanied by further additional documents to define the parameters used in the
equations.

With this manual giving detailed descriptions of the origin of the equations used,
the assumptions on which they are based and associated limitations, INERIS
wishes to contribute to the development of greater expertise by:

e promoting harmonised practices,
o facilitating the work of risk assessors,
e improving the transparency of studies.
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PART A: OBJECTIVE OF THE DOCUMENT AND GENERAL
PRESENTATION OF THE MODELS

1. INTRODUCTION

Assessment of health risks associated with developing a contaminated site or
setting up an industrial facility requires the exposure level of the population from
different sources and environmental media be modelled, using several transfer
and exposure routes for pollutants.

There are numerous multimedia exposure models, particularly in the field of
contaminated soils, to assess these exposure levels and associated health risks.
INERIS has analysed a number of these calculation tools (INERIS: 2001; 2002a,
b, c; 2004a; 2007a). However, none of these models appeared complete or
suitable enough to meet the needs and special features related to each risk
analysis. INERIS has therefore developed its own tools from equations and data
available in the literature to complete.

Through risk assessment work carried out at INERIS over fifteen years, certain
aspects of modelling transfers and exposures have been analysed or researched
more thoroughly than others. Over the years, occasionally different calculation
methods have been developed depending on the field of reguulation (Detailed
Risks Assessment for contaminated soils, assessment of health risks for Facilities
Registered for the Environment, or even risk assessment associated with new or
existing substances).

This document aims to summarise the results of this work and to present the
calculation approaches selected for the integrated assessment process of
exposures associated with a polluted site or an industrial facility, in order to:

o promote harmonised practices,
o facilitate the work of risk assessors,
o contribute to greater transparency of studies.

It does not claim to be state-of-the-art for modelling, but represents current
practices at INERIS in this field. Thus, as teams conduct the work and gain
experience, these modelling approaches may develop in the future and this
document may be updated.

This document is divided into two parts:

o the first (part A) presents the objectives and scope of application of the
document, as well as a general description of calculation models developed
in the second part;

o for each transfer type and exposure pathway, this second (part B) gives the
conceptual model, equations and conditions for using these equations
(assumptions, limitations, uncertainties).

This document will be accompanied by further guides and notes to define the
parameters used in the equations. Certain parameters can play a very marked role
in the models used (Bonnard, 1997; INERIS reports, 2005a; 2006). Guides will
present important issues to be considered when defining values and will be able to
offer a method for choosing and assigning values to parameters based on the
model's sensitivity to these parameters, objectives of the study and the quality of
the available data.
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2. SCOPE OF APPLICATION OF THE DOCUMENT

The approaches to modelling collected in this document aim to estimate exposure
levels and risk levels for a population, associated with an industrial pollution
source or contaminated solil, at a local scale.

In regulatory terms, the circular dated 8 February 2007 on registered facilities
(Preventing soil contamination - Managing contaminated soil) and the 15 May
2007 circular (BPSPR/2007 — 128/VD) present the assessment of health risks as
‘one tool among others for managing chronic risks'. They indicate that the purpose
of assessing health risks is to validate the management plan for a contaminated
site by analysing residual risks. As part of impact studies for facilities registered for
the Environment (ICPE), risk assessment is presented as a tool that should rank
action priorities, validate procedural choices and guide the monitoring plan.

The modelling approaches presented in this document can be used to meet these
objectives.

Some of these calculation approaches can also be used for specific work, such as
comparing results from measurement with those from modelling or identifying a
contamination source. However, for such applications, the choice of assumptions
must be guided by attention to realism and the calculations should normally be
more accurate than those used to check that the residual risks after renovating a
site are acceptable. Less conservative, more complete (eg. taking account of
pollutant losses incurred by a medium) and more complex approaches can
therefore prove necessary.

The equations developed in part B are presented without reference to an exposure
duration, to retain their generic nature and enable them to be applied to estimate
exposure levels associated with acute exposure® (from a few seconds to a few
days), sub-chronic exposure! (from a few days to a few years) or chronic
exposure! (from a year to whole life).

On the other hand, this document does not deal with methods for estimating the
exposure of workers responsible for decontaminating a site or people working in
an operating facility and in direct contact with pollutants. The dispersion of
accidental discharges (such as leaks on the surface of or into a soil) are also not
covered.

3.DEVELOPMENT OF THE DOCUMENT
This document has been developed in five phases:

e a phase interviewing engineers belonging to different teams in the Chronic
Risks Department, working or having worked on modelling exposure from a
source of environmental contamination. Teams working on modelling pesticide
concentrations in the environment have also been consulted. On the other
hand, work associated with exposure of consumers has not been considered.

This stage lists the relevant calculation tools;

! Definition given by US EPA 1989
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e a writing phase, in which all the corresponding calculation equations have
been described. At this time, certain points could be considered in greater
depth, in order to specify usage limitations for these models or to formulate
them more generally, and so make them applicable to other settings (eg.
applying an equation developed for organic substances to inorganic
substances);

e aninternal review stage;
e areview phase involving external organisations;

e a phase correcting the document and responding to comments made by
external reviewers . This work resulted in a second report being drafted,
entitted '‘Comments from reviewers of the report 'Sets of equations for
modelling exposure associated with soil contamination or emissions from an
industrial facility’, version dated 16/04/09 and responses provided by INERIS',
referenced DRC-10-109450-02656;

At the end of this process, the two documents underwent a final check, which
is the specific quality procedure used at INERIS before distributing all reports.

4. OVERVIEW OF ALL ESTIMATION APPROACHES PRESENTED
The method for estimating levels of exposure and risk is shown in the diagram

below:
Pollutant source
< measurements

Chemical parameters Measurements or
Environmental parameters = @ <:|

transfer models

Concentration of pollutants in the media

Exposure parameters > <= Measurements or exposure
models

Exposure levels |

Toxicological
Reference Values

| Risk levels |

Figure 1: Schematic diagram showing the approach to quantifying exposure

Depending on the available input data, the entire modelling process should be
conducted from characterisation of the source, or only one part, from
measurements of pollutants in environmental media or measurements in exposure
environments?.

% Under regulations for administering registered facilities (circular dated 8 February 2007 regarding
registered facilities - Preventing soil contamination - Managing contaminated soil, circular
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Based on the diagram in Figure 1, part B presents sets of equations dedicated to
estimating concentrations in media, exposure levels, and risk levels, successively.

But the calculation modules presented do not cover all situations. These modules
are sets of equations used by INERIS for health risk assessments, mainly for
industrial sites, up to the time this report was written.

Some media (marine environment) or some transfer mechanisms (dispersion of
pollutants in an estuary, pollutants returning to the soil in animal faeces or after the
death of plants, pollutants in the soil picked up by fluctuation of groundwater level)
have not been handled by modelling or only under limited conditions (eg.
modelling for pollutant concentrations lower than the solubility limit). As a result,
the calculation modules developed are essentially focused on a terrestrial
environment, even if one section is devoted to simplified approaches that can be
used to handle the outcome of pollutants in groundwater and surface water.
Atmospheric dispersion of pollutants is tackled, but the set of equations is not
covered explicitly, because while the results are used by INERIS, this part of the
study is generally handled separately.

The document deals with the behaviour of contamination, for which the source
term can be located in the soil or groundwater, which can consist of an
atmospheric point discharge or widely spread in the atmosphere or be a point
discharge in surface water. However, methods for estimating these source terms
are not covered by this document. In practice, in studies of contaminated soils, the
volume and concentration of pollutant from the source are defined from the in-
depth diagnostic survey. For ICPE, the ERS is carried out from measurements on
the emission flow, estimates based on emission coefficients or from limit values
set by local authority bylaws.

Finally, Figure 2 summarises all media, transfer mechanisms and exposure
pathways described in part B of the document, schematically.

Figure 3 represents the same thing as a matrix. Each diagonal element of the
matrix, items at (i, i), corresponds to one of the media studied and presents the
internal processes for this medium i. Items outside the diagonal, items at (i, j)
where i # ], describe transfers from medium i to medium j.

The reader will note that, in Figure 3, certain transfer phenomena appear in normal
type face while others are in bold face. The mechanisms labelled with normal type
face are only covered in part B of the document as pollutant inflow phenomena
from upstream medium i to downstream medium j. Those appearing in bold face
are covered both as an inflow mechanism from upstream medium i to downstream
medium j, and as a loss process for medium i. The phenomena in rectangles
representing environmental media (cf. Figure 2) or in (i,i) items of the matrix (cf.
Figure 3) are covered in the document only as loss mechanisms for medium i. This
applies, for example, to the sedimentation mechanism that appears in the
rectangle or box for 'surface water'. This transfer phenomenon has been entered
under 'surface water' and not between the 'surface water' and 'sediments' boxes,
because the assessor may or may not consider it in the model as a mechanism for

BPSPR/2007 — 128/VD dated 15 May 2007), the impact of facilities that have operated for several
years or of a contaminated site must be based on actual measurements of contamination in
different media. These measurements will be interpreted using the medium interpretation
approach. In this context, risk will only be calculated firstly if the measurements indicate that
exposure media have deteriorated from their initial state, and secondly if there is no regulatory
management value for interpreting these measurements.
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losing the pollutant from surface water, but this process is not currently used in the
document to estimate the concentration in the sediment layer.

The absence of a link between consideration, on the one hand, of the pollutant
inflow from a medium i to a medium j by a transfer mechanism, and consideration
of the pollutant loss caused for medium i by this mechanism, on the other hand, is
associated with using simplified approaches to modelling (cf. section 5). It does
not reconcile the mass balance of pollutant in the environment. But, calculation
methods where the losses incurred by a medium (or reduced inflows) are not
necessarily considered can be used to obtain cautious estimates of levels of
exposure and risks. Uncertainties associated with the fact of having neglected
these loss phenomena can then be tested by reintroducing these loss
mechanisms or by comparing quantities of pollutant transferred from medium i to
medium j with the estimated quantity of pollutant in medium i.

Finally, even if all transfer mechanisms and exposure pathways considered have
been grouped in the same matrix, the equations presented for each of these
mechanisms may correspond to different, even opposing, calculation conditions or
assumptions (eg. approach based on the assumption of one pollutant source in
the solil in stationary state for calculating emissions into the air versus an approach
considering loss phenomena in the soil to estimate the change in pollutant
concentration in the soil over time). These different equations should therefore be
selected and used is a structured way, based on the objective of the study and the
conceptual model (cf. section 6 in part A).

As a result, figures 2 and 3 offer a summary view of the different transfer
mechanisms and exposure pathways covered in part B by means of the different
calculation methods developed. But they should not be considered as the
schematic representation of an overall model where transfer mechanisms would
necessarily be coupled.
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surface water sorption
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dissolved suspended degradation
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Legend:
Rectangle: abiotic media
Circle: biological media

Black arrows: transfer
mechanisms

Red arrows: exposure
pathways

Figure 2: Media, transfer mechanisms and exposure pathways described in the document
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Soil Diffusion Convection Leaching Runoff Direct uptake from Ingestion Ingestion
Degradation Evaporation Diffusion Erosion the soil Dermal
Sorption Resuspension of Rainsplash absorption
particles
Particulate and Outdoor air Air renewal Particulate and Particulate Inhalation of
gaseous . . gaseous deposition gases and
d I Dispersion " . . ;
eposition deposition Foliar absorption of particles
gaseous pollutant
Indoor air Inhalation of
gases and
particles
Irrigation Evaporation Evaporation Groundwater Irrigation Ingestion Ingestion
Diffusion Convection Dispersion Dermal
Diffusion Degradation absorption
Sorption
Irrigation Surface water Equilibrium Irrigation Ingestion Ingestion
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Figure 3: Interaction matrix between different media (only mechanisms and pathways considered in part B are shown)
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5.CHARACTERISTICS OF CALCULATION MODULES AND
EQUATIONS

A good number of the equations used by INERIS are similar or identical to
those used in multimedia models, such as HHRAP (US EPA, 2005), RISC
(Spence Environmental Engineering, 2004), RBCA Tool Kit (Groundwater
Services Inc, 1998) or HESP (van den Berg, 1994). Although the concepts on
which these models are based are generally the same, simplifications and
assumptions made afterwards often lead to different equations and values of
parameters.

In these fairly simple approaches, concentrations in media are estimated by the
mathematical representation of convection, diffusion and degradation
phenomena. Concentrations in media are generally calculated by considering
the concentrations in the upstream medium (media) or sources A, but without
taking account of secondary transfers from medium B to medium A. As an
example, the transfer from soil to plants (root uptake) is considered, but not the
transfer of pollutant from the plant to the soil as leaves fall on the ground. In the
same way, the quantity of particulate pollutant arriving at the ground from the air
is generally calculated from atmospheric deposition, without deducting the
quantity of particles intercepted by plants. Deducting the quantity of particles
intercepted by the leaves would have to be compensated by adding the quantity
of particles subsequently removed from the leaves, by the action of wind and
rain, and by taking account of the plant fraction that ultimately returns to the soil
(so as not to underestimate the pollutant concentration in the soil). Considering
these phenomena is a delicate balance: their importance depends on numerous
factors (pollutant type, size of particles, plant type, weather conditions, plant
growth stage) and the data needed to quantify them appears inadequate. The
approaches presented in section B are therefore simplified, which may
contradict the principal of conservation of mass.

All these equations do not enable an entirely coupled model to be constructed,
one that takes account of all transfer mechanisms for a pollutant between
different media. For example, in the presence of both an atmospheric VOC
emission from the chimney of a facility and a source of VOC in the soll, it is
possible using equations from part B to estimate the pollutant concentration
inhaled indoors and outdoors, taking account of the dispersion of flux emitted at
the chimney and flux emitted from the soil source by convection and diffusion.
On the other hand, when the facility is operating, the revolatilisation flux
associated with deposited gaseous pollutant cannot be taken into account.
However, this flux can be considered as negligible compared to the two others.

The approaches developed in this document are therefore relatively simple,
which does not necessarily make it possible to establish a mass balance for a
pollutant in the biosphere, but which has the objective of answering questions
supporting risk assessments carried out on sites.

In the same way, this document adopts practical methods to estimate exposure
that do not represent real transfer phenomena. Thus, to calculate exposure
involving a soil layer thickness z (direct ingestion of soil, ingestion of plants), the
pollutant concentration in this soil layer is estimated by assuming that the
guantity of pollutant deposited on the surface is distributed over this depth.
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Even if the quantity of pollutant lost by this layer (eg. by leaching) can be
deducted, the pollutant concentration gradient in the layer is not calculated (cf.
section 1.1.2 of part B).

On the other hand, contrary to some of the models cited above, this document
does not give pollutant concentrations in media only in the steady state. They
are often also expressed as a function of time. These expressions can be
helpful, particularly for evaluating acute exposures, following the change of
concentration in a matrix, taking account of exposure conditions that vary over
time, etc. Thus the reader will note that most of the parameters for the
equations presented below can themselves be defined as time-dependent
parameters (within use limitations specified for these equations and on
condition that they are not based on the assumption of reaching the steady
state). However, for reasons of readability, the time-dependence of different
input parameters is not carried over into the equations presented.

When they exist, analytical solutions for differential equations presented are
given, but they can of course be solved numerically.

6. CONDITIONS FOR USING CALCULATION MODULES AND
EQUATIONS PRESENTED

As indicated in existing risk assessment guides (MATE, 2000, INERIS, 2003),
all the transfer mechanisms and exposure pathways listed have certainly not
been modelled in one study. Depending on the use of the site, the
characteristics of the pollutant and the site, a site-specific conceptual exposure
diagram must be defined. For designing this diagram, the reader should refer to
the document from the Ministry for the Environment (MEDAD, 2007c).

From this conceptual model, the study objectives and available resources,
appropriate algorithms and equations must be selected for a given study, to
build a tool for estimating exposures specific to the study. As stated in the
document presenting the Residual Risks Analysis approach (MEDAD, 2007d),
"the selection of transfer 'models' and values for associated input parameters
(environmental parameters, physico-chemical parameters of substances, soils,
etc.) is adapted to the special features of the study".

In the first place, it is necessary to ensure all the phenomena that can contribute
to increasing concentrations in exposure media are taken into account. In this
way, depending on the type of contamination, some transfer mechanisms will
be relevant and others not. For example, for a soil contaminated by volatile
pollutants, the transfer of pollutants from the source to the habitat should be
considered. There will be a distinction between the pollutant concentration (and
therefore exposure by inhalation) outside and inside buildings. For emissions of
volatile pollutants from the stacks of an industrial facility, only atmospheric
dispersion is modelled, and the concentration inside buildings attributable to the
facility can, as a first approximation, be taken as equivalent to the concentration
outside. Depending on the properties of chemicals, use of the site, etc., certain
exposure pathways are negligible and a quick over-estimated calculation may
be enough to demonstrate it. For example, dermal absorption or gas and
particle inhalation by animals are exposure pathways that often prove negligible
compared to other exposure pathways considered.
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Depending on the type of substance, some models may or may not be suitable.
Empirical relationships such as QSAR (Quantitative Structure Activity
Relationship) are thus established from a group of substances with given
physico-chemical characteristics. As an example, substances with a high
octanol-water partition coefficient, such as benzo(a)pyrene (BaP) or 2,3,7,8-
tetrachlorodibenzodioxin (2,3,7,8-TCDD), do not fall into the valid scope of the
modified Potts and Guys relationship, recommended by the US EPA (2004d) to
estimate the dermal permeability coefficient for a pollutant through the stratum
corneum from water.

In some cases, a deliberately over-estimated approach may be desirable. If the
objective is to demonstrate that the residual risk associated with the selected
management solution is acceptable, this type of calculation approach, which
tends to increase the risk, can be adequate and avoids under-estimating
concentrations in the soil or predicted levels in other environmental or exposure
media. The representation of certain phenomena can therefore be deliberately
omitted, as the assessor favours the principle of caution over the concept of
realism. For example, natural attenuation phenomena of pollutants in the soil
(such as erosion, runoff, degradation, volatilisation and leaching) can be
considered as phenomena contributing pollutants to downstream media
(surface water, air, groundwater), but losses incurred by the soil may not then
deducted from the soil source.

The complexity of the model to be used must also be assessed in terms of the
degree of accuracy required in the results and the resources available to
conduct the study.

In this way, taking account of physical, chemical and biological phenomena in
the detail can, in some cases, make the model hard to follow. The quest for
accuracy and/or realism can work against the objective of transparency in
studies.

In addition, the quality of a calculation result depends on both the equations and
the input data used being representative. A complex model requires a greater
amount of input data. Such a tool, used with sensitive data defined by default,
due to a lack of time or money, losses its benefit.

Apart from situations to be defined by the Ministries for the Environment and
Health where generic approaches could be employed, using a calculation model
needs a case-by-case analysis and therefore the expertise of the assessor.

Thus, several modelling approaches may sometimes be described for the same
transfer mechanism in this document. The assumptions and limitations to each
approach are presented to make it easier to choose the approach most suited
to the study. Presentation of several approaches may also help to assess
uncertainties. When scientific knowledge is too limited to favour one model over
another, performing a comparative analysis of the results from the different
models available is an important factor in assessing uncertainties and therefore
the risk characterisation step. Introducing loss phenomena experienced by a
medium, during this step, can also be used to test the impact of conservative
assumptions made at the start, consisting of ignoring natural elimination or
attenuation phenomena for the pollutant.
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To meet the needs of a risk assessment for a contaminated site or for
emissions from an ICPE, it is therefore possible to use:

¢ the calculation approaches developed in part B of the document,

e measured values. Measured values generally include background
concentrations (of man-made and/or geochemical origin), in addition to the
impact of the contamination source studied. These data should therefore be
used appropriately for the desired objective (cf. section 4 of part B);

e modelled values derived from more complex mathematical models, if there
IS a need to do so. The equations described here remain relatively simple.
Each medium is represented by one (or more) compartment(s) in which the
concentration is assumed to be uniform. The use 1, 2 or 3-dimensional
models can prove necessary in certain cases, for example to estimate the
transfer of pollutants from the soil to the groundwater or concentrations in
the water in a river.

But, in all cases, selecting methods for estimating and interpreting the results
obtains should take account of the assumptions on which these approaches are
based.

7.METHOD OF PRESENTING EQUATIONS

For each transfer mechanism and exposure pathway, part B of the document
describes the physico-chemical and biological phenomena involved, the
assumptions and/or simplifications made and the mathematical reasoning
leading to the expression of concentration, dose or risk level. To make the final
expressions easier to understand and use, without having to refer to another
section of the document, each expression is accompanied by a table
summarising the parameters used in this expression.

This table is presented in the following form:

Symbol Parameters Dimensions Units Status

Cuwd Concentration dissolved in water M.L3 mg.m3 CorE

To avoid restricting the validity of the expressions presented to a single system
of units, the dimensions are given for each parameter in the equation.

Five fundamental quantities are sufficient to express the dimensions of the
different variables making up the equations presented:

e length represented by the symbol L,

e mass represented by the symbol M,

e time represented by the symbol T,

e temperature represented by the symbol K,

e number of moles represented by the symbol Mol.

A set of units traditionally used to define the parameters of the equation is
provided as an example. Depending on the study, the total exposure period and
the time scale used to define the parameters (daily, monthly, annual, etc.), other
units can be employed.
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Finally, the status tells the reader if a parameter of an equation:

e should be calculated first: C,

e should be defined as input data: E (it can be a result of measurement or a
calculation method outside the estimation approaches described here),

e s defined as data internal to the model: I.
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PART B: PRESENTATION OF EQUATIONS

This part of the document presents, successively, the calculation approaches
for estimating:

e concentrations in media (section 1),
e exposure levels (section 2),
o risk levels (section 3).

Estimating the pollutant concentration in breast milk (biological medium related
to human beings) is covered in the section on exposure levels.

1. ESTIMATING CONCENTRATIONS IN MEDIA

1.1. 'SoIiL' MEDIUM

After stopping an industrial activity, the soil medium is often the principal source
of exposure. For a facility still in operation releasing atmospheric emissions,
exposure (apart from direct pollutant inhalation) depends largely on
concentrations in the soil medium, which is an important receptacle for
atmospheric contamination. Determining the pollutant concentration in soils is
therefore one of the first steps in the process of estimating exposure.

Pollutant flows to other environmental media (air, groundwater, surface water)
are estimated from the concentration in soil, as well as contamination of plants
and exposure of animals and people by inhalation, ingestion of soil or dermal
contact (cf. Figure 2 and Figure 3).

But, depending on the process considered, the soil layer involved is different.
To take account of erosion or runoff phenomena, for soil ingestion or dermal
contact, we are interested in the surface layer of the soil. For root uptake to
plants, the area covered by the plants' roots should be considered. Finally, for
gaseous transfer from the soil to the atmosphere or to the air inside a building,
pollutants can be mobilised over a much greater thickness. Soil can rarely be
considered as homogeneous over its entire depth. Several layers with
properties assumed to be uniform (eg. organic carbon content, water content,
porosity, etc.) are therefore often defined to represent the soil compartment.

Thus, for the emission of gaseous pollutant from a source located at depth z in
the soil into the atmosphere or a building, we consider the pollutant
concentration in the soil at the source and the properties of the soil layers
located between the source and the emitting surface. In this situation,
representing past contamination®, the concentration in the soil is determined by

® For a future facility or an operating facility, pollutant emissions into the air from a source
located deep in the ground, following the accumulation of pollutants deposited on the surface
that then migrated in the soil, are not taken into account. They can actually be considered as
negligible compared to direct emissions into the air (this assumption might not be verified, only it
past emissions that generated pollution deep in the soil were much greater than present or
future emissions, but in this case the soil source created should be studied as such).
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measurement. For pollutant emission in particulate form into the atmosphere,
soil ingestion, dermal contact and root uptake, we are interested in the average
pollutant concentration in the soil layer extending from the surface to the depth
in question (the depth of soil dug over or worked for transfer to cultivated plants,
or the first few centimetres for the other processes cited). As this soil layer may
be contaminated from future discharges from an industrial facility, estimating its
concentration requires recourse to modelling. This section therefore focuses
mainly on estimating the pollutant concentration in a soil layer with its top at the
soil surface.

1.1.1. PARTITION OF THE POLLUTANT BETWEEN DIFFERENT PHASES OF
THE SOIL

As the soil is a multi-phase medium (air, water, solid) and the future of the
pollutant in the soil depends on the distribution of pollutant between these
different phases, this section focuses on relationships that can be described
between pollutant concentrations in different soil phases.

Depending on the pollutant concentration in the soil, this can be presented in
three or four phases. The pollutant in the solil is:

= adsorbed to soil particles,

= dissolved in in the soil porewater,

»= asgas in the soll air,

* as an immiscible phase, when the limit of solubility in soil water is reached.

Traditionally, models are based on the assumption that pollutants are in
equilibrium between these different phases and this equilibrium is
reached immediately. This assumption is used to establish mathematical
relationships between pollutant concentrations in the different phases. But this
assumption does not take transfer kinetics into account. However, laboratory
tests show the equilibrium is established rapidly (eg. 24-28 hours between soil
and interstitial water) (van den Berg, 1994, cited in the INERIS report, 2005b).
This assumption is also conservative for past pollution because it does not
consider the possible irreversibility of pollutant adsorption, particularly for past
contamination events).
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1.1.1.1. SITUATION WHERE THE SOLUBILITY LIMIT IS NOT REACHED
In this case, the concentrations in solil air, soil water and on soil particles are
calculated from the following equations:

Mg =M + My + My Equation 1.1.1

where ms: total mass of pollutant in the soil,
mps: Mass of pollutant adsorbed to soil particles,
Mes : mass of pollutant dissolved in soil water,
Mas : Mass of pollutant dissolved in soil air.

and m; =MV, xV xC; Equation 1.1.2

where MVs: bulk soil density,
V: volume of soil considered,
Cs: concentration of pollutant in soil (expressed relative to the dry weight of soil).

My, =MV, x V, xC =MV, xV x(1-0-a)xC, =MV, xV xC_ Equation 1.1.3

where MVps: density of soil particles,
Vps: volume occupied by particles,
Cps: concentration of pollutant adsorbed on particles,
B: volume fraction occupied by soil water,
o.: volume fraction occupied by soil air.

my =V, xC, =V x0xC, Equation 1.1.4

where Ves: volume occupied by soil water,
Ces: concentration of pollutant in soil water.

m, =V, xC, =V xaxC, Equation 1.1.5

where Vas: volume occupied by soil air,
Cas: concentration of pollutant in soil air.

If the relationship between the concentration adsorbed on particles is
linear compared to the concentration dissolved in soil water (which does not
take account of possible irreversibility of pollutant adsorption, particularly for
past contamination events), it follows:

Cps : : Cps
Ky =—— (Freundlich equation: K, = -
Ces (Ce)
where Kg: partition coefficient between soil particles and soil water.
Furthermore, the concentration in soil water and air are linked by the Henry
constant, so that:
C

H'= ==& Equation 1.1.7
C

where n=1) Equation 1.1.6

es

where H': Henry constant is dimensionless:
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Ho H
RxT,

where H: Henry constant (L2.M.T-2.Mol')

R: universal gas constant (L2.M.T-2.K-".Mol")

Ts: soil temperature (K)
Hence, using equations 1.1.1 to 1.1.5:

MV xV xC; =MV, xV xC  +V xOxCy +V xaxC,q

and from equations 1.1.6 to 1.1.9, it follows:

a
C, :Cps+ xCy + xC,,
MV, MV,
Ce =C; x 1
0 axH
Kq + +
MV, MV xRxT,
Ca =Cs x !
Kg xRxTg Jr¢9><R><TS L@
H HxMV, MV,
1

0 axH
1+ +
MV, x Ky MV xRxTg xKy

Equation 1.1.8

Equation 1.1.9

Equation 1.1.10

Equation 1.1.11

Equation 1.1.12

Equation 1.1.13

Symbol Parameters Dimensions Units Status
Ces Pollutant concentration in the soil water M.L3 mg.m-3 CorE
Cas Pollutant concentration in the soil air M.L3 mg.m-3 CorE
Cps Pollutant concentration adsorbed on particles M.M-1 mg.kg! CorE
C. Eflslgitlagrty cv?lrel?:;:tt)ration in the soil (expressed interms |, mg.kg" CorE
Ky \i;z;gtrion coefficient between soil particles and soil L3 M- mé kg CorE
MVs Bulk soil density M.L3 kg.m3 E
a Volume fraction occupied by soil air - E
8 Volume fraction occupied by soil water - E
H Henry constant L2.M.T-2.Mol-* Pa.m3.mol* CorE
R Universal gas constant L2M.T2K1 . Mol | 8.31 J.K-".mol* I
Ts Soil temperature K K E

Comment:

1. Cs is generally expressed relative to dry weight (as the quantity of pollutant
present in the different phases: ms, divided by the weight of dry particles:

MVps X V X (1-6-a) or MV x V).

2.a, 6, Kq and Ts can vary with environmental conditions. Nonetheless, the
frequency and impact of the variations considered should be sufficiently low
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to be compatible with an equilibrium state being established between the
different soil phases.
1.1.1.2. SITUATION WHERE THE SOLUBILITY LIMIT IS REACHED
In this case, there is an immiscible pollutant phase in the soil.

If the substance is pure, the solubility limit is reached when the concentration
in the soil is Cs, Where:

Cy, :Sx[Kd ; Mf/ ; MV“X: . j Equation 1.1.14
and hence:
Cs =S Equation 1.1.15
H .
and C, = T XS Equation 1.1.16
x S
. . C I:)vap .
From the universal gas equation: &= Equation 1.1.17

1000x M RxT,

where M: molar mass of pollutant (the factor 1000 in the denominator takes account of the fact
that the molar mass is traditionally expressed as g.mol-! while the concentration in soil air is
assumed to be given here as mg.m3)

At saturation it can therefore also be stated:
P\,alo x M x1000

Cos = RxT, Equation 1.1.18

Symbol Parameters Dimensions Units Status
o | o oo b b o e s g o
Ces Pollutant concentration in the soil water M.L-3 mg.m-3 CorE
Cas Pollutant concentration in the soil air M.L3 mg.m-3 CorE
S Solubility of the pollutant M.L3 mg.m-3 E
Ky \Ij’vzaagtrion coefficient between soil particles and soil L3 M- mé kg CorE
MVs Bulk soil density M.L3 kg.m-3 E
a Volume fraction occupied by soil air E
8 Volume fraction occupied by soil water E
Pvap Vapour pressure of the pollutant M.L-1.T2 Pa E
M Molar mass of the pollutant M.Mol-! g.molt E
H Henry constant L2.M.T-2.Mol-* Pa.m3.mol-! CorE
R Universal gas constant L2M.T2K" . Mol | 8.3143 J.K .mol! |1
Ts Soil temperature K K E

If the substance is present in a mixture, Raoult's law leads to:
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Coj =x;xSx| Ky +-2@xH Equation 1.1.19
’ MV, MV xRxTy
Cesj =X xS Equation 1.1.20
Piap.j XM j x1000 .
Cosj =Xj— Equation 1.1.21
’ RxT,
C../M. ,
where x; = Yt N Equation 1.1.22
2.Ci /M
]
Symbol Parameters Dimensions Units Status
_ Concentration of pollutant j in the soil (expressed in P ¥

Catl terms of soil dry weight) at the solubility limit MM mg.kg C
Csj Concentration of pollutant j in the soil M.M-1 mg.kg! CorE
Cesj Concentration of pollutant j in soil water M.L3 mg.m-3 CorE
Casj Concentration of pollutant j in soil air M.L3 mg.m-3 CorE
S Solubility of the pollutant M.L3 mg.m-3 E
R Universal gas constant L2M.T2.K-". Mol | 8.3143 J.K".mol! ||
Ts Soil temperature K K E
Puap; Vapour pressure of pollutant j M.L-1.T2 Pa E
M; Molar mass of pollutant j M.Mol-t g.molt E
X Molar fraction of pollutant j in the mixture - CorE

Comment: These equations assume uniform distribution of the pollutant in the
soil. In reality, the pollutant, which is often initially introduced as concentrated
product, may be distributed non-uniformly in the soil (particularly as a result of
its viscosity), leaving voids and zones of high concentrations. As a result, an
immiscible phase can exist for pollutant quantities in the soil less than those
determined using the above equations (INERIS, 2005b).

1.1.2. POLLUTANT CONCENTRATION IN THE SURFACE SOIL LAYER

The pollutant concentration in a soil layer at time t depends on the initial
pollutant concentration and the quantities of pollutant introduced to this layer
and lost by this layer in the interval to time t.

Loss mechanisms that can contribute to reducing the pollutant concentration in
the soil are:

» Jleaching,

= volatilisation,

» degradation (biological and abiotic).

The solil layer located at the soil surface can also suffer losses due to:
= erosion by wind and water,

= runoff,

» root uptake by plants.
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Because the impact of these loss mechanisms are difficult to quantify and the
associated uncertainties are significant, these loss mechanisms are often
neglected in health risk assessments, for reasons of simplification and caution.
In the absence of inflow, the concentration in the soil is therefore considered as
constant over time. Conversely, as long as there is pollutant inflow into the sail,
if the loss phenomena referenced above are not considered, the estimated
pollutant concentration in the soil increases. If inflows and losses are
considered, the concentration in the soil can reach a steady state level. But this
steady state level may not be reached before the end of the deposition period
studied.

Section 1.1.2.2 focuses on estimating inflows. Methods of estimating losses are
presented in section 1.1.2.3 and the expression for pollutant concentrations in
soil attributable to the sources(s) of pollution studied over time is given in
section 1.1.2.4.

As stated in section 3, sub-chronic and chronic risks are estimated from the
average exposure of receptors over exposure periods (dexp) ranging from a few
days to several years. In certain cases, depending on the calculation tools used,
it may be more practical for assessors to estimate average exposure over the
period dex, from average concentrations in the exposure media over this period,
rather than estimate this exposure as the average of ad hoc exposure levels
calculated at different time increments. If the average concentration in the
media over period dex, Can be expressed in the form of an analytical expression,
this approach avoids calculating concentrations and exposures for a large
number of time increments. Nonetheless it assumes that the exposure
parameters for the receptor can be considered as constant over the period
considered. Thus section 1.1.2.5 gives the average pollutant concentration in
the soil over a given period for different cases.

1.1.2.1. MASS BALANCE OF POLLUTANT IN THE SURFACE SOIL

The quantity of pollutant in the soil is calculated from the pollutant mass balance
in the mass of soil considered.

Hence:
d .
%:szssxzstV;Z[FMs]l Equation 1.1.23
Symbol Parameters Dimensions Units Status
Mms Pollutant mass in the soil M mg CorE
Ds Pollutant inflow to the soil per unit time M.M-1. T mg.kg'.s! CorE
[Fm.] Pollutant mass lost by the soil through attenuation |, 1., mg.s CorE
per unit time
MVs Bulk soil density M.L3 kg.m3 E
Thickness of the soil layer where the pollutant
Zs L m E
accumulates
Ss Surface area of the zone considered L2 m?2 E
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Comment: Pollutant inflows to the soil and pollutant losses from the soil,
presented below, only take account of local contamination sources (on and
around the site), without considering ubiquitous man-made pollutant sources
and the natural pedogeochemical background concentration. In general, the
equations described in section 1.1.2 are therefore given to calculate quantities
(ms) and concentrations of pollutant in the soil attributable to pollution sources
on and around the site (Cs), excluding background concentrations. To
distinguish between attributable concentrations and total concentrations and to
estimate total concentrations, refer to section 4.

1.1.2.2. INFLOWS TO SURFACE SOIL

1.1.2.2.1. ESTIMATING ATMOSPHERIC DEPOSITION TO THE SOIL

Inflows at the surface of the soil can be particulate and gaseous. In both cases,
there is a dry fraction and a wet fraction.

Taking account of deposits on the soil when assessing health risks is relevant
for semi-volatile (such as PCB) or non-volatile (such as metals) pollutants. For
volatile pollutants (such as benzene), exposure by ingestion and dermal
contact, arising from transfers from the air to the soil, are negligible compared to
exposure by inhalation.

Deposits on the soil are either measured or estimated using an atmospheric
dispersion model.

The measurement is generally made using total fallout collectors. There are
also wet deposit collectors.

In atmospheric dispersion models, deposits are estimated from atmospheric
concentrations. The calculation principles used in these models are presented
in sections 1.1.2.2.1.1 and 1.1.2.2.1.2 below.

1.1.2.2.1.1. CALCULATION OF DRY DEPOSIT

The dry pollutant deposit onto the soil (defined per unit time and area) is
proportional to the pollutant concentration in the air close to the soil:

D,.. =V, xC,(X,Y,0) Equation 1.1.24

sec

where Ca (x,y,0): pollutant concentration in the air at soil level,
vq: deposition velocity.

The deposition velocity includes a diffusive component (vq) and a gravitational
component (vs).

Deposition by diffusion affects gas and particles. It is due to three phenomena:

e aerodynamic transport through the surface atmospheric layer, under the
effect of turbulent movements,

e transport through the very thin layer of stagnant air located just above the
soil under the surface layer. It is due to molecular diffusion (for gases) or
to Brownian motion (for particles),

e absorption through the surface (for gases), adhesion at the surface (for
particles).

Deposition by gravity is specific to particles.
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In the absence of data on deposition velocities, the latter can be estimated as
the inverse of a sum of several resistances.

For gases, deposition velocity is considered as the inverse of three resistances:
1 ,
Vy=—""-—" Equation 1.1.25
ry+1, +r,
Where ra: aerodynamic resistance,
ro: resistance of the laminar sub-layer,
re. surface resistance.

These resistance terms depend on the pollutant, the nature of the surface and
the wind speed.

For particles, deposition velocity is estimated depending on the models, either
as:

1
- ry + 1, + 1y X Ty XV
(Seinfeld and Pandis, 1998)

where vs: gravitational velocity,
or as:

Vy Equation 1.1.26

V, .
Vy Equation 1.1.27

Tl-ep(-v, /v,)
(Venkatram and Pleim, 1999)
where vq: diffusive velocity,

V. = 1
d =
r,+r,

Equation 1.1.28

1.1.2.2.1.2. CALCULATION OF WET DEPOSIT

Two main types of processes contribute to wet deposition: rainout (or in-cloud
scavenging, and washout (or below-cloud scavenging). The first type relates to
transformations that take place inside clouds; the second to incorporating
pollutants in precipitation.

This complex set of reactions is generally modelled using a scavenging
coefficient (Aessivage), Which when multiplied by the concentration in air (Cj)
gives the quantity of pollutant captured in precipitation per unit time and area.
Wet deposition of pollutant on the soil can be calculated by integrating this
guantity over the vertical air column. By assuming the atmosphere is uniform
over this column and capture is irreversible, it is defined by the following
equation:

Dhumide = J-Alessivage x Cadz Equation 1.1.29
0

The scavenging coefficient depends particularly on the pollutant, particle size
distribution, precipitation rate and droplet size (Sportisse, 2007).

In the absence of data for Ajessivage, this parameter can be estimated using the
following formula:
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A = AxP® Equation 1.1.30

lessivage

where P: precipitation,
A, B: coefficients.

1.1.2.2.1.3. CALCULATION OF GASEOUS AND PARTICULATE FRACTIONS

For pollutants able to exist in gaseous and particulate states at ambient
temperature, atmospheric concentrations and deposits can be calculated, for
both the gaseous fraction and the particulate fraction, by applying the
particulate and gaseous fractions estimated at ambient temperature to the
emission. This approach assumes a rapid fall in temperature of the pollutant flux
after emission.

Pollutant fractions in particulate (F,) and gaseous (Fy) phases are expressed
as:

Cap K Pg :
F, = = Equation 1.1.31
Cy*tCop 1+K,,
and F, =1-F, Equation 1.1.32

where Cag: pollutant concentration in gaseous form in the air,
Cap: pollutant concentration in particulate form in the air,
Kpg: particle/gas partition coefficient.
According to the Junge adsorption model (1977) (revised by PanKow, 1987):

CxS .
Koy =—— Equation 1.1.33
o]
vap,L
CxS .
Hence F, = ———— Equation 1.1.34
PapL +CXxSq
I:)v(;lp,L .
and Fj=——7—— Equation 1.1.35
PvapL +CxS;
Symbol Parameters Dimensions Units Status
Fq Pollutant fraction in gaseous form - - CorE
Fp Pollutant fraction in particulate form - - CorE
PuapL Vapour pressure of the pollutant in liquid phase M.L1.T-2 atm CorE
c Junge constant M.T-2 1.7x104atmcm ||
Sr Average surface area of aerosol particles per air L1 cm2.cm3 E
volume

Bidleman (1988) gives different values for St depending on the environmental
context.
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Although Junge attributes a constant value to c, this parameter actually
depends on the difference between the desorption heat of the particle surface
and the vaporisation heat of the pollutant.

If the pollutant is solid at ambient temperature, its vapour pressure in liquid
phase can be calculated from the following expression:

I:’vap,L ) _ ASf % (rm _Ta)

In(— Equation 1.1.36

vap,S R Ta

Symbol Parameters Dimensions Units Status
PuapL Vapour pressure of the pollutant in liquid phase M.L1.T2 atm CorE
Pvap,s Vapour pressure of the pollutant in solid phase M.L1.T2 atm E

Ratio of entropy of fusion over the universal gas i :

AS{R constant 6.79 (-) I
Tm Melting temperature of the pollutant K K E
Ta Air temperature K K E

Comments:

1. In its work to assess risks associated with dioxins, the US EPA (2004c)
compared results supplied by the Junge equation with measurement data for
polycyclic aromatic hydrocarbons (PAH), organochlorine pesticides,
polychlorobiphenyls  (PCB), polychlorodibenzodioxins (PCDD) and
polychlorodibenzofurans (PCDF). Measurement and modelling results are
very close for PAHs. For PCB and organochlorine pesticides, the model
tends to overestimate the particulate fraction, but this overestimate is even
greater for PCDD and PCDF (this test shows a percentage of TCDD and
TCDF in particulate form in the air between 43 and 65% based on the model
and between 11 and 18% from measurements). Nonetheless, given the
problems associated with the sampling method in this evaluation work, the
US EPA favoured using the results from modelling rather than those from
measurement.

2. There are other approaches (particularly based on the octanol-air partition
coefficient) that, according to certain authors (Harner et al, 1998), enable
pollutant fractions in gaseous and particulate forms to be estimated more
accurately. These alternative approaches have not been analysed nor yet
used by INERIS and therefore are not presented here.
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1.1.2.2.1.4. SUM OF ATMOSPHERIC POLLUTANT FLUX TO THE SOIL

The total pollutant flux to the soil equals the sum of gaseous and particulate
flux.

Particle deposition may comprise a dry flux and a wet flux (particles leached by
precipitation).

D, =D+ Dins Equation 1.1.37

Gas deposition may comprise a dry flux (diffusion) and a wet flux (leaching and
dissolution of gases in water).

Dys = Dyss + Dgns Equation 1.1.38
Symbol Parameters Dimensions Units Status
Dps Pollutant flux to the soil in particulate form M.L2T1 m2s! CorE
Dpss Particulate pollutant flux to the soil in dry form M.L2T m2.s! E
Dphs Particulate pollutant flux to the soil in wet form M.L2T m2.s! E
Dgs Pollutant flux to the soil in gaseous form M.L2T m2.s! CorE
Dgss Gaseous pollutant flux to the soil in dry form M.L2 T m2.s! E
Dghs Gaseous pollutant flux to the soil in wet form M.L2 T m2.s! E

Comment: certain models do not provide wet and dry gaseous deposits.
Simplified methods (not used by INERIS) exist to estimate them (cf. Whelpdale,
1982 or US EPA, 1998).

1.1.2.2.2. CALCULATION OF OTHER INFLOWS

In general, pollutant flux contributed to the soil can be estimated as the product
of the quantity of matrix added (fertilisers, sludges) multiplied by the pollutant
concentration in this matrix. Depending on the nature of this matrix, the pollutant
may have a different bioavailability and mobility. This aspect must be
considered when determining values attributed to the parameters of chemical
substances (partition coefficient between particles and water in the soil, soil-
plant transfer coefficient, etc.).

For deposition by irrigation, it can be stated:

Dirs =Cejir x Iy Equation 1.1.39
Symbol Parameters Dimensions Units Status
Dirs Pollutant flux to the soil by irrigation M.L2 T m2s! CorE
Ir Irrigation L.T m.s E
Ceir Pollutant concentration in the irrigation water M.L-3 mg.m-3 CorE

Comment: The soil can also be contaminated by a polluted groundwater and
fluctuating movements of this groundwater level. The mechanism for
contaminating the soil is not covered in this document.
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1.1.2.2.3. CALCULATION OF TOTAL INFLOW TO THE SOIL

Pollutant inflow fluxes are assumed to be diluted in a soil zone of depth Zs,
hence:

D Equation 1.1.40

As stated above, several soil layers are considered depending on the use of the
zone and the transfer phenomenon studied (eg. to estimate the contamination
of plants by root uptake from the soil, Zs can be defined depending on the
height of the root area development of the plants, whereas for estimating
transfers and exposures by contact with surface soil, a very superficial layer of 1
or 2 cm can be taken into account if the soil is not worked or dug over
regularly).

Symbol Parameters Dimensions Units Status
Ds Total pollutant deposition to the soil MM T mg.kg'.s"! CorE
Dis Pollutant flux i to the soil M.L2T+ m2.s CorE
MV Bulk soil density M.L-3 kg.m-3 E

Thickness of the soil layer where the pollutant
Zs L m E
accumulates
Comment:

Ds is inversely proportional to Zs. Overestimating Zs therefore leads to
underestimating Ds and vice-versa.

It must be emphasised here that while the definition of Zg is based on
agronomic conditions, this representation method remains conventionally-
agreed and is not a physical representation of actual phenomena giving
information about the pollutant gradient in soils. Where there is continuous
deposition at the soil surface and in the absence of action to homogenise the
soil, the soil concentration actually presents a negative gradient with the depth.
The action of soil organisms (mice, earthworms, etc.) and ploughing tend to
homogenise the pollutant concentration in the soil. However, ploughing the soil
is an occasional activity repeated once or twice per year. Between two
ploughings, if the deposit at the soil surface is significant compared to the
average concentration in the ploughed soil layer, then the concentration will
indeed demonstrate a negative gradient with depth.

1.1.2.3. LOSSES FROM THE SOIL

The pollutant concentration in the soil can be reduced over time by leaching,
erosion, runoff, volatilisation or degradation phenomena.

These loss phenomena may be considered or disregarded when estimating
pollutant concentrations in the soil.

Failure to consider them results in overestimating the pollutant concentration in
the soil, which then tends to increase indefinitely with inflows. Conversely,
taking them into account can result in underestimating the soil concentration
(therefore the concentration of media contaminated from the soil and by
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exposure). The impact of these phenomena is very variable and estimating
them can be delicate.

The various loss or attenuation phenomena cited above can be considered in
overall terms. After reviewing the literature, the US EPA (2004c) thus defined an
overall loss coefficient k (such that Z[FMS]i=k><ms) to represent the attenuation of

dioxins in a soil layer of given depth.

The attenuation rate of a pollutant in a soil depends on the properties of the soil
(pH, organic matter content, etc.), the characteristics of the pollutant or mixture
of pollutants present (concentrations, etc.) and the configuration of the site
(slope, plant coverage, etc.). It is therefore preferable to use an attenuation rate
defined from site data (corresponding to the different loss mechanisms
involved). The attenuation rate measured in the given soil layer is not
necessarily representative for other conditions, so it is also necessary to be
careful over the protocol for estimating this value.

But sometimes the pollutant quantity lost by a soil is estimated as the sum of
the quantities lost due to each of the attenuation phenomena (cf. US EPA,
2005). If each of these quantities is estimated independently, without
considering co-existence of the different phenomena, pollutant quantities lost
can be overestimated (since the quantity of pollutant available for each
phenomenon is overestimated).

Methods for estimating the impact of different attenuation phenomena on
pollution in the soil are presented in the following sections. They employ
parameters that can prove difficult to define and there may be a high degree of
uncertainty associated with estimating them. Using these simple methods, each
attenuation phenomenon is thus considered independently from the
others.

Besides the assumptions given in sections relating to each of these
mechanisms, the reader should refer to section 1.1.2.3.6 presenting limitations
common to these different expressions and how to use them.

Comment: loss phenomena associated with root uptake of pollutants from the
soil to plants are not considered. It will be noted that in some cases the transfer
of pollutants from the soil to plants is compensated by the fact that one part of
the plant can, after harvest, remain in place and be reincorporated into the soil
or be consumed by animals, the faeces of which can also return to the soil.

1.1.2.3.1. LOSSESBY LEACHING
The mass of pollutant leaving the soil layer considered, per unit time, due to
leaching is:
[FM.] =R, xS, xC, Equation 1.1.41

where Ces: concentration of pollutant in soil water,
Ss: soil area considered,

Rech: leaching flux.

1. If the pollutant concentration in the soil is below the limit of solubility
and if multiphase equilibrium is reached, equation 1.1.11 leads to:
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[FM,] = = xC, Equation 1.1.42
Ky + +
MV, MV, xRxT,

s

where Kg: partition coefficient between soil particles and soil water,
0: volume fraction occupied by soil water,
ou: volume fraction occupied by soil air,
H: Henry constant,
R: universal gas constant,
Ts: soil temperature,
Cs: pollutant concentration in the soil,
MVs: bulk soil density.

Furthermore, if o x << 0+ K, x MV,

sz

(assumption by which the pollutant fraction present in the gaseous phase is negligible
compared to the sum of pollutant fractions adsorbed on the particles and dissolved in the soil
water), then:
Rech X Ss
[FM,] =—2——xc, Equation 1.1.43
K, +
MV,

In this case, a leaching loss coefficient (k) can be defined such that:

[FM,] =MV, xZ, xS, xk xC, Equation 1.1.44
and k, = Ree
(MV, xK, +6)xZ,
where Zs: depth of the soil layer. Equation 1.1.45

2. If the solubility limit is reached, the loss by leaching is not expressed as a
function of the concentration in the soil (Cs).

According to section 1.1.1.2,
if the pollutant is in pure phase, then:
[FM,] =R, xS xS, Equation 1.1.46
where S: solubility of the pollutant in water,
if the pollutant is present in a mixture, then:
[FM.], =R, xx, xSxS, Equation 1.1.47

I,

where x;: molar fraction of pollutant j in the mixture
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Symbol Parameters Dimensions Units Status

[Fm.] Mass Qf pollutant leaving the soil layer by leaching M.T-1 mg.s CorE
per unit time

ki Leaching loss coefficient T st CorE

Rech Leaching flux L.T1 m.s™! CorE

Ky Partition coefficient between soil particles and soil L3 M- mé kg CorE
water

Zs Depth of soil layer L m E

0 Volume fraction occupied by soil water - - E

MVs Bulk density of the soil layer M.L-3 kg.m-3 E

S Solubility of the pollutant in water M.L-3 mg.m-3 E

X Molar.fractlon of pollutant j in the mixture (cf. i i CorE
equation 1.1.22)

Comment: The residence time of water in the soil is a determining factor in
reaching chemical equilibrium in the leached water. Also, expressions 1.1.41
and 1.1.42 can overestimate losses.

Expression for leaching flux

The leaching flux is calculated by performing a water balance for water inflows
to the soil and water losses from the soil over a given period T.

The water balance in a soil is generally defined with a time increment (AT;) of a
day or even a decade. Hence:

Rogy = ﬁ «max|(P +1, ~RO—E;)xAT, ~(RU ~R);0] Equation 1.148
Symbol Parameters Dimensions Units Status
Rech Leaching flux L.T m.s CorE
Er Evapotranspiration LT m.s! E
Ir Irrigation L.T1 m.s™! E
P Precipitation LT m.s! E
RO Runoff L.T m.s E
RU Available water holding capacity in the soil L m E
R Water reserve in the soil L m E
AT; Time increment T S E

The available water holding capacity RU equals the difference in water depth
between the field capacity and the wilting point. RU depends on the soil type.

Comment:

If the leaching flux (Rech) is estimated from annual data as in US EPA (2005)
and if at the end of a year the available water storage capacity of the soil has
been restored, it can be stated:

Reen =P+ 1, —RO—-E; Equation 1.1.49
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Actual evapotranspiration over a site is calculated from the potential
evapotranspiration. Potential evapotranspiration (evapotranspiration of a soil
with grass and saturated with water) is given by METEOFRANCE or can be
estimated using different methods (Thorthwaite, 1948; Penman, 1948). Actual
evapotranspiration is calculated taking account of the available water in the soil
over time, as well as plant cover and its phenological state (FAO, 1998).

1.1.2.3.2. LOSSES BY RUNOFF

Models, particularly HHRAP (US EPA, 2005), CalTOX (University of California,
1993, 1997) and SimpleBox (RIVM, 1996), include pollutant loss in the soil by
runoff in the form:

[FM,] =ROxS, xC, Equation 1.1.50

where [FM,] : pollutant mass lost by runoff per unit time,

Ces: concentration of pollutant in soil water,
Ss: soil area considered,
RO: runoff.

1. If the pollutant concentration in the soil is below the limit of solubility
and if multiphase equilibrium is reached, equation 1.1.11 leads to:

[Fm.] - e Equation 1.1.51

K, + +
MV, MV, xRxT,

where Kgq: partition coefficient between soil particles and soil water,
0: volume fraction occupied by soil water,
ou: volume fraction occupied by soil air,
H: Henry constant,
R: universal gas constant,
Ts: soil temperature,
Cs: pollutant concentration in the soil,
MVs: bulk soil density.

Furthermore, if o x

<< 0+ K, x MV,

Xl

(assumption by which the pollutant fraction present in the gaseous phase is negligible
compared to the sum of pollutant fractions adsorbed on the particles and dissolved in the
water), then:

ROxS,

[Fm.] :K—HXCS Equation 1.1.52
g +W

In the case, a runoff loss coefficient (k;) can be defined such that:
[FM,] =MV, xZ, xS, xk, xC, Equation 1.1.53

RO
MVdeJ

and k, =

OxZ, x[l+
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where Zs: depth of the soil layer.

. If the solubility limit is reached, the loss by runoff is not expressed as a
function of the pollutant concentration in the soil (Cs).

According to section 1.1.1.2,
if the pollutant is in pure phase, it is written similarly to equation 1.1.50:

[FM, ], =ROxSxs, Equation 1.1.55

where S: solubility of the pollutant in water,

and if the pollutant is present in an immiscible phase, it is written
similarly to equation 1.1.50:

[FM, ], =ROxx, xS xS, Equation 1.1.56

where x;: molar fraction of pollutant j in the mixture

Symbol Parameters Dimensions Units Status

[FM . ], Pollutant mass lost by runoff per unit time M.T-t mg.s-1 CorE

ke Runoff loss coefficient T st CorE

RO Runoff L.T m.s E

Ky Partition coefficient between soil particles and soil L3 M- mé kg CorE
water

Zs Depth of soil layer L m E

0 Volume fraction occupied by soil water - E

MVs Bulk density of the soil layer considered M.L3 kg.m-3 E
Solubility of the pollutant in water M.L3 mg.m-3 E
Molar fraction of pollutant j in the mixture (cf.

. - CorE
equation 1.1.22)
Comments:

1. Runoff can be estimated using empirical runoff coefficients (Chow, 1964).
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Average runoff is obtained by multiplying the coefficients by average
precipitation.

Runoff can also be estimated on a daily basis using the USDA Soil
Conservation Service method. This method takes account of precipitation,
soil type, hydrological conditions of the soil, type of cover and humidity of
the soll. It is described in the US EPA report entitled 'A screening procedure
for toxic and conventional pollutants in surface and ground water — Part I'
(revised — 1985).

The equations above assume that:
¢ the pollutant concentration in the soil layer is uniform,

e all the water running off the soil is at equilibrium with the pollutant
concentration in the soil. For kinetic reasons, using these equations for a
contaminated plot tends to overestimate the loss of pollutant by runoff
significantly. These relationships are more suitable for areas the size of a
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watershed. They should therefore be reserved for this type of situation,
taking account of the average pollutant concentration in the soil in this
zone.

1.1.2.3.3. LOSSESBY EROSION

For contaminated sites, losses by erosion relate to the detachment and
transport of particles from the soil in the zone studied to a deposition zone
located outside the site under consideration. Erosion associated with the wind is
distinct from that caused by water.
The mass of pollutant leaving the zone studied as a result of erosion per unit
time is:

[FM, ], =X, xS, xC, Equation 1.1.57

where Cs: pollutant concentration in the soil,
Ss: area considered,
Xe: soil mass detached and transported by water erosion per unit area and time.

For a pollutant at a concentration higher than the solubility limit, the benefit of
considering erosion should be assessed in relation to the physical properties of
the pollution. If it has a powdery nature, it will be appropriate to use relationship
1.1.57. On the other hand, detachment and transport of particles from the soil
will be limited for pollution having a viscous nature.

An erosion loss coefficient (ker) can be defined such that:

[FM,], =MV, xZ, xS, xk, xC, Equation 1.1.58
Xe .
and k. = Equation 1.1.59
MV, x Z,
Symbol Parameters Dimensions Units Status
[FM o Jor Pollutant mass leaving the site by erosion per unit time M.T- mg.s-! CorE
Ker Erosion loss coefficient T st CorE
X, Soil mass detached and transported by water erosion per M.L2T- kg.m2.s" CorE
unit area and time
MVs Bulk density of the soil layer M.L3 kg.m3 E
Ss Surface area of the zone considered L2 m?2 E
Zs Depth of soil layer L m E

1.1.2.3.3.1. CALCULATING THE SOIL MASS DETACHED AND
TRANSPORTED BY WATER EROSION
Erosion can be due to the action of wind and water.

The pollutant quantity exported from the soil in the air is actually due to the
mechanical effects of the wind and vehicle passage. The quantity resuspended
by wind action can be estimated from the emission flux of inhalable particles
Jpart_10pm, given by the empirical equation from Cowherd et al. (presented in
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section 1.2.1). Cowherd et al. also give an empirical relationship to estimate the
flux of particles resuspended by vehicles travelling on unsurfaced roads.
Pollutant losses by the soil associated with the effects of the wind are not
generally considered in multimedia models and INERIS has never considered
them before. In fact, there is a great deal of uncertainty over the quantity
actually removed from the site by atmospheric dispersion. CalTOX (University
of California, 1993, 1997), one of the rare models to consider resuspension of
soil particles in the air, assumes that the quantity of particles resuspended from
the soil equals the quantity depositing on the soil.

In France, the main erosion mechanism is water erosion (however, in coastal
areas, wind erosion can be significant) (ADEME et al., 2001).

Losses associated with water erosion can be expressed from the Universal Soil
Loss Equation (USLE), which gives the mean soil mass lost over the long
term (annual or seasonal average) at local scale. It is worth noting that this
eguation does not estimate soil losses associated with specific storm events.

According to the Universal Soil Loss Equation (ADEME et al, 2001):
X, =317.10°*R, *K, *C, *P, *L, *S, Equation 1.1.60

where 3.17x10-9: conversion factor from tonnes per hectare per year to kilograms per square
metre per second;

Ry rainfall erosivity coefficient. Rf represents the influence of precipitation on erosion. This
factor is based on the frequency and intensity of rainfall. In France, R¢ can vary by almost
two orders of magnitude. The Pihan map (1986) reproduced in the ADEME et al. document
provides estimates of values by region;

K. erodibility coefficient of soils. Ks reflects the influence of soil properties on erosion. This
factor takes account of soil cohesion and its resistance to dispersal and transport.
According to ADEME et al., ‘erodibility is very high for fine sands and relatively inflexible
loams. It decreases as the proportion of clay and/or organic matter increases’. Erodibility
can be defined from charts depending on the content of sand, loam or organic matter,
depending on the structure of the soil and its permeability. These charts are available in
the ADEME et al. document;

Cs. factor taking account of the surface condition of the soil. Ct takes account of the surface
condition of the soil and is defined compared to a standard condition (worked fallow soil). A
value of 1 corresponds to bare soil, while a value of 0.1 or less will be assigned to soil
covered with vegetation. For gardening crops, the US EPA (1998) recommends values
between 0.1 and 0.7;

Pr. factor taking account of antierosive improvements to the land. Where there is no
specific provision to reduce erosion, Ps should be assigned a value of 1. Lower values are
used for specific improvements;

St. slope inclination coefficient;
Lt. slope length coefficient.
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Wischmeier et al. (1978) proposes a table to estimate the product of coefficients Lt and S.
But these parameters can also be estimated using the following relationships:

Ly = “3'28*%0 Equation 1.1.61
S; =0.76+0.53* p+0.076* p2 Equation 1.1.62

where I: length of the slope (m)
and p: inclination of the slope (%).

Symbol Parameters Dimensions Units Status
o | mtmgoatseyan e oo
Ly Slope length coefficient - - CorE
St Slope inclination coefficient - - CorE
Rt Rainfall erosivity coefficient T yrt E
K Soils erodibility coefficient M.L2 tonne.ha! E
Cs Soil surface condition coefficient - - E
Ps Antierosive improvement coefficient E

1.1.2.3.3.2. COMMENTS ABOUT ESTIMATING LOSSES BY EROSION

The quantity of pollutant lost from the soil by erosion is estimated differently by
the US EPA. According to documents from 1998 and 2005, it should be stated:

[FM, ], =X, xSDxERxS, xC, Equation 1.1.63

where [FMSL - pollutant mass lost by erosion per unit time,

Xe: soil mass detached and transported by water erosion per unit area and time,
Cps: pollutant concentration on soil particles,
ER: enrichment ratio,

SD: ratio between the mass of material transported downstream of the contaminated zone
and the quantity eroded.

To estimate X, the US EPA recommends, as above, using the Universal Soil
Loss Equation.

On the other hand, the US EPA introduces two new terms to estimate pollutant
loss from the soil:

e enrichment ratio (ER). This factor takes account of the fact that these are the
lightest particles (with a higher surface area to volume ratio and organic
matter content) that are most easily eroded, and that these particles have
higher pollutant concentrations than the soil in situ. This factor can therefore
also be introduced into equations 1.1.57 and 1.1.59. However, without
measurements, assigning values to this parameter remains difficult. Thus,
the US EPA only proposes default values, independent of soil type, even if
the expected values for this parameter are higher for sandy soils than for
loam or silt soils (US EPA, 1998);
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¢ the 'sediment delivery ratio' (SD). This factor is used to take account of the
fact that, for a given area, a proportion of soil particles detached and
transported by erosion are redeposited over the same area. Applying this
parameter, defined from work by Vanoni (1975) to different watersheds,
appears appropriate for relatively large areas, such as a watershed. For a
plot, the Universal Soil Loss Equation can be used to estimate the quantity of
particles that are detached and displaced outside the plot: using the SD ratio
does not therefore seem necessary.

In addition, it is worth noting that the US EPA only considers the pollution
present on the soil particles. It does not consider the pollutant in the aqueous
fraction (the gas fraction can effectively be considered as negligible). For a
good number of the pollutants studies in risk assessments (pollutants with high
affinity for particles), omitting the aqueous fraction is not noticeable. But, if we
want to generalise the relationship defining the quantity of pollutant lost from the
soil by erosion, it appears preferable to use the pollutant concentration in the
soil (Cs), rather than the fraction adsorbed on particles, because it can be
assumed that the water surrounding the particles is in localised equilibrium with
them.

Finally, as part of risk assessments associated with incinerator fallout, the
US EPA (2005) recommends assigning a value 0 to the erosion loss coefficient,
considering that over a given area the quantity of soil lost to the downstream
zone is compensated by the quantity of soil arriving from the upstream zone.
Ultimately, the definition for the quantity of soil lost by erosion should therefore
take account of the site configuration and contamination level upstream of the
site:

o if the zone upstream of the area studied is not contaminated by the source or
sources studied (excluding the background concentration of contamination),
equation 1.1.59 can be used to define a net erosion loss coefficient (ke) for
the study area;

o for a plot upstream of the zone studied with the same surface area, the same
characteristics (identical quantity of sol lost) and the same contamination
level, erosion will have no effect on contamination of the soil in the study
zone and the net erosion loss coefficient (ker) will be zero;

o for a plot upstream of the zone studied having a different concentration level

C; (excluding the background concentration of contamination), erosion will

have a diluting or concentrating effect. Equation 1.1.59 can no longer be
used and the pollutant concentration in the soil (Cg) attributable to the
source studied cannot be estimated using equations 1.1.72 and 1.1.74.
Equations 1.1.76 and 1.1.77, giving the mass and concentration of pollutant
in the soil layer, respectively, should be used, where:

[FMSL =5, xX,x(C,-C)) Equation 1.1.64

The pollutant concentration in the soil upstream of the watershed (C;) will
be estimated before Cs.
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Equation 1.1.64 assumes that the plot located upstream has the same
surface area and same characteristics as that studied. If not, the quantity of
soil contributed by the plot located upstream must be evaluated using the
surface area and quantity X specific to this plot. For large surface areas,
using the SD factor (sediment delivery ratio) may become appropriate (cf.
estimation method in section 1.5.2.1.2.1).

1.1.2.3.4. LOSSES BY VOLATILISATION

Reduced concentration in the soil by volatilisation only affects organic
substances.

In equation 1.1.23 expressing the mass balance of pollutant in the surface soil,
the transfer flow from the atmosphere to the soil is considered by estimating

atmospheric deposition. In this equation, term for loss by volatilisation [FMSL

therefore represents the transfer flow from the soil to the atmospheric
compartment.
For a soil source, this flux can be estimated using the Jury et al. model (1990).
A simplified expression of this model is obtained when diffusion is considered
as the only phenomenon for transfer into the soil. In this case, it can be
stated:
oC, 0°C,
ot oz’
where Cs: pollutant concentration in the soil,
z: distance from the soil surface,
DUa: multiphase diffusion coefficient in the soil layer studied (expressed from the
concentration in soil air),
10
3
De><9—2 130

DU, = H,“ +D,x 2 Equation 1.1.66
n

=DU, x Equation 1.1.65

where De: diffusion coefficient in water,
H'": Henry constant (expressed in dimensionless form),
0: volume fraction occupied by soil water,
a: volume fraction occupied by soil air,
n: soil porosity (n=o+0).
The origin of equation 1.1.66 is presented in section 1.2.2.1.3.

For a soil layer with a uniform pollutant concentration Cs(0), at the initial instant,
from the surface (z=0) to a depth Ho and zero concentration in the air, solving
equation 1.1.65 gives an emission flux:
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DU,

K MV
ﬂx(dx,s+0,+ajxt
H H

[FM, (1)], = MV, xC,(0) x S, x

H OZX[L XMVS +i,+aj
H H
4xDU ,xt

Equation 1.1.67

x| 1—exp

(Initial conditions: Cs=C(0) at t=0, Cs= 0 for t=0 and z>H,, Cs=0 for t>0 and
z=0).

This equation also assumes an isotropic soil layer, a pollutant concentration
in the soil less than the solubility limit and maintaining the multiphase
equilibrium. Furthermore, the effect of the stagnant layer of air at the soil
surface is neglected.

When there are several contaminated soil layers with different properties or if
the polluted soil layer, thickness Hy, is covered by an uncontaminated thickness
of soil, depth L, the pollutant flux lost by volatilisation can be estimated using
the principle of superposition. In this latter case, it can be stated:

[FM, 0], =[FM. ©], ., .. —[FM. )], Equation 1.1.68
DU
[FM_(®)] =MV, xC,(0)x S, x 2
(Kd xMV, @ )
7T X , +—+4a |xt
H
LZX[MJWJ (HO+L>2{M+Laj
H' H‘ HI H'
hence x| exp 4xDUaxt —exp 4DU A Equation 1.1.69
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Symbol Parameters Dimensions Units Status
[Fm, (0] Transfer flow of a pollutant source in the soil towards the | 1 11 mg.s CorE
* " | atmospheric compartment, by volatilisation at time t ' '

Pollutant concentration in the contaminated soil layer, depth p p

CO | Ho at the initial instant MM Mg kg E

Kq Partition coefficient between soil particles and soil water L3. M m3.kg! CorE

DUs Multiphase diffusion coefficient in the soil layer (expressed 2T m2.s CorE
from the concentration in soil air)

De Diffusion coefficient of the pollutant in water L2T m2.s! E

Da Diffusion coefficient of the pollutant in air L2T m2.s! E

da Height of air boundary layer above the soil L m E

o .. _H
H Henry constant in dimensionless form (H '= ) - - CorE
RxT,

n Soil porosity (volume fraction): n=a+6 - - CorE

8 Volume fraction occupied by water in the soil - - E

a Volume fraction occupied by soil air - - E

Ho Thickness of the contaminated soil layer at the initial instant | L m E
Thickness of the uncontaminated soil layer above the

L . o L m E
contaminated later at the initial instant

Ss Surface area of the zone considered L2 m? E

MVs Bulk density of the soil layer M.L3 kg.m3 E

Comments:
1. The expressions presented in this section are applicable for a pollutant

source enclosed in soil layer Zs. They are not suitable for estimating the
transfer flow for substances deposited at the soil surface into the
atmosphere for an industrial facility in operation. In fact, they relate to a
finite quantity of pollutant initially present in the soil and not a
continuous inflow and is expressed as a function of the concentration in
the soil at instant 0.

On the other hand, after the facility stops operating, the pollutant deposited
and present in the soil can be considered as a soil source, and it is possible
to use the expressions above, with the concentration calculated in the soll
layer at this moment.

Furthermore, the mass of pollutant lost by volatilisation depends on the
depth of the polluted zone (Hy), therefore there is no point in calculating a
mass balance for the layer in question Zs using equation 1.1.67 or 1.1.69
(and they should not be used to calculate the pollutant concentration
remaining in the soil over time) if the pollutant source extends below Zs.
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3. Section 1.2.2 presents other expressions (1.2.25, 1.2.31) to estimate the
(net) emission flux from the soil. These expressions are based firstly on the
assumption of a zero pollutant gradient in the soil, which assumes steady
state conditions and a stationary source, and secondly on the assumption of
constant pollutant diffusion through a soil layer of depth L. These
assumptions are not suitable for estimating the reduction in the quantity of
pollutant in a soil over time: they can lead to overestimating pollutant losses
from the soil and underestimating the remaining pollutant concentration in
the soil significantly.

1.1.2.3.5. LOSSES BY DEGRADATION

Losses by degradation can be associated with biological (due to microbial
agents) or abiotic (by hydrolysis, photolysis, oxidation, etc....) phenomena.
Numerous models assume that losses by degradation follow 1st order kinetics.
However, for example in the presence of an enzyme or a catalyst, degradation
reactions tend rather to follow 2nd order kinetics.

Despite this, assuming 1st order kinetics is often considered acceptable for low
pollutant concentrations. Certain models (such as MEPAS (Streile et al., 1996))
also use this assumption for concentrations above the solubility limit.

Following assumed 1st order kinetics, it can be stated:

[FM, ], =MV, xZ, xS, xk,, xC, Equation 1.1.70
Symbol Parameters Dimensions Units Status
[Fm.] Pollutant mass lost by degradation per unit time M.T- mg.s’ CorE
Kdeg Degradation loss coefficient T s CorE
Cs Pollutant concentration in the soil M.M- mg.kg! CorE

1.1.2.3.6. COMMON LIMITS FOR CONSIDERING DIFFERENT ATTENUATION
PHENOMENA AND CONDITIONS FOR USING THEIR
MATHEMATICAL EXPRESSIONS

Approaches developed to estimate pollutant losses from the soil are simplified
approaches.

Calculating the pollutant concentration in mobile phases (soil air and water)
performed in sections 1.1.2.3.1, 1.1.2.3.2 and 1.1.2.3.4 are based on comparing
the pollutant concentration attributable to local sources with the corresponding
concentration at the solubility limit (Cs_ cf. section 1.1.1.2), without considering
the background concentration. If the total pollutant concentration in the soil is
greater than Cs, then the pollutant proportion associated with local
contamination sources in loss fluxes by leaching, runoff and volatilisation can be
overestimated (because the background pollutant concentration, even if less
mobile, can contribute to the concentration in mobile phases in the soil, while
losses are limited by solubility of the substance).

But, in parallel, if the residence time for water in the soil is too short, the
concentration in soil water is overestimated, as are losses by leaching and
runoff.
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It must also be remembered that the variability of partition coefficients between
particles and water in the soil (Kq) is significant and that uncertainty about this
parameter and concentrations calculated from this parameter can be significant
(at least an order of magnitude). In the case of a pollutant adsorbed onto
particles from combustion, for example, the partition coefficient between
particles and water in the soil, which affects pollutant fractions in the water and
air (and available to be transferred by leaching, runoff and volatilisation) may be
different, particularly greater, from those listed for soils. Underestimating Ky
results in overestimating pollutant quantities lost and underestimating the
concentration remaining in the soil.

The expressions presented above are also based on assumptions about the
uniformity of soil properties and the pollutant concentration in the layer
considered. Even if there are concentration differences over a small thickness,
this assumption of uniform concentration is normally permitted for the surface
soil layer considered when estimating exposure by direct contact (soil ingestion,
dermal contact with the soil). The soil layer used by cultivated plants can be
turned over between one and three times per year. The rest of the time and in
other cases, the concentration in the soil has a negative gradient dependent on
depth, when there is pollutant inflow at the surface. In this way, from the
expressions developed above, losses by erosion and runoff can be
underestimated and losses by leaching can be overestimated for the soil layer
considered, if there is inflow at the surface. For a soil source and without inflow
at the surface, losses by runoff and erosion can conversely be overestimated.
Calculations of losses should actually be based on the pollutant concentration
at the top of the soil layer for erosion and runoff, and on the concentration at the
bottom of this layer for leaching. The impact of these approximations depends
on each case, site conditions, the parameters used and the mobility of
pollutants in the soil.

Underestimating Zs can also lead to overestimating loss coefficients by leaching
(k)), runoff (k;) and erosion (Ker).

Furthermore, as previously stated, calculating pollutant quantities lost from the
soil due to the different phenomena occurring at the same time, using
expressions defined independently, leads to overestimating losses. For
example, the expression for losses by volatilisation for a soil source, expressed
from the initial concentration of pollutant in the solil, is defined by assuming that
diffusion is the only transfer mechanism likely to reduce the pollution in the soil.
As previously stated, it is therefore preferable to estimate the simultaneous
impact of the different attenuation mechanisms, for example by using an overall
loss coefficient (k). Insofar as one phenomenon often tends to have a more
significant impact that the others, another solution to avoid this overestimation
pitfall is to identify the phenomenon that contributes most to attenuating the
pollutant, then to select only this phenomenon when calculating the pollutant
concentration in the soil over time.

In the end, erosion, runoff and photodegradation are the phenomena that affect
the very first centimetres of soil from the soil surface, while leaching and
volatilisation can affect the entire section of unsaturated soil. Depending on the
soil depth considered, taking account of certain attenuation phenomena can
therefore be more appropriate than for others.
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Given these limits, in risk assessments intended to confirm the management
measures adopted to assure an acceptable level of risk, INERIS only uses
these equations for pollutant loss from the soil in the uncertainty assessment
step to analyse the scale of possible variations in concentrations in the soil
(initially calculated without considering attenuation phenomena) and for testing
the resulting impact on exposures and risk.

1.1.2.4. CALCULATING THE CONCENTRATION IN THE SURFACE SOIL LAYER
OVER TIME T

As stated in section 1.1.2.1, the expressions developed in this and the following
sections are given to calculate pollutant concentrations in the soil attributable to
different local contamination sources (on and around the site), without
considering inflows to the soil corresponding to ubiquitous man-made pollutant
sources and the natural pedogeochemical background concentration. According
to this approach, the total pollutant concentration in the soil is obtained by
adding the background concentration to the concentration calculated from the
different local contamination sources (cf. section 4).

1. When pollutant masses lost by the soil due to attenuation phenomena are
proportional to the concentration in the soil (losses by leaching and runoff, if
the solubility limit of the pollutant is not reached, and loss by erosion),
equation 1.1.23 for mass balance of pollutant in the soil layer can be re-
written using the pollutant concentration in the soil. Hence:

dac,
dt
where Ds: pollutant inflow to the soil by the contamination source or sources studied (sources
on or around the site),
Cs: pollutant concentration in the soil,
ki: loss coefficient for pollutant in the soil by attenuation phenomenon i.

Integrating equation 1.1.71, over time intervals (At) where the inflow to the
soil and losses do not vary, gives:

D, -C, x>k Equation 1.1.71

= kixat = kixAt
C.(t)= Z[:)Sk x(1-e © )+C,(t—At)xe ! Equation 1.1.72
If Zki =0, C,(t)=D, xAt+C_ (t—At) Equation 1.1.73

If, over the entire period considered, inflow to the soil by the contamination
source studied and loss coefficients do not vary, then:

=) kixt - kixt
Cs(t):zl::)i( x(l-e " )+C,(0)xe Equation 1.1.74
if > k; =0, C,(t) =D, xt+C,(0) Equation 1.1.75
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Symbol Parameters Dimensions Units Status
Cs (t) Pollutant concentration in the soil at time t M.M-1 mg.kg! CorE
Inflow to the soil by the contamination source or sources 4T e
Ds studied (sources on or around the site) MMLT mgkg's Cork
ki Loss coefficient by attenuation phenomenon i T s CorE
Pollutant concentration in the soil at time t=0 (excluding p y
C«(0) background concentration) M.M mg-kg Cork

Comment: In the case of a soil source and with no pollutant inflow from this
source, the equations developed in this section apply with Ds=0.

2. When pollutant masses lost by the soil due to attenuation phenomena i are
independent of the pollutant concentration in the soil (eg. when the solubility
limit is reached), integrating equation 1.1.23 over time intervals (At) where
the inflow to the soil and losses do not vary, gives:

and

NG

C.()=| D, -—————|xAt+C_(t - At)

© S, xZ, xMV,

ms(t):(Ds xS.xZ. x MV, —Z[FMS]JxAt +m,(t - At)

Equation 1.1.76

Equation 1.1.77

If the pollutant is in pure phase, as long as the environmental parameters
defining losses by leaching, runoff and erosion and the degradation loss

FM,]
coefficient are constant, Z[ S is constant. On the other hand, if the
E2Y i

pollutant is in a mixture, Z[FMs] varies with x; (molar fraction of pollutant j

in the mixture). This molar fraction can vary with time. In this case, a
sufficiently-small time increment should be chosen and x; should be
recalculated for each time increment.
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Symbol Parameters Dimensions Units Status
ms(t) Pollutant mass in the soil at time t M mg CorE
Cs (t) Pollutant concentration in the soil at time t M.M-1 mg.kg! CorE
Z[FMS]i ;l:g:] (())rfn p;(;lgu:)aenrt l?rw]ﬁstlsrtrelz lost through attenuation M.T- mg.s- CorE
o |Howie sy e ovameale et st o ngugist | core
MVs Bulk density of the layer considered M.L-3 kg.m- E
Ss Surface area of the zone considered L m?2 E
Zs Depth of soil layer considered L m E

1.1.2.5. CALCULATING THE AVERAGE CONCENTRATION IN THE SOIL OVER

THE EXPOSURE PERIOD

The average pollutant concentration in the soil over the exposure period (dexp),
from T, to T,, can be calculated from the concentration in the soil over different
time intervals (At):

_ 1 n
CS (dexp) = ﬁx ;[Cs (t|)xAt|]

where i: iteration number between 1 and n,

n
and D At =T,-T,
i1

Equation 1.1.78

Symbol Parameters Dimensions Units Status
CS (dexp) ,:)\:sgzgt:epsgﬁgzné ::Xc:ncentration in the soil during MM mg.kg- CorE
dexp Duration of the exposure period considered: dexp=T2-T+ T d C
T4 Beginning of the exposure period T d E
T2 End of the exposure period T d E
Cs (t) Concentration in the soil at time {; M.M-t mg.kg-! CorE

If the inflows and losses experienced by the soil do not vary over time
(which is not true, for example, for transfer flow from the soil to the air defined
as a function of time by expressions 1.1.68 and 1.1.69), an analytical
expressions can be defined to calculate the average pollutant concentration in
the soil over this period.
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To evaluate exposure associated with deposits on the soil of a facility emitting
pollutants, two cases are distinguished and presented in the following sections:

e where the exposure period finishes before the end of the period of pollutant
inflow into the soil by the source studied (section 1.1.2.5.1),

e where the exposure period finishes after the period of pollutant inflow into
the soil by the source studied (section 1.1.2.5.2).

1.1.25.1. CASE FOR CONSTANT PARAMETERS WITH AN EXPOSURE
PERIOD FINISHING BEFORE THE END OF EMISSIONS

1. If the solubility limit of the pollutant in the soil water is not reached and
if the exposure period begins at the same time or after the start of pollutant
inflow into the soil by the source studied, the average concentration in the
soil during the exposure period from T; to T, is obtained by integrating
equation 1.1.74:

Tz

or C_S (dexp) = l I Zk

ki xt - kxt

-2k
x(l-e © )+C,(0)xe dt Equation 1.1.79

hence

C (dep) = Zk zDs B C.(0) x(en’x;ki_en‘x;ki}
! (Zkij x(T,~T,) (Zkijx@'— |
Equation 1.1.80

where Cs(0): concentration in the soil attributable to the pollution when t=0 (instant 0 has to be
fixed between the beginning of emissions and the beginning of exposure).

_ 1 % _
>k =0, then C,(d,,,) = — [[Dyxt+C (0ot Equation 1.1.81
i 2 1o
And C,(d,,,) = == x (T, +T, )+ C.(0) Equation 1.1.82
Symbol Parameters Dimensions Units Status
Average pollutant concentration in the soil during P y
C, (dey) exposure period dexp MM Mgk CorE
Inflow to the soil by the contamination source or sources T e
Ds studied (local sources on and around the site) MMT mgkg's Cork
ki Loss coefficient by attenuation phenomenon i T s CorE
Tv Beginning of the exposure period* T s E
T2 End of the exposure period* T S E

Concentration in the soil at time t=0 excluding
Cs(0) background concentration (instant 0 is fixed between the | M.M-1 mg.kg-! CorE
beginning of emissions and the beginning of exposure),

¥ In expressions 1.1.79 to 1.1.82, the start and end dates for exposure must be converted to
seconds.
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2. If the pollutant concentration in the soil is greater than the solubility
limit and if the exposure period starts at the same moment or after the
beginning of pollutant inflow into the soil from the source studied, an
analytical expression can also be calculated. This expression is of type:

NG

_ T2
C.(d,) == ,XI D, - _ [xtxdt+C,(0)
L-T Jy S, xZ x MV, Equation 1.1.83

_ 1 Z[FMS]

C.(d,.)==x| D, -———— |x(T, +T, )]+ C.(0)
2 S, xZ, xMV, ( ) Equation 1.1.84

Symbol Parameters Dimensions Units Status

Average pollutant concentration in the soil during

< -1 -1
Cs (dex;) exposure period dexp MM mg-kg CorE

Inflow to the soil by the contamination source or sources

D studied (local sources on and around the site) M. T mg.kg".s Cork
T4 Beginning of the exposure period¥ T s E
T2 End of the exposure period* T s E
Z [F'V's] Sum of pollutant masses lost through attenuation M. T- mg.s- CorE
. i phenomena per unit time
MVs Bulk density of the layer considered M.L3 kg.m3 E
Ss Surface area of the zone considered L? m2 E
Zs Depth of soil layer considered L m E

Concentration in the soil at instant t=0 (instant 0 is fixed
Cs(0) between the beginning of emissions and the beginning | M.M-1 mg.kg! CorE
of exposure) (excluding background concentration)

¥ In expressions 1.1.83 and 1.1.84, the start and end dates for exposure must be converted to
seconds.

1.1.25.2. CASE FOR CONSTANT PARAMETERS WITH AN EXPOSURE
PERIOD FINISHING AFTER THE END OF EMISSIONS
Cs must be integrated from T, (start of exposure period) to Tt (end of pollutant
inflow to the soil from the source studied), then from T; to T, (end of exposure
period).
1. If the pollutant concentration in the soil is less than the solubility limit
and if the exposure period starts at the same moment or after the beginning
of pollutant inflow into the soil from the source studied,

from T, to Ty, we get:
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Ty

T D =D kit =3 kg xt
[Cc,dt= | | =x@-e ™ )+C(O)xe T |dt Equation 1.1.85
T Tl‘ Zkl
Tf = '>< . = '>< .
or ICs(t)dt: ZDSk x(Ty =T+ = 2 €0 x[e Tk -e " ?k'J
TET R
Equation 1.1.86
and from T; to T, we get:
T, T, k(LT
J‘Cs(t)dtzj’liC(rf')xe T ):Idt Equation 1.1.87
T T
F Cy (T, ST
or J.Cs(t)dt=ﬁx(1—e T Equation 1.1.88
T T
. D =3k xT¢ 7Zki xT¢
where C(T;) =="—x(1—-¢€ )+C,(0)xe ' Equation1.1.89

>k

hence the average concentration from T+ to Ta:

CS (dexp):i_l_l iT' . Z[?‘:((Tf -T)+ D, : ,(1_6_%k'X(T2_T;))+ D, - C,(0) ( Tk _Tlxzkj
TETRTT e

Equation 1.1.90

If k=0,
from Ty to Ty, C,(t) =D, xt+C,(0) Equation 1.1.91
from Trto T, C (1) =C,(T,) =D, xT, +C_(0) Equation 1.1.92

iy 1 D, 2 2 . . .

and Cs(dexp):ﬁx[7><('l'f -T, ) + D, xT; x(T, —Tf):|+CS(O)

Equation 1.1.93
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Symbol Parameters Dimensions Units Status
R Average pollutant concentration in the soil during P p
Cs (dexp) exposure period dexp MM mg-kg Cork
Inflow to the soil by the contamination source or sources T e
Ds studied (local sources on and around the site) MMT mgkg's Cork
ki Loss coefficient by attenuation phenomenon i T st CorE
Td Beginning of the exposure period¥ T S E
, End of pollutant inflow period by the contamination
T¢ . T S E
source(s) studied¥
T2 End of the exposure period¥ T S E
Concentration in the soil at instant t=0 (instant 0 is
Cs(0) between the beginning of emissions and the beginning | M.M-! mg.kg! E
of exposure) (excluding background concentration)

¥ In expressions from 1.1.85 to 1.1.93, the start and end dates for exposure, and the end date of
pollutant inflow to the soil must be converted to seconds.

2. If the pollutant concentration in the soil remains greater than the
solubility limit throughout the exposure period and if the exposure
period starts at the same moment or after the beginning of pollutant inflow
into the soil from the source studied,

from T4 to Ty,

Tf ) Z[FMS]i

C.(t)dt==x| D, - —
Je.ma=3x o,

TaITYA (T2 -72)+C, T, -T))

Equation 1.1.94

1

- Z[FMS]

C,(t)dt = CS(T{)—Si— x(T,-T))

from T¢to T, _[ XZ xMV. Equation 1.1.95

Tf

S [m.)

C.(d.,)=C,(0)+| D, - — |, e -T) +
_ _ X
s \Mexp s s SS X ZS X |\/|Vs 2 x (Tz _Tlv)
hence Z FM, ' T, Z . T
D — i [ ]i XTTX(TZ _Tf)_ i [ ]‘ X(TZ_Tf)
s Ss x Zs X MVS Tz _Tlv Ss x Zs x MVS (T2 _Tll)

Equation 1.1.96
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Symbol Parameters Dimensions Units Status
R Average pollutant concentration in the soil during P p
Cs (dexp) exposure period dexp MM mg-kg Cork
Inflow to the soil by the contamination source or sources T e
Ds studied (local sources on and around the site) M.MLT mgkg's Cork
Td Beginning of the exposure period* T S E
, End of pollutant inflow period by the contamination
T¢ . T S E
source(s) studied¥
T2 End of the exposure period¥ T S E
Z[FMS] Sum of pollutant masses lost through attenuation MLT- mg.s CorE
i i phenomena per unit time
MVs Bulk density of the soil layer M.L3 kg.m3 E
Ss Surface area of the zone considered L2 m2 E
Zs Depth of soil layer L m E
Concentration in the soil at instant t=0 (instant 0 is
Cs(0) between the beginning of emissions and the beginning | M.M-! mg.kg! E
of exposure) (excluding background concentration)

¥ In expressions from 1.1.94 to 1.1.96, the start and end dates for exposure, and the end date of
pollutant inflow to the soil must be converted to seconds.
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1.2. 'OUTDOOR AIR' MEDIUM

The pollutant concentration in the air equals the sum of pollutant concentrations
in the air in gaseous and particulate forms.

This section focuses on:

e estimating the pollutant emission flow into the air in particulate form at the
soil surface,

e estimating the pollutant emission flow into the air in gaseous form at the soil
surface,

¢ calculating the pollutant concentration in the air from these emissive fluxes.

1.2.1. EMISSION OF POLLUTANTS IN PARTICULATE FORM AT THE SOIL
SURFACE

Soll particles can be put into suspension in the air through the action of the wind
or by mechanical phenomena such as road traffic or agricultural work. Emission
of these particles into the air from the soil can cause persistent contamination of
the air, although any industrial emission has ceased, or contaminate crops or
recontaminate previously decontaminated soil from a soil source located at
some distance.

Numerous factors can influence the suspension of contaminated particles from
the soil. The value of the resuspended particle flux depends on:

e soil characteristics: existence of plant cover, particle size distribution,
chemical properties, soil moisture;

e weather conditions: wind speed, precipitation.

For pollution from a surface deposit, we also know that the resuspended patrticle
flux is correlated with time (this flux reduces over time).

The pollutant concentration in the outdoor air associated with resuspension of
particles from the soil is used to calculate the contamination of plants by
deposition of particles from the soil (cf. section 1.6.4.2) and to calculate
exposure by inhalation of pollutant in particulate form (cf. section 2.1).

This concentration is estimated from the concentration of particles in
suspension in the air from the soil (Pss):

Cape_sol = Pss XCs Equation 1.2.1
Symbol Parameters Dimensions Units Status
Cane 50 E)?:lr:{t?rr: rr(]:ct>rr]1((;,(J:Sr;tirlation in the outdoor air in particulate | | mg.m- CorE
Cs Pollutant concentration in the soil M.M- mg.kg! CorE
Pe. Concentration of suspended particles in the outdoor air || kg.m- CorE

from the soil

Pss is determined from empirical data. Despite the numerous measurements
made, this parameter remains very uncertain, bearing in mind the great many
factors that can affect its value. For practical purposes, it is often estimated from
the total content of suspended particles in the air, perhaps multiplied by a
coefficient representing the soil fraction in these suspended patrticles.
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For pollution by surface deposition, contamination of the outdoor air by
resuspending particles deposited on the soil is sometimes expressed using the
resuspension coefficient (K). Hence:

Cape_sot = KXC Equation 1.2.2
Symbol Parameters Dimensions Units Status
c Pollutant concentration in the outdoor air in particulate | | ma.m-3 CorE
ape_sal form, from the soil : 9.
. El?rl]l‘:tcaen; f;);centratlon in the soil, expressed per unit M.L2 mg.m2 CorE
K Resuspension coefficient L m-! CorE
Pss and K are linked by the following relationship:
I Equation 1.2.3
MV xZ,
Symbol Parameters Dimensions Units Status
K Resuspension coefficient Lt m! CorE
Pec t(r)]cénsc;?tratlon of suspended particles in the outdoor air from M L3 kg.m- CorE
MVs Bulk density of the soil layer considered M.L3 kg.m3 E
Zs Depth of soil layer L m E

To estimate the risk associated with exposure by inhaling particulate pollutant,
the pollutant concentration adsorbed onto inhalable particles is calculated by
multiplying the concentration of particulate pollutant in the air by the fraction of
particles having a diameter less than 10 pum.

For particles from the soill

Cape_sol_inh =Cape_sot X Tp_inn Equation 1.2.4
Symbol Parameters Dimensions Units Status
e R L L
Cane 5o ;c:g:{t?rr;t rT(]:ct)rr:'(ezesr:)tirlation in the outdoor air in particulate M3 mg.m? CorE
£ nh Frac.tion of suspended particles in the air, from the soil i E
= and inhalable

Cape_sol_inn CaN also be estimated using the Cowherd model (1985), which gives

the average flux over the year of inhalable particles due to wind erosion
(Jpart_10pm). Atmospheric dispersion must then be calculated from this flux and
the pollutant concentration associated with the particles to obtain C,,. i (cf.

section 1.2.3).

This model is based on field measurements by Gillette (1981) and is used by
the US EPA (1991, 1996a). The model considers the soil as an 'unlimited
reservoir' (soil not containing a large quantity of unerodable constituents). The
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expression given by Cowherd et al. provides the average annual flux of particles
with diameter less than or equal to 10 um put into suspension in the outdoor air.
It is not suitable for calculating a particle flux resulting from a one-off
meteorological event.

Except for changing units, the expression by Cowherd et al. is as follows:

3
Jpe 10pm =10 ° x(1- fv)x(u—i] x F(X) Equation 1.2.5
z
Symbol Parameters Dimensions Units Status
Average annual flux of inhalable particles put into 2T 2o
Jpe_topm suspension by the wind ML=T kg. m.s Cork
Uz Average annual wind speed at height z on the site L.T! m.s! E
U Wind speed equivalent .to the threshold friction velocity LT ms CorE
at the measurement height for u;
FX) Function integrated in X ( = 0,886 Uuz ") ) ) E
fv Fraction of soil with plant cover - - E

The two US EPA documents refer to the equation by Cowherd et al. and
propose default values to define the parameters for this equation. But using this
eguation on a specific site requires making use of graphic data from the original
report.

Page 36 of Cowherd et al.’s (1985) report provides a graphic representation of
the function F(x). Based on the value of x, Droppo et al. (1996) also suggested
analytical expressions to approximate this graphical representation.

Expression 1.2.5 also involves the threshold friction velocity, which can be
estimated from the modal diameter of soil aggregates (cf. figure 3.4 in the
Cowherd et al. report).

In the above equation, the threshold friction velocity to be used is a corrected
friction velocity, taking the presence of unerodable elements into account
(stones with diameter larger than 1 cm) at the soil surface. The procedure to be
followed to define this correction factor is described in the Cowherd et al. report
(cf. page 22 and figure 3.5).

To obtain u,*, we must now calculate the wind speed at height z, which is this
corrected threshold friction velocity, z being the measurement height for wind
speed on the site (generally measured at 10 metres). The wind speed at height
z, equivalent to the threshold friction velocity, can be calculated using the
following formula:

uz*:u*xixlnLLJ Equation 1.2.6

Zr
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Symbol Parameters Dimensions Units Status
U \all\t/itr;:je Sg::gﬁgﬁigﬁﬂé itghtthfi Iff;rzeshold friction velocity LT Mt CorE
u’ Corrected threshold friction velocity L.T1 m.s! E
z Measurement height of wind speed L m E
Zr Soil roughness L m E

1.2.2. EMISSION OF GASEOUS POLLUTANTS AT THE SOIL SURFACE

Emission of pollutants into the air in gaseous form is estimated for volatile and
semi-volatile pollutants. The approaches described below relate to a pollutant
source present in the soil or groundwater at the beginning of the study period.
They are not suitable for estimating the secondary pollutant flux volatilising from
a soil deposit being formed from an operational facility. The concentration in the
air associated with volatilisation of an atmospheric deposition produced by an
operational facility is therefore considered negligible compared to the
concentration in the air from the direct flux emitted by this source. After the
facility stops operating, the pollutant deposited and present in the soil can be
considered as a soil source, and it is then possible to calculate the pollutant flux
emitted into the air from the pollutant concentration in the soil.

1.2.2.1. CONTAMINATED SOIL

The flux emitted at the soil surface is estimated from the diffusion flux into the
soil air and into soil water (Jgif sof) @and from the flux passing through the air
boundary layer located at the soil surface (Ja).

As before, the multiphase equilibrium between soil air, soil water and soil
particles is assumed to have been reached.

The proposed model does not take account of:

e attenuation of the source over time (chemical or biological
transformations, leaching, volatilisation, etc.): the source is considered
to be in a stationary state, corresponding to an infinite source and
implying steady state conditions;

e degradation of pollutants during transfers from the source;
e convective flux in the soil.
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1.2.2.1.1. CALCULATION OF DIFFUSION FLUX AT THE SOIL SURFACE
Diffusion flux in the vadose zone of the soil
The diffusion flux in the vadose zone of the soil is given locally by Fick's law:

Jes = Dg X 9 Equation 1.2.7
dz

Jas = Dyg X d;:as Equation 1.2.8
z

where Jes: diffusion flux in the soil water,
Jas: diffusion flux in the soil air,
Ces: pollutant concentration in the soil water,
Cas: pollutant concentration in the soil air,
Des: diffusion coefficient in the soil water,
Das: diffusion coefficient in the soil air.

From equation 1.1.7, C_, = H'xC,, Equation 1.2.9
For soil layer i we can therefore state:
dC,,;
‘]dif soliji — ‘]esi + ‘]asi = DUai X daS’I Equation 1.2.10
- ' ’ ’ z

where Jdi sol,: diffusion flux in layer i of the vadose soil zone,
Cas,: pollutant concentration in the soil air,
DUa;: multiphase diffusion coefficient of soil layer i (expressed from the concentration in

soil air),
Des i .
DU,,=—=+D, Equation 1.2.11
’ H 1 1
Symbol Parameters Dimensions Units Status
DUs; Multiphase diffusion coefficient in soil layer i (expressed 2T m2.s CorE
from the concentration in soil air)
Des,i Diffusion coefficient in the soil water of layer i L2.T+ m2.s! CorE
Das; Diffusion coefficient in the soil air of layer i L2.T+ m2,s-1 CorE
Henry constant (dimensionless: H )
H = CorE
RxT,

Assuming steady state conditions and the principle of conservation of
mass implies that the diffusion flux is constant with depth,

d‘Jdif sol .
hence d—_ =0 Equation 1.2.12
z
and C,(z2)=Cxz+C Equation 1.2.13

where Cas,(z): concentration in the soil air of layer i, at depth z (measured from the top of layer i),
C and C’, two constants determined by conditions at the following limits:
C'=Cas,(0) Equation 1.2.14
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Cas,i (I|) - Cas,i (O)
|

and C= Equation 1.2.15

where |;: thickness of layer i.
From equations 1.2.10, 1.2.13 and 1.2 15, it can be stated:
Cas,i (I|) - Cas,i (0)

|

Equation 1.2.16

‘]dif_sol,i =DU,; x

For a soil made up of n successive homogenous layers, the concentration in the
air at the top of layer i equals the concentration in the air at the bottom of layer
i+1 (cf. Figure 4).

Outdoor air

U c,

Air boundary layer C, ()
I Layer n Cs.n(o) Cas.n(o) - Ccs.n(o)‘_ Cps.n(O)
n
L Soil

1 J .. Layer2

2 dif C,»(1,) C C o Cpg_z(lz)
Cs.l(O) s R Cps.l(o)

1, Layer 1
i Corre Cos—e Cps_()

1y Layer 0

Figure 4: Schematic diagram of vapour emission model from soil to the atmosphere
The diffusion flux through each soil layer is the same, leading to:

P (€ (0)~Cogga (O) =~ = (Cey ) ~Cas, (O) Equation 1.2.17
i+1 i
DU a,i+l DUai
I : ><Cas,i+1(0)+|7’><cas,i (Ii)
hence C,,(0) = —* ! Equation 1.2.18
’ ( ) DU a,i+l " DU a,i q
Ii+l Ii
and ‘]dif_sol = I 1 | X(Cas,li (Ii)_CaS,H—l(O)) Equatlon 1219
i+1 i
DU a,i+l " DU a,i

So it is possible, step by step, to express the diffusion flux as a function of depth
(L) of the source in the vadose zone. Hence:

Cas,O _Cas,n

1 Equation 1.2.20

‘]dif_sol =DuU aeq X

where Caso: pollutant concentration in the soil air at depth L,
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Casn = Casn(0): pollutant concentration in the soil air at the soil surface, i.e. at the top of

layer n,
DUaeq: average multiphase diffusion coefficient (expressed from the concentration in soil
air),
DU
aeg 1 Equation 1.2.21
L Z”: I
i=1 DUa,i

i/Dua, represents the resistance of layer |; to diffusion. For n superimposed layers, the total
resistance of all layers equals the sum of the n resistances.

Diffusion flux in the air boundary layer

In parallel, the diffusion flux in the air boundary layer is written:
3, - dD_ax(c'ag ~Cuge) Equation 1.2.22

a

where Cage: gaseous pollutant concentration in the outdoor air,
C'ag: gaseous pollutant concentration in the air boundary layer,
Da: diffusion coefficient of the pollutant in air,
da: height of the air boundary layer.

Diffusion flux at the soil surface

Assuming steady state conditions and the principle of conservation of
mass leads to equality of the diffusion flux in the soil and the diffusion flux in the
air boundary layer.

At equilibrium, C'yg = Casn
and equality of J; and Jgit sol leads to stating:

DU
24 ><Ca50+&><ca .
L ~da P Equation 1.2.23
Cocn = 2.
as,n DUa,eq D, q
+7
L 4,
hence 3 =— ! - %(Caso ~Cage) Equation 1.2.24
—a
D, DU,

Comment: Jgi represents the net diffusion flow between the soil and the
atmosphere (transfer flow by diffusion from the soil to the air and transfer flow
by diffusion from the atmosphere to the air).

If the gaseous pollutant concentration in the outdoor air is low compared
to that in the soil air at depth L, the worst-case assumption is that Cage = 0
and we can state:

Cas,O

Jait = q Equation 1.2.25
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Symbol Parameters Dimensions Units Status

Jait Gaseous pollutant flux at the soil surface (soil source) M.L-2. T m2.s CorE
Caso Pollutant concentration in the soil air at depth L M.L-3 mg.m-3 CorE
Cage Gaseous pollutant concentration in the outdoor air M.L3 mg.m-3 CorE

Average multiphase diffusion coefficient over the transfer
DUaceq zone of length L (expressed from the concentration in soil | L2.T m2.s- CorE
air): cf. equation 1.2.21

Da Diffusion coefficient of the pollutant in air L2T+ m2.s! E
Length of the diffusion zone between the point at

L . . L m E
concentration Caso and the soil surface

da Height of the air boundary layer L m E

1.2.2.1.2. LIMITS ASSOCIATED WITH THIS APPROACH AND ALTERNATIVE
MODELS

1.2.2.1.2.1. TAKING ACCOUNT OF CAPILLARY RISE REACHING THE
SURFACE

The approach developed above does not take account of the evaporation flux
associated with any capillary rise as far as the surface. This is a convective flux
corresponding to evaporation of the pollutant transported by water, at the soil
surface. We can state:

Jeonv_sot = By xCgg Equation 1.2.26
and if multiphase equilibrium is reached:
‘Jconv_sol = Ev X % Equation 1.2.27

where Jeony soi: €vaporation flux in the soil,
Ev: evaporated water flow,
Ces: pollutant concentration in the soil water,
Cas: pollutant concentration in the soil air,
H': Henry constant (dimensionless).

The calculation of total flux resulting from a convective flux and a diffusion flux
is developed in section 1.3.1.1, focused on indoor air. The expression for total
emission flux in the vadose soil zone (Ji) is written in the same way (cf. section
1.3.1.1.3), replacing the convective flux of soil air (Fis) by the convective flux of
evaporation, converted to air-flux-equivalent (E,/H’).

The pollutant flux is then given by the following equation:

EoL
' DU
E, Cao-€ " 02 C _
Jm=H—V.>< == Equation 1.2.28
H DU, 4

1-e

Assuming steady state conditions and the principle of conservation of
mass leads to equality of the flux passing through the soil (Jit) and the flux
passing through the air boundary layer at the soil surface (J,). From equations
1.2.22 and 1.2.28, we deduce an expression for Cus
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D
v XCaso'f'iaXC
s da

ag,e

Casn = Equation 1.2.29

B L
H DU, g

[¢]
BoL
H DU, ¢

l-e
Ev L

D H
a H DU,
— x| Cas0 —Cage x€

E, a ,
and  J = ?x T Equation 1.2.30

Ev L T
— H DU,
H DUiq |, D, E\{>< e -
da H nas
1-¢ M PV

1-e

If the gaseous pollutant concentration in the outdoor air is low compared
to that in the soil air at depth L, the worst-case assumption is that Cyge = 0

and we can state:

E, D:
Jiot = 2 ————*Caso Equation 1.2.31
Ev L e
— H DUa‘eq
1-¢ M Pl &—l—E—Yxie
da H L
1-g M Pl

Page 70 of 235 Ref: DRC-14-141968-04378A



Symbol Parameters Dimensions Units Status
Jrot Gaseous pollutant flux at the soil surface (soil source) M.L-2. T m2.s CorE
Caso Pollutant concentration in the soil air at depth L M.L-3 mg.m-3 CorE
Cage Gaseous pollutant concentration in the outdoor air M.L3 mg.m-3 CorE
Average multiphase diffusion coefficient over the transfer

DUageq zone considered, length L (expressed from the L2T+ m2.s! CorE
concentration in soil air): cf. equation 1.2.21

Da Diffusion coefficient of the pollutant in air L2T+ m2.s! E
Length of the diffusion zone between the point at

L . . L m E
concentration Caso and the soil surface

da Height of the air boundary layer L m E

Ev Evaporated water flow L.T- m.s! E

_ .. _H
H Henry constant (dimensionless: H'= ) . . CorE
RxT

S

1.2.2.1.2.2.
FROM THE SOIL

MAXIMUM POLLUTANT QUANTITY EMITTED INTO THE AIR

The assumption of an infinite pollutant source chosen to calculate emission flux
from the soil may prove to greatly overestimate. The fact of not considering
attenuation of the pollution by volatilisation over time can lead to overestimating
the average flux emitted over a given exposure period, all the greater when the
pollution source is not so deep.

As a minimum, it is therefore necessary to check that the quantity of pollutant

emitted during the period considered is less than the pollutant quantity initially
present in the soil, thus:

jTTl?'(Jdif x ¢ )dt < MV xCq (T}) X Veouree so1(T1) Equation 1.2.32

or I;é(Jtotdtx S¢) <MV xCo(T))%Vouree sor (Ty) Equation 1.2.33

Symbol Parameters Dimensions Units Status
Jair Or Jrot Gaseous pollutant flux at the soil surface (soil source) | M.L-2.T-! m2s CorE
Vsource_sol (T1') | Volume of the source at time T+’ L3 m?3 CorE
MVs Bulk density of the soil layer considered M.L-3 kg.m3 E
Ss Surface of emission L2 m?2 E
Cs (T1) Pollutant concentration in the source at time T+’ M.M-1 mg.kg-! CorE
T Beginning of the period considered T s E
T2 End of the period considered T S E
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1.2.2.1.2.3. APPROACH FOR A POLLUTANT SOURCE LEVEL WITH THE
SOIL SURFACE

Where a pollutant source is level with the soil surface and if the
concentration in air estimated from the approaches developed above prove to
be a sensitive component of the study, other modelling approaches should be
used. In particular we could refer to solutions presented in the US EPA
document (1996a) and arising from work by Jury et al. (1984, 1990).

If convection and degradation phenomena in the soil are not considered,

the equation for conservation of mass in the soil (or Fick's second equation) is
written:

2
ags =DU_ x % Equation 1.2.34
where z: distance from the soil surface,
DUa: multiphase diffusion coefficient in the soil layer studied (expressed from the
concentration in soil air),

where DU, = % +D,, Equation 1.2.35

At the following initial conditions: Cs = C4(0) for t>0 and z = + « (infinite depth),
Cs = 0 for t>0 and z=0
equation 1.2.34 gives (Jury et al., 1984):

DU, Equation 1.2.36

K,xMV, @

TX| ——+—+a |xt
H H

This solution is based on the following assumptions:

e an isotropic soil column,

e auniform pollutant concentration in the soil at the initial instant,

e a pollutant concentration in the soil corresponding to a concentration
in the soil water less than the solubility limit,

e compliance with the multiphase equilibrium,

e absence of convection and degradation phenomenon,

e absence of the stagnant layer of air at the soil surface,

e zero pollutant concentration in the air.

For a period from T, to Ty, the average emission flow then equals:

Jgir (1) = MV xC, x

i : DU VT, =T,
it _moy (d) = .1 .JAT‘ Jgi )dt=2x MV, xC, x a w2 TN
’ T =T ™ (Kweaj T,-T,

H H

Equation 1.2.37
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Symbol Parameters Dimensions Units Status
_ Gaseous pollutant flux at the soil surface (soil source) at 2T 2 e
J i (®) fime t M.L2T m2.s CorE
T Average gaseous pollutant flux at the soil surface (soil 2T 2 et
Jait _moy (@) source) over the period considered ML=T m=s Cork
Cs Uniform pollutant concentration in the soil M.M-1 mg.kg! CorE
DUs Multiphase diffusion coefficient of the. poI.Iutan.t in the soil L2 T m2.s- CorE
layer (expressed from the concentration in soil air)
Diffusion coefficient in the soil water: cf. section 5 Tt 5 et
Des 12213 L2T m2.s CorE
Das Diffusion coefficient in the soil air: cf. section 1.2.2.1.3 | L2T m2.s CorE
o .. _H
H’ Henry constant in dimensionless form (H '= ) |- - CorE
RxT,
Kq Partition coefficient between soil particles and soil water | L3.M-! m3.kg! CorE
8 Volume fraction occupied by water in the soil - - E
a Volume fraction occupied by soil air - E
MVs Bulk density of the soil layer M.L-3 kg.m3 E
T4 Beginning of the period considered T s E
T2 End of the period considered T s E

Given the assumption of an infinite source, the pollutant quantity emitted over a
given period calculated from equation 1.2.37 should also deal with the total
pollutant quantity present in the soil.

Jury et al. (1990) also developed a solution to equation 1.2.34 for a finite
source. With the same assumption as above, but with the following limit
conditions: Cs = C¢(0) at t=0,

Cs= 0 for t=0 and z>H,,

Cs =0 for t>0 and z=0
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equation 1.2.34 gives:

HO2 x(M-*—i-*—a]

DU H H
Jgit (1) = MV xC(0) x : x|1-exp P
Ky x MV, o
TX| S+ —+a |xt
H H
Equation 1.2.38
Symbol Parameters Dimensions Units Status
Jait (f) Gaseous pollutant flux at the soil surface at time t (soil source) | M.L-2.T-! m2s CorE
C<(0) Uniform pi)llutant concentration in the soil layer, with a thickness MLV mg.kg CorE
of Hoatt=0
DUs Multiphase diffusion coefficient in the soil (expressed from the L2 T m2.s- CorE
concentration in soil air)
o .. H
H’ Henry constant in dimensionless form (H '= ) - - CorE
RxT,
8 Volume fraction occupied by water in the soil - E
a Volume fraction occupied by soil air - E
MVs Bulk density of the soil layer M.L-3 kg.m-3 E
Ho Thickness (= depth of bottom) of polluted layer at t=0 L m E

1.2.2.1.3. CALCULATING DIFFUSION COEFFICIENTS INTO THE SOIL AIR
AND SOIL WATER

The diffusion coefficient in soil air is calculated from the diffusion coefficient of
the pollutant in air, adjusted for the tortuosity of the medium (which takes
account of detours that the pollutant has to take to reach the surface), according
to the expression provided by Millington and Quirk (1961):

10

D,=D,x— Equation 1.2.39

In the same way, the diffusion coefficient in the soil water is calculated from the
diffusion coefficient of the pollutant in water, using the following expression:

10
03

Dy =D, 7 Equation 1.2.40

Symbol Parameters Dimensions Units Status
Des Diffusion coefficient in the soil water L2T1 m2.s-! CorE
Das Diffusion coefficient in the soil air L2T1 m2.s-! CorE
De Diffusion coefficient of the pollutant in water L2.T1 m2.s E

Da Diffusion coefficient of the pollutant in air L2T1 m2.s! E

n Soil porosity (volume fraction): n=a+6 - - CorE

8 Volume fraction occupied by water in the soil - - E

a Volume fraction occupied by soil air - - E
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1.2.2.2. CONTAMINATED GROUNDWATER

When the contamination source is in the groundwater, transfer across the
capillary fringe can be considered.

Flux in the capillary fringe

Transfer across the capillary fringe involves:

e a convective flux associated with evaporation,

e adiffusion flux in the air* and in the water.

Locally, in the capillary fringe, evaporation flux is written as:

Joonv_cap = By XCos_cap Equation 1.2.41
C
where Cqq 5 = asl_}cap Equation 1.2.42

where Jeonv,cap: €vaporation flux in the capillary fringe,

Ev: evaporated water flow,

Ces_cap: pollutant concentration in the interstitial water of the capillary fringe,

Cas_cap: pollutant concentration in the air of the capillary fringe,

H': Henry constant (dimensionless).
Diffusive flux is written as for the vadose zone, replacing the multiphase
diffusion coefficient for the soil by that for the capillary fringe, and the
concentration in soil air by that for the air in the capillary fringe.

dCas ca H
DU x — =0 Equation 1.2.43

dif _cap = eq _cap dZ

J

The calculation of total flux resulting from a convective flux and a diffusion flux
is developed in section 1.3.1.1, for the vadose soil zone. The expression for
total emission flow across the capillary fringe is developed in section 1.3.1.2. It
is expressed as follows:

B Lo
H DU,

Cas_nap -€ = C

tot_cap — Ev Lo 20 Equation 1.2.44

H DU

epe =5
H .
l-e o
where Cas0: pollutant concentration in the soil air at the top of the capillary fringe,
Leap: thickness of the capillary fringe,
Cas nap: pollutant concentration in the soil air at the surface of the groundwater.

and  Cy pap =H%Cq g Equation 1.2.45

where Ce_nap: concentration is dissolved form in the groundwater

* Given the high content of soil water at the capillary fringe, all connections between bubbles of
residual air and any continuous diffusion into the air may be prevented. Despite this, the choice
has been made here to present a complete expression for diffusion flux. Ultimately, the final
equation obtained can be used and parametrisation determines whether or not to select
diffusion in air at the capillary fringe. It is worth noting that, given the very low diffusivity in water
compared to air, taking account of diffusion in air at the capillary fringe significantly increases
diffusion.
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Flux at the soil surface

Assuming steady state conditions and the principle of conservation of
mass leads to equality of the flux at the soil surface (Ji) and the flux crossing
the capillary fringe (Jiot cap). HENce:

B Ly
H DU
E. Cupp-€ @ 0mwC_ o _
Jor = —% x —=22 = Equation 1.2.46
H BV Lo
H DU
1-g " Plaw

1. If the pollutant considered is more volatile that water and in the
absence of capillary rise as far as the soil surface, Cys is calculated from
equations 1.2.24 and 1.2.44, taking L as the thickness of the unsaturated
layer,

C C

EYX as_nap + ag,e
H 'EY Lcap L +d7a

1-¢ "= py,.. D, .

hence C o = —T Equation 1.2.47

E, o H DUy o 1
—x +
H Byl L, da

1-¢ "= py,.. D,

If the pollutant concentration in the outdoor air in gaseous form is low
compared to the concentration in the air at the top of the capillary fringe,
the worst-case assumption is that C,q = 0 and we can state:

Ev o Comp
H B Lw
1-e H DUy
Caso = . Equation 1.2.48
Ev e H DUq e 1
W e T L d
"H DU + 2

1-e - DUa,eq a

2. If the water table is shallow and the capillary fringe level with the soil
surface, Casp is calculated from equations 1.2.22 and 1.2.44, taking Caso as
equal to C’yq at equilibrium,

E C D
7\{ X & + 73 X Cag e
H Ev Loo d, '
1-e M DVae _
henceC, , = — Equation 1.2.49
: BV Ly
H DU,
E, e - D,
H -— @ da
1-e H PV

If the gaseous pollutant concentration in the outdoor air is low compared
to the concentration in the air at the top of the capillary fringe, the worst-
case assumption is that C,g = 0 and we can state:
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v as_nap
H B Lo
1-e H DUq e .
Caso = & Equation 1.2.50
E, e = D,
H EY Le a
1-e H DU, o
Symbol Parameters Dimensions Units Status
Jot Gaseous pollutant flux at the soil surface (groundwater ML2T- Mgt CorE
source)
Caso ]I:’pllutant concentration in the air at the top of the capillary M L3 mg.m- CorE
ringe
Ev Evaporated water flow L.T m.s’ E
Cage Gaseous pollutant concentration in the outdoor air M.L-3 mg.m-3 CorE
Cas.nap Pollutant concentration in the air at the surface of the M.L3 mg.m? CorE
groundwater
Ce_nap Dissolved concentration of pollutant in the groundwater M.L3 mg.m-3 CorE
Average multiphase diffusion coefficient in the vadose soil
DUaeq zone (expressed from the concentration in soil air): cf. L2T m2.s! CorE
equation 1.2.21
Average multiphase diffusion coefficient in the capillary
DUeqcap | fringe (expressed from the concentration in soil air): cf. L2T m2.s! CorE
equation 1.2.21
Da Diffusion coefficient of the pollutant in air L2T m2.s- CorE
L Thickness of the vadose zone L m E
Leap Thickness of the capillary fringe L m E
da Height of the air boundary layer L m E
N ._ _H
H Henry constant (dimensionless: H'= ) - CorE
RxT;
Comments:

1. Estimating the concentration in water of the capillary fringe and groundwater
using equations 1.2.42 and 1.2.45, respectively, corresponds to a potentially
overestimating assumption where multiphase equilibrium is assumed to have
been reached.

2. For a submerged pollutant source (eg. pollutant more dense than water) and
a 'badly-mixed' aquifer, transfer in the saturated zone must be considered. It
is estimated by considering the soil saturated zone as an additional layer
(without air) to the capillary fringe and by including diffusion in the
groundwater in the model.

To do so, in equations 1.2.43 to 1.2.50,

o the diffusion coefficient DUeq cap iS replaced by a multi-layer diffusion
coefficient DUeq cap nap INCluding the diffusion
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groundwater per equation 1.2.21 (resistance of all layers equals the sum
of resistances for the different layers);

e the thicknesses of the capillary fringe Lcap is replaced by the sum of
thicknesses of the capillary fringe and the soil saturated zone to be

crossed, Lcap nap-
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1.2.3. ATMOSPHERIC DISPERSION AND CALCULATING THE AIR
CONCENTRATION FROM THE FLUX AT THE SOIL SURFACE

For atmospheric emissions of pollutants from a chimney, INERIS uses
atmospheric dispersion software to calculate concentrations in the air.

For simple cases, it is possible to use models based on a Gaussian approach.
First-generation Gaussian models used an atmospheric stability classification
(eg. Pasquill classification), while second-generation Gaussian models are
based on a parametric representation of the height of the boundary layer. This
second approach is used to continuously characterise atmospheric conditions
and take account of changes in the boundary layer with altitude.

Most of these models include specific parametrisation to take account of the
effect of buildings and relief under simple conditions, by calculating changes in
the wind field due to the land form.

The input data needed to use these models relate to:

- the description of the pollution source: location, geometry, characteristics of
discharges and pollutants, emitted flux,

- sequential meteorological data,

- characteristics of the study scope likely to influence dispersion: roughness,
relief, buildings.

To model more complex situations (eg. enclosed valleys), Eulerian models are
used to represent the wind field and Eulerian, Lagrangian or Gaussian-puff
models are used to model dispersion. For information, the reader can refer the
LCSQA (2002) report.

Some Gaussian models also take account of surface and/or volume sources,
possibly located on the soil. Nonetheless, depending on the required level of
analysis, and given the uncertainties associated with calculating the surface
emission flow, a simple mass balance can sometimes be enough to estimate
the concentration in the air immediately downwind of the source. This approach
is sometimes called 'box model' (cf. Figure 5). The only meteorological
parameter required is therefore the wind speed and the concentration in the air
is assumed homogeneous in the dispersion volume considered.
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a,e

S

Figure 5: Schematic diagram of the 'box model'

v

For a source in the soil or groundwater located at the site studied, the mass
balance equation leads to:

Hy xLg xIg x

a,e

=JxLgxlg—C, ¢ xuxHy xlg

Equation 1.2.51

As steady state conditions are reached rapidly®, we can state:

JxL .
Coo=ns Equation 1.2.52
' uxH,
Symbol Parameter Dimensions Units Status
Cae Concentration in outdoor air attributable to the soil or | M.L- mg.m-3 CorE
groundwater source immediately downwind of the site
J Flux of pollutant per unit area and time (particulate and/or | M.L-2.T-1 m2.s" CorE
gaseous flux with a soil or groundwater source located at
the site)
Hp Height of the 'box' (generally taken as equal to the L m E
breathing height of individuals)
Ls Dimension of the source parallel to the wind direction L m E
u Wind speed in the box LT m.s! E

(Is: Dimension of the emission source perpendicular to the wind direction)

®When T = 3 x Ls / u, C,e reaches 95% of its steady-state value (see the demonstration in
section 1.7.1.2.3). As a result, for a contaminated site 100 metres long, with a wind speed of 3
m.s™, the pollutant concentration in the downwind air is close to steady state conditions after
100 seconds of emission.
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Comment: The pollutant concentration in the air calculated using the mass
balance is the concentration in outdoor air attributable to the source studied
(excluding background concentration). It is calculated from the sums of
particulate and gaseous fluxes, themselves calculated from concentrations in
the soil, excluding background concentration. Even if the net diffusion flux
depends on the difference between the total concentration in the soil air at the
source and the total gaseous concentration at the soil surface, this calculation
method has been selected because background concentrations are assumed
low in comparison with the concentration attributable to the source in the soil air
at this source.

The total pollutant concentration in outdoor air is then obtained by adding the
background concentration in the outdoor air (cf. section 4) to the concentration
in the outdoor air attributable to the soil source or groundwater source (Cae).
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1.3. 'INDOOR AIR' MEDIUM

As for outdoor air, the pollutant concentration in indoor air equals the sum of
pollutant concentrations in the air in gaseous and particulate forms.

INERIS has not worked on modelling the transfer of particulate pollutants from
outdoor air to indoor air, nor on that for particulate pollutants fluxes from the
floor indoors. The only approach used until then is identical to that presented in
CSOIL (RIVM, 2007). It consists of calculating the pollutant concentration in
particulate form in the indoor air by multiplying the pollutant concentration in
particulate form in the outdoor air by a factor representing the fraction of
particles transferred from the exterior to the interior:

Capi =Cape * fext_int Equation 1.3.1
Symbol Parameter Dimensions Units Status
Capi Particulate pollutant concentration in the indoor air M.L-3 mg.m-3 CorE
Capi Particulate pollutant concentration in the outdoor air M.L-3 mg.m-3 CorE
fext_int Fraction of particles transferred from the exterior to the | - - E
interior

The rest of this section will therefore be entirely dedicated to estimating the
gaseous pollutant concentration in the indoor air.

In the case of soil polluted by volatile organic substances, vapour transfer from
the soil to the indoor air, and the inhalation following from it, can constitute the
main exposure pathway.

Three vapour emission models from soil to indoor air are typically used in
France:

e the Johnson and Ettinger model (1991), recommended by the US EPA
(2004a), which takes account of convection and diffusion of vapours in the
soil and at floor level of a building;

e the VOLASOIL model (Waitz et al., 1996), currently recommended by RIVM
(Dutch institute for protection of health and environment). This model,
designed to represent the transfer of pollutants in the indoor air of a building
constructed over a crawl space from a source in the soil or in a shallow
groundwater, takes into account convection and diffusion of vapours in the
soil and convection through the floor;

e the model previously-recommended by RIVM, and used in the 1994 version
of CSOIL (van den Berg, 1994), in HESP (Veerkamp and ten Berge, 1994,
Shell Global Solutions, 1995) or in Risc Human (Van Hall Larestein). This
model considers the evaporation of contaminants and diffusion of vapours
from the soil to the crawl space.

This section presents an approach based on the VOLASOIL principles, but
modified and generalised in order to be able to consider several different soll
layers or even a (or several) soil layer(s) on which the floor of a building is sited;

A second approach matching the Johnson and Ettinger model will be included
in this document at a later date. In the meantime, readers are referred to the
US EPA (2004) document.
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The approach used in CSOIL is not discussed, because it is a special case of
the VOLASOIL approach, in which the effect of convection is negligible.

1.3.1. APPROACH DERIVED FROM THE VOLASOIL MODEL

This approach has been detailed in two documents (Hazebrouck et al., 2005,
DRC-05-57281-DESP/R01a ), which forms the basis for the description below.
The reader should refer to them for more information, particularly in terms of
setting parameters.

This approach, derived from VOLASOIL, deals with situations where the
contamination source is located in the vadose zone and those where the
groundwater is contaminated.

It takes into account:

e four successive compartments: the saturated zone, the capillary fringe, the
vadose zone and the indoor air;

e three transfer mechanisms: diffusion in water in the vadose zone and
capillary fringe, diffusion in the air in the vadose zone and capillary fringe
and convection in the air in the vadose zone and capillary fringe®.

As in the previous sections, the model assumes the multiphase equilibrium
between soil air, soil water and soil particles.

Indoor air N
x
Floot,
Diffusion in soil Convection E
air and soil in soil air C. 4—u
water 5. I e
f_so Jconv_sol
Kd
Cos
Vadose zone
F
................................................ m———— el
Capillary Convection/diffusion in soil as es
fringe air and soil water  Jiot_cap
Kd
.......................... " MmN MM N RN RN EE AN AENEENEEIEEEEEEEEsEEsEEssEssEssssEEEEEEEEEan Cps memmammmnns
Saturated zone
Kd_aq
Cc aqg_ads c:ein ap

Figure 6: Schematic diagram of vapour emission model from soil to the indoor
air of a building

However, the model does not take into account:

e natural attenuation of the source over time: the source is considered to be in
a stationary state, corresponding to an infinite source and implying steady
state conditions;

® Diffusion in the soil water in the vadose zone, diffusion in the soil air of the capillary fringe and
convection, associated with evaporation from the capillary fringe, are not considered in the
original VOLASOIL model (Waitz et al., 1996)

Ref.: DRC-14-141968-04378A Page 83 of 235



e degradation of pollutants during transfers between the source and the soll
surface.
1.3.1.1. TOTAL EMISSION FLUX THROUGH THE VADOSE ZONE

Depending on the type of construction, emission flux is considered, either
through the vadose zone of the soil as far as the crawl space or through the
vadose zone of the soil and concrete slab forming the floor of the living area.

1.3.1.1.1. EXPRESSION OF DIFFERENT FLUXES

Convective flux

A convective flux between the vadose zone and the building (crawl space or
living area) is assumed to be generated by the pressure difference between
these two media. This pressure difference may be due:

¢ to the temperature difference associated with heating,
¢ to mechanical ventilation inside the building,
e to alesser degree, to the action of wind on the walls of the building.
Locally, the convective flux is written:
Jeonv = Fis X Cas Equation 1.3.2

where Cas: pollutant concentration in the soil air,

Fis: flux of air from the soil to the building (living space, crawl space or basement).

Diffusion flux

As for emission to the outdoor air (cf. section 1.2.2.1.1), the local expression for
diffusion flux in the vadose zone is given by Fick's law:

Jait_sot = Des X % + Dy % d;:as Equation 1.3.3
B z YA
dC,,

or  Jy o =DU,x Equation 1.3.4

dz
where Ces: pollutant concentration in the soil water,
DUa: multiphase diffusion coefficient in the soil (expressed from the concentration in the

soil air):
D, ,
DU, =—2+D, Equation 1.3.5
H 1
Symbol Parameters Dimensions Units Status
DUa Multiphase diffusion coefficient in the soil (expressed from 2T M. CorE
the concentration in soil air)
Diffusion coefficient in the soil water (the expression for T 5 ot
Des Des i given in section 1.2.2.1.3) LT mes CorE
Dac Diffusion coefficient in the soil air (the expression for Das is 2T M. CorE
given in section 1.2.2.1.3)
— .__H
H Henry constant (dimensionless: H'= ) - - CorE
RxT,
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Total flux through the vadose zone of the soll

Locally, the total emission flux in the vadose zone (Ji) therefore equals:

dCaS
dz

Jt =F xC, + DU, x Equation 1.3.6

tot

Comment: the evaporation flux associated with any capillary rise as far as the
surface (eg. a cave with a beaten earth flow), is not considered here. It could be
taken into account, as for the outdoor air, by adding a second convective flux.

=E, x Cli;ﬂf (cf. section 1.2.2.1.2.1).

This flux would equal: J

conv,sol
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1.3.1.1.2. CALCULATION OF TOTAL FLUX FOR A MONOLAYER

Let's consider the case of a homogeneous soil layer going from the
contamination source as far as the soil surface. The following concepts are
adopted:

- Casii (2): pollutant concentration in the soil air, in layer i as a function of
depth z from the top of the layer,

- li: thickness of layer i,
- DU,;: multiphase diffusion coefficient in layer i.

According to assumptions regarding steady state conditions and
conservation of mass, flux Ji is constant with depth,

hence LU =0, Equation 1.3.7
dz
dC,.. d?C;
and Fox—=L4DU,; x—=L=0 Equation 1.3.8
dz ’ dz?

The solution to this differential equation is given by:
Fis .
Cei@ =-FyxDU,; xC; xe PUa 4¢p Equation 1.3.9

where C; and C' are two constants, determined by conditions at the limits of layer i.
F

5.

By stating: 7, =e °“*' | these conditions at the limits are written:
Cas,i (I| ) - Cas,i (0) = _Fis X DUa,i X (Z| _1) X Ci Equation 1.3.10
and C,;(0)=-F,xDU,;xC, +C;' Equation 1.3.11

Cas,i (II) - Cas,i (0)
Fis X DUa,i X(l_Zi)
Cas,i (I|) _Cas,i (O)XZ|

A-x)

In the equation for local emission flux, replacing Cas, by equation 1.3.9, as well as C; and C; by
expressions 1.3.12 and 1.3.13, we obtain:

hence C, = Equation 1.3.12

and C,'= Equation 1.3.13

‘]tot = Fis ><Ci ‘= 1LX (Cas,i (I|) _Cas,i (0) X;(i) Equation 1314
__F x|
F DU, )
hence Jy,, = —"— x| Cyq;i(l)) — Cyi;(0) x & Equation 1.3.15
7DUa‘iX|i
1-e
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Symbol Parameters Dimensions Units Status

Jot Gaseous pollutant flux in the vadose zone of the soil M.L2.T- m2,s CorE

Fis Air flux from the soil to the building due to convection L.T m.s CorE

Casi(0) Pollutant concentration in the soil air, at the top of layeri | M.M=3 mg.m-3 CorE

Casi(l) lPoIIutgnt concentration in the soil air, at the bottom of ITE mg.m- CorE
ayeri

l Thickness of layer i L m E

DUs; Multiphase diffusion coefficient in layer i of the soil 2T m.s CorE

(expressed from the concentration in the soil air)

Comment: this formula is found in the document by Waitz et al. (page 68,
formula 74 and page 13, formula 16), replacing C,si(0) by the concentration in
the air at the surface (Co), Casi(l) by the concentration in the soil air at the
source (Csa) and |; by the height of the soil column between the source and the
crawl space (Lg). It is then simplified, by considering that the concentration in
the air at the surface is negligible relative to Csa.

1.3.1.1.3. CALCULATION OF TOTAL FLUX FOR MULTIPLE LAYERS

If, this time, we consider n successive homogenous soil layers, incremented in
increasing i from the contamination depth (i=0) as far as the surface (i=n for the
layer in contact with the air), from equation 1.3.15 we can deduce for each layer
i

Cas,i (1) = \::tor X (l_ Xi )"' Cas,i (0) x x; Equation 1.3.16

IS

Fis
DU, ;

xl;

where y, =e

Since the concentration in the solil air is continuous, values of C,s at the top of
layer i and bottom of layer i+1 are equal (cf. Figure 7). Cas; is this concentration
at the interface between layers:

Cas;i = Cas,i(o) = Cas,i+1(|i+1) Equation 1.3.17

Assumptions of steady state conditions and conservation of mass lead to
a constant emission flux Ji; with depth. It can be stated for all i:

Jiot = Jrotyi Equation 1.3.18
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l, layer 2 Jiot

Il Cs.2(12) / Cags,2 (I2)

Casy]_ H CeS,l \
Cs,l(o) C:ads,l (O)

l; layer1
Cs Cas,O H C:es,O ¢ > C:ads,o
lo
layer O

Figure 7: Modelling diffusion and convection in a multi-layer soil

For all i between 1 and n, equation 1.3.16 is therefore written:

c. JFtot <(1- 7,)+Cyui % 7, Equation 1.3.19

as,i-1 —
is

hence, by iteration over n layers, from the contamination zone (Casp = Cas,i=0) to the surface
(Cas,sun‘ = Cas,n):
J n—1 n
Caso =%>{(1—Zl)+ H0=2)+ 0= 6)+ o+ (1—Zn)}+Cas,nHZi

i=1 i=1

Equation 1.3.20

J n n
Caso = 27 1—Hzij+Cas,nHzi Equation 1.3.21
is i=1 i=1
_Fisxzn: I _Fisxzn: li
Caw:%x 1-e H™Mvl4C, xe H Equation 1.3.22
Flsxi h
Cuo —Cagpx€ 2000
and J,, =F, x—=2° as’”xn | Equation 1.3.23
F‘SXZDUi
l-e =77#

If DUaeq is the average multiphase diffusion coefficient for n layers (expressed ito the
concentration in the air), we can write:
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J g = Fg x—=0—20 Equation 1.3.24

where L = Zli , distance between the concentration point Caso and the interior surface of the
i=1

building (crawl space, basement or living area),

L noo|
and = ' Equation 1.3.25
DU 2 u, g

a,eq i=1

If the concentration in the soil air at the surface in contact with the
atmosphere is low compared to the concentration in the soil air at the
source, we consider that Css, = 0 and so obtain:

C

as,0 .
Jiot = Fi % - Equation 1.3.26
l-e " Dlaa
Symbol Parameters Dimensions Units Status
Jut Gaseoqs poIIutant flux at the surface of a building (for M.L2.T m2s CorE
contaminated soil)
Fis Air flux from the soil to the building due to convection LT m.s™! CorE
Pollutant concentration in the soil air at the surface (crawl 3 3
Canr space, basement or interior of the building) ML mg.m CorE
Cas Pollutant concentration in the soil air, at the depth ML mg.m- CorE

considered

Length of the transfer zone in the vadose zone, from the
L concentration point Caso to the interior of the building L m E
(crawl space, basement or living area)

Average multiphase diffusion coefficient over the transfer

DUa,eq zone considered, length L (expressed in relation to the air | L2.T- m2.s! CorE
concentration)
Comments:

1. This expression is equivalent to that obtained for a monolayer, with the term
for average resistance to multi-layer diffusion (L/DU,eq) replacing the term
used for the monolayer (I/DU,).

2. When the air flux Fis tends to O,

o b
DU, L

~l-F x—— Equation 1.3.27
DU

a,eq

F.

s

e

emission flux Jit then equals the diffusion flux alone:
Jdif = DUa,eq X (Cas,O - Cas,n) / L= DUeq X Cas,O / L Equation 1328
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Similarly, for poorly-diffusing substances (average diffusion coefficient DU, eq
tending to 0), we find the gaseous emission flux by convection alone, using Jt:

conv = Fis X Cas Equation 1.3.29

3. The result for both transport modes combined is less than the sum of the two
transfers taken independently.

In fact, if we state X = Fis X L/DUgeq,

X+1
-1
Jtot = U gir +Jconv) _ xeX-1+e™ _ eX <0 Equation 1.3.30
Caso (l-e—x)(DUaveq/L) (l-e—x)(DUaveq/L)

hence Jtot < Joonv + Jdif.

4. Unlike the approach developed for pollutant emission to the outdoor air,
diffusive flux through the air boundary layer located at the soil surface is not
taken into account here. This diffusive flux is not a limiting factor for pollutant
emission due to the convective flux of air. It could only act as a control
parameter, by checking that the soil between the source and the surface
offers greater resistance to diffusion (L/DUaeq) than the air boundary layer
(da/Day). The equivalent diffusivity in each soil layer is always less than the
diffusivity in air, except perhaps for substances with a Henry constant (H')
less than 10 (but this model is applied essentially to volatile substances)
and/or for a surface source (L<d,: situation can equate to a volatile product
present at the surface of a ground-level dwelling with a dirt floor, or a crawl
space or dirt-floored cellar, following excavation in a deep source). In this
second case, it would be necessary to consider attenuation of the source
from the surface and the model presented here, based on the assumption of
an infinite source, would no longer be appropriate.

5. Equation 1.3.26 assumes a low concentration in the soil air at the surface
with the atmosphere compared to the concentration at the source. If this
assumption is not confirmed, equation 1.3.26 overestimates Ji. This
tendency to overestimate can be limited by comparing Cssn to the
background concentration in the air at the surface in gaseous form (cf.
comment 3 in section 1.3.2.2).

1.3.1.1.4. CALCULATING THE AIR CONVECTIVE FLUX
The air flux through the vadose zone Fis is given by Darcy's law:

Ap; .
F. =K, x% Equation 1.3.31
Symbol Parameters Dimensions Units Status
Fis Air flux from the soil to the building due to convection LT m.s™! CorE
K Average air conductivity of the vadose zone (soil and/or 13T M mé.s kg E
floor)
Aps Pressure difference between the interior of the building ML T2 kg2 E

(living area, basement or crawl space) and the soil

Distance between the concentration point considered
L Cas(L) and the interior of the building (living area, L m E
basement or craw! space)
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1.3.1.1.4.1. AVERAGE AIR CONDUCTIVITY

When there are several superimposed layers, the average air conductivity is
calculated as the harmonic mean of the conductivities of the different layers:

L I
e

a

Equation 1.3.32

L ,
hence K, = I Equation 1.3.33
Z i
i Ka,i
Symbol Parameters Dimensions Units Status
K Average air conductivity of the vadose zone (soil andor || 5 114 mé.s kg CorE

floor)

Distance between the concentration point considered
L Cas(L) and the interior of the building (living area, L m CorE
basement or crawl space)

Kai Air conductivity of layer i L3.T.M1 md.s.kg"! CorE

l Thickness of layer i L m E

1.3.1.1.4.2. AIR CONDUCTIVITY OF A SOIL

The air conductivity of a soil is calculated from the air permeability of the soil
and the viscosity of the air:

Kint; -
Kaiso = Equation 1.3.34
n
Symbol Parameters Dimensions Units Status
Kaisol Air conductivity of soil i L3.T.M mé.s.kg! CorE
Kint, Air intrinsic permeability of soil i L2 m? CorE
n Dynamic viscosity of air M.L-1.T-2 kg.m.s! CorE

Values for air intrinsic permeability are given by different authors (cf. future
documents on environmental parameters). The air permeability of a soil can
also be estimated from the hydraulic conductivity.

1.3.1.1.4.3. AIR CONDUCTIVITY OF A FLOOR SLAB

The approach presented below was developed in the original VOLASOIL model
(Waitz et al., 1996). In this model, openings in the concrete floor (gaps, cracks
and holes) are represented as cylindrical tubes. The conductivity of the slab is
then estimated by combining Poiseuille's and Darcy's laws.

For a cylindrical tube, length | and radius r, Poiseuille's law gives a laminar flux:
f X r y Ap
8xn |

Equation 1.3.35

where n: dynamic viscosity of air,
p: pressure.
For a column of length L, Darcy's law gives a flux:
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F=K, XA_LF’ Equation 1.3.36

where Ka: air conductivity.
If ni is the number of openings with radius i per unit area of the column, then

KoxBPo 7 AP st Equation 1.3.37
L 8x n I i
hence K, = xkxzn- <r* Equation 1.3.38
a 8)(]7 I - | | e
T 4 .
and K, = n, x; Equation 1.3.39
8xnxt45

where t: tortuosity,

T= m Equation 1.3.40

Expression 1.3.39 is then included in VOLASOIL (Waitz et al.,, 1996) by
considering:

e vertical tubes, with tortuosity equal to 1,

e tubes of uniform radius r.

Equation 1.3.39 thus leads to the following expression:

.I: 2
Kap = Jeo X Equation 1.3.41
' 8xn
f.’ .
or Ky Equation 1.3.42

C 8xpxaxn,

where fso: surface area fraction of the floor slab occupied by the openings,

fo, =n, x7zxr? Equation 1.3.43

S

and no: number of openings in the floor slab per unit area

Symbol Parameter Dimensions Units Status
Kapl Air conductivity of the floor slab L3.T.M1 mé.s.kg! CorE
r Uniform radius of openings in the slab L m CorE
fso Surfape area fraction of the floor slab occupied by the |- - CorE
openings
n Dynamic viscosity of air M.L1.T2 kg.m.s! E
No Number of openings in the floor slab per unit area L2 m-2 E
Comments:

1. The choice of vertical tubes made in VOLASOIL, by reducing the distance to
be covered by the air flux within the material, is conservative.
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2. There is uncertainty associated with considering tubes with uniform radius.
The flux in a tube is a function of r*: if the orifices in the slab are of non-
uniform size, it could cause significant variations in flux.

1.3.1.2. CONTAMINATED GROUNDWATER

When the contamination source is the groundwater, transfer across the capillary
fringe can be considered.

The following equations provide a general solution for transfer through the
capillary fringe. They take account of:

e a convective flux associated with evaporation,
e adiffusion flux in the air and in the water’.
Locally, in the capillary fringe, evaporation flux is written as:

‘]conv_cap =E, XCes_cap Equation 1.3.44
C
where Ceg cop = % Equation 1.3.45

where Jconv_cap: €vaporation flux in the capillary fringe,
E.: evaporated water flow,
Ces_cap: concentration in the interstitial water of the capillary fringe,
Cas_cap: concentration in the air of the capillary fringe,
H': Henry constant (dimensionless).

With the diffusive flux described as before, the expression for total emission flux
across the capillary fringe is written in the same way as derived for the vadose
zone (cf. section 1.3.1.1.3), replacing:

e the convective flux of soil-air Fis by the convective flux of evaporation,
converted to air-flux-equivalent, E,/H’;

e the concentration in soil air at the source in the vadose zone C,so by the
concentration in soil air at the surface of the groundwater Cas_nap;

e the concentration in the soil air at the surface C,sn by the concentration in
the soil air at the bottom of the vadose zone (limit of the capillary fringe)
Cas,O;

e the depth of the source and equivalent multi-layer diffusivity in the vadose
zone, L and DU,eq, by the thickness and equivalent multi-layer diffusivity of
the capillary fringe, Lcap and DUeq_cap.

The contaminant flux is then given by the following equation:

"The original VOLASOIL model does not take account of diffusion in air, considering that the
high water content in the soil at the capillary fringe prevents any connection between residual
air bubbles and therefore any continuous diffusion. The choice has been made here to present
a complete expression of the diffusion flux. Ultimately, choice of parameters determines
whether or not to select diffusion in air at the capillary fringe. Given the very low diffusivity in
water compared to air, taking account of diffusion in air at the capillary fringe significantly
increases diffusion.
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B le

C e H DU, o C
‘]tot_cap = % e Ev Le 20 Equation 1.3.46
1- e'WDUeW
where Cyg ngp = H'%C, gy Equation 1.3.47

where Ce_nap: dissolved concentration in the groundwater

Assuming steady state conditions and the principle of conservation of
mass leads to equality of the flux passing through the soil (Jit) and the flux
crossing the capillary fringe (Jiot_cap).
B lw
Cas_nap'e " B C
B Ly
1-e H DU, o

hence J,,, = % 250 Equation 1.3.48

If the pollutant is more volatile that water and in the absence of capillary
rise as far as the surface with the atmosphere, Cyso is calculated from
equations 1.3.24 and 1.3.46. Hence:

L

_Fox——
* DU,,
v as_nap + I:is ><Cas,n xe 'q
HI _EY Lep _F x#
1- e H DUEq_Cap 1_ e a.eq .
Cyio= Equation 1.3.49

as,0 Ev Lep

"H DU
Fis E, e o
L t X BV L,
_FBXW H _7\/ cap
ae DU
1-e - 1-g " Plaw

E C

If the concentration in the soil air at the surface with the atmosphere is
low compared to that at the top of the capillary fringe, we consider that Cas ,
= 0 and state:

C l-e == Equation 1.3.50
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Symbol Parameters Dimensions Units Status

Jut Gaseoqs pollutant flux at the surface of a building (for M.L2.T m2s CorE
contaminated groundwater)
Fis Air flux from the soil to the building due to convection L.T! m.s™! CorE
Ev Evaporated water flow LT m.s™! CorE
H Henry constant (dimensionless): H' = H/RT - - CorE
Caso Pollutant concentration in the soil air, at the bottom of the ML mg.m- CorE
vadose zone
Pollutant concentration in the soil air at the surface (craw! 3 3
Cenn space, basement or interior of the building) M.L mg.m Cork
Casnip Pollutant concentration in the soil air, at the surface of the ML mg.m- CorE

groundwater

Height of the transfer zone in the vadose zone, from the
L concentration point Csao to the interior of the building L m E
(crawl space or living area)

Leap Thickness of the capillary fringe L m E

Average multiphase diffusion coefficient over the transfer
DUa,eq zone considered, height L (expressed in relation to the L2.T1 m2.s CorE
concentration in the air)

Average multiphase diffusion coefficient for the capillary 2T

2 g-1
fringe (expressed in relation to the concentration in the air) mes CorE

DUeqfcap

Comments:

1. To take account of any capillary rise as far as the surface (eg. in a cellar
with beaten-earth floor), E,/H must be replaced by Fis + E\,/H' in equation

1.3.48.
2. Estimating the concentration in water of the capillary fringe and groundwater
using equationswhere - . =~ Equation 1.3.45 and where

Equation 1.3.47, respectively, may correspond to a overestlmatlng
approach where multiphase equilibrium is assumed to have been reached.

3. As in section 1.3.1.1, the air boundary layer above the soil is not considered
in equations 1.3.48 to 1.3.50.

4. Equation 1.3.50 assumes a low concentration in the soil air at the surface in
contact with the atmosphere compared to the concentration in the soil air at
the top of the capillary fringe. If this assumption is not confirmed,

v Cas __nap
H' > _Ev Locap
Caso = 1o T e
F. E e_?DU -
S S T L R VI e
1—e = P 1-e 7P Equation 1.3.50 overestimates Ji. This

tendency to overestimate can be limited by assimilating Cass, to the
background concentration in the air at the surface (cf. comment 3 in section
1.3.2.2).

5. For a submerged pollutant source (eg. pollutant more dense than water) and
a 'badly-mixed' aquifer, transfer in the groundwater must be considered. In
this case, transfer flow will be estimated by considering the saturated zone as
an additional layer (without air) of the capillary fringe and by including
diffusion in the groundwater in the model.
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To do so, in equations 1.3.46 to 1.3.50,

o the diffusion coefficient DUeq cap IS replaced by a multi-layer diffusion
coefficient DUeq cap nap INCluding the diffusion coefficient in the
groundwater according to the principle of equation 1.2.21 (resistance of all
layers equals the sum of resistances of all the layers);

o the thicknesses of the capillary fringe Lcap is replaced by the sum of
thicknesses of the capillary fringe and the groundwater to be crossed,

Lcap_nap-
1.3.1.3. IMPACT OF ASSUMPTIONS UNDERPINNING THE MODEL

The model developed here does not take account of degradation of pollutants
during transfer from the source. This assumption is conservative. But it must be
particularly remembered that it does not take into account attenuation of the
pollutant at the source over time (chemical or biological transformations,
leaching, volatilisation, etc.), which amounts to considering an infinite source.
This assumption can lead to a significant overestimate if the source is just
beneath the slab or only at shallow depth, if the solil is very permeable or if the
substance studied is very volatile.

Furthermore the model assumes that the convective flux passes through the
whole vadose zone from the pollution source in the soil, under the effect of the
pressure difference between the soil and the interior of the building. This implies
that air extracted from the soil, and that comes initially from the surface, passes
through the vadose zone (as shown by the arrows in the figure below), passing
through the pollution source, without a short-circuit from the overlying soil,
particularly from the subgrade (gravel) under the slab. For a capillary fringe or a
deep soil, this assumption appears unrealistic. This conceptual limit implies that
the model is very conservative for sources at great depths. In these situations,
vapour emissions may be limited by diffusion below the zone affected by
convection®. For permeable soils, convection may represent 99% of the
calculated flux, hence overestimating the flux by up to two orders of magnitude.

N

- S
- ——
-
]
-y
-
. -4
|
m—— —
——— g —i

‘J
® Convection in the mixing zone will stimulate this underlying diffusion, since it will reduce
concentrations at the edge of this zone.
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Figure 8: Convective transport of air in a house (Waitz et al., 1996)

Two comments can be made about diffusion fluxes in the soil:

e estimating diffusion coefficients in the soil that consider the whole porosity of
the soil useful for diffusion may lead to overestimations where the soll
conductivity is obstructed. In this case, it could be appropriate to use the
effective porosity. However, laboratory diffusion tests with inert gases (van
den Berg, 1994 and Waitz et al., 1996, US EPA, 1994), show that these
formulae match the best available knowledge and fit well with reality.
According to Waitz et al. (1996), they can slightly underestimate diffusion
coefficient for soil with a low air content, which is not the case of the soils
considered here;

e the above model takes account of diffusion in the air of the capillary fringe,
which tends to significantly increase the diffusion flux from the water table
compared to the original model. It may prove too conservative to take this
diffusion flux in air at the capillary fringe into account, because a high water
content can prevent any continuous diffusion at the capillary fringe and
because, under these conditions, pollutant diffusion across the capillary
fringe may be greater than the ability of the groundwater to maintain the
supply (hence depleting the pollutant concentration in the air at the water
table). The influence of taking account of diffusion in the air at the capillary
fringe can be studied by varying the value assigned to the air content in the
capillary fringe.

Finally, selecting parameters for cracking of the slab appears very uncertain.

VOLASOIL uses an average crack radius of 4 mm. This value for the parameter

is often considered excessive. However, no measurement of this conductivity

provides a result and suggests an alternative value for this parameter.

The VOLASOIL model, like other vapour transfer models, has undergone little
experimental validation work (Swartjes, 2003a, Waitz et al., 1996, appendix 6).
Waitz et al. (1996) reports comparisons between simulations and
measurements from contamination of groundwater. Concentrations modelled in
the crawl space appear to be consistently overestimated, by a factor of 5 to 300.
An experiment conducted by INERIS as part of its research projects also
resulted in measurements (repeated but not systematic) of a pollutant flux
through a slab on an industrial site 50 to 1000 times greater than the values
predicted with the VOLASOIL model (with conservative parameter values
compared to data from the site).

Given these uncertainties and the little available confirming information,
modelling vapour transfer, whether using VOLASOIL or another model, is c
particularly uncertain for the moment. An uncertainty of about two orders of
magnitude is proposed in Europe (Swartjes, 2003b). Such an order of
magnitude seems consistent with the scale of variations observed between
models or during the few experimental verification tests carried out.

1.3.2. GASEOUS POLLUTANT CONCENTRATION IN THE INDOOR AIR
The inhabited part of a building rests:
¢ either on a slab sitting on the soil: this is called 'slab-on-grade’,
e Or on a crawl space,
e or on a basement.
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In the first case, the building slab can be compared to a soil layer and the multi-
layer transfer model can be used to calculate the pollutant flux emitted into the
living area after passing through the soil and the slab. The concentration in the
indoor air is then calculated from this flux.

In the case of a crawl space or a basement, pollutant vapours passing through
the soil (and the slab making up the basement floor) can be diluted in the crawl
space or basement before reaching the living area.

1.3.2.1. GASEOUS POLLUTANT CONCENTRATION IN THE ZONE OF THE
BUILDING WHERE THE EMISSION OCCURRED

The gaseous pollutant concentration attributable to the soil or groundwater
source, in the zone of the building (Cag pa) Where the emission occurred, is
calculated from the flux at the surface of the building and the following mass
balance:

dcag_bét

Vpae X
bat dt

= ‘]tot x Abét +tra vaét ><Cag,e - (Fis x Abét +tra vaét)xcag_bét Equation 1351

where Apat: surface area of the building,
tra: air renewal rate in the building,

Vbat: interior volume of the building where the emission of gaseous pollution occurred, from
the soil or the capillary fringe,

Cage: pollutant concentration in gaseous form in the outdoor air, attributable to the source
studied.

Integrating equation 1.3.51 over time intervals (AT) where Jio, Fis, tra and Cage
are constant gives:

Fis

(t—AT) x_[H“é‘

+pp ]AT

J +tra x Hbétxcag,

Cag_bét(t) = +C

ag_bat
Fis +tra x Hbét

Equation 1.3.52

Comment: over long periods, it is possible to take account of variations in
emission flux (eg. due to temperature variations with the seasons). The
variations considered must nonetheless be sufficiently infrequent to be
compatible with the assumed equality of fluxes between the different soil layers,
used to define the expression for Ji.

If Jiot, Fis, tra @and Cyge are constant throughout the period studied, it can be
stated:

Fis P

x 1—e[H‘"‘"Hra} +Cq_par(0) % [Hbé‘ ra} Equation 1.3.53

J +t xH,.. xC
Cag_bat(t): tot ra bat ag,e

Fis +tra x Hbét

When steady state conditions are achieved:

Jtot +tra xH bat ><Cag,e

Equation 1.3.54

C At =
ag_bat
Fis +tra xHpa
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Symbol Parameter Dimensions Units Status

Gaseous pollutant concentration, attributable to the soil or
Cag_bat groundwater source, in the air of the building zone where the | M.L mg.m-3 CorE
emission occurred

Gaseous pollutant concentration in the outdoor air, attributable

-3 -3
Cage to the soil or groundwater source M.L mg.m Cork
Fis Air flux from the soil to the building due to convection LT m.s! CorE
Juot Gaseous pollutant flux at the surface of the building M.L2.T m2.s CorE
tra Ventilation coefficient of the living area, crawl space or T y E
- . ; s
basement of the building, as appropriate (= air renewal rate)
Hbat Height of the space considered (living area, crawl space or L m E

basement of the building, as appropriate)

1.3.2.2. GASEOUS POLLUTANT CONCENTRATION IN THE AIR OF THE LIVING
AREA

If the floor of the building rests directly on the soil, the gaseous pollutant
concentration attributable to the soil or groundwater source in the air of the
living area (Cag,) is given by equations 1.3.52, 1.3.53. or 1.3.54.

For a building over a crawl space or basement, the gaseous pollutant
concentration in the living area depends on the pollutant concentration in the
crawl space or basement, as appropriate, and the vapour transfer between
these two spaces. Several approaches are therefore possible to estimate the
gaseous concentration in the indoor air of the inhabited area of a building:

e vapour transfer is modelled. Thus, in the original VOLASOIL model Waitz et
al. (1996) represent this transfer by a convective flux generated by the
pressure difference between the crawl space and the living area. The air flux
entering the living area from the crawl space is estimated from existing
openings in the floor of the inhabited part (cf. section 1.3.1.1.4.3);

e an empirical dilution factor is used, as in HESP (Human Exposure to Soil
Pollutants: Veerkamp and ten Berge, 1994, Shell Global Solutions, 1995) or
CSOIL (van den Berg R., 1994). The gaseous pollutant concentration in the
basement or crawl space is then multiplied by this factor to obtain the
gaseous pollutant concentration in the air of the living area.

To calculate gaseous pollutant concentrations in the air of the living area of a
building, INERIS favours the second approach, basing calculations on
measurement data to define the dilution coefficient. Even if the value of this
parameter can be variable and uncertain, this approach has been chosen
because:

e the VOLASOIL calculation model to estimate vapour transfer from the crawl
space to the basement has not been compared with measurements,

e the density and large variability in the size of orifices in the concrete slab
(cracks, conduits, etc.), which determine the conductivity to convective flux,
cannot be measured and are not justified in the VOLASOIL reference
documentation (INERIS, DRC-05-57281-DESP/R01a).

Thus, the gaseous pollutant concentration in the indoor air, attributable to
pollution of the soil, is given by:
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Cag,i = Cag_bat x fd_sb

Equation 1.3.55

This equation assumes that exchanges between the living area and the
crawl space or basement are sufficiently rapid that variations in Cag pa are
reflected in Cag,.

Symbol

Parameter

Dimensions

Units

Status

Cag,i

Gaseous pollutant concentration, attributable to the soil or
groundwater source, in the air of the living area of a
building over a crawl space or basement

M.L3

mg.m-3

CorE

Cagfbét

Gaseous pollutant concentration in the air of the crawl
space or basement, attributable to the soil or groundwater
source

M.L3

mg.m-3

CorE

fa_sb

Contribution of air in the crawl space or basement to the | -

indoor air of the living area

Comments:

1. For a building where the floor of the living area rests on the soil, expression
1.3.55 can be used with fq sp equal to 1.

2. The expressions given above relate to gaseous pollutant concentrations in

the air attributable to the soil or groundwater source. They do not include the
background concentration in the air of the living area, crawl space or
basement and other pollution sources present in these places.

3. The gaseous concentration in the air of the building is calculated from mass

balance 1.3.51 using the emission flux Ji attributable to the source. This flux
must therefore be estimated from the concentration in the soil air at the
source, without taking account of the background concentration.

In reality, the net diffusion flux depends on the difference between the total
pollutant concentration in the soil air at the source and the total concentration
in the soil air at the soil surface. As a result, the attributable concentration
and the total concentration at the source can be considered as almost the
same for contamination of soils or groundwater by volatile or semi-volatile
compounds (cases where these equations can be used). Conversely, the
concentration in the air of the building or living area can, for certain pollutants
(such as benzene, toluene, formaldehyde) can be relatively high. In this case,
given the calculation assumptions (concentration in soil air at the surface low
compared to the concentration in the soil air at the source for a soil source or
at the top of the capillary fringe for a groundwater source), using equations
1.3.26 and 1.3.50 can lead to overestimating the emission flux Ji: and the
concentration in the air of the building attributable to the soil source of
groundwater source.

To limit this tendency to overestimate, it is possible to compare the
concentration in the soil air at the surface C,sn to the background
concentration in gaseous form in the air of the living area, crawl space or
basement (as appropriate), in equations 1.3.24 and 1.3.49 (the diffusion flux
in the air boundary layer at the soil surface is not taken into account and the
concentration in the soil air at the surface, attributable to the source, being
again considered negligible).
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Conversely, if the background concentration in gaseous form in the air of the
living area, crawl space or base (as appropriate) is greater than or equal to
the concentration in the soil air at the source and if the convective flux is
negligible, then the concentration in the air attributable to the soil or
groundwater source will be considered as zero.

4. The total gaseous pollutant concentration in a living area where the floor
rests directly on the soil, in a crawl space or basement, is then obtained by
adding the background concentration in gaseous form measured in these
media (cf. section 4) to expressions 1.3.52, 1.3.53 or 1.3.54.

The total gaseous pollutant concentration in the air of the living area of a
building constructed over a crawl space or basement is obtained by adding
the measured background concentration in gaseous form in the dwelling to
equation 1.3.55 (Cag par Used in this equation is the gaseous pollutant
concentration attributable to the source studied).
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1.4. 'GROUNDWATER' MEDIUM

1.4.1. DISPERSION IN THE GROUNDWATER

The principal mechanisms associated with the propagation of pollutants in
aquifers (comprising a saturated zone — groundwater — and vadose zone) are:

convection,
kinematic dispersion,
molecular diffusion,
adsorption,
biodegradation,
volatilisation.

These mechanisms depend on numerous factors associated with the
characteristics of the medium and the pollutants considered, such as:

flow, associated with the nature of the underground medium (porous, cracked
or karstic; whether or not to consider the vadose zone), as well as conditions
at the boundaries of the system (climatic variations, flow rate of water
courses, etc.);

the presence of organic matter cause a delayed effect, due to sorption of a
pollutant to it;

the presence of bacteria likely to break down these pollutants;

behaviour of the pollutants (tracer-substance — whether or not chloride,
miscible or immiscible in water, volatile or non-volatile). Some immiscible
chemicals (soluble to some degree) denser than water will tend to migrate to
the bottom of the groundwater (as far as the impermeable substratum) as
illustrated in Figure 9, while others less dense than water will be
'supernatants' (cf. Figure 10).

| Town |

Industrial site |

Groundwater

Piezometer IIA::\ 7
(UL LA
i i)

Dissolved phase
Gaseous phase a

A A A AR AR AR AR AR AR
A A IAAANANRINAIAANRIARNE,

Figure 9: Behaviour of a chemical for which the pure phase is denser than
water (such as tetrachloroethylene)
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[ Town ]

[ Industrial site l Groundwater
well

Piezometer

Figure 10 : Behaviour of a chemical for which the pure phase is less dense than
water (such as benzene)

In practice, the porous medium represents the very great majority of cases
covered as part of risk studies associated with facilities, whether or not they are
operating. Two explanations can be suggested:

e potentially polluting facilities (registered facilities in particular) are generally
sited alongside water courses (alluvial aquifers, which are porous media);

e other media (cracked and karstic) are covered as part of research projects,
and by simplification we are considering a porous medium. In fact, simulating
the transfer (flow and transport) is more complex in these media (cracked
and karstic).

Furthermore, during transfer within groundwater, exchanges are likely to take
place with other media. Degassing from saturated zone to the vadose zone of
an aquifer can lead to volatile pollutants migrating, via the soil gas, to the
atmosphere (cf. section 1.2.2.2) or a dwelling (indoor air, cf. section 1.3.1.2).
Relationships with the drainage system (called ‘groundwater/river exchange')
can also result in migration between groundwater and surface water.

Exchanges can also occur with the matrix, for example, between clays and
metals. This is referred to as reactive transport.

These transfers between media and with the matrix are difficult to simulate,
because it means using calculation tools that require a lot of input data, very
often unknown or subject to significant uncertainties regarding the applicability
to the case in question.

Modelling all the mechanisms and interactions therefore remains very complex,
although there is now a wide variety of calculation tools, from the most
simplified (analytical models ) to the most sophisticated (numerical models) to
evaluate the transfer of pollutants in groundwater.
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This section on modelling the transport of pollutants in groundwater presents
basic equations for flow in a saturated medium, the general equation for
transport of pollutants in dissolved phase and saturated medium (without
volatilisation), as well as the simplified analytical solution developed by
Domenico to simulate the transport of pollutants. Other models are also listed
and the general approach to modelling is summarised. This section therefore
comprises only an introduction to modelling in a saturated medium. Its purpose
IS to provide risk assessors with basic information and enable them to talk to
specialists with more detailed tools for dealing with more complex situations.

1.4.1.1. GROUNDWATER FLOW

1.4.1.1.1. BASIC FLOW EQUATION (DARCY'S EQUATION)

Darcy's law, established experimentally (for a porous medium) by Darcy in
1856, is the basis of underground hydrodynamics. It is expressed as follows:

Q= Ke-AATh Equation 1.4.1

where Q: hydraulic flow rate,

Ke: hydraulic conductivity,

A: total surface area of the cross-section perpendicular to flow,

Ah: load variation,

l: length.
The load variation over the length defines the hydraulic gradient i
(dimensionless):

ATh =i Equation 1.4.2

and the flow rate over the area of the cross-section corresponds to the filtration
velocity or Darcy velocity:

% — K, xi =V Equation 1.4.3
Symbol Parameters Dimensions Units Status
Vd Filtration or Darcy velocity L.T m.s’ CorE
i Hydraulic gradient - - CorE
Q Hydraulic flow rate L3.T1 m3.s- CorE
Ke Hydraulic conductivity L.T! m.s! CorE
A ;Il'cc))\t\?l surface area of the cross-section, perpendicular to L2 m? E
Ah Load variation L m E
I Length L m E

The conditions under which this law is valid are: continuity, isotropy,
homogeneity of the reservoir and laminar flow. In practice, although these
conditions are very restrictive, cases where this law is no longer applicable are
limited to very heterogeneous formations, karstic systems, when the velocity is
very high, such as close to a pumping system.
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Strictly speaking, the hydraulic conductivity (K¢) is associated with both the
properties of the medium (air permeability kir;) and those of the fluid (density
and dynamic viscosity). For shallow groundwater sources (< 1000 m), with low
pressure and temperature, and low concentrations of dissolved salts, the effects
of viscosity and density can be neglected.

Consequently, the Darcy equation has been generalised (Magnan). It can be
stated:

Vg =—K, - gradh Equation 1.4.4

14.1.1.2. SIMPLIFIED APPROACH TO ESTIMATE THE TRANSFER VELOCITY
AND TIME

As a first approach, it is possible to evaluate the transfer time of (dissolved)
chemical in a saturated zone by considering the Darcy velocity (vq4). This
approach is conservative, because three phenomena are not considered:

e the transfer time in a vadose zone,

e the delay potentially caused by the sorption phenomenon,

e potential transformation via degradation or biodegradation.

In order to take account of the fact that only gravitational water is moving
(particularly, unlike bound water between the pores) and that only an effective

surface area contributes to flows, filtration velocity is corrected by the effective
porosity:

Ve = Ke Equation 1.4.5
ne
Symbol Parameters Dimensions Units Status
Ve Effective velocity LT m.s! CorE
Ke Hydraulic conductivity L.T m.s! CorE
i Hydraulic gradient - - CorE
n Effective porosity (gravity-fed water volume/total E
¢ volume)

Comment: the effective velocity (ve) approaches the movement velocity
measured in the field (actual velocity approached by in situ tracking).

The relationship that links velocity to time can be used to calculate a transfer
time as a function of distance:

dsource—> point

Ttransfert = V— Equation 1.4.6

e
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Symbol Parameters Dimensions Units Status
Transfer time between the source and downstream point
Tiransfert . T S CorE
considered
Ve Effective velocity L.T1 m.s™! CorE
dsource—point | Distance between the source and downstream point L m E

1.4.1.2. TRANSPORT OF POLLUTANTS IN DISSOLVED PHASE AND
SATURATED MEDIUM

The transport equation defining the concentration variations as a function of
time in an aquifer derives from the principle of mass conservation. If in a
homogeneous porous medium, we consider a unidirectional flow and
dispersion mechanisms in three dimensions, we can state for a differential
volume (dV = dx.dy.dz):

3Ce nap oC, oC

e_nap aq_ads
e.T“‘“ (naq - ne).T+ Mvaq.T —_

o°C o0°C o°C
eEnap n Deff - eEnap n Deff . eEnap
OX ' oy ' 0z

8°C nap 3*Cq nap J

n

ne'(Deff,X'

+ De,aq. e

o°C,
+ (N — ne){ De,aq.$+ De ag- Y

Lemw _; lo.C C. MV, Cog e |
—Ng.Ve X X - aq'ne' e_nap+(naq_ne)- e_nap+ ag*~aq_ ads

Equation 1.4.7

where Ce nap: pollutant concentration per unit volume in the mobile phase of the water,
C'e_nap: pollutant concentration per unit volume in the immobile phase of the water,
Caq_ads: pollutant concentration per unit mass on the solid phase,
MVaq: bulk density of the aquifer,
Aaq: degradation coefficient of the pollutant in the saturated zone,
Naq: total porosity of the aquifer,
ne: effective porosity,
Ve: effective velocity or pore velocity,

Defix, Defry, Defiz: effective dispersion coefficient in x, y and z directions (cf. section
14.1.2.1),

De.aq: molecular diffusion coefficient (cf. section 1.4.1.2.3).

1. If the pollutant concentration in the immobile phase of the water (C'e nap)
is close to the concentration in the mobile phase (Ce nap) (significant
diffusion), equation 1.4.7 is written:

oC oC 0°C 0°C 0°C
naq'%"‘ Mvaq '%ads = naq.(Deﬁ’X.—a;Enap + Deﬁyy.—eanap + Deff,z .—a;nap)
5
NV x 2= g [NagCe nap  MVagCag acs |

X
Equation 1.4.8
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If the pollutant is adsorbed onto particles in the aquifer, if the
multiphase equilibrium is reached and if adsorption can be described
by the partition coefficient (Kq aq), €quation 1.4.8 becomes:

aCe_nap _ Deff,x « aZCe_nap i Deff,y « azce_nap Deff,z « azce_nap
ot R ox? R 2 R 072
5 o Equation 1.4.9
Vy e_nap
- n. R x X _/’Laq ><Ce_nap

aq*
where vg: Darcy velocity,
R: delay coefficient:

Equation 1.4.10

2. If the pollutant concentration in the immobile phase of the water (C'¢_aq)
is close to zero (negligible diffusion), equation 1.4.7 is written:

aCe nap aCaq ads 82Ce nap 820e nap
ne.a——t+ MVaq.a—t_Zne-(Deff,x-aX—E"'Deff,y' ay_z
o°C
+ Deﬁ,z‘ﬁ)

NV x &:e_nap ) ne'Ce_nap + IVIVaq 'Caq_ads
eVe SX aq "
Equation 1.4.11

If the pollutant is adsorbed onto particles in the aquifer, if the
multiphase equilibrium is reached and if adsorption can be described
by the partition coefficient (Kq aq), €quation 1.4.11 becomes:

oC D o°C D o°C D o°C
e_nap _ eff ,x < e_nap i eff,y y e_nap n eff ,z v e_nap

ot R ox? R oy? R oz°
v. o&C
_EeX%_ﬂ'aq ><Ce_nap

Equation 1.4.12
MV,, x K
n

e

Comment: If total porosity (ng) is almost the same as the kinematic porosity
(ne), equations 1.4.8, 1.4.9 and 1.4.10 are equivalent, respectively, to equations
1.4.11,1.4.12 and 1.4.13.

Reminder: Pollutant loss by volatilisation from the water table is not
considered in this approach.

where R=1+

d_aq Equation 1.4.13
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14.1.2.1. ESTIMATING EFFECTIVE DISPERSION COEFFICIENTS

The effective dispersion coefficient represents the molecular diffusion and
kinematic dispersion mechanisms for the pollutant in liquid phase. Molecular
diffusion is associated to the Brownian motion of molecules in solution.
Kinematic (or dynamic) dispersion depends on the heterogeneity of the porous
medium. This heterogeneity is manifested as random dispersion of actual
velocities of the water particles around the average movement velocity of the
water.

Effective dispersion coefficients are equal to:

Dett x = Dispx + Deag Equation 1.4.14
Dett y = Dispy + Deag Equation 1.4.15
Detr 2 = Digp.z + De.ag Equation 1.4.16
Symbol Parameters Dimensions | Units | Status
Deff,x,
Defty, Effective dispersion coefficients in x, y and z directions L2T m2s' | CorE
Deff,z
Disp,x,
Disp.y, Kinematic dispersion coefficients in x, y and z directions L2, T m2s' | CorE
Disp,z
Deag Molecular diffusion coefficient of the pollutant in the water in L2 m2st | CorE
’ the saturated zone

1.4.1.2.2. ESTIMATING KINEMATIC DISPERSION COEFFICIENTS
Kinematic dispersion coefficients are given by the following relationships:

1. Dispx = XV Equation 1.4.17
where ve: effective velocity,
ow: longitudinal dispersivity:
a =01xL, Equation 1.4.18
where Lp: plume length,

2. Dipy =ar xV, Equation 1.4.19

th
where “T: transverse dispersivity. It is assumed to represent 1/10 of the longitudinal dispersivity.
3. Digp2 =, XV, Equation 1.4.20

where ay: vertical dispersivity. Vertical dispersivity can generally be neglected, because it is very
low. In addition, as a first approach, the source is conventionally allocated to the entire
saturated zone and this parameter no longer has a place.

Dispersivity can be determined in situ by tracking.
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Symbol Parameters Dimensions Units Status
Dispx Longitudinal kinematic dispersion coefficient L2.T1 m2.s CorE
Dispy Transverse kinematic dispersion coefficient L2.T1 m2.s CorE
Disp.z Vertical kinematic dispersion coefficient L2T m2.s! CorE
oL Longitudinal dispersivity L m CorE
ar Transverse dispersivity L m CorE
Qv Vertical dispersivity L m CorE
Ve Effective velocity L.T! m.s! CorE
Lp Plume length L m E

1.4.1.2.3. ESTIMATING THE MOLECULAR DIFFUSION COEFFICIENT IN THE
GROUNDWATER
According to Millington and Quirk (1961), the molecular diffusion coefficient in
the groundwater De oq iS given by:

Deaq = De X 7ag Equation 1.4.21
10
where 7, = eaLZ = naqg Equation 1.4.22
aq
Symbol Parameters Dimensions Units Status
Deag M?LG;EEL ?Eilftf:jiggn(;oeﬁicient of the pollutant in the water | , 1, m.s CorE
De Molecular diffusion coefficient of the pollutant in water L2.T- m2.s CorE
Tag Tortuosity coefficient in the aquifer - - CorE
Naq Porosity of the aquifer - - E

Comment: In porous media, molecular diffusion can be negligible compared to
dispersion. In fact, it only has a role at low flow velocities (<=10 cm/d) or over
very long periods of time (eg. studies conducted on storage of high activity
wastes in deep geological layers and with very low permeability).

1.4.1.3. DOMENICO'S SOLUTION

Domenico (1985, 1987) proposed a simplified solution to equation 1.4.7,
representing the transport of pollutants in saturated media and dissolved phase,
which is taken as it is or adapted in numerous analytical models.

The following expression gives the modified Domenico solution for a surface
pollutant source in the saturated zone, perpendicular to flow, between (-
Ysource_aq / 2; +Ysource_aq / 2) and ('Zsource_aq / 2; +Zsource_aq / 2) and constant
concentration Ce napo. This expression, identical to that in the publication by
West et al, (2007, equation 22), is obtained with the following initial conditions:

Ce_nap(X, ¥, Z, 0) = 0 (zero initial concentration for x, y, z >0)
and Ce nap(0, Y, Z, 0) = Ce _nap,0 (concentration equals Ce nap at the initial instant at the source),

C
Cenp(X y:2,0) = %ﬁp’ox fox fyx f, Equation 1.4.23
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y+ Ysource_aq /2

Deff,y * X

Vg

2.

Z2+7 /12

source_aq

D X

eff,z °

2. ,
Vy

—erf

—erf

y-Y,

2.

-7

2.

source_aq

D

eff,y °

Vg

source_aq

D

eff,z °

Vg

Equation 1.4.24

2 Equation 1.4.25

X

/2

X

Equation 1.4.26
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Depending on the case, (cf. section 1.4.1.2),

. ' Mvaq X Kd aq
we obtain: v4' = Vg/nggand R=1+ =
naq
MV, x K
or Vg =Vvglheand R=1+ a4 d_aq
ne
Symbol Parameters Dimensions | Units | Status
Pollutant concentration in dissolved phase in groundwater at 3 3
Conep (x,¥,2.1) the point with coordinates x, y, z and at instant t M.L mg.m? |CorE
Pollutant concentration in dissolved phase in groundwater at 3 3

Ce_napo0 the initial instant at the source ML mg.m? | CorE
Deftx, Effectively dispersion coefficient in direction x L2T m2st | CorE
Defry Effectively dispersion coefficient in direction y L2T m2st | CorE
Deft Effectively dispersion coefficient in direction z L2T m2st | CorE
R Delay coefficient - - C
X Distance from the source L m E
y Distance relative to the centre of the source L m E
z Distance relative to the top of the saturated zone L m E
Ysource_ag Width of the pollutant source in the saturated zone L m E
Zsource_aq Depth of the pollutant source in the saturated zone L m E
Aag Degradation coefficient of pollutant in the aquifer T s E
\) Water velocity LT ms' |C

This solution assumes a homogeneous and isotropic aquifer and flux field. It is
not suitable to represent situations where the flux field may be disturbed by
pumping systems, when vertical fluxes can be disturbed by transport, and more
generally when hydrological conditions can change over the modelled domain.

Potential limits to the Domenico solution have been presented by Guyonnet et
al. (2004), Srinivasan et al. (2007) and West et al. (2007). It is recognised that
this solution can result in errors, under certain conditions, particularly for high
values of the longitudinal dispersivity. But this error remains negligible for
reasonably low longitudinal dispersivity values. Guyonnet et al. (2004) showed
that the Domenico solution was valid when the Peclet number® was greater than
or equal to 6. Working on the basis of the comparison made by West et al.
(2007) between the exact solution and Domenico's solution, the US EPA
(http://epa.gov/ada/csmos/domenico.html) recommends using the latter for
Peclet numbers greater than or equal to 10 (for which advection predominates
over dispersion).

® The Peclet number is therefore defined as the product of the average water velocity (m.s™),
multiplied by the longitudinal distance (m) from the source to an arbitrary observation point,
divided by the longitudinal dispersion coefficient (m2.s™).
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1.4.1.4. OTHER AVAILABLE MODELS AND RECOMMENDED APPROACH FOR
ESTIMATING TRANSPORT OF POLLUTANTS IN SATURATED MEDIA

Numerous models exist to handle transport of pollutants in groundwater:
analytical models, semi-analytical models, numerical models.

Analytical models, simplified simulation tools, use a mathematical solution for
flow and/or transport equations for all points in time and space (cf. Domenico,
1987). The domain studied is not discretised by meshing, flow is generally uni-
directional and continuous, and the medium is considered homogeneous and
isotropic. In contrast, for a numerical model, the domain studied is discretised in
space and time and a numerical diagram is used to solve the flow and transport
equation (finite differences, finite elements, finite volumes, etc.).

Nor do analytical models take account of interactions with other media or with
the matrix. Thus the great majority of them consider direct injection of pollutant
into the saturated zone.

Numerous tools have been developed by the US EPA and are available on line
(on the site http://www.epa.gov/ada/csmos/models.html). The reader can also
refer to the Alberta Environment document on comparative assessment of
models available to represent the future outcome of pollutants in the soil and
groundwater (Alberta Environnement, 2005).

The following tools can be cited as examples:
o ANALGWST-PATCHF (Wexley, 1992 a and b)
e ART3D (Clement, 2001; Quezada et al., 2003; Jones et al., 2006)
e AT123D (Yeh, 1993)
e BIO 1D (Srinivasan et al., 1988; Maraga et al., 2007)
e BIOCHLOR (US EPA, 2002)
e BIOSCREEN (US EPA, 1996b)
e MISP (BRGM, 2001, 2008)
e NAS (Chapelle et al., 2003; Mendez et al., 2004; Passerini et al., 2004)

Thus, BIOCHLOR (Aziz et al., 2000) is an analytical model that can be used to
simulate the development of a specific pollution, and particularly natural
attenuation of dissolved pollutants (chloroethenes or chloroethanes only'%). The
software, programmed in Excel, is based on the Domenico (1987) analytical
solution, as modified by Martin-Hayden et al. (1997). It simulates advection,
dispersion, sorption and biodegradation by reducing dechlorination (anaerobic
condition with sequential 1% order degradation). This tool is as part of
simulations relating to porous aquifers, with relatively homogenous sand-gravel
lithology, and only simulates phenomena in saturated zones.

As part of work relating to the choice between analytical and numerical tools,
the BIOCHLOR and NAS models have been tested and results from
BIOCHLOR were compared with those from numerical tools (cf.
http://transpol.ineris.fr/). For the case examined, with the available input data, it
appeared that the simplest tools were capable of simulating the situation as
precisely as numerical tools. However this similarity in results can be explained

1% Families of Halogenated Volatile Organic Compounds (HVOC).
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by the fact that the comparative study conducted with numerical tools was
greatly simplified (in terms of flow, representation of the source, etc.).

For the representation of other transfer models, it is better to remember that the
choice of model should ultimately be dictated by:

e the phenomena considered,
¢ the objectives of the model,

¢ the available tools and suitability of the tool considered to the situation
studied.

More precisely, the INERIS (2008a) report, reference DRC-08-86031-00620A,
describes the information to be taken into account to choose between an
analytical model and a numerical model when studying pollutant transfer in soils
and groundwater. In summary, a pragmatic and iterative approach is
recommended, highlighting and justifying reservations related to the results
presented. The favoured approach, where possible, consists of firstly choosing
a simple model (analytical or numerical, but with a lot of simplifying
‘conservative' assumptions), then complicating the model if necessary,
depending on the available input data/information. But, if there are too many
uncertainties, new investigations should be performed.

1.4.2. POLLUTANT INFLOW TO THE WATER TABLE FROM A 'SOIL'
SOURCE

As a first approach, vertically to a polluted zone, we can estimate the
groundwater concentration attributable to the source studied, using the following
mass balance:

dC

e_napsite
L, xIg xhaq X ——=——— =Ly xlg xCq g X Reepy

- [Rech x Ls x Is + (Is x haq x Ke x I)]X Ce_nap,site
Equation 1.4.27
Integrating this equation over time intervals (At) where the parameters are constant gives:

C 0o R h - ?ﬂ)ﬁ% <At
Cefnap,site (t) = al ec - x(le [ aq s J ]

K_ xi .
Recn + Mg = Equation 1.4.28

S

R Ke xi
ech | ex']xm

+ Ce_nap,site (t - At) xe [ et

and under steady state conditions, we get:

_ Ces.0 X Recn Equation 1.4.29
e_ nap,site — K_ =i
Rech + haq x €

C

S
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Symbol Parameters Dimensions Units Status

Pollutant concentration in dissolved phase in groundwater,

-3 -3
adjacent to the soil source ML mg.m CorE

Ce_nap,site

c Pollutant concentration in the soil water attributable to the M3 ma.m3 CorE
o0 source at the bottom of the vadose zone ' g

Ls Length of the polluted zone L m E
haq Height of the aquifer L m E
[ Hydraulic gradient (cf. section 1.4.1.1.1) - - CorE
Ke Hydraulic conductivity L.T m.s CorE
Rech Leaching flux (cf. equation 1.1.48) LT m.s™! E

(Is: width of the polluted zone)

Comment: The groundwater concentration of pollutant in dissolved phase,
calculated from mass balance 1.4.27, does not take account of any ubiquitous
man-made pollutant inflow and the geochemical background concentration. This
iIs the concentration attributable to the soil source studied, excluding
background concentration. Depending on the approach selected, the total
concentration in dissolved phase in groundwater is estimated by adding the
background concentration (cf. section 4) to this concentration, if the sum of
these two concentrations remains less than the solubility of the pollutant in
water.

There are more sophisticated models to represent the inflow of dissolved
polluteant to the groundwater (CHEMFLO, US EPA, 2003; VLEACH, US EPA,
2007; SESOIL, Bonazountas et al., 1984). Some models use the Richards
equation (Delage et al.) to represent flow in the soil of the vadose zone. In this
equation, adapted from the Darcy equation, hydraulic conductivity is no longer
considered constant, but as varying with the water content 6.

Thus, according to Richards, we state:

00

_ divi— N arad K (9)
o = MK (0)x < grad (9)] + =2

Equation 1.4.30
where 6: volume fraction occupied by the soil water,
he: hydraulic load in the soil.

The relationship Ke(8) should therefore be determined experimentally,
representing one of the main difficulties of modelling transfer in the vadose
zone.
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1.5. 'SURFACE WATER' ENVIRONMENT

There are potentially a great many phenomena involved in the contamination of
surface water.

Thus, a river or lake may be contaminated from various sources:
e point sources such as industrial discharge or an upstream tributary,

e a variety of sources associated with erosion and runoff from land within the
watershed, atmospheric deposition or due to inflow from groundwater.

Discharged pollutants are transported by convection, diffusion and dispersion.

Exchanges can take place with the atmosphere (volatilisation) and the sediment
layer (deposits and re-suspension of particles, or diffusion). Chemical reactions
between different contained substances may cause precipitation or dilution
phenomena, depending on changing chemical conditions. Degradation
phenomena can take place in the water column and in the sediment layer.

Furthermore, hydraulic system can vary over time (from the low water flow rate
to the peak flow rate) and in space (changes in cross-section and flow rate).

Modelling all these phenomena is complex. Only very simple approaches for
estimating the concentration of pollutants in surface waters will be presented in
this chapter. These approaches require little data and correspond to a steady
state 'surface water' environment. They do not consider variations in the flow
rate and cross-section of the watercourse, possible presence of stagnant areas,
time and distance required for pollutants to be uniformly diluted in the aquatic
environment.

Other models exist for more realistic and discriminating approaches (eg.
EXAMS, US EPA 2004b; TOXRIV, Trapp et al. 1997, CORMIX, Doneker et al.
2007). But INERIS has no experience from using these tools.

In the same way as for soil, air and ground water, the expressions developed
below are provided for calculating the concentration of pollutants in water
attributable to local contamination sources, without considering inflows from
ubiquitous sources of man-made pollutants and the geochemical background
concentration. To distinguish between attributable concentrations and total
concentrations and to estimate total concentrations, refer to section 4.

1.5.1. CONTAMINATION FROM A POINT DISCHARGE

The equations presented below are for calculating the steady-state pollutant
concentration in a watercourse, downstream of a point discharge, potentially
taking account of the reduction in water concentration caused by degradation,
volatilisation and sedimentation phenomena. Diffusion between surface water
and sediments is not considered (cf. limitations of the approach, section
1.5.1.4).

1.5.1.1. CALCULATING THE WATER CONCENTRATION AT THE OUTFALL

At the outfall, the pollutant concentration is calculated by assuming the
pollutant mixes instantaneously in the water, hence:

Crej X Qrej

Ce sap(x=0)=
- Qg_sup +Qrej

Equation 1.5.1
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Symbol Parameters Dimensions Units Status
Ce_sup (x=0) | Pollutant concentration in surface water at the outfall M.L3 mg.m- CorE
Crej Pollutant concentration in the discharge M.L-3 mg.m-3 E
Qrej Discharge flow rate L3. T+ m3.s! E

e Hydraulic flow rate in the watercourse upstream of the 3T 3 o
Qe—SUp discharge LT ms E

Comments:

1. The pollutant is not generally spread uniformly throughout the cross-section
of the watercourse at the outfall (x=0). The distance required for the
discharge to be completely diluted (so-called 'mixing distance') can actually
be several kilometres. A short distance downstream of the outfall, the
pollutant concentration may therefore be locally greater (in the imperfectly
mixed flow from the discharge) than calculated using equation 1.5.1.

2. For another local pollution source upstream of this outfall, an additional term
representing the contaminant concentration upstream of this point
(excluding concentration due to the geochemical background concentration
and ubiquitous man-made pollution) may be added to equation 1.5.1.

1.5.1.2. CALCULATING THE WATER CONCENTRATION DOWNSTREAM OF
THE OUTFALL

The mass balance equation for the pollutant over a segment Ax of a

watercourse is expressed as:
Am

e_sup

At = Qe_sup (Xi—l) x Ce_sup (Xi—l) - Qe_sup (Xi ) x Ce_sup (Xi ) _VOIe_sup x /le_sup x Ce_sup (Xi )

Equation 1.5.2

where me_sup: pollutant mass in water volume Vole_sup,
Ce_sup: pollutant concentration in water volume Vole_sup,
Qe _sup: flow rate of the watercourse,

he_sup: Overall pollutant elimination coefficient (sum of elimination coefficients associated
with degradation, volatilisation and sedimentation).

If the flow rate and cross-section of the watercourse are constant over
segment Ax,

ACe_sup _ Ce_sup(xi ) - Ce_sup(xi—l)
At e_sup Xi — Xi71

—Ze sup*Ce_sup(X;) Equation 1.5.3

where ve sup: average water velocity,

_ Qe_sup

e_sup — S

v Equation 1.5.4

e_sup
and Se_sup: cross-section of the watercourse.
Writing equation 1.5.3 in differential form:
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dC oC
= =V supxﬂ_ﬂ“e supXCe sup
dt - OX - -

Equation 1.5.5

At steady state,
aCe_sup(x) __ ﬂ*e_sup(x)
oxX Ve_sup

xCq sup(X) Equation 1.5.6

If Ae and ve syp are constant in the direction of flow, integrating equation
1.5.6 yields:

X
(_iefsupxi)

Ce_sup (x) = Ce_sup (x=0)xe Ve _sup

Equation 1.5.7

X
Crej X Qrej (_%*SUPXvi) \
or  Ce gqp()=—7F———xe - Equation 1.5.8
o Qg_sup + Qrej q
Symbol Parameters Dimensions Units Status
(C);S—SUp Pollutant concentration in surface water at point x M.L3 mg.m-3 CorE
Crej Pollutant concentration in the discharge M.L3 mg.m-3 E
Qrej Discharge flow rate L3.T1 m3.s E
e Hydraulic flow rate in the watercourse upstream of the 3T 3 et
Qe_sup discharge LT me.s E
Overall pollutant elimination coefficient (sum of elimination
Ae_sup coefficients associated with degradation, volatilisation and | T-! st CorE
sedimentation)
Ve_sup Average water velocity L.T! m.s™! CorE

Comments:

1. For pollution upstream of the outfall (excluding concentration due to the
geochemical background concentration and ubiquitous man-made
pollution), we can state:

X
Cre- X Q -4 Ce X Qe (_/’I’eisup>< )
) rej e_sup e_sup Ve wu .
Ce sp(¥) = xe - Equation 1.5.9

Qee_ sup + Qrej
where C; . pollutant concentration in the water upstream of the outfall.

2. Given the first comment in the previous section, equations 1.5.8 and 1.5.9
are valid if the outfall can be considered as perfectly mixed, i.e. from the so-
called 'mixing distance'.

1.5.1.3. ESTIMATING THE ELIMINATION COEFFICIENT

Elimination phenomena may be considered or disregarded when estimating
pollutant concentrations in surface water. Disregarding them results in
overestimated pollutant concentrations. For a point discharge using the model
developed above, disregarding elimination phenomena leads to a constant
pollutant concentration downstream of the outfall along the entire length of the
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watercourse. Conversely, considering elimination phenomena can result in
water concentrations being underestimated.

The above elimination coefficient can include degradation, sedimentation and
volatilisation phenomena:

Ao sup=Ag A+ A, Equation 1.5.10

Symbol Parameters Dimensions Units Status

Overall pollutant elimination coefficient (sum of elimination
Ae_sup coefficients associated with degradation, volatilisation and T st CorE
sedimentation) in surface water

Ad Degradation coefficient T st CorE
As Sedimentation coefficient T s CorE
v Volatilisation coefficient T s CorE

Degradation mechanisms in water are hydrolysis (the hydrolysis mechanism is
pH-dependent, so the hydrolysis constant can vary by several orders of
magnitude, based on the pH value), photolysis and biodegradation. The
mechanisms are represented by a first-order or pseudo first-order reaction,
using an overall coefficient Ag4.

1.5.1.3.1. CALCULATING THE SEDIMENTATION COEFFICIENT

If there is no non-aqueous, liquid-phase pollutant denser than water, the
pollutant mass sedimenting per unit time [FMe_Sup Jsed can be expressed as a

function of the rate at which the depth of the sediment layer increases.

[FMe g |y =VOle qp xAs % Ce g Equation 1.5.11
and  [FM ol = A ap XVaeg XA 0eg) XMV, s xCp ¢ o Equation 1.5.12
C .
hence 4, = S x (1 O,y ) x MV, g x —2=2=S00 Equation 1.5.13
e_sup e_sup

where As: sedimentation coefficient (or net particle deposition on the bed of the watercourse),
Vole_sup: volume of water considered,
Ae_sup: surface area of the body of water considered,
Vsed: rate at which the depth of the sediment layer increases,
he_sup: depth of the watercourse,
Oseq: porosity of the sediment layer,
MV, _sed: density of sediment particles,
Cp_e_sup: pollutant concentration on particles suspended in the water,
Ce_sup: concentration of dissolved and particulate pollutant in the surface water.

Thus, in the absence of pure-phase or water-immiscible pollutant,
C =C x MES +C Equation 1.5.14

e_sup — ~p_e_sup d_e_sup

If the pollutant is in equilibrium between the particulate and dissolved
phases and if the relationship between the concentration of pollutant adsorbed
to suspended particles and the concentration dissolved in the water is given by:
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C

p_e_sup

Ki mes =~—— Equation 1.5.15

Cd _e_sup

where Cq e sup: dissolved pollutant concentration in surface water,
Ka_mes : pollutant partition coefficient between suspended matter and water,
MES: concentration of suspended particles in water,

then 2, =9 (1— ) x MV, g X

Kda wmes

1+ Ky wes x MES

Equation 1.5.16

e_sup
Symbol Parameters Dimensions Units Status

. Sedimentation coefficient (or net particle deposition on the T & CorE
bed of the watercourse)

Vsed Rate at which the depth of the sediment layer increases LT m.s™! E

he_sup Depth of the watercourse L m E

Osed Porosity of the sediment layer - - E

Ko s Pollutant partition coefficient between suspended matter L3 M- mé kg CorE
and water

MVp_sed Density of sediment particles M.L3 kg.m-3 E

MES Concentration of suspended particles in water M.L3 kg.m-3 E

As can also be expressed as a function of the net deposition rate for suspended
particles (resulting from exchanges between deposited and re-suspended
particles). In fact, the increase in particulate mass in the sediment layer equals
the mass of particles deposited. We can therefore state:

Veed X (1= Oieq) x MV, e = Viyies x MES Equation 1.5.17
where vies: net particle deposition rate,

Kd_MES

1+ Ky yes x MES

hence A, = V& MES x Equation 15.18

e_sup
Symbol Parameters Dimensions Units Status

e Sedimentation coefficient (or net particle deposition on the T o CorE
bed of the watercourse)
Particle deposition rate (or net particle deposition on the y p

VMES bed of the watercourse) LT m.s CorE

he_sup Depth of the watercourse L m E

Ko s Pollutant partition coefficient between suspended matter L3 -1 mé kg CorE
and water

MES Concentration of suspended particles in water M.L3 kg.m-3 E

1.5.1.3.2.

The mass transfer flux from surface water to the air [FM, |  is calculated
from the mass transfer coefficient (K,):
lFM e_sup Jvol = Ae_sup x K, ><Cd_e_sup

CALCULATING THE VOLATILISATION COEFFICIENT

Equation 1.5.19
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and |FM, o] =Vol, o x4, xC, g, Equation 1.5.20

K C

d_e_su
v % _€_sup

C

e_sup

hence A, =

Equation 1.5.21
e_sup
where Vole_syp: volume of water considered,
Ae_sup: surface area of the body of water considered,
he_sup: depth of the watercourse,
Cd_e_sup: pollutant concentration dissolved in the water,
Ce_sup: concentration of dissolved and particulate pollutant in the surface water.

According to equations 1.5.14 and 1.5.15, in the absence of pure-phase or water-
immiscible pollutant, we can state:

K .
A, = k Equation 1.5.22
he g X L+ K, yes x MES)

Symbol Parameter Dimensions Units Status
v Volatilisation coefficient T s CorE
Kv Mass transfer coefficient between surface water and air | L.T- m.s™! CorE

environments
he sup Depth of the watercourse L m E
Ka_Mes Pollutant partition coefficient between suspended matter | L3.M-1 m3.kg CorE
and water
MES Concentration of suspended particles in water M.L-3 kg.m-3 E

Coefficient K, is defined by assuming that pollutant transfer between the water
and air compartments is determined by diffusion across the two boundary
layers separating these two compartments, themselves assumed to be
perfectly mixed (cf. diagram below). Each of these layers therefore presents a
concentration gradient and the concentrations are discontinuous at the
interface. K, which is the reciprocal of the sum of resistances for these two
layers (in series), is equivalent to a conductance.
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Air compartiment
U Ca

Air boundary layer C

Water boundary layer C.’

Water compartiment

Figure 11: Model for transfer between the air and water compartments

Diffusion flux in the boundary layer of the water compartment is given by:
Je =0 % (Cd_e_sup _Ce’z) Equation 1.5.23

where ge: conductance in the boundary layer of the water compartment or transfer coefficient in
the liquid phase,

C'e: pollutant concentration in the boundary layer of the water environment.
Diffusion flux in the boundary layer of the air compartment is given by:

Ja=0,% (Cég _Cag,e) Equation 1.5.24

where ge: conductance in the boundary layer of the air compartment or transfer coefficient in the
gas phase,

Cag,e: gaseous pollutant concentration in the air compartment,
C'ag: gaseous pollutant concentration in the boundary of the air environment.

!

Concentrations C’,3 and C’; are at equilibrium, hence we can state: C—af’ =H'

where H'’: Henry constant (dimensionless).
According to the principle of conservation of mass, J, = Je
We can therefore state:

C + C .
c: - Qe X d_e_suD’ 9a XLage Equation 1.5.25
g, xH'+9,

Qe X Cd_e_sup +0a % Cag,e j Equation 1.5.26

and JezJazgeX[Cd_e_sup— g XH’+g
a e
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hence

H’ C
Je=Ja= % xga,x ><(Cd_e_sup - ag;e]
g, xH"+9, H

The mass transfer flux from surface water to the air " is expressed as:

According to equations 1.5.19 and 1.5.28, we can therefore state:

g9

_ e
[FM e_sup Lol = Ae_sup X g, x H' + g,

. -1
KV:M{1+ 1 }
g.xH +4g, g 9.xH

Equation 1.5.27

Equation 1.5.28

Equation 1.5.29

Symbol Parameters Dimensions Units Status
K, Eﬂoar:; z;?;zfr?t; coefficient between surface water and air LT ms CorE
e Liquid phase transfer coefficient L.T1 m.s! CorE
Oa Gas phase transfer coefficient L.T1 m.s! CorE

‘ Henry constant for the pollutant (dimensionless H' = H/[RxT]) - CorE

Comments:

1. Different relationships exist to define ge and g,. They are often empirical
relationships. These relationships depend on environmental conditions
(depth of watercourse, flow rate, wind speed, etc.) and the physico-chemical
properties of the chemicals (cf. Lyman 1990, Southworth 1979 and future
documents about the physico-chemical properties of chemicals).

2. Lyman et al. (1990) made the following assessment of the volatilisation
phenomenon from surface water based on the value of the Henry constant
(H):

e if H < 4.10°®, the chemical can be considered as non-volatile and water
therefore evaporates more rapidly;

e if 4.10° < H’ < 4.10™, the chemical evaporates slowly and volatilisation is
limited by diffusion in air. In shallow water, volatilisation can nonetheless
be significant when H’ is greater than 4.10™;

e if 410" < H' < 4.107?, volatilisation becomes significant and resistance in
the gas and liquid phases is almost the same;

e when H’ > 4.102, volatilisation is rapid and limited by the diffusion rate in
water.

1.5.1.4. LIMITATIONS OF THE APPROACH DEVELOPED FOR A POINT
DISCHARGE

The model presented above is used to calculate the pollutant concentration at
steady state downstream of a discharge into a river or any other watercourse

' The mass transfer flux from the air compartment to the surface water compartment is
X
0ex0a ¢
gaxH'+ g,
the atmosphere, this term is zero.

expressed as: Ae_sup X ag,e - As this section disregards diffusional inflow from
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where the uni-dimensional assumption can be made. This model is not suitable
for representing pollutant transport in estuaries and expanses of water with little
current, such as lakes.

The model is based on the following assumptions:

e discharged pollutant flow, pollutant elimination coefficient (A¢) and average
speed of the water (Ve sup), constant over sufficiently long periods that the
pollutant concentration in the water reaches a steady state. Sporadic events
such as floods cannot be taken into account;

e average speed of the water and pollutant elimination coefficient, constant in
the direction of flow;

e instantaneous mixing of the pollutant with the watercourse: dispersion of the
pollutant plume in the water is not considered,;

e pollutant equilibrium reached between the adsorbed phase and the
dissolved phase;

o diffusion between the sediment layer and water not considered. In this
model, where the concentration in surface water is assumed to be steady,
the top of the sediment layer (superficial sediment layer) can be considered
to be at equilibrium with the surface water environment, because suspended
sediment particles and those at the top of the sediment layer, where
diffusion takes place, are at the same concentration.

If diffusion involves a greater sediment thickness than that deposited during
the discharge period, it is nonetheless possible for diffusion to have taken
place between the surface water and the surface sediment layer (diffusion
occurs as long as the concentration in the sediments over the thickness of
the layer involved is different from that of the suspended particles);

e positive or zero net sedimentation flux: sedimentation is greater than or
equal to re-suspension of particles from the sediment layer. In fact, if vgeq OF
Vmes IS negative (sediment particles re-suspended faster than particles are
deposited, meaning that the bed of the watercourse is being eroded) and if
there is pollutant inflow into the water from a diffuse or sporadic source, an
equilibrium state cannot exist between the sediments and surface water.
Diffusion will necessarily occur from the water to the sediments.

1.5.2. DIFFUSE CONTAMINATION FROM THE ATMOSPHERE AND THE SOIL

The equations presented below are for calculating the pollutant concentration in
an expanse of water or section of a watercourse, for a diffuse pollutant inflow
from the air and/or the soil, taking account of the quantity of pollutant coming
out and any reduction in the concentration in the water due to degradation,
volatilisation and sedimentation phenomena.

As before, these equations do not consider diffusion between the water column
and the underlying sediment layer. Given the limitations of the approach (cf.
section 1.5.2.3), the pollutant concentration in surface water is only estimated at
steady state.

In contrast to the model presented in section 1.5.1, the pollutant concentration
is taken to be uniform in the volume considered. This volume may correspond
to a segment of the watercourse with uniform hydraulic regime and watershed
characteristics. The entire watercourse can therefore be represented by a
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series of sequential segments, for each of which we can state a mass balance
for the pollutant, as shown below:

CIme_sup

g Ap+Q°  xCJ gp—Q7  xCq gp —VOlg_gp X Ae_qup xC,_gyp Equation 1.5.30

where me_sup: mass of pollutant in the water,
Vole_sup: volume of the expanse of water or section studied,
Ap: pollutant inflow to volume Vole sup,
Ce_sup: pollutant concentration in the water volume Vole _syp,
Ce wp- POllutant concentration upstream of volume Vole sup (associated with a local

pollution source, excluding concentration associated with geochemical background
concentration or ubiquitous man-made pollution),

he_sup: pollutant elimination constant (sum of elimination coefficients associated with
degradation, volatilisation and sedimentation),

Q; , outgoing water flux,

Q¢ . incoming water flux.

dC A + Qe x Ce QS
hence esw __P S e _ s + Ae sup xC, sup Equation 1.5.31
dt Vole_SLJID Vole_Sup - -

The outgoing water flux Q° iy equals the sum of incoming flux into volume

Vole syp considered less the flux of evaporated water. If water evaporation is

considered to be compensated by precipitation onto the surface of the
body of water, then:

Q> ~Qf +ROxA, Equation 1.5.32

where RO: runoff,
Avy: surface area of the watershed for the expanse of water or section of the watercourse
considered.

Integrating this equation over time intervals where Ap, Qjﬁsup, Vol ¢, C; RO

e_sup?

and Ae syp are constant, gives:

QS
e_sup
-4 x At
e e Vol e_sup
Ap+Q, *Ce_ap oS
C t) = = 1-exp
e_sup S I
Qeisup +VO e_sup Xﬂ'e_sup
Equation 1.5.33

QS

_ e_sup _ YAt
VOIe_sup €_sup

+Ce ap (t—At) xexp

When steady state is reached,
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A, +Q°  xC?

e_sup €_sup

Ce wo= Equation 1.5.34
_sup S
Qe_sup + VOIE' _sup X ﬂe _sup
Symbol Parameters Dimensions Units Status
Ce_sup Pollutant concentration in the surface water M.L3 mg.m-3 CorE

Pollutant inflow to the expanse of water or section of the

1 -1
Ao watercourse considered M.T mg. s Cork
Vole_sup Volume of the body of water considered L3 m3 E
Q: w Incoming flow rate L3. T mi.s E
Q Outgoing flow rate LT md.s! CorE

e_sup

Upstream pollutant concentration (associated with a local
Cee_Sup source, excluding concentration associated with geochemical M.L-3 mg.m- E
background concentration or ubiquitous man-made pollution)

Pollutant elimination coefficient (sum of elimination coefficients

Ae_sup associated with degradation, volatilisation and sedimentation) in | T s CorE
surface water

RO Runoff LT m.s™! E

As, Surface area of watershed for the expanse of water or section L2 m2 E

of the watercourse considered

1.5.2.1. INFLOWS FROM THE ATMOSPHERE AND SOIL

1.5.2.1.1. INFLOWS FROM THE ATMOSPHERE

This is direct deposition of pollutant as particles and gases onto the surface of
the water volume considered.

A, =(Dpe + Dge )X A, qup Equation 1.5.35
where Aa : pollutant inflow to the expanse of water or section of the watercourse considered from

the atmosphere,

Ae_sup: surface area of the water volume considered,

Dye: particle deposition on the water volume considered,

Dpe: gas deposition on the water volume considered.
As indicated in section 1.1.2.2.1, particle deposition may comprise a dry flux
and a wet flux (particles leached by precipitation).

Dpe = Dpse + Dphe Equation 1.5.36

Similarly, gas deposition may comprise a dry flux (diffusion) and a wet flux
(leaching and dissolution of gases in water).

Dge = Dgse + Dghe Equation 1.5.37
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Symbol Parameters Dimensions Units Status
Pollutant inflow to the expanse of water or section of y 1
ha the watercourse considered from the atmosphere M.T mg.s Cork
Ae_sup Surface area of the water volume considered L2 m?2 E
D Pollutant flux as particles onto the water volume M.L2.T M2 CorE
e considered s '
Dry particle pollutant flux onto the water volume 2T 2
Dpse considered M.L2T m2.s CorE
Wet particle pollutant flux onto the water volume 2T 2
Dphe considered M.L2T m2.s CorE
D Pollutant flux as gas onto the water volume M.L2.T M2 CorE
% considered s '
Dry gas pollutant flux onto the water volume 2T 2
Dgse considered M.L2T m2.s CorE
Wet gas pollutant flux onto the water volume 2T 2 e
Dghe considered M.L2T m2.s CorE

As indicated in section 1.1.2.2.1 for soil deposition, dispersion models generally
enable the various depositions described above to be estimated. But there are
also simplified methods for estimating this deposition.

Comments:

1. The expression used to model dry deposition (as opposed to wet deposition)
depends on the surface where deposition occurs. Dry deposition is
expressed from the pollutant concentration in the air and rate of deposition,
which depends on the roughness of the study area and the nature of the
deposition surface (for dry gas deposition). Consequently, for the same
concentration in air, dry particle and gas deposition onto soil (Dpss and Dygss)
are different from dry particle and gas deposition onto an expanse of water
(Dpse and Dyse).

2. Dry gas deposition can also be interpreted as the transfer flux by diffusion
from the atmosphere into the water environment. This flux can therefore be
estimated using the model for boundary layers between two environments,
developed in section 1.5.1.3.2. According to this model, we can state:

Dgee = Ky x FQHX,Ca Equation 1.5.38
Symbol Parameters Dimensions | Units Status
Dygse Dry gas pollutant flux onto the water volume considered M.L-2T m2.s CorE
Kv Mass transfer coefficient L.T m.s’ E
H Henry constant (dimensionless): H' = H/RT - - CorE
Ca Pollutant concentration in the air M.L-3 mg.m-3 CorE
Fq Pollutant fraction in gaseous form - - CorE
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1.5.2.1.2. INFLOWS FROM THE SOIL
Inflows from the soil can be due to erosion and runoff.

1.5.2.1.2.1. INFLOW BY EROSION
The inflow by erosion is:
Ae = Xe_bv_sc_ni x SDsc x ERx (Abv_sc - Abvi_sc) x Cs Equation 1.5.39

where Cs: pollutant concentration in the soil,

Xe bv_sc_ni - Mass of soil detached and transported by erosion, per unit surface area and
per unit time, from the contaminated, permeable surface of the watershed,

SDsc : ratio between the mass of material transported downstream and the mass eroded
from the contaminated, permeable surface of the watershed,

Aby_sc: surface area of watershed for the expanse of water or section of the watercourse
considered, in which the soil is contaminated by the source studied,
Abvi_sc: impermeable surface area of watershed for the expanse of water or section of the
watercourse considered, in which the soil is contaminated by the source studied,
ER: enrichment ratio.

As indicated in section 1.1.2.3.3.2, an enrichment ratio can be introduced to

take account of the fact that eroded particles have often higher concentrations
than the soil in situ.

Xe bv_sc_ni €an be estimated from the Universal Soil Loss Equation (cf. section
1.1.2.3.3.1).

SDsc can be estimated from the empirical relationship defined by Vanoni (1975)
and reproduced in US EPA documents (1998, 2005):

SD,, =a*(Ay, o) Equation 1.5.40
where a is defined using the surface area of the zone considered, as indicated below:
surface area of the study zone (m?) a
Ay s =259x105 21
259x105< Ay, o <259 100 19
259x106< Ay, o <259x107 14
259x107< Ay, o <259x108 12
259x108< Ay, o 0.6

and b=0.125.

Estimates for Xevscni and SDsc must be based on the characteristics of the
watershed zone, where the soil is contaminated by the source; the watershed to
be defined is the expanse of water or section of the watercourse considered.
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Symbol Parameters Dimensions Units Status

Pollutant inflow to the expanse of water or section of the y Py

Ae watercourse studied per unit time due to water erosion M.T mg.s CorE
Mass of soil detached and transported by erosion, per unit

Xe_bv_sc_ni surface area and per unit time, from the contaminated, M.L2 T kg.m2.s CorE
permeable surface of the watershed
Ratio between the mass of material transported

SDsc downstream and the mass eroded from the contaminated, | - - CorE
permeable surface of the watershed

ER Enrichment ratio (cf. section 1.1.2.3.3.2) - - E
Surface area of watershed for the expanse of water or

Aby_sc section of the watercourse considered, in which the soil is | L2 m? E
contaminated by the source studied
Permeable surface area of watershed for the expanse of

Abyi sc water or section of the watercourse considered, in which | L2 m? E
the soil is contaminated by the source studied

Cs Pollutant concentration in the soil of the zone considered | M.M-! mg.kg! CorE

Comment: the US EPA (1998, 2005) uses the pollutant concentration adsorbed
to soil particles instead of the concentration Cs in equation 1.5.39 (see
discussion relating to this point in section 1.1.2.3.3.2).

1.5.2.1.2.2. INFLOW BY RUNOFF

For runoff inflow, there is a distinction between impermeable and permeable
zones of the watershed.
1. Pollutants deposited by the atmosphere on the impermeable zones can run

into expanses of water or rivers when it rains.

If it is assumed that all atmospheric depositions onto the impermeable zones
of the section of watershed located upstream of the expanse of water or the
section of watercourse considered are combined with this water volume

(conservative assumption used by the US EPA (1998, 2005)), then:

Ai = (Dps + Dgs)>< Abvi_sc

Equation 1.5.41

Symbol

Parameters

Dimensions

Units

Status

Aui

Pollutant inflow to the expanse of water or section of the
watercourse considered by runoff from the impermeable
areas of the watershed

M.T-

mg.s™

CorE

Particulate pollutant flux over the impermeable area of
watershed for the expanse of water or section of the
watercourse considered

M.L2.T-

m-2.s-

CorE

Gaseous pollutant influx over the impermeable area of
watershed for the expanse of water or section of the
watercourse considered

M.L2.T

m-2.s1

CorE

Abvifsc

Permeable surface area of watershed for the expanse of
water or section of the watercourse considered, in which
the soil is contaminated by direct deposition from the
atmosphere

L2

Page 128 of 235

Ref: DRC-14-141968-04378A




2. For impermeable, contaminated areas located upstream of the expanse of
water or section of the watercourse considered, the US EPA estimates the
inflow by runoff as follows:

A =ROX (A s = Ani sc) % Ces Equation 1.5.42

According to equation 1.1.11, if the pollutant concentration in the soil
porewater is less than solubility and if multiphase equilibrium is
reached in the soil:

MV, C, Equation 1.5.43

~ RO - A _
A X (Abv_sc Abw_sc)>< MV, xKq +0 X

(cf. section 1.1.2.3.2)

But equations 1.5.42 and 1.5.43 assume that:
e the pollutant concentration in the soil layer is uniform,

e all the water running off the soil is at equilibrium with the soil
contamination. For reasons of Kkinetics, this assumption tends to
overestimate the pollutant inflow from runoff significantly. INERIS only
considers this inflow by runoff over impermeable surfaces in an approach
intended to deliberately overestimate surface water contamination.

Symbol Parameters Dimensions Units Status

Pollutant inflow to the expanse of water or section of the
Ar watercourse considered by runoff from the permeable M.T mg.s! CorE
areas of the watershed

Surface area of watershed for the expanse of water or
Aby_sc section of the watercourse considered, in which the soil is | L2 m? E
contaminated by the source studied

Permeable surface area of watershed for the expanse of

Avi sc water or section of the watercourse considered, in which | L2 m? E

the soil is contaminated by the source studied
RO Runoff L.T m.s E
Cs Pollutant concentration in the soil M.M- mg.kg! CorE
0 Volume fraction occupied by soil water - - E
Kd Partition coefficient between soil particles and soil water | L3.M-* md.kg! CorE
MVs Bulk soil density M.L3 kg.m-3 E

1.5.2.2. ESTIMATING THE ELIMINATION COEFFICIENT

As indicated in section 1.5.1.3, elimination phenomena may be considered or
disregarded when estimating pollutant concentrations in surface water.
Disregarding them results in overestimating pollutant concentrations.
Conversely, taken them into account can result in underestimating
concentrations.

The elimination coefficient (Ae sup) has been defined in section 1.5.1.3. It
includes degradation, sedimentation and volatilisation phenomena.
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Ao sup=Ag A+ A, Equation 1.5.44

The expression for the volatilisation coefficient (A,) has been given in section
1.5.1.3.2.

The sedimentation coefficient (x) has been defined in section 1.5.1.3.1. Two
expressions has been proposed for this parameter. One depends on the net
deposition rate for suspended particles:

K .
g = MES . MES x d_MES Equation 1.5.45
1+ Ky wes x MES

e_sup

However, if the suspended matter content in the water is constant in time
and space, and if the quantities of particles entering from the atmosphere
and by runoff over impermeable areas are negligible compared to inflows
from erosion, then:

X X —A)xSD+I|Qf . —-Q° x MES
VMEs = S (Abv Ah\”) (Qe F Qe‘su'o) Equation 1.5.46

Ae_sup x MES

Xe_bv_ni x (Abv - A'ovi)>< SD + (Qeisup _Qes_sup )X MES y Kd_MES
Ac_sup X Ne gyp 1+ Ky wes X MES

Equation 1.5.47

The product X, y, 4 X(Abv —Abvi)x SD represents the quantity of soil particles

flowing into the expanse of water or section of the watercourse considered due
to water erosion, whether or not these particles are contaminated. (on —AM)

represents the permeable area of the watershed for the expanse of water or
section of the watercourse considered (whether or not this area is
contaminated).

hence A =

Xe pv ni €can be estimated using the Universal Soil Loss Equation (cf. section
1.1.2.3.3.1). SD can be estimated using the approach presented in section
1.5.2.1.2.1, replacing the surface area of the contaminated watershed (A, )

by the surface area of the watershed (A,,) for the expanse of water or section
of the watercourse considered.
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Symbol Parameters Dimensions Units Status

Sedimentation coefficient (corresponding to the net

1 -1
hs particle deposition on the bed of the watercourse) T s CorE
Particle deposition rate (corresponding to the net particle y p
VMES deposition on the bed of the watercourse) LT m.s Cork
A Surface area of watershed for the expanse of water or 2 m2 E
bv section of the watercourse considered
Ani Impermeable surface area of watershed for the expanse 2 m2 E

of water or section of the watercourse considered

Mass of soil detached and transported by erosion from the
Xe_bv_ni permeable surface of the watershed, per unit surface area | M.L-2.T- kg.m2.s! CorE
and per unit time

D Ratio between the mass of material transported C
- - orE
downstream and the mass eroded
Q: » Incoming flow rate L3.T- m3.s-1 E
Q: wp Outgoing flow rate LT md.s! CorE
h Depth of the expanse of water or section of the L m E
e_sup watercourse considered
Ko_ves Pollutant partition coefficient between suspended particles | ;. mé kg CorE
and water
MES Concentration of suspended particles in water M.L-3 kg.m-3 E

1.5.2.3. LIMITATIONS OF THE MODEL

The model presented above is used to calculate the steady-state pollutant
concentration, in a volume of water assumed to be homogeneous or
immediately downstream of this volume of water.

This model is dimensionless and too simplified to represent pollutant transport
in estuaries.

It is based on the following assumptions:

e uniform pollutant concentration in the volume of water, which assumes
uniform inflow and elimination of pollutant over the entire volume
considered,;

e pollutant equilibrium reached between the adsorbed phase and the
dissolved phase;

o diffusion between the sediment layer and water is not considered. If the
concentration in surface water remains constant over sufficiently long
periods, the superficial sediment layer can be considered to be at
equilibrium with the surface water environment, because suspended
sediment particles and those at the top of the sediment layer, where
diffusion takes place, are at the same concentration.

For this reason, this model is only used to estimate the concentration in
surface water (Ce syp) at steady state using equation 1.5.34. The

parameters A,, Q° o Vol ¢, Cs op» RO and Re_syp must be constant over
sufficiently long periods so that the concentration in the water reaches a
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steady level. To do so, we can confirm that equation 1.5.33 (giving Ce sy as
a function of time) gives a very similar result to equation 1.5.34.

If pollutant inflows into the water vary with time and if diffusion involves a
greater sediment thickness than that deposited during the constant inflow
period considered, it is nonetheless possible for diffusion to have taken
place between the surface water and the surface sediment layer (diffusion
occurs as long as the concentration in the sediments over the thickness of
the layer involved is different from that of the suspended patrticles). If the
pollutant inflow increases over time, diffusion may occur from the surface
water into the superficial sediment layer. Failing to take account of diffusion
in the model will therefore tend to overestimate the concentration in surface
water. Conversely, if the pollutant inflow falls over time, diffusion may occur
from the sediments into the surface water and the concentration in surface
water will tend to be underestimated;

e positive or zero net sedimentation flux: sedimentation is greater than or
equal to re-suspension of particles from the sediment layer. In fact, if Vseq OF
Vmes IS negative (sediment particles re-suspended faster than particles are
deposited, meaning that the bed of the watercourse is being eroded) and if
there is pollutant inflow into the water from a diffuse or sporadic source, an
equilibrium state cannot exist between the sediments and surface water.
Diffusion will necessarily occur from the water to the sediments.

Consequently, this model enables the average pollutant concentration in the
water to be evaluated over the long term. It is not suitable for representing the
situation of water being contaminated by pollutants leaching (re-suspended
particles or solubilisation of adsorbed pollutants) from sediments accumulated
during more significant pollution episodes of the water, for example.

1.5.3. APPROACH TO BE USED FOR A POINT DISCHARGE AND
CONCOMITANT DIFFUSE CONTAMINATION

If the volume of water considered is both the site of point discharge and diffuse
contamination, the resulting pollutant concentration in the water can be
calculated using one or other of the approaches developed above (section 1.5.1
or section 1.5.2), depending on the conditions of the site studied and the
objectives sought.

Based on the approach developed in section 1.5.1 (and taking the same
assumptions into account: cf. section 1.5.1.4), considering a diffuse discharge
along the watercourse in addition to a point discharge leads to:

dCe_sup a(Ve_sup ><Ce_sup) A;:.
== _ﬂ“e_sup X Ce_sup R u—
dt OX he sup

Equation 1.5.48

where A’p: pollutant inflow into the watercourse per unit area,
he sup: depth of the watercourse.
At steady state,

olv x)xC X A
( e_sup( ) e_sup( )) = Ao sup(X)xC¢q gp(X) + .
X he _sup(X)

Equation 1.5.49
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If Ae_sup, Ve supy A’p @nd he sup are constant in the direction of flow (pollutant
inflow over the portion of watercourse studied does not cause the rate of
flow or depth of the watercourse to vary (negligible variations), the
integrating equation 1.5.49 yields:

X

Ce_sup(x) = Ce_sup(X = 0) xe

where C

e_sup

C . x .
(X _ 0) _ rej Qrej
Qe_sup + Qrej

Qrej at point x=0

and Ce ap(x=0)=

concentration of C°

e e
Crej X Qrej + Ce_sup X Qe_sup
e
Qe _sup + Qrej

upstream of the discharge.

e _sup X ﬂ*e_sup

[_%7supXV7
x|1l—e

e_sup

] Equation 1.5.50

for a point discharge with concentration Crej and flow rate

, if the watercourse also has a pollutant

e_sup
Symbol Parameter Dimensions Units Status
Ce_sup Pollutant concentration in the surface water M.L3 mg.m-3 CorE
A Pollutant inflow from the soil and atmosphere into the ML2T m2s CorE
P watercourse per unit area T '
Ve _sup Average water velocity LT m.s! CorE
e Hydraulic flow rate in the watercourse upstream of the 3T 3 o
Qe_sup discharge LT m.s E
Qrej Discharge flow rate L3.T+ m3.s! E
Pollutant elimination coefficient (sum of elimination
he_sup coefficients associated with degradation, volatilisation and | T+ st CorE
sedimentation)
Crej Pollutant concentration in the discharge M.L-3 mg.m-3 E
Pollutant concentration in water upstream of the discharge
ce (associated with a local source, excluding concentration M3 3
e_su ] ; ; : . mg.m E
—sup associated with geochemical background concentration or
ubiquitous man-made pollution)
he_sup Depth of the watercourse L m E

If the dimensionless model developed in section 1.5.2 is used, the point

discharge must be considered as homogenised in the body of water studied.
The mass balance for the pollutant in the body of water gives:

dme sup e

dt gl +Qe_sup

- (Qee_sup + Qrej + RO x Abv) x Ce_sup _VOIe_sup x ﬂ“e_sup x Ce_sup

Equation 1.5.51

e
X Ce_sup + Qrej X Crej
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dce sup Ap +Q: sup ) C:—sup +Qrej - Crej
dt Vol g
(Qg_sup + Qrej +ROx Abv) X Ce_sup
- - ﬂ“e_sup X Ce_sup
Vol, ¢
Equation 1.5.52
Integrating in time intervals where A,, Q: o Vol gps C¢ ops RO, Qrejy Crej and

he_sup @re constant:
€ e
Ap +Q xCe_Sup +Qrej xCrej

e_sup

Qg_sup + Qrej + RO x Abv +V0|e_sup x ﬂe

e
_[ Qe_sup +Qrej +ROXAbv
x|1l—e

Ce_sup (t) =

XAt

Vol HLe

e sup Vol

e_sup

Q% _ +Q_.+ROx
e_sup ' <rej Abv+ﬂe]><At

+C, qp(t—At)xe [

Equation 1.5.53
At steady state:

A, +Q°  XCJ o +Qpey X Co

&_sup e_sup

Qs_sup +Qpej + ROX Ay, +Vol, o x4,

The limitations described in section 1.5.2.3 apply to this equation (the
discharged pollutant flux must also be constant over sufficiently long periods
that the pollutant concentration in the water reaches a steady level).
Concentration Ce syp Will only be estimated at steady state and it can be
checked that equation 1.5.53 gives a very similar result to equation 1.5.54.

C Equation 1.5.54

e sup —
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Symbol Parameter Dimensions Units Status

Ce_sup Pollutant concentration in the surface water M.L-3 mg.m-3 CorE
Ap Pollutant inflow from the soil and atmosphere into the
M mg CorE
body of water
Vole_sup Volume of the body of water considered L3 m3 E

Pollutant elimination coefficient (sum of elimination
Ae_sup coefficients associated with degradation, volatilisation | T+ st CorE
and sedimentation) in surface water

Crej Pollutant concentration in the discharge M.L-3 mg.m-3 E
Qrej Discharge flow rate L3.T1 m3.s-! E
e
Incoming hydraulic flow rate L3. T mi.s E
e_sup
: wp Outgoing hydraulic flow rate L3.T+ md.st CorE
ce Pollutant concentration in water upstream of the
e_sup . \ . .
discharge (associated with a local source, excluding ML mg.m? E

concentration associated with geochemical background
concentration or ubiquitous man-made pollution)

RO Runoff LT m.s! E

Apy Surface area of watershed for the expanse of water or L2

. . m2 E
section of the watercourse considered

Comment: As previously indicated, the expressions developed in sections 1.5.1,
1.5.2 and 1.5.3 are provided for calculating the pollutant concentration in water
attributable to the contamination sources studied, without considering
ubiquitous man-made pollutant sources and the geochemical background
concentration. The total concentration in surface water is therefore estimated by
adding the background concentration in the water to this concentration (cf.
section 4).

1.5.4. POLLUTANT CONCENTRATION DISSOLVED IN WATER

The pollutant concentration dissolved in the water may be needed to calculate
exposure by ingesting the water and the pollutant concentration in aquatic
organisms.
According to equations 1.5.14 and 1.5.15,

C

e_sup Equation 1.5.55
1+ Ky mes X MES

Cd_e_sup =
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Symbol Parameter Dimensions Units Status

Cd_e_sup Pollutant concentration dissolved in surface water M.L-3 mg.m-3 CorE

Ce_sup Pollutant concentration in the surface water M.L-3 mg.m-3 CorE

Ko s Pollutant partition coefficient between suspended matter L3 M- mé kg CorE
and water

MES Concentration of suspended particles in water M.L3 kg.m-3 E

1.5.5. CONCENTRATIONS IN THE SUPERFICIAL SEDIMENT LAYER

The concentration of certain substances in aquatic organisms can also be
calculated from the pollutant concentration on particles in the sediment layer (as
in US EPA 2005).

The pollutant is present in the sediment layer in dissolved phase and adsorbed
onto particles:

Mseg =My seq T My sed Equation 1.5.56

where mseq: total mass of pollutant in the sediment layer,
Mp_sed: Mass of pollutant adsorbed to sediment particles.

According to the expression of pollutant masses in each phase of the sediment layer, equation
1.5.56 can be written:

(1_esed )X Mvp_sed XVS ><Csed = (l_esed )X Ilep_s;ed ><Vs ><C:p_sed +Cd_sed ><Hsed XVS

Equation 1.5.57

where Cseq: pollutant concentration in sediments in dissolved and particulate phases (expressed

as dry weight),

Cd_sed: pollutant concentration in the water of the sediment layer,

Cp_sed: pollutant concentration on sediment particles,

MV, _sed: density of sediment particles,

Osed: porosity of the sediment layer,

Vs: volume of the sediment layer considered.

If the pollutant is in equilibrium between the superficial sediment layer
and the surface water environment and if there is an equilibrium between
the dissolved and particulate phases of the superficial sediment layer, we
can state:

Cd_sed = Cd_e_sup Equation 1.5.58
C
Ka mes = Cp‘%d : Equation 1.5.59
d_sed
6 ,
Csed = Cd_e_sup ><{Kd_MES + (l 0 ):fcli\/lv ] Equat|0n 1.5.60
~ Ysed p_sed

_ (1_95ed )X I\/va_sed X Kd_MES
4=
P (1_93ed )X Mvp_sed X Kd_MES +Hsed

and C xC Equation 1.5.61

sed

Page 136 of 235 Ref: DRC-14-141968-04378A




Symbol Parameter Dimensions Units Status

Csed Pollutant concentration (dissolved and adsorbed phases) y y
in the superficial sediment layer M.M Mg kg Cork

Cp_sed Pollutant concentration adsorbed on superficial sediment MM —— CorE
particles ' 9-9

Osed Porosity of the superficial sediment layer - - E

Kq_mes | Pollutant partition coefficient in the superficial sediment | , ., o~ CorE
layer and between suspended particles and water ' 9

MVp_sed Density of sediment particles M.L3 kg.m-3 E

Cd_e_sup Pollutant concentration in dissolved phase in surface ML ma.m3 CorE
water ' g-

Cd_sed Dissolved concentration of pollutant in the water of the M.L3 mg.m? CorE

sediment layer
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1.6. PLANT PRODUCTS

Because certain pollutants accumulate in the food chain, assessing human
exposure requires estimating concentrations in plant and animal products. They
are estimated by measurement or modelling.

When evaluating the risks associated with a site, we are concerned with:

e the attributable risk associated with this site. This means taking account of
exposures associated with locally-sourced products. Given the
industrialisation of food products and the national (indeed international)
nature of distribution networks, this really means home-grown foods
produced by consumers that are generally considered when estimating the
risk attributable to the site through food. However, if site-specific data
indicate that commercial production is exposed and distributed locally, it may
be necessary to estimate consumption in order to include it in the exposure
of local populations;

e total risk, including the risk associated with the background concentration, in
addition to the risk attributable to local pollution sources studied. It is then
necessary to take account of exposure associated with the pollutant
concentration in local products due to the background concentration and
exposure associated with food produced outside the site's impact zone.
Concentrations in these foods can be found from national surveys in product
contamination (surveys by the French government food department and
department for competition, consumers and repression of fraud, INERIS
report DRC-08-94882-15772A).

Plants are the input link to the food chain. A large number of plant species

present on a site can be consumed by people or animals, or can be used for

environmental monitoring. For want of data, they cannot all be studied. They
must therefore be grouped into different categories based on their modes of
contamination and consumption data.

In this way we can distinguish:

e root vegetables,

e tuber vegetables,

e leaf vegetables,

o fruit vegetables and fruit,

e seeds (cereals, fruit and dry vegetables),

o fodder,

¢ silage (type: maize silage).

The number of plant categories finally considered in a study depends on the

degree of specificity and desired accuracy.

Page 138 of 235 Ref: DRC-14-141968-04378A



Contamination of plants can result from different phenomena:

= direct uptake from the soil, following which the pollutant is distributed within
the plant by convection (associated with evapotranspiration) and diffusion,

= particulate deposition of pollutant from the atmosphere,

= deposition of particles from the soil after being suspended by the wind, rain,
etc.,

= absorption of gaseous pollutant (for organic pollutants) from the atmosphere,
= transfer from irrigation water.

The general approach is to sum contributions associated with these different
phenomena, as if they were independent:

Cp =Cry +Cyap+Cusp +Cgp +Cip Equation 1.6.1
Symbol Parameter Dimensions Units Status
Co Concentration in the plant M.dry M- mg.dry kg1 CorE
ion i i -1
Crp Concentration in the plant due to direct uptake from the | M.dry M mg.dry kg CorE

soil

Cdap Concentration in the plant due to particle deposition from | M.dry M-t

-1
the atmosphere mg.dry kg CorE

Cdsp Concentration in the plant due to deposition of particles | M.dry M-t

from the soil mg.dry kg-! CorE
Concentration in the plant due to absorption of gaseous | M.dry M-
Cor pollutant P P g y mg.dry kg-! CorE
Cip Concentration in the plant due to irrigation by spraying M.dry M-t mg.dry kg CorE

Summing in this way is a classical approach in most multimedia exposure
models (HHRAP, US EPA, 2005; ERWYN; CLEA, The Environment Agency,
2002; HESP, Shell Global solutions, 1995; CalTOX exposure model, University
of California, 1993, 1997). However, contamination by diffusion from the soil or
air depends on the pollutant concentration in the plant, and independently
estimating the impact of different contamination processes can overestimate
concentrations in the plant.

There are compartmental models where the concentration in the plant is
calculated from a mass balance taking account of the different inflows to the
plant (pollutant flux from the soil, pollutant flux from the air), loss phenomena
experienced by the plant (flux from the leaves into the air, metabolism, dilution
by growth of the plant, photo-degradation, etc.), as well as distribution
mechanisms within this plant (flux from the leaves to other parts of the plant,
etc.). But these models (CalTOX transfer modules, University of California,
1993, 1997, Mckone et al., 2002; PlantX, Trapp et al., 1994; Paterson et al.,
1994) require a large number of parameters to be defined for different plant
categories (eg. surface area and volume of leaves, conductance of the cuticle,
metabolic rate, xylem flux, phloem flux, etc.). They are not discussed here.
Some of them have been covered in a detailed presentation (INERIS, 2002d).
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1.6.1. CONCENTRATION IN THE PLANT ASSOCIATED WITH DIRECT
UPTAKE FROM THE SOIL

Pollutants are transported in the soil solution as far as the area around the roots
by convection and diffusion. They are taken up by the plant passively and/or
actively by the roots. The contamination of other parts of plants from the roots
takes place through the rising sap flux (xylem).

However, it is useful to note that in the case of belowground vegetables, there
can also be direct pollutant uptake from the soil by diffusion through the tissues
of the part eaten, without passing through the roots (eg. potatoes) (Trappe et
al., 2007).

The pollutant concentration in the plant associated with direct uptake from the
soil is estimated from a bioconcentration coefficient (B,) that represents the ratio
between the pollutant concentration in the plant and the pollutant concentration
in the soil.

Crp(T récolte) = Br % Cs,tp,—>t,éc Equation 1.6.2
Symbol Parameter Dimensions Units Status
' Pollutant concentration in the plant associated with | M.dry M- y
Cro (Trecote) | gireet uptake from the soil, at the time of harvest mg.dry kg CorE
= Average pollutant concentration in the soil during | p p-t y
Cs*tp'_”féc the growing period mg.kg CorE
: P .
Br Soil-plant bioconcentration coefficient M of soil.dry M kg_ of sol.dry CorE
of plant kg of plant

The pollutant concentration in the soil should correspond to the area covered by
the roots of the plants considered. The average pollutant concentration over the
corresponding soil depth Zs can be estimated from the equations developed in
section 1.1.2.

The difficulty of the approach presented in this section lies in defining the
bioconcentration coefficient (B,). Very different values for B, can be found in the
literature. The value of B, depends particularly on:

» the substance, its speciation, its concentration in the soil,

= the physico-chemical characteristics of the soil (pH, organic carbon content,
cationic exchange capacity, etc.),

= other substances present in the sail,
» the plant type, species and plant part considered.

Of the best practice rules for defining values of B, the most suitable will be
reviewed in future documents covering the definition of physico-chemical
parameters and transfer coefficients for substances. Despite these rules, it is
worth remembering that this type of parameter remains blighted by variability
and generally substantial uncertainty.

In addition, while data relating to some metals is plentiful, the available data for
some organic substances are very rare or even non-existent, hence the
frequent recourse to empirical relationships (Quantitative Structure-Activity
Relationship: QSAR) that can be used to define the coefficient B, from a known
parameter of the substance. For organic substances, it is often the octanol-
water partition coefficient (Kow).
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Depending on the available data, the concentration in the plant associated with
direct uptake from the soil can also be expressed relative to the pollutant
concentration in the soil water, or to the so-called 'exchangeable’ pollutant
fraction in the soil. Therfore, we have to be careful that the bioconcentration
coefficient used is consistent with the expression for the pollutant concentration
in the soil.

If the bioconcentration coefficient (Br) corresponds to the ratio of the
concentration in the plant over the pollutant content in the soil water, we can
state:

By = .
Crp (Trecotte) = t_r X Ces,tmatréc Equatlon 163
sp

Yet, according to equation 1.1.11 (conditions: pollutant concentration in the soil
below the limit of solubility, multi-phase equilibrium reached between the
different phases in the soil),

Ces = Cs x MV . Equation 1.6.4

MV, x Ky +8+ax

x s

where Kg: partition coefficient between soil particles and soil water,
0: volume fraction occupied by soil water,
o.: volume fraction occupied by soil air,
H: Henry constant,
R: universal gas constant,
Ts: soil temperature,
MV;s: bulk soil density.

If ax << 0+ MV xKy

RxT,

B MV _

then C . = x S _ =xC Equation 1.6.5
rp Crrecolte) tsp MVS < Kd +9tp,—>tréc S, tp1 =t q
B, MV .
and B, =—" : Equation 1.6.6

X —
o MV xKy+0,

| -t réc

Symbol Parameters Dimensions Units Status

Crp (Trecoe) Pollutant concentration in the plant associated with | M.dry M1 mg.dry kg™ CorE
direct uptake from the soil, at the time of harvest '

Br Soil  water-plant  bioconcentration  coefficient |\, .\ 3 soch M- | Water  m3fresh | € O E
expressed relative to the weight of fresh matter in | , )

of plant kg of plant

the plant

Br Soil-plant bioconcentration coefficient expressed | M of soil.dry M- | kg of soil.dry kg | C or E
relative to the weight of dry matter in the plant of plant of plant
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tsp Dry matter content of the plant - - E

_s,tp.—>trec Average.pollutgnt concentration in the soil during MM mg.kg CorE
the growing period

Cer . |Average poliutant concentration in the soil water ML ma.m3 CorE

TP during the growing period ' g-

MVs Bulk soil density M.L3 kg.m-3 E

Kq Partition coefficient between soil particles and soil | ;. mé kg CorE
water

O i Volume fraction occupied by the soil water during | i E

P the growing period

1.6.2. CONCENTRATION IN THE PLANT ASSOCIATED WITH PARTICLE
DEPOSITION FROM THE ATMOSPHERE

This sections focuses on particle deposition associated with an atmospheric
source (this may be emissions from a local source or conversely from widely-
spread sources located at large distances appearing in the background
concentration). It does not consider the deposition of particles coming from the
soil or resuspended from the soil (covered in section 1.6.4).

The concentration in the plant is modelled by considering continuous deposition
of particles on the plant and losses associated with the action of wind and rain.

There are two available approaches for estimating the resulting concentration in
the plant:

e the first is to estimate direct deposition on the edible parts of the plant.
Under this approach, only parts of the plant in contact with the atmosphere
can be affected by atmospheric fallout. This transfer mechanism therefore
affects fodder, leaf vegetables, fruit and unprotected fruit vegetables, such
as strawberries or tomatoes. Conversely, according to this approach,
belowground vegetables, seeds, fruit and fruit vegetables protected by a
shell (such as nuts or dried beans) are not affected. This is the approach
most frequently used in models dedicated to chemical pollutants (cf.
HHRAP, US EPA, 2005; MPE, US EPA, 1998; HARP, CalEPA, 2003).

e the second considers particle deposition on the leaves of the plant then
transfer of the substance to the edible parts. In other words, the substance
initially deposited on the surface of leaves is absorbed and transported to
other parts of the plant. According to this approach, all parts of the plant are
potentially affected by contamination from atmospheric deposition. However,
the rate of transfer can be very slow, even nil, depending on the substance
or plant part considered. This approach is used in radioecology (cf.
ECOSYS-87, Miller et al.,, 1993; RESRAD, US DOE, 2001; ERWYN,
US DOE, 2003; GRNC, 2002).

1.6.2.1. ESTIMATES FROM DEPOSITION ON EDIBLE PARTS

1.6.2.1.1. CALCULATION OF PARTICULATE DEPOSITION

Calculating the concentration from particulate deposition takes account of dry
particulate deposition (Dpsp) and wet particulate deposition (Dpnp).

Dry deposition is assumed to have better adhesion to plants than wet
deposition, part of which is removed immediately.
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Dpp = Dpsp + Fiy X Dy Equation 1.6.7

Symbol Parameters Dimensions Units Status
Dpp Particulate deposition on plants M.L2.T m2.s-" CorE
Dpsp Dry particulate deposition M.L-2T1 m2.s! E
Dohp Wet particulate deposition M.L2.T m2s-1 E
Fn Flraction of wet particulate deposition that adheres on | - - E

plants

Fr can take different values depending on the chemical form of the pollutant (cf.
INERIS, 2008b; US EPA, 2005 and future documents on the values of physico-
chemical parameters of substances).

Dry particulate deposition (Dpsp) and wet particulate deposition (Dpnp) can be
calculated from atmospheric dispersion models (cf. section 1.1.2.2.1).

1.6.2.1.2. CALCULATING CONCENTRATION IN THE EDIBLE PARTS OF THE
PLANT
The pollutant concentration attributable to particulate deposition is based on the
following equations:

dmdap B

. op X | = Ay XMy Equation 1.6.8

where Dyp: particulate deposition on plants,
Mmdap: Mass of pollutant in particulate phase deposited on the edible parts of plants by
atmospheric deposition,
S: surface area of the cultivated zone considered,
I: interception fraction for the edible parts of the plant. This coefficient takes account of the

fact that all the atmospheric particles are not deposited on the plant. It represents the
fraction of deposition intercepted by the edible parts of plants out of the total deposition,

Aw: coefficient for loss by the action of rain and wind (this parameter can also take photo-
degradation at the surface of the plant into account).

dCdap dMV .
hence M, XT+Cdapr=SxDppx | = Ay xM, xCqyp Equation 1.6.9
dc D, x| ,
and %:%X—zwxcdap—%xcdap Equation 1.6.10
r v

where Cqap: concentration in the edible parts of the plant,
My: mass of edible plant products,
Pr: plant productivity (mass of edible plant products per unit cultivated surface area).

If plant growth can be approximated by an exponential function (as is the
case for leaves in vegetative growth phase (Trapp et al., 1997)) then,

amy A Equation 1.6.11
M, - dt
D,,xI
and %:%_(% + 24 )% Cyap Equation 1.6.12
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where A¢: growth rate of plant products,

The sum (Awt\c) is generally replaced by a loss coefficient A.

For continuous pollutant deposition on the consumed parts of the plant, these
equations have to be integrated from the start to the end of the plant's exposure
period, the end of the exposure period generally being corresponding to
harvest.

1. Cases where parameters of the equation are not constant

The plant concentration due to particulate deposition can be estimated by
integrating the equation over successive time intervals (At) from the
beginning of the exposure period to atmospheric deposition (time of
germination for fodder or leaf vegetables, time of fruiting for fruits and
seeds), until the time of harvest. In this case, the simplest approach is to
use equation 1.6.8.

From this equation we deduce:

Coms 14, xC Equation 1.6.13
gt opp X T w X dap s quation 1.6.
where Cqap_s: mass of pollutant in the edible parts of the plant per unit cultivated surface
area (M.L?2).
— A, XAt Dpp x| — A %At :
hence Cyap (1) =Cyyp s(t—At)xe +/1—X(1_e ) Equation 1.6.14
W
C ; .
and  Cyap(Trecone) _ Coap_s (Trecote) Equation 1.6.15
Pr (Trécolte)
Symbol Parameters Dimensions Units Status
Caap (Trécotte) Pollutant concentration in the edible parts of the | M.dry M- ma.dry ka- CorE
plant at the time of harvest 9-ary kg
Coap_s Mass of pollutant in the edible parts of the plant per | M.soil L2 mg.soil m2 CorE
unit cultivated surface area
Do Particulate deposition on plants M.L2.T- m2.s CorE
I Interception fraction for the edible parts of the plant | - - E
A Pollutant loss coefficient by the action of rain and | T st E
wind (even photo-degradation)
Pr (Trécolte) Plant productivity at harvest, also called crop yield Dry M.L2 Dry kg.m-2 E

2. Cases where deposition and the loss coefficient are assumed constant

Within chronic risk assessment studies associated with ICPEs, emissions
are assumed to be constant and the impact of facilities is estimated from an
average deposition Dy, constant over time, even if this deposition varies
with the weather conditions. Similarly, the coefficient A, which is intended
to take account of the reduction in the quantity of particles deposited on
leaves due to the action of wind and rain, varies according to the weather
conditions, but given the available data it is usually estimated using a
constant value of the entire exposure period of the plant.
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In most models devoted to assessing risks where atmospheric deposition of
particles on plants is taken into account in this way, the pollutant
concentration due to this transfer is estimated by integrating equation 1.6.12
over the entire exposure period to atmospheric deposition, although the
interception fraction (1) and plant productivity (P;) tend to increase over time.
An expression in the following form is then supplied:

Dppx! (1_ e—A(Trécone))
Pr (Trecote) X A

This expression is based on two approximations:

e exponential plant growth. If this approximation is acceptable for certain
leaf vegetables such as lettuces, for fruits or fruit vegetables with a
relatively long ripening phase, this approximation seems more debatable;

e aconstant |/ P, ratio over time.

For grass on pastureland continuously-grazed by animals, this
relationship can be assumed constant. However, for plants harvested at
the end of vegetative growth or at maturity, this assumption appears
inappropriate.
The uncertainties associated with expression 1.6.16 are currently poorly
understood. Excluding the case of pasture grass, it is therefore preferable to
estimate the concentration in the edible parts of plants from equations
1.6.14 and 1.6.15.

In the absence of information to define the interception fraction (l) as a
function of time, or to avoid a time-increment approach, equation 1.6.13
may be integrated by assigning | a constant value equal to its maximum

Cdap(TrécoIte) = Equation 1.6.16

value (generally its value at the time of harvest).

Cdap (Trécolte) =

DPP x| (Tre’colte) ><(1_(_I_)“\/\/X-rrécolte)

Equation 1.6.17

Pr (Tréco Ite) X ZW
Symbol Parameters Dimensions Units Status

Cdap (Trscoe) | Pollutant concentration in the edible parts of the plant at | M.dry M- ma.dry ka- CorE
the time of harvest 9.cry kg

Dpp Particulate deposition on plants M.L2.T- m2.s CorE

| (Trécolte) Interception fraction for the edible parts of the plant at the | - - E
time of harvest

A Pollutant loss coefficient by the action of rain and wind | T-! s CorE
(even photo-degradation)

Pr (Trécolte) Plant productivity at harvest, also called crop yield Dry M.L2 Dry kg.m-2 E

Comment: The simplified approach above, based on using the interception
value at the time of harvest, overestimates Cyap(Trscoire). CoOnversely, using a
representative value for the average of | over the entire exposure period to
atmospheric deposition, as in some models, leads to an approximation in which
we do not know if it tends to underestimate or overestimate Cgap(Trecolte), @
situation that can be awkward for drawing conclusions.
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1.6.2.2. ESTIMATING FROM DEPOSITION ON THE FOLIAR PART AND
TRANSFER TO THE PARTS CONSUMED

This second approach was developed for radionuclides and can be applied to a
certain number of metals, for which data relating to translocation are available.

This approach also takes dry deposition and wet deposition into account. The
'interception fraction' parameter is replaced by a parameter called ‘capture
ratio’. A capture ratio is thus defined for dry deposition and another for wet
deposition.

1.6.2.2.1. CALCULATING CONCENTRATION IN THE FOLIAR PART

Expressions similar to equations 1.6.10 and 1.6.13 can be used to estimate the
concentration in the leaves of plants.

dc Dpsp X Res + Dppp xR ,
dep - ZPp” Cs PP eh g xCyap — M, , Cyap Equation 1.6.18
dt B, M,
dCdap_s

or = Dpsp X Res + Dpnp xR = 4w X Cyap s Equation 1.6.19

dt

where Res: dry capture ratio,
Rch: wet capture ratio,
Bv: plant biomass at the soil surface.

1. If the parameters for equation 1.6.19 are not constant, integrating over
successive time intervals (At) (from germination to the time of harvest gives
for the leaves:

D pep X Res + Dpnp X Re

Coap s (1) =Cuap_s (L= At)xe A4 4 x (1— g At ) Equation 1.6.20

ﬂ“W
and  Cyap(Trecore) = Cdé%w Equation 1.6.21
v \ " récolte
Symbol Parameters Dimensions Units Status
Cuap (Trécote) zftlLu;iin; é:%r;%ear:/rsston in the foliar part of plants | 1 gry M- mg.dry kg CorE
Coap_s Pollutant concentration in the foliar part of plants | M.soil L2 mg.soil m2 CorE
per unit cultivated surface area
Dpsp Dry particulate deposition on plants M.L2.T m2s CorE
Dphp Wet particulate deposition on plants M.L2. T m2s! CorE
Res Dry capture ratio - - E
Reh Wet capture ratio - - E
A Pollutant loss coefficient by the action of rain and | T- s E
wind (even photo-degradation)
By(Trcole) Plant biomass above the soil at the time of harvest | Dry M.L2 Dry kg.m-2 E

Page 146 of 235

Ref: DRC-14-141968-04378A




2. With the same approximations as in the approach using direct
. . . DpgpxR.s+D

deposition on the edible parts of plants, by assuming psp C'S;rv o Ro :

Aw constant and exponential growth of the plant biomass, equation 1.6.18 is

often integrated over the entire period to atmospheric deposition to obtain

the following relationship for leaves:

D R..+D R
psp o5 T Pphp X Reh (1_ oM )
Ax Bv (Trécolte)

where A: loss coefficient (A = Aw + Ac),

Cdap(Trécolte) = Equation 1.6.22

Ac: growth rate of plant products.

. . . D,,,xR.. +D_, xR
Here again, the assumption of a constant ratio —f° "> —phe— ch
Ax Bv (Trécolte)

seems inappropriate, apart from pastureland. Equations 1.6.20 and 1.6.21 are
most suitable.

As part of a simplified approach, if we do not have data to define R.s and R¢p
over time or to avoid a time-increment calculation, equation 1.6.18 can be
integrated, assigning R¢s and R., constant values equal to their maximum
values (specifically, R¢s(Trecoe) and Rcn(Trecoie)). This approach tends to
overestimate Cgap(Trecolte)-

over time

C o) = Dpsp ¥ Re.s (Trecotte) + D php * Re.n (Trecolte) (1_e—ﬂwaréco|te) Equation 1.6.23
Aw % By (Trgcorte)

Symbol Parameters Dimensions Units Status
Cuap (Trecore) | Pollutant concentration in the foliar part of plants M.dry M- mg.dry kg"' | C or E
Dpsp Dry particulate deposition on plants M.L2.T m2s CorE
Dphp Wet particulate deposition on plants M.L2 T m2.s! CorE
Res Dry capture ratio - E
Ren Wet capture ratio - E
A Pollutant loss coefficient by the action of rain and wind | T+ s CorE

(even photo-degradation)
By (Trécolte) Plant biomass above the soil at the time of harvest Dry M.L2 Drykgm? |E

1.6.2.2.2.
PLANT

CALCULATING CONCENTRATIONS IN OTHER PARTS OF THE

After deposition on the leaves and absorption by the plant, contaminants can be
transferred to other parts of the plant. The term 'translocation' is used here to
mean the transfer of contaminants from leaves to the parts consumed.
The translocation coefficient is the ratio of the concentration in a tissue, in this
case the edible part, over the pollutant quantity retained on the foliage per
square metre at the moment of deposition, or:

dcdap_s

Equation 1.6.24
dt

= (Dpspx Res+ Dphpx Rc,h)XTr

where T;: translocation coefficient for the pollutant from the leaf to the edible parts.
Integrating by time increments gives:
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Cdap (Trécolte) =

1 n
I:)r (Trécolte) i=1

where i: iteration number between 1 and n,

n
and D" At =Trecore ~ Texpyeg
i1

3Dy () % R (t) + Dpny (&) x Ry () )x T, (1) x At

Equation 1.6.25

Symbol Parameters Dimensions Units Status
Caap (Trécolte) Eollutant concentration in the edible parts of the plant at the M.dry M- mg.drykg! | CorE
time of harvest
Dpsp Dry particulate deposition on plants M.L2.T m2.s CorE
Dyhp Wet particulate deposition on plants M.L2. T m2.s CorE
Res Dry capture ratio - - E
Reh Wet capture ratio - - E
T Translocation coefficient - - E
T | ok Sttt bt oo el oop ol s of oy Lt | g |
Texpuég Start date of plant exposure to deposition (germination) T s E
Tréoote Harvest date T s’ E

As it is, using this equation is made difficult by the lack of data to define the
translocation coefficient. In practice, empirical values have been defined for a
few radionuclides. T, depends especially on the element in question, the plant
species, its stage of development (the translocation process is more significant
from the fruit formation period to te ripening period).

In existing models (GCNC, 2002; RESRAD, US DOE, 2001; ERMYN, US DOE,
2003), the most frequently-used equation to estimate the concentration in the
edible parts after deposition on the leaves and translocation, is of the type:

(Dpsp X Re.s + Diphp X Rep X T

psp c,s php c,h r —AxT 0
Cdap(TrécoIte) = X(l_e AxTesare )
I:)r (Trécolte)

In this case, the concentration in the edible parts is estimated from the
concentration remaining on the leaves at the time of harvest. The definition of T,
is therefore different to that given above.

Studies where a translocation coefficient is measured may also use variable
protocols and the significance attributed to this parameter can therefore be
different in different cases. We should therefore be cautious about the suitability
of the method of defining the value attributed to T, to the equation used to
calculate pollutant concentrations in the edible parts of plants.

Equation 1.6.26

1.6.2.3. COMPARISON OF TWO ESTIMATION APPROACHES

For leaf vegetables and fodder, since the edible part is the part directly
exposed, the two approaches (direct deposition on the edible parts and
deposition on the leaves followed by transfer to the edible parts) are very
similar. Only the definition of the wet deposition fraction initially intercepted by
the plant differs.
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The two approaches give the same results if:
Res = | Equation 1.6.27

and Reh=Fwxl Equation 1.6.28

For fruits, cereal and root vegetables, IRSN (GCNC, 2002) reported values of
about 0.1 for radionuclides considered as mobile (such as those of cadmium,
nickel, zinc, selenium or antimony) and values between 0 and 0.02 are given for
radionuclides said to be relatively immobile (such as those of manganese or
lead). Under these conditions, the two approaches (direct deposition on the
edible parts and deposition on the foliar parts followed by translocation), for root
vegetables and elements corresponding to these relatively immobile
radionuclides, give a concentration associated with particulate deposits equal to
zero. In other cases (fruits, seeds, root vegetables for elements corresponding
to radionuclides considered as mobile), the results of the two approaches can
be different.

While the concept of deposition on the leaves appears more appropriate when
fruits are covered by the plants' leaves, and while disregarding transfer from the
from the leaves to the storage organs in the first approach can appear as a
drawback, defining the translocation coefficient as required by the second
approach is itself tricky, given there is the little amount of data available.

As far as we know, there is no study where the two calculation methods (direct
deposition on the edible parts and deposition on the foliar part followed by
translocation to the edible parts) have been compared. Experimental studies
show that, depending on the mobility of the pollutant and the vegetative stage of
the plant at the moment of contamination, one or other of the processes (either
direct deposition on the fruit or deposition on the leaves and translocation) may
predominate. Under these conditions, it is difficult to recommend one modelling
approach compared to the other.

1.6.3. CONCENTRATION IN THE PLANT ASSOCIATED WITH ABSORPTION
OF GASEOUS POLLUTANT

There are two approaches for estimating this transfer:
e one based on using an empirical bioconcentration coefficient,
e the other based on calculating gaseous deposition.
1.6.3.1. CALCULATION BASED ON THE AIR-PLANT BIOCONCENTRATION
COEFFICIENT

B, _
C gp (Trécotte) :t—fxca Equation 1.6.29

ps

gvtexp.veg _)tréc
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where Cgp(Trecote): concentration in the plant at the time of harvest due to absorption of gaseous
pollutant,

Br. air-plant bioconcentration coefficient. The air-plant bioconcentration coefficient is the
ratio of the concentration in the part of the plant considered over the concentration in the
air,

tos: dry matter content of the plant,

80ty St - AVETAQE pollutant concentration in the air in gaseous form during the

exposure period of the plant organ considered.
If the gaseous fraction in the air is constant over time, then:

Cgp (Trécole) = —L X C_:at ot X Fy Equation 1.6.30

1hexp veg réc
ps

Symbol Parameters Dimensions Units Status

Cap(Trecotte) Concentration in the plant at the time of harvest | M.dry M- mg.drykg® |CorE
associated with absorption of gaseous pollutant

Fv Pollutant fraction in gaseous form - - CorE

Average pollutant concentration in the air in gaseous form | M.L-3 mg.m-3 CorE
from the beginning of the exposure period of the plants to
atmospheric pollutants (germination date for fodder or leaf
vegetables, fruiting date for fruits and seeds) to the time of
harvest

Cag 'texp,veg Htréc

At ot Average pollutant concentration in the air in gaseous and | M.L3 mg.m-3 CorE

T T particulate forms from the beginning of the exposure
period of the plants to atmospheric pollutants (germination
date for fodder or leaf vegetables, fruiting date for fruits
and seeds) to the time of harvest

Bt Air-plant bioconcentration coefficient Air L% fresh | Air m3fresh|CorE
M- of plant | kg'' of plant

tsp Dry matter content of the plant - - E

1.6.3.2. CALCULATION FROM GASEOUS DEPOSITION

As when calculating the pollutant concentration in the plant associated with
particulate deposition, the concentration associated with gaseous deposition
results from a gain: the deposition and a loss, which can be associated with
degradation of the substance or its volatilisation.

If the terms in the equation are considered constant over time, we can state:
Dgp x(1— e*if XTrecote )

Equation 1.6.31
lf X Pr (rre’colte)

Cgp (Trécolte) =
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Symbol Parameters Dimensions Units Status

Cap(Tracote) | Concentration in the plant at the time of harvest associated | M.dry M-t mg.dry kg |CorE
with absorption of gaseous pollutant

Pr (Trecolte) Plant productivity at the time of harvest (or crop yield) Dry M.L2 Drykg.m2 |CorE

M Loss coefficient by volatilisation and/or degradation T s E

Dgp Gaseous deposition on the plant M.L-2T+ m2.s CorE

Smith et al. (1995) and Trapp et al. (1997) propose two different methods to
estimate gaseous deposition on the leaves of a plant (Dgp).

According to Trapp et al., it can be stated:
Dgp = At xg xCpyy Equation 1.6.32

where gr. conductance of the plants' leaves,
Ay foliar index (foliar surface area per unit surface area occupied at the soil),
Cag: gaseous pollutant concentration in the air.
Smith et al. give the following expression:
Dyp =Vagp XCog x 1 Equation 1.6.33

where lg: fraction of the gaseous deposition intercepted by the leaves,
Vdgp: gaseous deposition velocity on the plants' leaves,

Vigp = . Equation 1.6.34

r,+r +r,
where ra: aerodynamic resistance of the atmospheric layer,

ro: resistance of the sub-layer, i.e. of the very thin layer of stagnant air above the
leaf,

re. resistance of the leaves. r. depends on the plant cover density, absorption
capacity via the stomata, leaf surface type (smooth or otherwise), humidity, etc.

1.6.3.3. COMPARISON OF THE TWO APPROACHES

The two approaches above have disadvantages associated with the difficulty of
establishing their parameters. Little data exist to define:

¢ the bioconcentration coefficient (By) for the first approach,

o the gaseous deposition velocity on the plants (vqg), conductance of the
leaves (gr) and rate of loss (A) for the second approach.

However, for polychlorodibenzodioxins and  polychlorodibenzofurans
(PCDD/PCDF), values of transfer coefficients have been defined using
measurement data from the scientific literature (INERIS, 2004Db).

For these substances, US EPA (1998, 2004c) has also compared the two
approaches presented above with field data. These are data from a study,
conducted between 1992 and 1993 in the United Kingdom, combining
measurements of deposition and concentration in air and in grass. Two sets of
data were used, one for a rural environment and the other for an industrial
environment. The profile of the different concentrations measured in the rural
environment correctly correlated with the approach using bioconcentration
coefficients; however, the concentrations were underestimated by a factor of
about 2. Performance of the model appeared to be not so good for data
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collected in the industrial environment (underestimated by a factor of 3). The
decision not to take contamination of the grass with the re-suspended soil
particles may explain these results. For the model based on gaseous deposition
on plants, the two means of estimating Dy, presented above have been tested,
but this model gave even lower results, with estimated concentrations 2 to 4
times less than those obtained with bioconcentration coefficients.

For PCDDs and PCDFs, it is therefore recommended to use the approach
based on bioconcentration coefficients. For other pollutants, the choice is less
obvious given the scarce data available to define air-plant bioconcentration
coefficients. There is an empirical relationship giving the air-plant
bioconcentration coefficient based on the octanol-water partition coefficient (By)
and the Henry constant (H) of pollutants, but it seems to overestimate
bioconcentration coefficients (cf. US EPA, 2005 and future documents on the
physico-chemical and transfer parameters of substances).

Finally, to define an appropriate value for this parameter from the scientific
literature, it is important to pay particular attention to the conditions under which
the data are obtained, as for other bioconcentration or transfer coefficients.
Available data for the air-plant bioconcentration coefficient generally relate to
the leaves. It appears that these data are not appropriate for plant products with
a lower specific surface area, such as fruit vegetables or fruits. Semi-volatile
and bioaccumulable organic substances, such as dioxins or
polychlorobiphenyls, are generally unsuited to migrating from the surface to the
interior of the plant. In addition, we recommend multiplying the measured
bioconcentration coefficient for a leaf by a correction factor (can be estimated
as the ratio of the surface area per unit weight of the vegetable or fruit
considered over the surface area per unit weight of the leaf) before using
equations 1.6.29 or 1.6.31.

1.6.4. CONCENTRATION IN THE PLANT ASSOCIATED WITH DEPOSITION
OF PARTICLES FROM THE SOIL

Pollutants adsorbed to soil particles can be resuspended by action of the wind
or mechanical actions. Splashes caused by the rain (‘rainsplash’ in the scientific
literature) also contribute to plant contamination by soil particles.

When there is little root uptake of pollutants, deposition of soil particles on the
surface of plants can be the predominant means of contaminating the organs of
plants located above the soil (eg. dioxins, for which the contamination of leaves,
fruits and seeds by root uptake is most frequently considered as nil). Thus, work
by Kryshev (1992), cited in the PNNL document (2006) shows that, around
Chernobyl, splashes of soil particles due to the rain represent 60 to 70% of the
contamination on the lower parts of cereals and perennial grasses.

There are two approaches for taking deposition of soil particles on plants into
account:

¢ the first consists of defining a percentage by weight of soil particles attached
to the plant, that cannot be removed by traditional washing of plants, as done
before they are eaten;

¢ the second consists of modelling the concentration of particles resuspended
in the air, then modelling deposition of the particles on plants, following the
same approach as used to estimate direct deposition of atmospheric particles
on plants (cf. section 1.6.2).
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1.6.4.1. USING THE FRACTION OF PARTICLES ATTACHED TO THE PLANT

This is the simplest approach: the impact of all the factors involved is combined
using a single parameter (plant height, foliage type, wind and rain intensity, soil
type). This approach is used in models such as CLEA (The Environment
Agency, 2002), CSOIL (RIVM, 2007), BIOMASS (IAEA, 2000) and EPRI (Smith
et al., 1996).

According to this approach:

Cdsp (T recolte) = Rsp X 6s,t St Equation 1.6.35

exp veg réc
Symbol Parameters Dimensions Units Status
Casp(Trécotte) Concentration in the plant due to deposition of particles | M.dry M- mg.dry kg! CorE
from the soil, at the time of harvest
Cot st Average pollutant concentration in the soil at the
"™ I beginning of the exposure period of the plants to
deposition  (germination date for fodder or leaf | M.M- mg.kg! CorE
vegetables, fruiting date for fruits and seeds) until the
time of harvest
Rsp Mass fraction of particles attached to the plant (=] - - E
rainsplash)
The pollutant concentration in the soil C,, ., to be used is the
1 texp,veg réc

concentration in the surface soil. If the soil layer has not been ploughed, the
estimated concentration in the first few centimetres of soil will be taken. For
ploughed or dug soil, the average pollutant concentration in the soil over the
worked soil depth will be considered. The pollutant concentration in the soil can
be estimated from the equations developed in section 1.1.2, with soil depth Zs
differing depending on the case.

Limits associated with using this equation are due to:
e the uncertainty attached to the factor Rgy.

Information sources to define this parameter actually seem to be relatively
scarce. The values used to define rainsplash are of the order of a few
percent of the dry weight of the plants. Some authors adjust this value
depending on the height of the plant;

e estimating the pollutant concentration on soil particles. The pollutant is
assumed to have a homogeneous concentration in the mixing zone
considered. But, as stated in section 1.1.2.3.6, this assumption is not
completely valid. In the case of atmospheric contamination, this assumption
may lead to underestimating the concentration of resuspended particles, as
the finest particles, once resuspended, are often the most contaminated.

1.6.4.2. USING THE PARTICLE DEPOSITION VELOCITY

This approach is used by several models in the radioecological field (eg.
ERMYN, US DOE, 2003; RESRAD, US DOE, 2001; us GENII-S, PNNL, 1988;
ECOSYS, Mdller et al., 1993).

According to this approach, deposition on the plant (Dy o p) iS estimated from the

pollutant concentration adsorbed to the particles present in the air and coming
from the soil, and the particle deposition velocity.

Ref.: DRC-14-141968-04378A Page 153 of 235




Dp_SOl_p :Cap_sol XVd_pSOl Equation 1.6.36
Symbol Parameters Dimensions Units Status
Dp_sol p Deposition of pollutant from the soil on plants (after | M.L-2.T- m2.s-1 CorE
T particles are resuspended from the soil)
Cap_sol Pollutant concentration in the air in particulate form 3 3
coming from the soil (cf. equations 1.2.1 and 1.2.2) ML mg.m Cork
Vd_psol Deposition velocity of resuspended soil particles L.T m.s! E

The pollutant concentration in plants due to deposition of resuspended soil
particles can then be estimated using the same approaches and same
eguations as presented in section 1.6.2.

To calculate deposition on plants, the pollutant concentration in air Cap soi Used
is that at the level of the plants. Cy, so Will be calculated from the pollutant
concentration in the surface soil. As in the previous section, the pollutant
concentration in the soil may be estimated from the equations developed in
section 1.1.2, with soil depth Zs differing depending on whether or not the soil
has been ploughed.

The soil particle deposition velocity depends on a lot of factors, such as particle
size, soil roughness and the weather conditions. Depending on these
conditions, the literature provides very variable data.

These two parameters, for which specific measurements are rarely available,
are sources of uncertainties.

1.6.4.3. COMPARISON OF THE TWO APPROACHES AND ADDITIONAL
COMMENTS ON THEIR USE

The US DOE (2003) compared numerical results provided by the ERMYN
model (using the approach based on the deposition velocity of particles from the
soil) and the BIOMASS model (using the approach based on the mass fraction
of particles attached to the plant) for contamination of plants by deposition of
particles from the soil. The two models give similar results for vegetables other
than leaf vegetables. Conversely, for leaf vegetables, ERMYN gives a
concentration one order of magnitude higher than that calculated using
BIOMASS. But it is not possible to draw general conclusions about the degree
to which one approach overestimates compared to another, because the results
cited above depend as much on the assumptions made for the equations (in
BIOMASS, adding an assumption about reducing the pollutant concentration in
leaf vegetables during preparation, an assumption not made in ERMYN) as on
those defined for the parameters. Additional work is required to compare these
approaches under identical conditions and with a well-distributed data set.

The results obtained with the equations in sections 1.6.4.1 and 1.6.4.2 generally
exhibit significant uncertainties, given the uncertainties attached to the values of
parameters used. In the context of an assessment of health risks, if plant
contamination by particles from the soil appears to contribute markedly to the
exposure of individuals (such as when direct uptake from the soil through the
roots is low or very low), it is necessary to compare the results obtained using
the two approaches and to discuss the uncertainties associated with estimating
the impact of this transfer phenomenon.

However, taking explicit account of this transfer mechanism from the surface
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soil to plants using one of the two above approaches assumes that the soil-
plant bioconcentration coefficient B, used in equation 1.6.2 does not already
consider possible contamination of the plant by resuspension of particles from
the soil (otherwise the impact of this phenomenon would be taken into account
twice). So it is advisable to look carefully at the protocol for estimating the
coefficient B,. Indeed, values of B, estimated from open field culture, in the
absence of greenhouses and mulching, a priori include the impact of soil
particles resuspended by the action of wind and rain.

Some models also refrain from describing this transfer mechanism using
specific equations, including its impact by means of the quantity of soil ingested.
INERIS does not recommend this last approach, given the scarcity of available
data to assign a value to the 'quantity of soil ingested' parameter. As far as we
know, there has actually been no study to define a quantity of soil ingested
based on the quantity of plant eaten and the growing conditions of these plants
(conditions that do or do not promote the resuspension of soil particles).
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1.6.5. CONCENTRATION IN THE PLANT ASSOCIATED WITH IRRIGATION
WATER

Irrigation water, whatever its type (surface or belowground), can contribute to
contaminating plants by pollutant inflow from the soil. Calculating soil deposition
by irrigation has been covered in section 1.1.2.2.2 and estimating the expected
concentration in the soil from a soil inflow in sections 1.1.2.4 and 1.1.2.5. The
contribution of irrigation water to contamination of the plant is therefore included
in the calculation of concentration due to direct uptake from the soil (C,p) and in
the calculation of the concentration due to deposition of particles from the soil
(CdSp)-

But irrigation can also be performed by spraying and in this case, in addition to
depositing water on the soil, there may also be pollutant on the foliage and
fruits. The pollutant concentration due to deposition on the aerial parts of plants
by irrigation can be estimated using the same approaches as those developed
for particulate deposition from the atmosphere (cf. section 1.6.2).

Deposition by irrigation must be treated as wet deposition. It is therefore
necessary to estimate the fraction of wet deposition that adheres to the plants
(calculation method from direct deposition on the edible parts: see equation
1.6.7) or the wet capture ratio (calculation method from deposition on the
foliage, then taking account of transfer to the edible parts). However it is worth
noting that the pollutant can be present in dissolved or particulate form in the
water deposited. Depending on the form in which the pollutant is present in the
water, there are different data or methods to estimate these parameters.

1.6.6. COMMENTS ON NOT CONSIDERING SECONDARY TRANSFER
PHENOMENA

As stated in section 5 of part A of this document, the calculation approaches
developed in this document do not obey the law of conservation of mass,
because secondary transfers are not always considered.

In this way, the quantity of pollutant taken up by the plant from the soil is not
deducted from the quantity of pollutant present in the soil. If we wished to
consider it, we would also have to take account of part of the plants returning to
the soil (residues left on site, leaves dropping, etc.).

Nor are the quantities of pollutant deposited on plants deducted from the
guantities of pollutant deposited on the soil. Taking them into account would
require that the initial fraction not intercepted by plants, plus the quantities lost
by plants due to the action of wind and rain are added to the contamination of
the soil over time.

Taking these items into account would make the model more complex and in all
probability more sensitive to the uncertainties of parameters describing the plant
contamination. The choice has been made to take a simplified and conservative
approach. This approach is consistent with those used in models for estimating
exposures (such as HHRAP, US EPA, 2005; HARP, CalEPA, 2003; CLEA, The
Environment Agency, 2002; CSOIL, RIVM, 2007; ERMYN, US DOE, 2003;
IAEA, etc.).
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1.7. ANIMAL PRODUCTS

To evaluate human exposure, it may be necessary to estimate the
contamination:

e of agricultural products (eggs, dairy products, meat),
e products from fishing (fish, shellfish),
e products from hunting (game meat).

As for products of plant origin, the number of animal products for which the
concentration has to be modelled depends on the context of the study
(exposure pathways for populations, degrees of specificity and precision sought
for the study). In the context of a typical agricultural scenario, milk, eggs and
meat are often considered. As the exposure conditions of animals are different,
a distinction is sometimes made between the pollutant concentration in meat
from cattle, pigs, sheep and poultry.

As part of an assessment of environmental risks or environmental monitoring, it
may be necessary to estimate pollutant concentrations in other animal species
(carnivorous fish, birds, earthworms, etc.).

The pollutant concentration in an animal tissue can be estimated from the
concentration in the animal's exposure medium (or media) or from the animal's
exposure dose. When the animal's exposure is due to several media (eg. water
and food ingested), it is more appropriate to use the animal's exposure dose.
But when exposure data for the animals are scarce, it is easier to make the
estimate from the concentration in the exposure medium, particularly for
animals whose diets are made up from a single food type or from a known
biotope.

For animal products from a farm and eaten by man, the most frequent approach
is based on the dose, because it takes explicit account of the animals' exposure
pathways. For wild animals, the approach based on concentration in the
exposure medium is more often used.

In the following sections, the method for calculating the pollutant concentration
for domestic animals and wild animals will be treated separately. This formal
distinction is based on the amount of information generally available for these
two categories of animals. However, there is nothing to prevent the approach
presented here for domestic animals being used for wild animals, if the
necessary data are available.

Depending on the animals and substances, we sometimes distinguish
bioconcentration and bioaccumulation, which are two very similar concepts.

Bioconcentration is the process by which living organisms, particularly those
living in water, can extract and concentrate chemical substances from the
environment surrounding them. Bioaccumulation also tends to take account of
uptake associated with food.

Conversely, there is currently no consensus on the mathematical expressions
for the terms 'bioconcentration coefficient’ and 'bioaccumulation coefficient'.

In what follows in this document, we will call:

e bioconcentration coefficient: the ratio of the concentration in the animal
tissue over the concentration in the animal's exposure medium (water for
aquatic organisms, food for other animals);
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e biotransfer coefficient: the ratio of the concentration in the animal tissue over
the daily exposure dose (or daily exposure dose administered to the animal).

The bioconcentration and bioaccumulation potential of a pollutant by an animal
depend on the absorption, distribution and elimination of the pollutant by the
organism. For organic substances, this potential generally increases with the
hydrophobic nature of substances.

Contaminant absorption by animals causes an increase in the quantity of
contaminant in the tissues of these animals until steady state conditions are
reached, when the quantity of pollutant absorbed equals the quantity of
pollutant degraded or eliminated. The lower the degradation and elimination
rates, the longer the time needed to reach steady state conditions and the
higher the corresponding concentration in the organism.

In most risk assessments, the pollutant concentrations in animal tissues are
calculated under steady state conditions, because pollutant intakes by animals
are assumed to be constant over sufficiently long periods that steady state
conditions are reached, and the aim is to estimate exposure and chronic risk. In
this case, the concentration in products of animal origin is calculated by
multiplying the concentration in the exposure medium or the animal's exposure
dose by the bioconcentration coefficient or the biotransfer coefficient,
respectively.

However, calculations can be performed with a dynamic approach. Such an
approach is useful 1) for evaluating concentrations in the tissues before
reaching steady state conditions, 2) for estimating the time needed for the
concentration to return to the prior level, after a period of high exposure, or 3) if
the animal's pollutant intake varies with time.

1.7.1. DOMESTIC ANIMALS

1.7.1.1. ANIMAL EXPOSURE DOSES

The exposure of animals principally takes account of intakes associated with
food, water and soil ingested. As part of a risk assessment for man, taking
account of the food chain is essentially relevant to non-volatile and semi-volatile
substances. For these types of substances, animal exposure by inhalation is
low and generally negligible compared to exposure by ingestion.

Food types to be considered depend on the study framework and the animals'
living conditions. In a chronic risk assessment (several years' exposure), even if
the way the animals are fed varies over the seasons, the quantities of food can
be averaged over the year. If conversely, you want to know about the change to
concentrations in animal tissues depending on their diet, it will be necessary to
define the pollutant, and therefore food, intake based on the seasons.

Exposure by soil ingestion will be based on the pollutant concentration in the
surface soil. The bioavailability of a pollutant from the soil may be different to
that observed from a foodstuff. Since bioconcentration or biotransfer coefficients
are often established from pollutant ingested with foodstuffs, a relative
bioavailability coefficient for the soil can be used to take this difference into
account (see definition in the glossary).

Hence:
D, =Y [Q)a%Cj +QaxCy ¥ By +Qeaya X Coau Equation 1.7.1
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Symbol Parameters Dimensions Units Status
Da Pollutant quantity to which the animal is exposed per | M.T-! mg.d-! CorE
unit time
Qa Quantity of matrix j ingested by the animal per unit time | M.T"" or L3.T-" | kg.d"' or I.d"! E
Ci Pollutant concentration in matrix | M.M-tor M.L-® [ mgkg'ormg.l! |CorE
Cs Pollutant concentration in the soil M.M-1 mg.kg! CorE
Qsa Mass of soil ingested by the animal per unit time M. T kg.d-! E
Bs Relative bioavailability coefficient of the pollutant from | - E
the soil
Ceau Pollutant concentration in the water M.L-3 mg.|" CorE
Qeava Quantity of water ingested by the animal per unit time L3.T+ l.d-1 E

Comment: the different matrices ingested by an animal or the matrices ingested
by different animals can come from varied exposure zones. In this case, for
each matrix, the measured or estimated concentration at the place from which
this matrix came should be used. If only the health impact attributable to the site
is to be taken into account, the quantities of matrices ingested by the animal
that do not come from the site must be subtracted from the total quantities of
matrices ingested by the animal.

1.7.1.2. CONCENTRATIONS IN ANIMAL TISSUES

1.7.1.2.1. STEADY STATE APPROACH

The quantity of pollutant to which the animal is exposed is multiplied by the
biotransfer coefficient:

Cai =Da xBraj Equation 1.7.2
Symbol Parameters Dimensions Units Status
Cai Pollutant concentration in tissue i of the animal MM-torM.L® |mgkg'ormgl' |CorE
(i=1for meat and i = 2 for eggs and milk)
Da Pollutant quantity to which the animal is exposed per | M.T-! mg.d-! CorE
unit time
Brai Biotransfer coefficient of the pollutant to tissue i of the | T.tissue M'or | d.tissue kg' or|{CorE
animal T.tissue L3 d.tissue I

In the absence of the data needed to complete the above equation, the
approach based on the concentration present in the exposure medium (or
media) and the bioconcentration coefficient is sometimes used.

Hence:
ZCJ- ij’a
T
a,l ZQJYa

j

C x BCF,; Equation 1.7.3
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and the biotransfer and bioconcentration coefficients are linked through the
following relationship:

BCF,;

Braj =—=—— Equation 1.7.4
2.Qja
i
Symbol Parameters Dimensions Units Status
Cai Pollutant concentration in tissue i of the animal M.M-" or M.L-3 mg.kg'ormg.lt |CorE
G Pollutant concentration in exposure medium j M.M-1 mg.kg’ CorE
Bra, Biotransfer coefficient of the pollutant to tissue i of the | T.tissue M-' or|d.tissue kg' or|CorE
animal T.tissue L3 d.tissue I
BCFa.i Bioconcentration coefficient of the pollutant in tissue i | Medium M.tissue | Medium kg.tissue | C or E
of the animal M1 or Medium|kg' or medium
M.tissue L3 kg.tissue I
Qa Quantity of medium j ingested by the animal per unit | M.T-! kg.d-! E
time

The main difficulty associated with using these relationships comes from
defining the biotransfer (Bra,) or bioconcentration (BCF,;) coefficients.

Thus, care must be taken with the dimensions of the values used for Bt,; and
BCF,;. Depending on the case, these values can be calculated from the
pollutant concentration measured in the animal fat, or from the pollutant
concentration expressed relative to the dry weight or fresh weight of animal
tissue.

Care must also be taken that the conditions under which these parameters were
defined were representative of the conditions studied by the user (same
exposure level, same type of animal, same exposure matrix and comparable
bioavailability of the pollutant). Future documents on the physico-chemical
parameters and transfer parameters of chemical substances will show the
important criteria for selecting appropriate values for these parameters.

Furthermore, if steady state conditions are not reached, the two ratios
‘concentration in animal tissue over animal exposure dose' and ‘concentration in
animal tissue over average concentration in sampled media' are not constant.
As a result, if a previously-unexposed animal experiences an exposure dose
(D1), using equations 1.7.2 or 1.7.3 with a biotransfer or bioconcentration
coefficient (estimated under steady state conditions) will lead to overestimating
concentrations in animal matrices, as long as steady state conditions are not
reached. Conversely, if the exposure dose changes from a value D; to a lower
value D,, the concentrations in the animal matrices estimated using this
approach will be underestimated so long as new steady state conditions are not
reached.

1.7.1.2.2. DYNAMIC APPROACH

1.7.1.2.2.1. CONCENTRATION IN THE ANIMAL'S BODY

Depending on the animal's metabolism, the absorbed substance may be
distributed in different tissues and a model with different numbers of
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compartments is needed to represent the future outcome of the substance in
the animal's body.

Only the simplest case, based on using a single compartment model, is
developed here. This compartment then represents all the animal's tissues in
which the pollutant is stored and the pollutant concentration in these tissues is
assumed to be uniform. Degradation and elimination phenomena are
represented by first-order kinetics.

Based on the assumptions described above for the one-compartment model,
we can state:

= =1apea X Dg —Kg xMyq — Ay xMy, Equation 1.7.5

where m.1: mass of pollutant in the animal's body,
tabs,a: absorption rate of the pollutant by the animal,
Da: pollutant quantity to which the animal is exposed per unit time,

ka: pollutant elimination coefficient to the milk or eggs by the animal (for cows, ewes,
chicken, etc.),

Aa: pollutant degradation and elimination coefficient by the animal by pathways other than
milk or eggs.

1. If taps.a, Da, Ka @and A, are constant, we can state:

t, xD
m,, () = % x(1—e et ) m (0)xe ket Equation 1.7.6

a a

m, +(0)
M. ()

If the mass of pollutant in the animal's body (m,1) is zero at instant O,
we obtain:

Ca,l (t) =

—(Ka+2,)xt

t D
and Ca . (t) — abs,a X Uy x (1_ e—(ka+/1a)xt )+
‘ (ky +4.)x M, (t)

e

t...xD
asa *Da (1_ e—(ka+za)xt) Equation 1.7.8
(ky +4,)x M, (1)
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Symbol Parameters Dimensions Units Status
Cas (1) Pollutant concentration at time t in the animal's body M.M-1 mg.kg’ CorE
Ma, (t) Mass of the animal tissues where the pollutant is stored, | M kg E

at time t (Ma1 does not include the excreted mass of
products such as milk or eggs)
Ma,1(0) Mass of pollutant in the animal's body at instant 0 mg E
Aa Pollutant degradation and elimination coefficient by the | T- d- E
animal by pathways other than milk or eggs
ka Pollutant elimination coefficient to the milk or eggs by | T+ d-! E
the animal (for cows, ewes, chicken, etc.)
tabs.a Absorption rate of the pollutant by the animal - - E
Da Pollutant quantity to which the animal is exposed per | M.T-! mg.d-! CorE

unit time

2. If tapsa, Da, kKa Or Ay vary over time, my1 must be integrated over time
intervals (At) where these parameters can be considered as constant, hence

t x D .
Mgy (t) = 222~ "2 (1— e (katAa)xaT )+ M (t— AT) x g (ath)aT Equation 1.7.9.
(ka +44)
M, (0) .
and C,,(t)= Equation 1.7.10
M., (t)
Symbol Parameters Dimensions Units Status
Ma,1 (1) Mass of pollutant at time t in the animal's body M mg CorE
Cas (1) Pollutant concentration at time t in the animal's body M.M-1 mg.kg-’ CorE
Ma, (t) Mass of the animal tissues where the pollutant is stored, | M kg E
at time t (Ma1 does not include the excreted mass of
products such as milk or eggs)

Aa Pollutant degradation and elimination coefficient by the | T d-! E
animal by pathways other than milk or eggs

ka Pollutant elimination coefficient to the milk or eggs by | T d-! E
the animal (for cows, ewes, chicken, etc.)

tabs,a Absorption rate of the pollutant by the animal - - E

Da Pollutant quantity to which the animal is exposed per | M.T-! mg.d-! CorE
unit time

3. If there is neither degradation nor elimination of the substance by the
animal's body, we can state:

Ca,l(T) =1

n

Z [Da (ti ) X tabs,a (ti ) X Ati ]
M a,l(T)

where i: iteration number between 1 and n,
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n
and > At =T.
i=1

and if D, and taps o are constant, we can state:

Da xT x tabs a .
C..M=—r—— Equation 1.7.12
M a,l (T)
Symbol Parameters Dimensions Units Status
Ca 1 (T) Pollutant concentration at time T in the animal's body M.M-1 mg.kg’ CorE
Ma,1 (T) Mass of the animal tissues where the pollutant is stored, | M kg E

at time T (Ma1 does not include the excreted mass of
products such as milk or eggs)

tabsa Absorption rate of the pollutant by the animal - - E

Da Pollutant quantity to which the animal is exposed per unit | M.T-! mg.d-! CorE
time

T Exposure duration of the animal T d E

Comment: For very lipophilic substances (eg. PCDD, PCDF, PCB), which are
almost exclusively stored in animal fat, the approach developed above can be
reserved for the fat compartment. In this case, C, 1 is the pollutant concentration
in animal fat and M, 1 is the mass of fat in the animal. The concentration in meat
can then be estimated from the pollutant concentration in lipids and the
proportion of fat in the meat.

1.7.1.2.2.2. CONCENTRATION IN EXCRETED PRODUCTS (MILK AND
EGGS)

The pollutant concentration in excreted products (milk and eggs) can be
estimated using the following differential equation:

dm, ,
dt
where ma2: mass of pollutant excreted by the animal,

ka: elimination coefficient for the substance to the milk or eggs by the animal (for cows,
ewes, chicken, etc.),

ma,1: mass of pollutant in the animal's body,

=k, XMy 4 Equation 1.7.13

or C,, ><TY"'Ma,Z XTzka xMgy Equation 1.7.14

where Ma2: mass (or volume) of matrix produced by the animal since instant 0,
and  Ca2: concentration in the matrix (milk or egg) excreted by the animal at time t.

If over the period AT considered, concentration variations in the excreted
matrix are negligible, we can state:

Ky xmgyy x AT
AM

where AMa2: variation in mass (or volume) of matric produced by the animal during period AT.

Cap(AT) = Equation 1.7.15
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If AT equals one day, if tapsa, Da, Ka @and A, are constant and if the mass (or
volume) of matrix produced per day by the animal is constant and equals M/, 5,
then the average concentration at day j in the excreted matrix is given by:

ky x Ma1 ®)

C = :
M2,

a,2,moy_j

Equation 1.7.16

If tavs.a, Da, Ka @and A, are constant, we can state:

a2moy_j — 0 i
ka +ﬂa M;,Z Ma{,Z (ka +ﬂa)
Equation 1.7.17
Symbol Parameters Dimensions Units Status
C., .| Average pollutant concentration in the matrix (milk or | M.M-*or M.L® | mg.kg*ormg.l* |CorE
&,,moy_J egg) excreted by the animal at day j
Ma,1(t) Mass of pollutant in the animal's body at day | M mg E
Aa Pollutant degradation and elimination coefficient by the | T d-! E
animal by pathways other than milk or eggs
ka Pollutant elimination coefficient to the milk or eggs by | T+ o E
the animal (for cows, ewes, chicken, efc.)
tabs.a Absorption rate of the pollutant by the animal - - E
Da Pollutant quantity to which the animal is exposed per | M.T-! mg.d-! CorE
day
Ma,1(0) Mass of pollutant in the animal's body at instant 0 M mg E
Mia 2 Mass or volume of matrix produced per day by the | M.T- kg.d-" or I.d"* E
animal
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1.7.1.2.3. TIME NEEDED TO REACH STEADY STATE CONDITIONS AND
ESTIMATE OF TRANSFER COEFFICIENTS

When M, is constant, it can be considered that C,; is close to steady state
conditions if:

tabsa X Da

Cyyn———— Equation 1.7.18
" (kg +4a)xMg,y

orif et 50 Equation 1.7.19

(cf. equation 1.7.8)

Hence, when t >

k,+ A,
e (et 20,05 Equation 1.7.20
As a result, if animals are exposed to a constant quantity of pollutant (D,) over

. . 3
time, beyond an exposure duration of ———, the approach based on transfer
a a

coefficients and steady state conditions gives results similar to the dynamic
approach.

According to equations 1.7.2 and 1.7.18, we can therefore state:

t :
Br.i = e Equation 1.7.21
(ka + /1a) X M a,l
Symbol Parameters Dimensions Units Status
Bra,1 Biotransfer coefficient in the animal's body T tissue M- d.tissue kg! CorE
Ma,1 Mass of the animal tissues where the pollutant is stored, | M kg E

(Ma1 does not include the excreted mass of products
such as milk or eggs)

Aa Pollutant degradation and elimination coefficient by the | T-! d-! E
animal by pathways other than milk or eggs

ka Pollutant elimination coefficient to the milk or eggs by | T d-! E
the animal (for cows, ewes, chicken, etc.)

tabsa Absorption rate of the pollutant by the animal - - E

Comment: if the pollutant is stored mainly in fat tissues and Br, 1 is the transfer
coefficient in animal fat, the transfer coefficient in meat is calculated by
multiplying equation 1.7.21 by the proportion of fat in the meat.

The expression for biotransfer coefficient in excreted products (milk and eggs)
can be deduced from equation 1.7.14. According to this equation, we can state:

dcC k, xM C dMm .
a2 _ KaxMgyxCyy 1 a2 Equation 1.7.22

= — aZX_X

dt M a'2 ' M a'2 dt

If Ma1 is constantand M, (t) =M, xt,
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dcC k,xM,,xC C .
then —22 -2~ —al”ral 7a? Equation 1.7.23
dt M1 xt t

a,2

Under steady state conditions, we obtain:
_ ka X Ma,l ><Ca,l

]

a,2

Equation 1.7.24

Ca,Z

and according to equations 1.7.2 and 1.7.18, we can therefore state:
k tabs,a
X

B,,=—2 . Equation 1.7.25
k,+4, M],
Symbol Parameters Dimensions Units Status
Bra2 Biotransfer coefficient in products (milk and egg) | T.tissue M or|d.tissue kg or|CorE
excreted by the animal T.tissue L3 d.tissue I
Mia 2 Mass or volume of matrix produced per day by the | M.T-" or L3.d"! kg.d-' or l.d-* E
animal
Aa Pollutant degradation and elimination coefficient by the | T-! d-! E
animal by pathways other than milk or eggs
ka Pollutant elimination coefficient to the milk or eggs by | T~ d-! E
the animal (for cows, ewes, chicken, etc.)
tabsa Absorption rate of the pollutant by the animal - - E
Comments:

1. If the absorption rate is not known, it can be taken as 1, as a first approach,
which assumes total absorption of the pollutant from foodstuffs and water
ingested, and is therefore a conservative approach.

2. If A4 equals 0, the equations for calculating concentrations in animal tissues
are simplified.

Thus,
t
Bra,=—— o — Equation 1.7.26
' ka x M a,l
tabsa .
and By, , =—= Equation 1.7.27
M.,

3. The equations presented in section 1.7.1.2.2 to estimate concentrations in
the animal's body and excreted products using a dynamic approach are
based on the animal's exposure dose. Equations of the same type can be
written using the concentration in the exposure medium (or media) (cf.
section 1.7.2.2).
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In fact, equation 1.7.5 can be replaced by:

dm =
d:\,l —tapsa XQa X C 0 —KaMyy — AaMy, Equation 1.7.28

where ma 1: mass of pollutant in the animal's body,
tabs,a: pollutant absorption rate by the animal,
ka: pollutant elimination coefficient to the milk or eggs by the animal (for cows, ewes,
chicken, etc.),

Aa: pollutant degradation and elimination coefficient by the animal by pathways other than
milk or eggs,

Qa: total quantity of matrix (matrices) ingested by the animal per day (= ZQ ia)
i

C; a: Weighted average of pollutant concentrations in the matrix (matrices) ingested by the

ZCJ XQj,a
animal (C; , = ),

2.0
j

dm,, _ ,
hence s Kabs.a XCja —KaMag =AMy Equation 1.7.29

Where Kps, =tapsa xQa Equation 1.7.30

The resulting expressions for C,1 and C,, are identical to those developed

above, with K, , xC; , replacing t,, xD, .

1.7.2. WILD ANIMALS

The pollutant concentration in the animal's body is calculated from the
concentration in the animal's exposure medium (or from the average
concentration in the exposure media).

As before, it can be estimated using a steady-state or dynamic approach.
1.7.2.1. STEADY STATE APPROACH

C,=C,. xBCF, Equation 1.7.31
Symbol Parameters Dimensions Units Status
Ca Pollutant concentration in the animal's body M.M-1 mg.kg! CorE
BCFa Bioconcentration coefficient in the animal's body | Medium  M.tissue | Medium kg.tissue kg- | C or E
M1 or Medium | or  medium
L.tissue M- m3.tissue kg!
Cre Concentration in the animal's exposure medium | M.M-! or M.L-3 mg.kg-! or mg.m-3 CorE
or media
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Comments:

1. For fish, the exposure medium is water. However, depending on the data
sources, the bioconcentration coefficient is defined relative to the pollutant
concentration in dissolved form or relative to the pollutant concentration in
the water in particulate and dissolved forms. It is therefore important that the
concentration used is consistent with the definition of the bioconcentration
coefficient. In certain cases, a bioconcentration coefficient may also have
been defined relative to the concentration in sediments (we refer in
preference to a bioaccumulation coefficient) and the concentration to be
used is therefore that in the sediments.

2. For certain substances, pollutant concentrations in predator organisms are
higher than in the organisms these predators consume (relative to the fat
content). This is then called bioamplification and we may then have to
estimate pollutant concentrations throughout the trophic chain.

Under steady state conditions, we can state:
Cpred = Cproie X BCF preq Equation 1.7.32

where Cpred: pollutant concentration in the predator animal,
BCFpreq: bioconcentration coefficient relating to the predator,
Coroie: pollutant concentration in the prey,

Cproie = Cme x BCF
=C,, xBCF

proie

hence C x BCF e Equation 1.7.33

pred proie

BCFpea is sometimes called the biomagnification coefficient (English
alternative to bioamplification).
1.7.2.2. DYNAMIC APPROACH

As before, the approach consists of representing the animal using a single
compartment and the differential equation expresses exchanges between the

exposure medium and the animal over time.
dm

d_'[a =Ky g XVipe XCpe —Kg oM, —A5M, Equation 1.7.34

where ma: mass of pollutant in the animal's body,
k1,2 absorption rate of pollutant by the animal's body,
Vme: volume of the exposure medium,
Cme: concentration in the exposure medium,
k2,a: elimination coefficient for the pollutant by the animal's body,
\'a: degradation coefficient of pollutant by the animal's body.
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Comment: In the case of fish, the exposure medium is surface water and
k, . xm, Is the quantity of pollutant discharged into the water per unit time by the

fish. If the quantity of pollutant in the water is much greater than the quantity of
pollutant in the fish, we can consider that Ce is not modified by k, , xm, .

1. If Che, k1,4, k22 @nd A’; are constant, we can state:

k,. xV_ xC , ,
m, (t) = “"k e = me x(l—e’(kz'a”a)“)jt m, (0) x @ e Equation 1.7.35
2,a + a
(kg o +45)xt
And c, @)= Kia*Cre (1—e*(ka”“é)“) 4 Ma (0)xe Equation 1.7.36

(kz,a +;Lz;)XMa(t) Ma(t)

where K, =k, xV, Equation 1.7.37

me

The mass of the animal's body (M,) is often considered as constant
over time. Furthermore, if the mass of pollutant in the animal's body
(my) is zero at instant 0, then it is possible to state:

K,,xC _ .
C,(t)= M (1— g et hadt ) Equation 1.7.38
(Kpa +45)xM,
Kia —(Kg 0+ A5 )xt .
o C,()=—txC,, x[1—e e Equation 1.7.39
K2,a
where K, , =(k,, +A)xM, Equation 1.7.40
Symbol Parameters Dimensions Units Status
Ca () Pollutant concentration in the animal's body attimet | M.M-! mg.kg-’ CorE
Crme Pollutant concentration in the exposure medium M.L-3 mg.m-3 CorE
Kia Mass transfer coefficient from the exposure medium to | Medium L3. T-* | Medium m3.d" |E
the animal's body
K2a Mass transfer coefficient from the animal's body to the | Tissue M.T- Tissue kg.d' |E
exposure medium
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Comment: under steady state conditions,
body (C,) is constant and we can state:

K

l,a
= X Cme

2,a

From this we deduce,

Kla
BCF, =

2,a

the concentration in the animal's

Equation 1.7.41

Equation 1.7.42

2. If Che, K14, K24 Or A’4 Vary over time, equation 1.7.34 must be integrated over
time intervals (AT) where these parameters can be considered constant:

K, ., x
hence m, (t) = —2

C — ! )x — )%
me x(l—e (Kp 2 +25)%AT )+ m, (t—AT)xe (Kp. 4 +25)XAT

Equation 1.7.43.

(kza +4a)
K ' — . .
and  C,(t)=—2xCpp x ﬁ—e"kzva”a”“ )+Mx g (Keat AT Equation 1.7.44

Kza Ma(t)
Symbol Parameters Dimensions Units Status
Ca (1) Pollutant concentration in the animal's body at time t | M.M-1 mg.kg-’ CorE
ma (t) Mass of pollutant in the animal's body at time t M mg CorE
Ma (t) Mass of the animal's body at time t M kg E
Cre Pollutant concentration in the exposure medium M.L3 mg.m-3 CorE
Kia Mass transfer coefficient from the exposure medium to | Medium L3. T-* | Medium m3.d" | E

the animal's body

K2a Mass transfer coefficient from the animal's body to the | Tissue M.T-! Tissue kg.d' |E

exposure medium
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2. ESTIMATION OF EXPOSURE LEVELS
Calculations of exposure levels by:

e respiratory pathways,

e oral pathways,

e dermal pathways,

are presented one after the other.

To calculate sub-chronic and chronic risks, it is necessary to calculate average
exposure levels over durations extending from a few days to several years.
These average exposure levels must be calculated as the average of exposure
levels over the exposure period. As stated in section 1.1.2, an average external
exposure dose for a given duration can sometimes also be estimated from
average concentrations in exposure media, if these concentrations can be
calculated easily using an analytical expression and if the exposure parameters
of the receptor can be considered as constant over this period (cf. sections 2.2
and 2.3.2).

2.1. EXPOSURE BY INHALATION

The concentration inhaled (Ciyn) is calculated as the sum of the pollutant
concentration in gaseous form (C,g) and the pollutant concentration in inhalable
particulate form (Cap_inh):

Cinh = Cag +Cap_inh Equation 211

Cap inh IS generally compared to the pollutant concentration adsorbed to
particles with diameters less than or equal to 10 um (cf. section 1.2.1).

The average inhaled pollutant concentration is calculated as the sum of
concentrations in different places (‘outdoor areas and/or indoor areas'), visited
during the exposure period, weighted by the time fraction spent in each place.

The average inhaled concentration over the exposure period (dexp) from Ty to T»
is therefore given by:

Zn‘,cinh () x At;

Cinp (dexp) == Equation 2.1.2
in exp T,-T,

where At;: period during which the inhaled concentration equals Cinn(ti),

n
i=1

n: number of time increments,

i: iteration number between 1 and n.
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Symbol Parameters Dimensions Units Status
Cinn (dp) ,(’j\verage concentration inhaled over the exposure period ML mg.m- CorE
exp
Cinn(ti) Concentration inhaled at time t; M.L3 mg.m-3 CorE
At Period during which the inhaled concentration equals | T d E
Cinn(ts)
Cap_inh ]I(:(’)c:IrITl]Jtant concentration in the air in inhalable particulate ML mg.m- CorE
Cag Pollutant concentration in the air in gaseous form M.L-3 mg.m-3 CorE
dexp Duration of the exposure period considered: dexp = T2-T1 | T d CorE
T Beginning of the exposure period T d E
T2 End of the exposure period T d E
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2.2. EXPOSURE BY SOIL INGESTION

The exposure dose by soil ingestion (Es) is given by:

E, - Qs_p x (B:s,ing x By Equation 2.2.1

where Csng: pollutant concentration in the ingested soil or in the soil fraction of ingested dust,

Bs: relative bioavailability coefficient of the pollutant in the soil (compared to the
bioavailability of pollutant in the matrix used to determine the toxicological reference value),

Bw: body mass of the receptor,
Qs_p: quantity of soil and dust (weighted by the soil fraction in the dust) ingested:
Qs p =Qs +Qpous* s pous Equation 2.2.2

where Qs: quantity of soil ingested,
Qpous: quantity of dust ingested,
and  fs_pous: SOl fraction in the dust.

Comments:

1.

Given the quality of data available to estimate soil and dust quantities
ingested, it is difficult to distinguish soil quantities ingested through exterior
soil and through dust.

. Cs,ing IS generally defined as the pollutant concentration in the surface soil.

Since soil particles adhering to the fingers are the finest particles, this fraction
can have a different concentration, often higher than in the soil in situ. The
assessor can therefore define the concentration in the ingested soil as the
concentration measured in this fraction (US EPA (1994), in the user guide for
the IEUBK model, recommends using the concentration measured in the
fraction smaller than 250 pum) or weight the concentration modelled in the
surface layer by an enrichment factor. But the definition of this value for this
parameter can also be a source of uncertainties.

. As Qs p is generally defined on the basis of a soil mass ingested per day,

Cs,ing Can then be estimated from the average of concentrations in soils in the
places visited by the receptor during one day, taking account of the time
fraction spent in each place and the type of activities carried out in these
places (activities that do or do not promote contact with the soil).

. The bioavailability of the pollutant from the soil may be different (it is often

less) from that observed when the pollutant is diluted in water or ingested
with foodstuffs. To take account of the difference in bioavailability between
the pollutant ingested with soil and that for the pollutant on the matrix used to
establish the toxicological reference value, a relative bioavailability coefficient
can be used. But little data are available as yet to define this parameter.
Work (Caboche, 2009) has shown the possibility of estimating the relative
bioavailability of certain pollutants in soil from the bioaccessibility of these
pollutants measured using in vitro methods (INERIS, 2010). But in the
absence of data, a default, over-estimating value of 1 is generally assigned to
the coefficient Bs.
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Over the exposure period (deyp) lasting from T, to T,, the average exposure
dose by soil ingestion is calculated as the average of pollutant doses ingested
from the soil from T;1 to T,. If dexy IS broken up into n sub-periods each of
duration At;, for which the exposure dose Es (1) can be considered constant,
then:

n
B 2 Es(t)xAt,
Es(dexp) = IleT Equation 2.2.3
where i: iteration number (number of the sub-period considered) between 1 and n,

n
and D AL =T,-T,
i=1

Symbol Parameters Dimensions Units Status

E_s(dexp) Avgrage exposure dose by soil ingestion over the exposure | M.M-1.T-1 mg.kgt.d! |C
period dexp

Es(t) Exposure dose by soil ingestion at time ti M.M-1. T mg.kg'.d' |C

Ati Period during which the exposure dose equals Es(ti) T d E

Csing Pollutant concentration in the ingested soil M.M-1 mg.kg! CorE

Qs_pous Mass of soil and dust (mass of dust expressed relative to | M.T- kg.d-! CorE
the concentration in the soil) ingested per unit time

Qs Mass of soil ingested per unit time M. T kg.d-! E

Qpous Mass of interior dust ingested per unit time M.T- kg.d-! E

fs_pous Soil fraction in the dust - - E

dexp Duration of the exposure period considered: dexp = T2-T T d CorE

T Beginning of the exposure period T d E

T2 End of the exposure period T d E

B Body mass of the receptor M kg E

Bs Relative bioavailability coefficient of the pollutant in the soil |- - E

(compared to the bioavailability of pollutant in the matrix
used to determine the toxicological reference value)

Comment: if Qs p, Bs and By can be considered as constant over the exposure
period dexp, the average exposure dose by soil ingestion over this period can
also be written:

Cs,ing (dexp) X Qs_ p x Bs

5 Equation 2.2.4

E_s(dexp) =

w

where C, ., (d.,,): average pollutant concentration in the ingested soil (cf. section 1.1.2.5) and

in the soil fraction of ingested dust during the period dexp.

exp
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2.3. EXPOSITION BY INGESTION OF FOODSTUFFS

2.3.1. CALCULATION OF CONCENTRATIONS IN PRODUCTS OF PLANT AND
ANIMAL ORIGIN CONSUMED BY MAN

1. On a farm, consumed products of animal origin come from different animals
making up a herd or flock. These different individuals may have been
exposed over diff periods from concentrations in different media. Depending
on the study requirements, the assessor may need to estimate the average
or maximum concentration at a given instant in the animal matrices within the
herd or flock.

2. The calculation methods presented in sections 1.6 and 1.7 are for
concentrations in products before preparation. The preparation of food from
raw products can, depending on the situation, reduce or increase the
pollutant concentration of the product consumed compared to the raw
product.

Thus, washing and peeling tend to reduce the pollutant concentration in
products. In this case, a ‘decontamination coefficient' (fsec) can be used to
take account of this reduction of the concentration in the product actually
consumed (Cprod cons) compared to the concentration in the raw product

(Cbrut)-

C =C, xf

prod_cons brut déc

Equation 2.3.1

faec IS between 0 and 1. A conservative approach is very often selected and
faec IS @assumed to be 1.

Conversely, certain food products can be prepared by concentrating a base
product.

For example, cheese or butter made from milk have a much high fat
concentration than the milk. For very lipophilic pollutants, the pollutant
concentration in the cheese or butter will be much higher than in the milk. For
these pollutants, the exposure dose associated with dairy products should be
estimated:

e either from the pollutant concentration in the fat and the sum of fat
guantities consumed in different milk-based products,

¢ or from the pollutant concentration of different dairy products multiplied by
the quantities consumed expressed in fresh weight for each product. In
this case, the pollutant concentration in the dairy product considered can
be estimated from the concentration in the milk and the ratio of fat content
between the two products.

t

Cprod_lacté = CIait X ~lp_prod_facte Equation 2.3.2
lip_ lait
where Cprod_lacte: concentration of lipophilic pollutant in the dairy product, expressed as
fresh weight,

Cuait: concentration of lipophilic pollutant in the milk, expressed as fresh weight,
tiip_prod_lacte: lipid content in the dairy product,
tip_iait: lipid content in the milk.
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2.3.2. CALCULATING THE EXPOSURE DOSE ASSOCIATED WITH
INGESTION OF FOODSTUFFS
To evaluate risks due contamination of the site, only the fraction of foodstuffs
from the zone affected by the site studied should be considered.

The exposure dose by ingestion of food (including water if the water source
used for human consumption is affected by the contamination of the site
studied) is given by:

ZQprod_cons,j ><Cprod_cons,j x fprod_cons_exp,j
i

prod_cons =
Bw

E Equation 2.3.3

where Qprod_cons,: quantity of food product j consumed by the receptor,
Chprod_consj: pollutant concentration in food j,

forod_cons_exp,: fraction of food quantity j consumed and exposed to the contamination of the
site,

Bw: body mass of the receptor.

Comment:

The exposure dose associated with ingestion of food products affected by the
site is expressed as a function of the quantities of foodstuffs ingested. It should
be emphasised that, depending on the studies, the protocols used to estimate
the quantities of food consumed by individuals vary. In some cases estimates
may be based on purchases. Since the quantities actually ingested are smaller,
an additional loss factor can be introduced where appropriate.

Over the exposure period (dexp) lasting from T, to T, the average exposure
dose by ingestion of foodstuffs is calculated as the average of pollutant doses
ingested from the foodstuffs from T; to T». If deyp is broken up into n sub-periods
each of duration At;, for which the exposure dose Eprod_cons (L) can be considered
constant, then:

n
Z E prod _cons (ti ) X Ati

Eprod _cons (dexp) =1 Tz —Tl Equation 2.34

where i: iteration number (number of the sub-period considered) between 1 and n,

n
and DAL =T,-T,
i=1
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Symbol Parameters Dimensions Units Status

m(dexp) Average exposure dose by ingestion of foodstuffs over | M.M-1.T-1 mg.kg'.d' | C

the exposure period dexp
E oro d_cons(ti ) Exposure dose by ingestion of foodstuffs at time t; M.M-1.T mg.kg'.d? |C
Al Period during which the exposure dose equals|T d E

E prod_cons(ti )

Qprod_cons, Quantity of food product j consumed by the receptor M.T kg.d-! E
Chprod_cons; Pollutant concentration in foodstuff j M.M-1 mg.kg! CorE
forod_cons_exp) Fraction of food quantity j consumed and exposed to |- E

the contamination of the site
dexp Duration of the exposure period considered: dexp = T2-T1 | T d CorE
T Beginning of the exposure period T d E
T2 End of the exposure period T d E
Bw Body mass of the receptor M kg E

Comment: If Qprod_cons,j» forod_cons_exp,j @Nd By, can be considered as constant over
the exposure period dey, the average exposure dose by ingestion of plant and
animal foodstuffs over this period can also be written:

E

prod_cons(d exp) =

zQprod_cons’j xC prod_cons, j (d exp) x fprod_cons_exp,j

]

B

w

where Qprod_cons: quantity of food product j consumed,

Equation 2.3.5

Corod_cons j (dexp) - @verage pollutant concentration in foodstuff j during period dex (for
plants, the concentrations are again the concentrations after harvest, of course).
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2.4. EXPOSURE OF BABIES BY INGESTION OF BREAST MILK

The exposure of a baby is estimated from the contamination level in the breast
milk.

2.4.1. CONCENTRATION IN BREAST MILK
A great many pollutants have been found in breast milk (US EPA, 1998):

e very lipophilic pollutants (such as polychlorodibenzodioxins and
polychlorodibenzofurans, etc.), which are almost exclusively in the lipid
phase of the milk,

e substances with lower octanol-water partition coefficients (such as phenols,
certain aldehydes, etc.), present in both the lipid and aqueous phases of the
milk,

e inorganic compounds and organo-metallic substances. Metallic substances
are generally present in the aqueous phase and bound to proteins, peptides
or amino acids. Certain organo-metallic substances and certain metalloids
can be present in both the lipid and aqueous phases.

In the same way as for products of animal origin, modelling pollutant
concentrations in breast milk will be presented using simple approaches. Multi-
compartmental models taking account of the distribution and transfer of
pollutants between different tissues (pharmacokinetic models) go beyond the
scope of this document. These models as used to estimate pollutant
concentrations in the mother's different tissues and milk over time. But the
compartments considered depend on the substance studied and numerous
specific parameters are needed for each substance. For more information about
these models, the reader should refer to publications such as Verner et al.
(2009), who produced and tested a pharmacokinetic model for persistent
organic pollutants.

2.4.1.1. ESTIMATE BASED ON THE TRANSFER COEFFICIENT

In the same way as for products of animal origin, the pollutant concentration in
milk is sometimes estimated from the mother's exposure and a biotransfer
coefficient:

C D xB Equation 2.4.1

lait_mat = Un T _lait_mat
Symbol Parameters Dimensions Units Status
Coait_mat Pollutant concentration in the breast milk M.M-1 mg.kg-! CorE
Dm Quantity of pollutant to which the mother is exposed | M.T-! mg.d-! CorE
per day (daily external exposure dose multiplied by the
mother's body mass)
BT ait_mat Biotransfer coefficient of the pollutant to the breast | T.milk M- d.milk kgt CorE
milk

Comment: for very lipophilic substances, the biotransfer coefficient can be
related to the lipid fraction of the milk and the concentration in the milk can be
calculated by multiplying the pollutant concentration in the lipid phase by the fat
content of the breast milk.
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2.4.1.2. ESTIMATE BASED ON THE LOSS RATE OF THE POLLUTANT

Depending on the available data, two approaches can be used to estimate
concentrations in breast milk over time.

The first is identical to that used for milk and eggs produced by animals. It
assumes that the rate of pollutant elimination or transfer to the breast milk is
known. The second, from US EPA (1998), consists of calculating firstly the
concentration in the lipid phase of the milk and secondly the concentration in
the aqueous phase. This approach assumes that the pollutant concentration in
the lipid fraction of the milk equals the pollutant concentration in the mother's
fatty tissues.

24.1.2.1. FOR CASES WHERE THE ELIMINATION CONSTANT IN BREAST
MILK IS KNOWN

The pollutant mass balance in the mother is described by the following

differential equation:
dm,
dt :tabs,m

where mm: mass of pollutant in the mother's body,

Dm: quantity of pollutant to which the mother is exposed per day (daily external exposure
dose multiplied by the mother's body mass),

kp: loss coefficient from the mother's body (degradation and/or excretion),
tabs,m: pollutant absorption rate by the mother.

x D, —k, xm, Equation 2.4.2

1. If taps,m, Dm @and kp are constant, integrating this equation leads to:
my, (t) = tabST(—XD’“x ﬁ—e"‘*’“ )+ m,, (0)xe ™ Equation 2.4.3
p
where mm(0): mass of pollutant in the mother's body at t=0.

2. If tapsm, Dm OF K, vary over time, my, must be integrated over time intervals
(At) where these parameters can be considered as constant:

t xD —K.x —k . x 1
hence m, =wxﬁ—e Kpxat )+mm(t—At)><e kpxat Equation 2.4.4

p

The loss coefficient (k) varies over the course of the woman's life.
= Before the breast-feeding period (t < tpre an),
k, =k

p — “pré_all

As a result, if tapsm, Dm and k, are constant before breast-feeding, the
mass of pollutant in the mother's body at the moment breast-feeding begins
equals:

tpsm XD K Xt Ko ,
mm (tpré_a”) :%X(l_e k;1re7a|l tpreiall )+ mm (O)xe kpreiall tpreiall Equatlon 245

pré_all

where tors ai: breast-feeding start date,
and taking a sufficiently large value ty¢ a1, We can state:
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t x D K .
My (e an) zMX(l—e ore_at t”’”") Equation 2.4.6

pré_all

» During the breast-feeding period, excretion of milk is expressed as an
additional pollutant loss.

The loss coefficient (k) then equals:
Ky =Kpre an +Kay Equation 2.4.7

p

where kai: pollutant elimination coefficient to breast milk.

For t >ty an, if tabs,m, Dm, Kpre_an @and kg are constant, then:

t xD
~(Kprs_an+Kan)x(t—tpee an) absm m —(Kpre_an+Kan )><(t—tprs_an)
mm(t):mm(tpré a”)Xe pre_all =7l pre_a +—X(l_e pré_all TRa pré_a )
- Kpre_an +Kan

Equation 2.4.8

and if the quantity of pollutant to which the mother is exposed per day
is the same before and after the start of breast-feeding, we can state:

t x D _ X - x(t—
mm (t) — at;jvm m X(l—e kpréiall tore_al )Xe (kpréiall-*—kall) (t tpréiall)
t
+
k

pré _all

Equation 2.4.9
x D,

absim % 1_ e_(kpréiall+ka|l)x(t_tpré7all) )

ore_all T Kay

The concentration in breast milk at time t (> tpre_an) can be calculated using
the following differential equation:

dmlait_mat

= Kaxmy Equation 2.4.10

where miait mat: mass of pollutant eliminated in breast milk,

dM

C lait _mat dCIait __mat
or lait _mat x

dt lait _mat x dt
where Miait_ mat: mass of milk produced by the mother from instant tprs an.

=K,y xm,, Equation 2.4.11

If over the period AT considered, concentration variations in the milk are
negligible, we can state:

Kap XMy, x AT
M lait _mat (t) -M lait _mat (t - AT)

If AT equals one day and if the quantity of milk produced per day by the mother
equals lnour 1aity the average concentration at day j in the breast milk is given by:
Ko xm (t
Chait_matmoy_j ZM Equation 2.4.13
- - Inour_lait

and  Cpip mat (AT) = Equation 2.4.12

If tabs,m, Dm, Kpre_an @and Kqi are constant, we can state:
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CI ) o ka” XtabS,m X Dm % (1_ e*kpre’_autire’_an )X e*(kpré_an*ka||)><(t*tpré_au)
ait _mat,moy_j —
I . xk

nour _lai pré _all

kall X tabs,m X Dm 1 7(kpré_all+kall)X(tftpré_all))

+ X\L—€e
I nour _ lait X (k pré _all + kaII )

Equation 2.4.14

The average pollutant concentration in breast milk during the breast-feeding
period (Ta) is obtained by integrating equation 2.4.10 over the entire breast-
feeding period:

1 1_e_kpre’_all><tpré_all 1
_ k. xt x D x -
Clait_mat = I—a” alfs,m i K X Tall I(pre’_all I(pré_all + I(all
nour_lait X( pré_all + all) XG__e_(kpré,a"*kall)ﬂall )+1
Equation 2.4.15
Symbol Parameters Dimensions Units Status
Crait_mat_moy_j Average pollutant concentration in the breast milk | M.M-1 mg.kg’ CorE
atday |
mm (f) Mass of pollutant in the mother's body at day j M mg C
(_:I  mat Average pollutant concentration in the breast milk | M.M-1 mg.kg! CorE
ait_ma during the breast-feeding period (Tar)
Inour_tait Quantity of breast milk ingested by the baby M.T- kg.d-! CorE
I it Average quantity of breast milk ingested by the | M.T- kg.d-! CorE
nour_tat baby during the breast-feeding period (Tai)
Dm Quantity of pollutant to which the mother is | M.T- mg.d-’ CorE
exposed per day (daily external exposure dose
multiplied by the mother's body mass)
tabs,m Absorption rate of the pollutant by the mother - - E
Kpré_all Pollutant loss coefficient from the mother's body | T- d-! E
excluding breast-feeding
Kall Pollutant elimination coefficient to the breast milk | T+ d-! E
Tan Breast-feeding period T d E
Comments:

1. The approach requires prior data on the elimination coefficient for the
pollutant studied into breast milk.

2. The average pollutant concentration in breast milk at day j (Ciait_mat,moy j Can
be calculated using the same approach as above, with parameters (D, Kai)

varying with time, by integrating %over time increments where these

parameters can be considered as constant.

2.4.1.2.2. ESTIMATE USING THE US EPA APPROACH

This approach, used by Smith et al. (1987) and Sullivan et al. (1991) for dioxins
and furans, substances present almost exclusively in fats, is based on the
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assumption of equality between the pollutant concentrations in the lipid
phase of breast milk and the mother's fat tissues. The pollutant transfer rate
to the breast milk is defined here as a function of the quantity of milk excreted.

By making a few modifications, US EPA (1998) extended this approach to other
substances.

The concentration in breast milk (Cjait mar) IS then calculated as follows:

C:Iait_mat = 1:Iip_Iait_mat ><CIip_lait_mat +(l_ 1:Iip_lait_mat)Xcaq_lait_mat Equation 2416
Symbol Parameters Dimensions Units Status
Ciait_mat Pollutant concentration in the breast milk M.M-1 mg.kg-! CorE
Caq_1ait mat | Pollutant concentration in the aqueous phase of breast | M.M-! mg.kg-! CorE
milk
Ciip_iait mat | Pollutant concentration in the lipid phase of breast milk | M.M-! mg.kg-! CorE
fiip_ait_mat Mass fraction of lipids in breast milk - - E

For very lipophilic substances, the pollutant concentration in the aqueous
fraction of the milk is negligible and conversely, for salts and metals, the
pollutant concentration in the lipid phase of the milk can be ignored.

2.4.1.2.2.1. CONCENTRATION IN THE LIPID FRACTION OF BREAST MILK
It can be stated:

f“p XCm

C Equation 2.4.17

I- =
m-w fm_lip

where Cn_ip: pollutant concentration in the lipid phase of the mother's body,
Cm: pollutant concentration in the mother's body,
fm_iip: mass fraction of lipids in the mother's body,
fiip: mass fraction of pollutant in lipids in the mother's body.

fip is generally defined empirically from absorption and distribution studies. For
lipophilic substances, fm_jip can be greater than 90%.

From equation 2.4.9 (which assumes that tapsm, Dm, Kpré an @and kq are
constant over the mother's exposure period), the pollutant concentration in
the mother's body (Cy,) after the start of breast-feeding is given by:

Cm (t) — tabs,m X Dm (1_ e*kpre’_au XU an )X e*(kpre’_au+ka||)><(t*tpré_au)
kpre_all X Bw,m

Equation 2.4.18

tabsym X Dm (1 _ ef(kpré_all+kall )X(tftpré_all) )
(k pré _all + kaII ) X Bw,m

where Dn: quantity of pollutant to which the mother is exposed per day,
kai: pollutant elimination coefficient to breast milk,
kore_al: pollutant loss coefficient, excluding breast-feeding,
tabs,m: pollutant absorption rate by the mother,
tore_al: breast-feeding start date,
Bw,m: body mass of the mother.
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As the concentration in the lipids of the mother's milk (Ciip_ait mar) IS assumed
equal to the concentration in the lipids of the mother's body (Cy, jip), the above
equation is used to estimate Ciip_jait mat. HENCE:

-k re_al¥tpre_a ]
1—g et Xe_(kpré_all+kall)X(t_tpré_all)
f" t x D k ] .
P bs, pre_al
Ciip_tait_mat (1) = x bsm ” =m i e Equation 2.4.19
fm lip BW,m 1—e (Kpre_antKanX(t—tpre_an)

B +

| Kore_an + Ka ]

Comment: if taps,m, Dm, Kpre_an OF Kai vary, the concentration in the milk fat may
be calculated over time by integrating equation 2.4.2 over time increments
where these variables can be considered as constant. In this case, we have
additionally to assume a rapid equilibrium between the pollutant concentration
in milk fats and the mother's lipids.

To obtain the average concentration in the milk lipids during the breast-feeding
period, equation 2.4.19 must be integrated over this period, thus:

1 Tan+tpre_an

lip_lait_mat — T_ X IC

all t

(t)dt Equation 2.4.20

lip_lait_mat

pré_all

where Tai: duration of the breast-feeding period

The US EPA (1998) gives the following expression:

B —(Kpre_an+Kan )Ty
1_e pré_all I I 5 1_ kpré_all _efkpré,all)(tpréfa"
C, e XDy x fy Tan X (Kore_an +Kan) Kore_an *Kan

. . = X

lip_I

ip_lait_mat k % BW’m % fm o k
_ 4 preall

L kpré_all + kall

pre_all pré_all

Equation 2.4.21
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Symbol Parameters Dimensions | Units Status

Ciip_ 1ait_mat t) Pollutant concentration in lipids in breast milk at time t (t | M.M-1 mg.kg' |[CorE
T > tpréfall)
C.. . Average pollutant concentration in breast milk lipids | M.M-! mg.kg! |[CorE
Cllp lait_ mat
T during the breast-feeding period (Tar)
fiip Mass fraction of pollutant in lipids in the mother's body | - - E
fm_tip Mass fraction of lipids in the mother's body - - E
Dm Quantity of pollutant to which the mother is exposed per | M.T-! mg.d-! CorE

day (daily external exposure dose multiplied by the
mother's body mass)

Bwm Body mass of the mother M kg E

tabs,m Absorption rate of the pollutant by the mother - - E

Kpre_al Pollutant loss coefficient from the mother's body, | T d-! E
excluding breast-feeding

Kal Pollutant elimination coefficient to the breast milk T d-! E

Tai Breast-feeding period T d E

tore _all Exposure duration considered before breast-feeding T d E

Expression 2.4.21 is actually an approximation of equation 2.4.20. In fact, this
equation assumes that the mother's body mass (Bwm), the pollutant fraction
stored in the mother's lipids (fip) and the mass fraction of lipids in the mother's
body (fm iip) are constant (in addition to the parameters tapsm, Dm, Kors_an and Kay)
during the mother's exposure period. But these three parameters are likely to
change during this period. If the foodstuffs ingested by the mother constitute the
main vector for her exposure and if her exposure dose remains constant, fy i
must, in all likelihood, reduce during the breast-feeding period, leading to an
increase in the pollutant concentration in the lipid phase of the mother's body.

A simplified approach also presented by the US EPA (and taken up by Smith,
1987) consists of estimating C,, and Cn jip under steady state conditions,
without considering pollutant losses associated with breast-feeding.

From equation 2.4.2, we can therefore state:

t D .
m,, = -2osm * Zm. Equation 2.4.22
I(pré_all
t D i .
and  Cyy jai_mat = —50 "1 Equation 2.4.23
I(pr(é7aII x Bw,m fmflip
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Symbol Parameters Dimensions | Units Status
Cip_1ait st | Pollutant concentration in the lipids of breast milk M.M- mgkg! |CorE
fiip Mass fraction of pollutant in lipids in the mother's body - - E
fm_ip Mass fraction of lipids in the mother's body - - E
Dm Quantity of pollutant to which the mother is exposed per day | M.T- mg.d-! CorE
(daily external exposure dose multiplied by the mother's body
mass)
Bwm Body mass of the mother M kg E
tabsm Absorption rate of the pollutant by the mother - - E
Kpré_all Pollutant loss coefficient from the mother's body, excluding | T+ d-! E
breast-feeding

Comment: the fact of not considering the elimination constant by milk excretion
(kar) and especially by considering steady state conditions as being reached
tends to overestimate concentrations in breast milk. This overestimate is all the
greater when the pollutant half-life in the body is long and the exposure period
before breast-feeding is short. The US EPA showed that if the mother's
exposure begins at the same time as breast-feeding and breast-feeding lasts 6
months, expression 2.4.23 gives a concentration for dioxins in the lipid fraction
of the milk 18 times greater than that obtained using expression 2.4.21. On the
other hand, the overestimation obtained with expression 2.4.23 is no more than
a factor 3 compared to relationship 2.4.21, when the mother's exposure
duration is 5 years.

2.4.1.2.2.2. ESTIMATING THE ELIMINATION COEFFICIENT
kan can be defined from the following equations:
dm,,

o tabsm X D =K pra_ann XMy, —Kgy xmp, Equation 2.4.24

where mm: mass of pollutant in the mother's body,

dm .
and d_tm = tabsqm X Dm - I(pré_all XMy — Inour_lait ><CIait_mat Equatlon 2425

where Ihour_ait: quantity of milk ingested by the baby per day,

| - xC, .
hence k,, = —our=lat~ latmat Equation 2.4.26
mm
By assumption,
CIait_mat _ 1:Iip x fIip_Iait_mat Equation 2 4 27
Cm fmflip o

where fiip_iit mat: mass fraction of lipids in the breast milk,

I Cf xf
hence kg = E“r—'a“x lip ~ lip_lait_mat Equation 2.4.28

w,m fm_Iip
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Symbol Parameters Dimensions | Units Status
Kal Pollutant elimination coefficient to the breast milk Tt d-! E
Bwm Body mass of the mother M kg E
fiip Mass fraction of pollutant in lipids in the mother's body - - E
fm_ip Mass fraction of lipids in the mother's body - - E
ip_lait_mat Mass fraction of lipids in breast milk - - E
Inour_lait Quantity of milk ingested by the baby per day M.T- kg.d-! E

2.4.1.2.2.3. CONCENTRATION IN THE AQUEOUS FRACTION OF THE MILK

The approach developed by the USEPA (1998) assumes that the
concentration in the agueous phase of breast milk is proportional to the
concentration in the mother's plasma. Pollutants present in the red blood
cells are considered as unavailable for transfer to the breast milk. The
concentration in the aqueous phase of the milk is therefore given by:

C P Equation 2.4.29

Im_ pl x Cm_ pl

aq_lait_mat =

where Cuq it mar: CONCENtration in the aqueous fraction of the milk,

Pim pi: partition coefficient of the pollutant between the mother's plasma and aqueous
phase of the milk,

Cm_pi: pollutant concentration in the mother's plasma,
Cm

and C, ,=f,x Equation 2.4.30

m_ pl
where Cm: pollutant concentration in the mother's body,
for: mass fraction of pollutant in the plasma,
fm_pi: mass fraction of plasma in the mother's body.

Like fiip, for can vary with time. Given the difficulty of defining f, over time, the
US EPA estimated the concentration in the aqueous phase of the milk
(Caq_iait mat) Under steady state conditions, from the pollutant concentration in
the mother's body (C,) under steady state conditions and without taking

account of losses associated with breast feeding, hence:

tabs,m x Dm x le_ pl < 1:pl

Coq lai = Equation 2.4.31
aq-tatt_mat I(pré_all x BW,m fm_ pl
Symbol Parameters Dimensions Units Status
Caq_iait_mat | Pollutant concentration in the aqueous phase of the milkk | M.M- mg.kg! CorE
Dm Quantity of pollutant to which the mother is exposed per | M.T-! mg.d-! CorE
day (daily external exposure dose multiplied by the
mother's body mass)
tabs,m Absorption rate of the pollutant by the mother E
Pim_pl Partition coefficient of the pollutant between the mother's | - E
plasma and aqueous phase of the milk
Kprs_all Pollutant loss rate from the mother's body, excluding | T d-! E
breast-feeding
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Bwm Body mass of the mother M kg E

fol Mass fraction of pollutant in the plasma - : E

fm_pl Mass fraction of plasma in the mother's body - - E

The mass fraction of pollutant in the plasma (fp) under steady state conditions
may be estimated from the mass fraction of the pollutant in the blood (data can
be obtained from studies of pollutant absorption and distribution in the body).

Thus, we can state:

f f Equation 2.4.32

pl = 1:sang_ gl

where fsang: mass fraction of pollutant present in the blood,

fg: mass fraction of pollutant present in the red blood cells.
If Pgi_pi is the pollutant partition coefficient between red blood cells and the plasma (ratio of mass
concentrations of pollutant between red blood cells and the plasma),

P pl % fpI X(l_ 1:sang_pl)

then f; = foang ——2= Equation 2.4.33
fsang_ pl
fsan X fsan | .
and f = 2 P Equation 2.4.34
fsang_ pl + I:)gl_pl x (1_ fsang_ pl)

where fsang pi: plasma fraction in the blood.

Comment: values must be assigned to Py, p and Py i, specific to the pollutant
studied. According to the US EPA, a default value of 1 can be used for these
two parameters for most pollutants.
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2.4.1.3. COMMENTS ON CALCULATING THE CONCENTRATION IN BREAST
MILK

The models developed above can contain significant uncertainty. Among the
sources of uncertainties, we should reference:

¢ that associated with the assumption of proportionality of the concentration in
milk relative to the mother's exposure dose. While at low doses (as might be
encountered under environmental conditions), TCDD and other dioxin
congeners have demonstrated linear pharmacokinetic behaviour in laboratory
animals, at higher doses (toxic doses), these compounds have shown dose-
dependent behaviour (Roth et al., 1984, cited by US EPA, 1998). The error
associated with using linear mathematical models is not known. The US EPA
recommend not using this type of model (and instead using pharmacokinetic
models) for pollutants such as lead, which accumulates in bones and for
which the distribution in the body is too complex to be represented by this
type of approach;

e assuming constant parameters to determine a large number of the equations
above. Thus, the quantity of pollutant to which the mother is exposed (Dn)
varies with differences in diet and activity generally observed between
periods before and after pregnancy and during the breast-feeding period;

e assuming equality between the pollutant concentration in the lipid phase of
breast milk and the concentration in the mother's fat tissues, in the approach
given by the US EPA. The US EPA states that the fats in breast milk,
synthesized by the mammary glands, can have lower pollutant
concentrations that the fats stored in the mother's body. However, it
considers this assumption reasonable for very lipophilic substances, based
on the results of Beck et al. (1994), which showed similar pollutant
concentrations of polychlorodibenzodioxins and polychlorodibenzofurans in
breast milk fats and fatty tissues;

e assuming that the equilibrium between the pollutant concentration in the
mother's lipids and breast milk lipids is established rapidly, while some of the
parameters affecting the pollutant concentration in the mother's body are
considered as variable over time;

e the uncertainty associated with the values assigned to the parameters of
these equations, which can be significant.
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So far as we know, the performance of the equations described above has
rarely been tested. For lack of accurate data relating to specific
contamination sources, background dioxin concentrations measured in
breast milk have been compared to those predicted by these models. In
1999, InVS (2000) measured the concentrations of 17 congeners in the
breast milk of primiparous women aged 20 to 35 years. Samples taken
between 4 and 8 weeks' breast-feeding showed concentrations between 6.5
and 34.5 pg TEQ (toxic equivalent)/g of fat. For a background exposure of
1.31 pg TEQ/kg/d, as estimated by AFSSA in 2000, equation 2.4.20 gives
consistent concentrations, between 14 and 21 pg/g. The simplified equation,
not considering losses due to breast-feeding (expression 2.4.6 divided by the
mass of lipids in the mother), gives essentially-identical results. Conversely,
the estimate obtained using a biotransfer coefficient (estimated using a
regression relationship (derived by Travis et al, 1988, reported by the
US EPA) and the octanol-water partition coefficient) gives a 15-times greater
concentration in the milk. The US EPA (1998), using American data, made
the same type of comparison and obtained broadly similar results. The
US EPA only recommends using the biotransfer coefficient model in the
absence of the parameters required to use kinetic models and for long-term
exposure of the mother (the overestimate due to assuming steady state
conditions is too great for short-term exposure).

2.4.2. EXPOSURE DOSE OF BABIES BY INGESTION OF BREAST MILK
The exposure dose of babies by ingesting breast milk is given by:

I nour_lait x CIait_mat Equation 2435

Elait_mat = B
w,nour

The average exposure dose of babies over the exposure period dexp nour IS given
by:

n
Z Elait_mat (ti ) x Ati

EIait_mat (dexp_nour) == d Equation 2.4.36

exp_nour

where Ati: period during which the exposure dose equals E,.;; . (i),

n
ZAti =T,-T,
i=1

n: number of time increments,
i: iteration number between 1 and n.
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Symbol Parameters Dimensions Units Status
Epe o (d o0 ) Average.exposure dose ingesteq by the baby via | M.M-1.T- mg.kg'.d! |C
- - breast milk over the exposure period dexp_nour

Edait_mat (ti) Exposure dose ingested by the baby via breast milk | M.M-1.T-1 mg.kg'.d' |C
attime t;

Al Period during which the exposure dose equals |T d E
Edait_mat (1)

dexp_nour Duration of the baby's exposure period T d CorE

T Beginning of the exposure period T d E

T2 End of the exposure period T d E

Buw.nour Body mass of the baby M kg E

Inour_ait Quantity of breast milk ingested by the baby M.T- kg.d-! E

Coait_mat Pollutant concentration in the breast milk M.M mg.kg! CorE
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2.5. EXPOSURE BY DERMAL CONTACT

Dermal exposure can produce systemic effects after absorption or local effects
in the skin (allergic reactions, skin cancer, etc.). The issue of local effects
assumes calculation of an external exposure dose (or intake). This point is
covered in section 2.5.4.1. In contrast, taking account of systemic effects
assumes calculating the internal dose (or uptake) and is the main subject of the
developments below.

2.5.1. MODELLING DERMAL ABSORPTION: GENERAL REMARKS AND
PRINCIPLES

Dermal exposure can occur by contact with the pollutant:
in the pure phase,

dissolved in water,

adsorbed to soil particles,

e in gaseous form.

Dermal absorption of an environmental contaminant from gaseous pollutant is
not considered, because only pollutants with a sufficiently high vapour pressure
can penetrate the skin, and in this case respiratory exposure is still
preponderant (this may be different in the working environment, when people
exposed are wearing a respiratory mask).

The exposure of individuals to a pure phase pollutant is not the chronic
exposure situation traditionally studied in risk assessments associated with
contamination of a site or emissions from a registered facility for environmental
protection. It may be acute exposure, for example during decontamination work.
In this case the uptake can be estimated for a specific absorption rate, as for
exposure during contact with polluted soil (cf. section 2.5.3.1), but with an
absorption rate correlating to the pure phase.

The approaches developed below therefore correspond to exposure by contact
with contaminated water (bath, swimming, etc.) or contaminated soil (soil
particles deposited on exposed parts of the body).

Pollutants can be absorbed by transepidermal (trans-cellular and inter-cellular)
and pilosebaceous pathways. The second is often considered as negligible
compared to the first (Scheuplein and Blank 1971, cited in US EPA 1992).

The skin comprises two layers:

+ the epidermis, non-vascular layer about 100 um thick,

+ the dermis, highly vascular layer 500 to 3000 um thick, when the pores and
hairs originate.

The external surface of the epidermis is made up of dead, keratinised and
partially-dried cells. This layer, 10 to 40 um thick, is called the keratinous layer
(or stratum corneum). It is made up from proteins, lipids and water, and is
assumed to represent the principal barrier to dermal absorption of pollutants.

A substance applied on the skin penetrates the stratum corneum by diffusion,

but part of the quantity applied can evaporate, bind irreversibly to the stratum
corneum or be metabolised.
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In addition to the elements defining the intensity of contact with the skin
(characteristics of the source matrix, pollutant concentration in the matrix,
quantity of soil on the skin, contact time), factors influencing dermal absorption
are associated with:

¢ the physico-chemical properties of the substance, particularly:

= lipophilic nature: lipophilic substances penetrate the skin better than
hydrophilic substances (maximum penetration for substances where
log Kow is between +1 and +2),

= jonic structure: highly ionised compounds diffuse very poorly through
the stratum corneum,

= polarity: non-polar substances penetrate more easily than polar
substances,

= molecular weight: low molecular weight substances penetrate the skin
better,

= volatility, due to competition between absorption and evaporation of
the substance at the surface of the skin;

e characteristics of the skin, such as:
= skin temperature,
= the level of skin hydration (increases dermal absorption),

= area of the body (areas with varying degrees of hydration or
permeability, etc.),

= condition and age of the skin.

The general approach consists of estimating the dose of absorbed pollutant,
either from an absorption speed (also called the permeability coefficient) or from
an absorption rate.

2.5.2. POLLUTANT ABSORPTION FROM CONTAMINATED WATER

If the skin is not damaged, if its characteristics are not modified over time and if
the pollutant is not actively transported, Fick's First Law can be used to
represent the steady-state flux of pollutant passing through the skin.

If the pollutant concentration in the water is constant and if the pollutant
concentration in the body is negligible during contact with the water, pollutant
flux through the skin per unit time and unit area (Jcy) is:

‘]cut = Kp X Ceau Equation 2.5.1

where Ceau: pollutant concentration in the water,
Kp: dermal permeability coefficient of the pollutant in the water.

The dermal permeability coefficient then equals to the inverse of the sum of
resistances of the stratum corneum and viable epidermis against passage of the
pollutant, or:

= - 4= Equation 2.5.2

where Kpcc: permeability coefficient of the pollutant in the water through the stratum corneum,
and  Kpev: permeability coefficient of the pollutant in the water through the viable epidermis.
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If there is an instantaneous equilibrium between the water and external surface
of the stratum corneum, or if the thickness of the boundary layer between the
water environment and the skin tends to O (turbulent conditions), then

K x D,

Kpee = — Equation 2.5.3

cC

where Kcc eau: partition coefficient of the pollutant between the stratum corneum and water,
Dec: diffusion coefficient of the pollutant in the stratum corneum,
Lec: thickness of the stratum corneum.

Similarly,

Kev eau X DEV .
Kooy =—"7— Equation 2.5.4
’ L

ev

where Key eau: partition coefficient of the pollutant between the viable epidermis and water,
Dev: diffusion coefficient of the pollutant in the viable epidermis,
Lev: thickness of the viable epidermis.

But this approach, applicable to the steady state, may underestimate the
quantity of pollutant absorbed following contact with contaminated water,
because the steady state is not reached immediately. For a certain time, the
quantity of pollutant entering the stratum corneum is actually greater than
leaving it. For very lipophilic substances, the layer of the viable epidermis
represents a significant resistance and this period can last several hours.
Absorption of the pollutant by the viable epidermis can continue after contact
with the contaminated water has finished. Estimating the exposure uptake must
therefore be based on the total quantity of pollutant absorbed, including the
quantity that has entered but not yet left the stratum corneum at the end of the
period of contact with the water.

A two-compartment model can be used to represent pollutant absorption
through the skin from contaminated water. But solving this model is complex.
Cleek and Bunge (1993, 1995) therefore proposed two algebraic expressions to
approximate this solution, the choice between one or the other depending on
the contact time with the contaminated water. These equations, presented
below, were reproduced by US EPA (1992, 2004d) for organic substances.

2.5.2.1. ORGANIC SUBSTANCES

For short contact times with the contaminated water, the pollutant only
penetrates a small distance into the stratum corneum. In this situation, the
resistance associated with the barrier between the stratum corneum and the
living part of the epidermis does not have an influence and the pollutant flux is
markedly greater than it would be at steady state.

The incoming pollutant flux can therefore be modelled as if there were a semi-
infinite stratum corneum. The quantity of pollutant absorbed per unit of exposed
area (DAea) is therefore:

D, xT, .
DAgay =2x Ko eau X Ceau * e Equation 255

T

where Tc.: contact time with contaminated water.
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For longer contact times with contaminated water and when steady state is
reached, the solution to the two-compartment model representing the stratum
corneum and viable epidermis is simplified. Cleek and Bunge (1993) give the
following expression:

DA :CeauXLchchfeau X(DCCXTCC +(l+3><B+3><Bz)j

eau Equation 2.5.6
1+B L2 3x(1+B)

where B = Kpoo Equation 2.5.7
p,ev

Cleek and Bunge therefore propose using expression 2.5.5 to estimate the
exposure dose linked to contact with water for a shorter period than the time
needed to reach steady flux and expression 2.5.6 when the contact time is
longer. The transition point (t*) between using one or other of these expressions
is determined by minimising the difference between the exact mathematical
solution to the two-compartment model and the two simplified expressions
proposed by Cleek and Bunge.

When B > 0.6, equations 2.5.5 and 2.5.6 give the same quantity of absorbed
pollutant for:
2

t* = (b—\/b2 —c? )x% Equation 2.5.8

cc

2
where b = M -C Equation 2.5.9
T

~1+3xB+3x B?

and Equation 2.5.10

3x(1+B)
When B < 0.6, minimum error is obtained with:
0,4x L2
= D—cc Equation 2.5.11

cc

Bunge and Cleek (1995) provide several estimates for B. Their recommended
choice is obtained by:

p.cc _ K Lev Equation 2512

X
p.cc
p,ev Dgy x Kev_eau

where Ley =104 m
and Kev eau = 1 (because the epidermis is assumed to behave essentially like water).

For comparably-sized solvent and solute molecules, Bunge and Cleek (1995) report that the
diffusion coefficient is inversely proportional to the molar mass of the solute and Tinsley et al.
M

(1979) and Schwarzenbach et al. (1993) give the following relationship: D,,; =D, ; x .|[—
’ , M

where Dj, D;, Miand M; are the diffusion coefficients for substances i and j, and the molar masses
for substance i and j, respectively.

Bunge and Cleek (1995) then assumed a diffusion coefficient in the viable epidermis (Dev) of 10-
10m2.s-! (a value 10 times less than for water) for a substance with a molar mass (M) of 50 g.mol-
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1 (consistent with the mean value of 101" m2.s-! reported by Tojo et al. for molar masses between
170 and 490 g.mol), hence:

D,, =71.10"°/J/M

JM

"'°CX7,1.10“6

Equation 2.5.13

and B=K Equation 2.5.14

The US EPA (1992, 2004d) suggests the following variable:

—= Equation 2.5.15

Tlag =

When B < 0.6, the time taken to reach steady state is therefore estimated by
expression 2.5.11 or:

t*=24x1,, Equation 2.5.16

and when B > 0.6, it is estimated by expression 2.5.8 or:
t*=6x7,, x(b— b? —CZ)

Consequently, when the dermal contact time with contaminated water is less
than t*, the dose of absorbed pollutant is estimated by expression 2.5.5 or:

6><Tlag ><ch
DAgay =2xK p,cc xCeay X\/T

When the dermal contact time with contaminated water is greater than t*, the
dose of absorbed pollutant is estimated by expression 2.5.6 or:

Equation 2.5.17

TCC

DAeau =K p,cc ><Ceau X[

2XTjaq x(1+3xB+3x B?)
1+B

(1+B)?

Equation 2.5.18

Symbol Parameters Dimensions Units Status

DAeau Mass of pollutant absorbed by dermal contact with | M.L2 mg.m-2 CorE
contaminated water per unit area

Ko Dermal permeability coefficient of the pollutant in the | L.T- m.s C
water through the stratum corneum

Ceau Pollutant concentration in water during the dermal contact | M.L- mg.m-3 CorE
time

Tec Dermal contact time with contaminated water T s

Tiag 'Lag time' T S C

Dec Diffusion coefficient of the pollutant in the stratum | L2.T- m2.s-! C
corneum

Lec Length of diffusion path in the stratum corneum L m

B Ratio of the permeability coefficient for the pollutant |- - C
through the stratum corneum to the permeability
coefficient for the pollutant through the viable epidermis
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Comments:

1. In this approach, the uptake is greater than that crossing the skin and
reaches the bloodstream during the contact time with contaminated
water. Absorption is actually assumed to be able to continue although
contact with the contaminated has finished. This approach is more
appropriate than a steady state approach for representing the exposure
uptake associated with relatively brief dermal contact, as occurs as a
result of taking a bath or swimming.

2. However, for substances with very long lag time, the US EPA considers
that part of the pollutant contained in the skin may be lost due to skin
cells being shed. For this reason, equations 2.5.17 and 2.5.18 in the
US EPA 2004 document include an additional factor FA ranging from O to
1, representing the pollutant fraction able to be effectively absorbed
compared to the quantity present in the skin. The US EPA (2004d) gives
value of FA for 209 different pollutants. According to the US EPA,
shedding skin cells can have an impact on the quantities of pollutant
absorbed when a substance has log Ko, greater than 3.5 or when the
contact time with contaminated water is more than 10 hours.

3. Without measurements to define the diffusion coefficient in the stratum
corneum (D), used in equations 2.5.5, 2.5.6, 2.5.8, 2.5.11 and 2.5.15,
the value assigned to this parameter is generally estimated from an
empirical relationship giving the dermal permeability coefficient (Kp.cc)
based on the octanol-water partition coefficient (Koy) and the molar mass
of the pollutant (Potts and Guys relationship or modified Potts and Guys
relationship: see US EPA 1992 and 2004, as well as future documents
on the physico-chemical parameters of substances). For purposes of
consistency, the US EPA also recommends using this relationship to
estimate the dermal permeability coefficient for organic substances
instead of data from measurements (Vecchia, 1997, also showed that
experimental data often varied by 1 or 2 orders of magnitude).

2.5.2.2. INORGANIC SUBSTANCES

The non-steady state approach developed for organic substances does not
apply to inorganic substances. The US EPA recommends using the approach
based on Fick's First Law, which assumes that a steady state has been
reached, or:

DAcau = K, e XCeau X Tee Equation 2.5.19

In fact, the stratum corneum has low affinity for inorganic substances and stores
very little of them. Moreover, the viable epidermis is not a significant barrier to
inorganic substances. Steady state is therefore reached rapidly.

p,cc

K
Mathematically, it will be noted that if 1,y and B (= K—) tend to zero, equation

p.ev

2.5.18 then tends to expression 2.5.19.
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Symbol Parameters Dimensions Units Status

DAcau Mass of pollutant absorbed by dermal contact with | M.L-2 mg.m-2 CorE
contaminated water per unit area

Kp.cc Dermal permeability coefficient of the pollutant in the | L.T- m.s! C
water through the stratum corneum

Ceau Pollutant concentration in water during the dermal | M.L-3 mg.m-3 CorE
contact time

Tec Dermal contact time with contaminated water T S E

2.5.2.3. CONDITIONS FOR APPLYING THE MODEL AND ASSOCIATED
UNCERTAINTIES

In particular, the equations developed above assume that pollutant transport
through the skin is passive, that the membrane properties (stratum corneum
and viable epidermis) are not modified by water or the pollutant and that the
concentration in water is constant throughout the contact time.

It is not therefore appropriate to use equations 2.5.5, 2.5.6, 2.5.17, 2.5.18 and
2.5.19 with an estimate of the concentration in water (Cea,) that varies during
the exposure event under consideration. As a result, if the pollutant in the water
can evaporate (as may happen when taking a shower) or be adsorbed onto
particles or another substrate during the contact period, then with the
concentration in water at the beginning of contact these equations will tend to
overestimate exposure.

If the pollutant is in dissolved phase and particulate phase in the water, using
the pollutant concentration in the water in dissolved and particulate forms, as
shown in the above equations, may be a significant overestimate, since dermal
absorption of pollutants adsorbed on particles suspended in the water is far less
than for pollutants in dissolved form. Nonetheless this approach is
recommended by the US EPA (2004d). If the pollutant dose estimated in this
way appears to be a sensitive component of exposure, this aspect should be
reviewed when evaluating uncertainties.

Furthermore, for partially ionised organic substances, the US EPA (2004d)
states that the quantity of pollutant absorbed dermally must be calculated as the
sum of the quantities of pollutant absorbed in both non-ionised and ionised
forms. Equations 2.5.17 or 2.5.18 (for non-ionised species) and equation 2.5.19
(for ionised species) must therefore be used with the permeability coefficient
and pollutant concentration in the water for each species considered.

If @ represents the non-ionised fraction, the concentrations in water to be taken
into account in the equations are therefore:

e Cgau X @ for the non-ionised fraction,
e Ceau X (1 - @) for the ionised fraction.

The expression for ¢ is given, for example, in Trapp et al. 1997. It will be
reproduced in future documents about the physico-chemical parameters of
substances.

Modelling this exposure pathway is recognised as being particularly uncertain.
The uncertainties are associated with the modelling assumptions, mathematical
form and the values for parameters used in the model.
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It is better first to recall that the equations given above for organic substances
are simplified solutions of a model representing the diffusion of substances
across two membranes of finite thickness. But according to Cleek and Bunge
(1993), the maximum difference between the exact solution and the simplified
solutions is 13%.

A significant part of the uncertainty associated with the equations developed
above to estimate the quantity of pollutant absorbed by contact with
contaminated water is very probably linked to the estimate of the permeability
coefficient for the substance through the stratum corneum (Kp cc).

When measuring Ky . experimentally, the layer formed by stagnant water on
the skin creates resistance to the transfer of pollutant. Under environmental
conditions, this resistance is limited by turbulence in the water layer. This
difference may therefore lead to underestimating K, . for exposure in a bath or
shower (cf. McKone et al. 1992 and section 2.5.3.2.2.2 where, for exposure
from contaminated soil, the resistance of the boundary layer between the
contaminated matrix and the skin is taken into account).

In the relationships presented in section 2.5.2.1, Ky is estimated from an
empirical relationship established using data measured under in vitro conditions
(modified Potts and Guys relationship, see US EPA 2004d and future document
on the physico-chemical parameters of substances). But certain substances
traditionally  studied to assess health risks (benzo(a)pyren,
tetrachlorodibenzodioxin, etc.) are not included in the valid scope of this
relationship. The US EPA also emphasises that the way this relationship has
been constructed means it underestimates the permeability coefficients of
halogenated substances. According to the US EPA, for substances falling within
the scope of validity, the permeability coefficient is estimated with a 95%
confidence interval of 1 to 3 orders of magnitude.

Simulations carried out by the US EPA (1998) using the non-steady state model
developed above over contact times of 10 minutes, resulted in exposure doses
greater than were estimated for ingestion of 2 litres of water per day. This
observation suggests the model is over-conservative. However, the
assumptions on which these results are based are not clear (particularly the
unknown impact of the volatility of the substances studied, which is not included
in the model and which may lead to overestimating the dose absorbed by
dermal contact). When in doubt, the US EPA recommendation to compare the
guantity absorbed from a finite volume of water with that present in this volume
of water is certainly appropriate.

However, solely comparing predictions from the model with measured data,
carried out by McKone (1993) and reported by the US EPA (2004d) does not
reveal the conservative nature of the model. This exercise demonstrated a
measured permeability coefficient for chloroform 7 times greater than was
modelled and a quantity of pollutant absorbed following dermal contact 5 times
greater than modelled.
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2.5.3. POLLUTANT ABSORPTION FROM CONTAMINATED SOIL

The knowledge and data available for estimating the pollutant dose absorbed
following dermal contact with contaminated soil are still more limited than for
contaminated water.

There are two approaches for estimating this transfer:
e one based on using an absorption rate,

e the other based on absorbed flux, calculated from the mass transfer
coefficient for the pollutant.

The first approach is recommended by the US EPA (1992, 2004d). Given the
little data available to define absorption rates and the uncertainty associated
with using them (cf. next section), approaches based on the mass transfer
coefficient are also presented in this document. They are not recommended for
use as a first approximation, but proposed to provide quantitative information for
discussion when assessing uncertainties.

2.5.3.1. ESTIMATE FROM THE ABSORPTION RATE

The exposure dose is calculated from an absorption rate specific to the
substance:

D&ol = Cs_ p (texp_cut,O) x Qsol—peau ><tabs_cu’[ Equation 2520
Symbol Parameters Dimensions Units Status
DAsol Mass of pollutant absorbed by dermal contact with | M.L-2 mg.m-2 CorE
soil per unit area
Cs_p (texp_cut0) Pollutant concentration in the soil when deposited | M.M-! mg.kg! CorE
on the skin
Qsol_peau Soil mass deposited on the skin per unit area | M.L2 kg.m2 E

(expressed as dry weight, consistent with Cs_p
(texpﬁcut,o))

tabs_cut Dermal absorption rate from the soil - - E

The limitations to this approach are associated with the fact that:

« absorption rates have been defined for few substances. The US EPA 2004
document gives values for 11 substances or substance groups;

« absorption rate depends on exposure conditions (contact time, quantity of
soil deposited on the skin per unit area), soil characteristics (organic carbon
content, cation exchange capacity, pH, particle size), contamination (pollutant
species, age of the contamination, pollutant concentration in the soil, etc.).
The experimental conditions from which values for absorption rates have
been defined are generally quite different from those encountered under
environmental conditions. In particular, soil quantities on the skin per unit
area used in experiments are (reater than those expected under
environmental conditions. As it could be observed that the absorption rate
decreased when the quantity of soil on the skin increased beyond the
quantity needed to form a continuous thin layer on the skin, the absorption
rate under environmental conditions may be greater than the value measured
under experimental conditions. Conversely, the values recommended by the
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US EPA generally relate to exposure periods of 24 hours and may prove to
be overestimated for shorter exposure periods.

Despite the limitations associated with these data, the US EPA recommends in
its 2004 document that these absorption rates be used without adjustment to
assess the impact of the dermal pathway for contaminated sites.

However, in the initial reference document on assessing dermal risk (1992), the
US EPA had proposed methods for adjusting the absorption rate based on the
quantity of soil deposited on the skin per unit area and methods for estimating
(sometimes overestimating) this absorption rate in the absence of specific
measurement data. Given the lack of data and uncertainties associated with
existing data, these approaches will be presented in future documents on the
physico-chemical parameters of substances, to help identify the uncertainties
and for purposes of characterising and discussing them.

2.5.3.2. ESTIMATE BY CALCULATING TRANSFER FLUX

The US EPA (1992) and McKone et al. (1992) developed two similar models for
estimating the pollutant dose absorbed by dermal contact with contaminated
soil.

The US EPA approach is based on using the permeability coefficient for the
substance in water through the stratum corneum, while McKone's approach
defines the permeability coefficient from the substance's physico-chemical
properties and also takes account of the boundary layer existing between the
skin and the soil layer.

Furthermore, since the contact time between the contaminated soil and the skin
may be relatively long, these two models take account of pollutant losses over
time from the quantity of pollutant initially deposited on the skin. Using the mass
balance established for the pollutant deposited on the skin, these models avoid
excessive overestimates for the quantities of pollutant absorbed, which could
lead to calculating uptakes greater than those deposited.
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2.5.3.2.1. US EPA (1992) METHOD

According to this approach, if the concentration in the body is negligible during
the period of exposure, the uptake can be calculated using the following
expression:

Je=Cq pxMV, ,xK! Equation 2.5.21

s_p

where Jc: absorbed pollutant flux per unit time and area,
Cs_p: pollutant concentration in the soil present on the skin,

K ;"' : dermal permeability coefficient of the pollutant in the soil,

MVs_p: density of the soil deposited on the skin.

The US EPA (1992) considers that the pollutant available for dermal absorption
is the pollutant in solution in the interstitial water and estimates the dermal

permeability coefficient of the pollutant in soll (K;"') based on the dermal
permeability coefficient of the pollutant in water (Kp,c).
In fact, if:

Je = Ces_ p*x Kp,cc Equation 2.5.22

where Ces p: pollutant concentration in the soil water,

according to equations 2.5.21, 2.5.22 and 1.1.11 (conditions: pollutant
concentration in the soil below the limit of solubility, multi-phase
equilibrium reached between the different phases in the soil), the following
relationship can be stated:

K

Kol=—— 2% Equation 2.5.23
MV,  xK,

where Kg: partition coefficient of the pollutant between the particles soil and water

and @ H

S S
-° -° RXTpeau

<= Ky xMV .

where as_p: air content of the soil on the skin,
Bs_p: water content of the soil on the skin,
Tpeau: temperature at the surface of the skin,
H: Henry constant,
R: universal gas constant.

The pollutant concentration in the soil on the skin (Cs p) is determined by taking
account of the reduction in pollutant concentration in the soil layer deposited on
the skin due to absorption and volatilisation. Thus the pollutant concentration in
the soil over time is calculated using the following differential equation:

dc ,
dst_ % = —(Kyot +Kabs )X Cs_p X Qg peau X A Equation 2.5.24

where Qsol_peau: Mass of soil deposited on the skin per unit area,
Cs_p: pollutant concentration in the soil present on the skin,
A: area of skin exposed,
kvol: mass transfer coefficient by volatilisation,

Ax Qsol _ peau x
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kabs: mass transfer coefficient by absorption.
hence Cs o (1) =Cy p (texp curo)xe Kot ansht Equation 2.5.25

where Cs p (texp_cuto): pollutant concentration in the soil when deposited on the skin.

Reduction of the pollutant concentration in the soil due to absorption leads to
the following equation:

Kabs XCs_p X Qsol_peau X A= MV, | x K;OI xCs pxA Equation 2.5.26
MV, , x K3 _
hence k., = Q_— Equation 2.5.27
sol_ peau

The quantity of pollutant lost by volatilisation leads to the following relationship:

Kiot XCs_ 5% Quor._ peau X A:%xcas_ XA Equation 2.5.28

a

where Da: diffusion coefficient of the pollutant in air,
da: thickness of the boundary layer at the air-soil interface,
Cas_p: pollutant concentration in the air contained in the soil present on the skin,

C .
and kvoIZ&X 1 e Equation 2.5.29
da Qsolfpeau Csfp

Yet, according to equation 1.1.12 (conditions: pollutant concentration in the
soil below the limit of solubility, multi-phase equilibrium reached between
the different phases in the soil):

D 1 H

a

~ —X

kvoI X
d Qsol_ peau Kd x R XT

a

Equation 2.5.30

peau

where Tpeau: temperature at the surface of the skin.

The quantity of pollutant absorbed is obtained by integrating equation 2.5.21
over the dermal contact period, i.e.:

MV, ,xK:! _
DA = —=P—P x Cs p (texp et X (1_ g (Kor Kano) T ) Equatlon 2.5.31
Kyor + Kabs N -

The absorption rate can be calculated by dividing the uptake by the quantity of
pollutant absorbed on the skin, i.e.:

sol
t MV, ,xK3

abs_cut —
Qsol_ peau X (kvol + kabs)

x (1— e~ (Kot Haps) T ) Equation 2.5.32
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Symbol Parameters Dimensions Units Status

DAsol Mass of pollutant absorbed by dermal contact with | M.L-2 mg.m-2 CorE
soil per unit exposed body area

tabs_cut Dermal absorption rate CorE

Cspt exp_cut,O) Concentration in the soil when deposited on the skin M. M- mg.kg' CorE

Qsol_peau Soil mass deposited on the skin per unit area | M.L2 kg.m-2 E
(expressed as dry weight, consistent with Cs_p
(texpﬁcut,O))

kvol Mass transfer coefficient by volatilisation T st CorE

Kabs Mass transfer coefficient by absorption T s CorE

K so! Dermal permeability coefficient of the pollutant in | L.T- m.s! CorE

P the soil

MVs_p Density of the soil deposited on the skin M.L-3 kg.m-3 E

Da Diffusion coefficient of the pollutant in air L2T m2.s-! E

da Thickness of the boundary layer at the air-soil | L m E
interface

Tec Duration of contact period with contaminated soil T S E

Kq Partition coefficient between soil particles and soil || 4, mé kg CorE
water

H Henry constant L2.M.T-2.Mol-* Pa.m3.mol* CorE

R Universal gas constant L2M.T2K1. Mol | 8.31 J.K .mol |1

Tpeau Temperature at the surface of the skin K K E

Comments:

1. This model does not take account of diffusion of the pollutant in the soil. This
amounts to considering diffusion in the air boundary layer and transfer in the
stratum corneum, respectively, as limiting phenomena for mass transfer by
volatilisation and mass transfer by absorption. This assumption appears
acceptable in a majority of cases.

2. The US EPA 1992 document indicates that relationship 2.5.23 assumes that
the transfer of pollutant from the soil to the skin primarily involves the pollutant
in the interstitial water, while in reality there can also be transfer of pollutant in
the gaseous phase and lipid phases present in the soil-skin system.

In fact, this assumption is not necessary because relationship 2.5.23 can also
be deduced from the expression for Fick's First Law. If the pollutant
concentration in the body can be considered as negligible, Fick's First Law
leads to:

J. = % x Cye Equation 2.5.33
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where Dc.: diffusion coefficient of the pollutant in the stratum corneum,
Lec: thicknesses of the stratum corneum,
C. . pollutant concentration at the outer surface of the stratum corneum.
If the pollutant concentration in the soil layer is considered to be uniform
and the resistance of the boundary layer located between the soil and the
skin is negligible, then:
Cec

MV, ,xC

=Kee_sol Equation 2.5.34

S_P
where K _soi: partition coefficient of the pollutant between the stratum corneum and the soil,
C, ,: pollutant concentration in the soil layer present on the skin.

According to equations 2.5.21, 2.5.33 and 2.5.34, we can state:

Kool = Dee e Equation 2.5.35
LCC -
Combining expressions 2.5.3 and 2.5.35 yields:
K K ' C C
P sl Cor x—=P =-F Equation 2.5.36
Kp,cc ch_eau MVs_p XCs_p Ccc Mvs_p XCs_p

If the pollutant concentration in the soil is below the limit of solubility,
according to the assumed equilibrium of pollutant between the different
phases in the soil) and equation 1.1.11:

Ksol 1
P Equation 2.5.37
Kpee MV ,xKy
where 6, , +a, ,x << Ky xMVg

25.3.2.2. MCKONE ET AL. METHOD

In this approach, McKone et al. (1992) define the speed of absorption based on
the chemical properties of the pollutant, soil and skin. Equations developed by
the authors introduce the concepts of fugacity and fugacity capacity. These
concepts have not been used in the rest of the document, so these equations
have been reformulated to avoid using these types of variables. Instead,
partition constants have been introduced into the equations.

As in the previous section, the pollutant concentration in the soil on the skin is
calculated from a differential equation:

dC, b _
Ax Qsol_ peau < d—t_ = _(Ksp + Ksa )X Cs_ p X A Equatlon 2.5.38
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where Qsol_peau: Mass of soil deposited on the skin per unit area,
Cs_p: pollutant concentration in the soil present on the skin,
A: area of skin exposed,
Ksp: mass transfer coefficient from soil to the skin,
Ksa: mass transfer coefficient from the soil to air.

Compared to the model in the previous section, mass transfer factors
(expressed in TY) are here replaced by mass transfer coefficients (expressed in
M.L2TH.
From equation 2.5.38:

dC ~ Kep +Ksa

s_p _ xCq Equation 2.5.39
dt Qsol_peau B

Kop+Ke }Xt

) X e [Qsolipeau

and C, ,(t)=C, ,(t Equation 2.5.40

exp_cut,0
where Cs p (texp_cuto): pollutant concentration in the soil when deposited on the skin.
The quantity of pollutant adsorbed is given by:

DA, = LT " K xCy ot Equation 2.5.41

S_p

where Tcc: duration of contact period,

,[7K5p+Ksa ]xTCC
hence DA, = KQS"'ﬁ x Ky XCy ) (Lo curo) X| 1€ Qo pes Equation 2.5.42
sp sa

and the dermal absorption rate is given by:

s cut = DA, Equation 2.5.43

B Cs_ p (texp_cut,o) X Qsol_ peau
K _[ Kep+Kea ]

hence t P |1 (et Equation 2.5.44

= X
abs_cut (Ksa + Ksp)
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Symbol Parameters Dimensions Units Status

DAsol Mass of pollutant absorbed by dermal contact | M.L2 mg.m-2 CorE
with soil per unit exposed body area

tabs_cut Dermal absorption rate - - CorE

Ce o (t Pollutant  concentration in the soil when P y

o0 (texp_cuto) deposited on the skin MM Mg kg Cork

Qsol_peau Dry soil mass deposited on the skin per unit | M.L2 kg.m-2 E
area (expressed as dry weight, consistent with
Cs_p (texp_cut,O))

Ksa Mass transfer coefficient from the soil to air (cf. | M.L-2.T-! kg.m2.s CorE
section 2.5.3.2.2.1)

Ksp Mass transfer coefficient from the soil to skin (cf. | M.L-2.T-! kg.m2.s CorE
section 2.5.3.2.2.2)

Tec Duration of contact period with contaminated soil | T S E

2.5.3.2.2.1. ESTIMATING THE MASS TRANSFER COEFFICIENT THROUGH
THE SOIL LAYER AND AIR BOUNDARY LAYER

Ksa is defined using the principle of conservation of mass and by the equality of
diffusion flux through the soil layer (Js) and diffusion flux through the air
boundary layer (Ja), located above the layer of soil deposited on the skin.

DU . .
Jg = ; =P x(Cs_p —Cs_p) Equation 2.5.45
S_Pp
and  J, :%x(c; c,) Equation 2.5.46

where C’s_p: pollutant concentration in the soil at the interface between the soil layer and the air
boundary layer,
C’a: pollutant concentration in the air at the air-soil interface,
Da: diffusion coefficient of the pollutant in air,
da: thickness of the boundary layer at the air-soil interface,

DUs_p: multiphase diffusion coefficient in the soil layer (as in the expressions developed by

McKone et al., this coefficient is expressed relative to the pollutant concentration in the

soil),

ds_p: length of the diffusion zone in the soil layer.
Concentrations C’s , and C’; are at equilibrium, according to equation 1.1.12
(conditions: pollutant concentration in the soil below the Ilimit of
solubility, multi-phase equilibrium reached between the different phases
in the soil), hence:

C., _ 1
C; p - Kd ><R><Tpeau es_p ><R><Tpeau as_p
) H H x MV MV

Equation 2.5.47

S_p S_p
where 85 p: water content of the soil layer deposited on the skin,
as_p: air content of the soil layer deposited on the skin,

Kq: partition coefficient between soil particles and soil water,
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R: universal gas constant,

H: Henry constant,

MVs_p: density of the soil deposited on the skin,
Tpeau: temperature at the surface of the skin.
Kg xRxT xRxT

9 .
peau , %s_p peau | %s_p Equation 2.5.48

H HxMV, , MV, ,

Stating R, =

where J, and Js are equal, thus:

DU
%xca+ ds’pXCs_p
C, o=— 2=F Equation 2.5.49
_p Da DUs_p
X

d, xR d

g S_Pp

D, y DU ,
d d C .

and J,=—2 >-F 1 %-P_c, Equation 2.5.50
Da T DUS_P R

g
d

xR s p

If the concentration in the air (C,) is negligible, it follows:

C .
Js =K xCq p= L x—=P Equatlon 2.5.51
- da ds_p Ry
D, DU, , xRy
1 ,
and K = Equation 2.5.52
diax KdXRXTpeau+03_pXRXTpeau+ as_p + ds_p
D, H H ><MVS_p MVS_p DUS_p
Symbol Parameters Dimensions Units Status
Ksa Mass transfer coefficient from the soil to air M.L-2T+ kg.m2.s CorE
DUs p Multiphase diffusion coefficient in the soil layer | M.L-1. T kg.m.s CorE
(expressed relative to the pollutant concentration in the
soil) (cf. section 2.5.3.2.2.3)
ds p Length of the diffusion zone in the soil layer (cf. section | L m E
25.3.2.2.5)
MVs_p Density of the soil deposited on the skin M.L-3 kg.m-3 E
Da Diffusion coefficient of the pollutant in air L2.T m2.s E
da Thickness of the boundary layer at the air-soil interface | L m E
K Partition coefficient between soil particles and soil L3 M- mé kg CorE
water
Bs p Water content of the soil layer deposited on the skin - - E
Os p Air content of the soil layer deposited on the skin - - E
H Henry constant L2.M.T-2.Mol-* Pa.m3.mol-! CorE
R Universal gas constant L2M.T2K-1 . Mol | 8.31 J.K-".mol" ||
Tpeau Temperature at the surface of the skin K K E
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2.5.3.2.2.2. ESTIMATING THE MASS TRANSFER COEFFICIENT THROUGH
THE SOIL LAYER AND THE SKIN
Ksp is defined from the diffusion flux through the soil layer (Js: cf. equation
2.5.45) and the diffusion flux through the stratum corneum (J.: cf. equation
2.5.33).
Furthermore,
CI’L:MV
Cs p

K Equation 2.5.53

s_p x cc_sol

where C'cc: pollutant concentration in the stratum corneum at the interface between the soil layer
and the skin,

C's_p: pollutant concentration in the soil at the interface between the soil layer and the skin,
Kee_soi: partition coefficient of the pollutant between the stratum corneum and the soil.

By developing the same reasoning as in section 2.5.3.2.2.1, the equality
between fluxes Js and J. yields:

MVs_ p x ch_sol

Je=KgpxCs = 1 5 xCq Equation 2.5.54
L 2P MV x K o
D, DU , - -
hence K, = ! Equation 2.5.55
I-cc + ds_p
DchMVs_pXch_sol DUs_p
Symbol Parameters Dimensions | Units Status
Ksp Mass transfer coefficient from the soil to the skin M.L-2T+ kg.m2.s CorE
DUs p Multiphase diffusion coefficient in the soil layer (expressed | M.L1.T-! kg.m.s CorE
relative to the pollutant concentration in the soil)
dsp Length of the diffusion zone in the soil layer (cf. section |L m E
25.3.2.2.5)
Lec Thickness of stratum corneum L m E
Dec Diffusion coefficient in the stratum corneum (expressed | L2.T- m2.s! CorE
relative to the volume concentration of pollutant in the skin):
cf. section 2.5.3.2.2.4
Kee_sol Partition coefficient of the pollutant between the stratum |- - CorE
corneum and the soil: cf. section 2.5.3.2.2.4
MVs p Density of the soil deposited on the skin M.L-3 kg.m-3 E

2.5.3.2.2.3. ESTIMATING THE MULTIPHASE DIFFUSION COEFFICIENT IN
THE SOIL LAYER

The multiphase diffusion coefficient in the soil layer is expressed relative to the
pollutant concentration in the soil (Cs_p), such that:

Ces p Cas p .
DUs_p = Des_p X C —+ Das_p X C = Equatlon 2.5.56

s_p s_p
where Des p: diffusion coefficient in the water contained in the soil deposited on the skin,
Das_p: diffusion coefficient in the air contained in the soil deposited on the skin,
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Ces_p: pollutant concentration in the water contained in the soil deposited on the skin,
Cas_p: pollutant concentration in the air contained in the soil deposited on the skin.

Des_p and Dgs p are defined based on the diffusion coefficients of the pollutant in
the water (De) and in the air (D,) and according to the relationships given by

Millington and Quirk (1961):

0, .
Equation 2.5.57

Equation 2.5.58

2
ng

p
where 05 p: water content of the soil layer deposited on the skin,
ais_p: air content of the soil layer deposited on the skin,
ns_p: porosity of the soil layer deposited on the skin.
Furthermore, according to equations 1.1.12 and 1.1.12 (conditions: soil
concentration of pollutant below the limit of solubility, multi-phase
equilibrium reached between the different phases of the soil),

Ces p 1 .
= 7 v Equation 2.5.59
C, K+ b ag %
MV, , MV, xRxT,,
Cas_p _ 1 .
and c. . " KexRoTomy 0n o5 RiTpme i Equation 2.5.60
_ 405 -
H HxMV MV,
We can therefore state:
DU, , = 7 1 o x| D, x =2+ D, x —=2x H
K + S_p as_p X s_p ns_p RXTpeau
‘ MVS P MVS_ p X R XTpeau
Equation 2.5.61
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Symbol Parameters Dimensions Units Status

DUsp Multiphase diffusion coefficient in the soil layer | M.L-. T kg.m.s1 CorE
deposited on the skin(expressed relative to the
pollutant concentration in the soil)

MVs_p Density of the soil deposited on the skin M.L3 kg.m-3 E

Da Diffusion coefficient of the pollutant in air L2T m2.s! E

De Diffusion coefficient of the pollutant in water L2T+ m2.s! E

Kq Partition coefficient between soil particles and | 4, mé kg CorE
soil water

Bs_p Water content of the soil layer deposited on the | - - E
skin

Ols_p Air content of the soil layer deposited on the skin | - - E

Ns_p Porosity of the soil layer deposited on the skin | - - CorE

H Henry constant L2.M.T-2.Mol-* Pa.m3.mol-! CorE

R Universal gas constant L2M.T2.K-".Mol" | 8.31 J.K".mol" | |

Tpeau Temperature at the surface of the skin K K E

2.5.3.2.2.4. ESTIMATING THE DIFFUSION COEFFICIENT IN THE
STRATUM CORNEUM (Dcc) AND  THE  PARTITION
COEFFICIENT BETWEEN THE STRATUM CORNEUM AND SOIL
(KCC_SOL)
Estimating the diffusion coefficient in the skin

In the 1990 publication'?, McKone defines D¢ by comparing the stratum
corneum to a layer made up of two phases: a liquid phase, and a solid phase
representing the dead cells. He also assumes that diffusion of the pollutant in
the solid phase is negligible compared to diffusion in the liquid phase, leading to
the following statement for the diffusion coefficient in the stratum corneum (Dcc):

Cliq_cc
Dcc = Dliq_cc X C = Dliq_cc x K

lige. ce Equation 2.5.62
where Ciig_cc: pollutant concentration in the liquid phase of the stratum corneum,
Cec: volume concentration of pollutant in the stratum corneum,
Diiq_cc: diffusion coefficient of the pollutant in the liquid phase of the stratum corneum.
The liquid phase is assumed to comprise only water,
C 1

hence Kige o == = — Equation 2.5.63
- C MV, xt xK,, %107+ 6,

cc lip_cc

1211 this article, the equation provided for the transfer coefficient from soil to the skin (Ksp) is not

as defined in the 1992 article and reproduced here (cf. equation 2.5.55). The expression
! , Which assumes that &:MV
Lcc s_P Cs_p

D, x MV DU

provided is equivalent to Kep =

S_p ?

s_p s_p

which is incorrect, in our opinion.
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where MVc.: density of the stratum corneum,

tiip_cc: lipid content of the stratum corneum,

Kow: octanol-water partition coefficient of the pollutant,

Bcc: water content in the stratum corneum.
The diffusion coefficient in the lipid phase is estimated from the Millington and
Quirk (1961) relationship:

910/3
Dig o« =—5%Ds Equation 2.5.64

2
cc

where De: diffusion coefficient of the pollutant in water,
Nec: porosity of the stratum corneum.
Assuming the gaseous phase in the stratum corneum to be negligible: n¢. = B,

hence Dy, . =0 xD, Equation 2.5.65

lig_cc

The expression for the diffusion coefficient in the skin given by McKone in the
1990 article is therefore:

4/3
Hcc X De

D, = = Equation 2.5.66
MVcc thip_cc x Kow Xlo + ecc
Symbol Parameters Dimensions | Units Status
Dec Diffusion  coefficient in the stratum corneum | L2.T- m2.s- CorE
(expressed relative to the volume concentration of
pollutant in the skin)
Bcc Water content in the stratum corneum - E
De Diffusion coefficient of the pollutant in water L2.T- m2.s E
tiip_cc Lipid content in the stratum corneum - E
MVec Density of the stratum corneum M.L3 kg.m3 E
Kow Octanol-water partition coefficient of the pollutant L3.M-1 cm3i.g! E

Comment: the fact of not considering diffusion of the pollutant through lipids
very probably tends to underestimate transfer by diffusion into the stratum
corneum.

Estimating the partition coefficient between the stratum corneum and soil

(Kee sol)

It can be stated:

Cc‘:c C(':C CES_ p

Kee_sol = —=—x . Equation 2.5.67
- MV; o xCg , Co p MV xCs
Hence, according to equation 1.1.11,
Kee_sol = Kee_eau X L p H Equation 2.5.68
S
MV, ,xKg+65 , +#

peau
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Symbol Parameters Dimensions Units Status

Kee_sol Partition coefficient of the pollutant between the |- - CorE
stratum corneum and soil

Kee_eau Partition coefficient of the pollutant between the |- - CorE
stratum corneum and water (cf. US EPA 1992 and
future documents on the physico-chemical parameters
of substances)

MVs_p Density of the soil deposited on the skin M.L-3 kg.m-3 E

Kq Partition coefficient between soil particles and soil L3 M- mé kg CorE
water

Bsp Water content of the soil layer deposited on the skin | - E

Ols_p Air content of the soil layer deposited on the skin - - E

H Henry constant L2.M.T-2.Mol-! Pa.m3.mol-! CorE

R Universal gas constant L2M. T2 KMol | 8.31 J.K".mol" ||

Tpeau Temperature at the surface of the skin K K E

Estimating the product of the diffusion coefficient (D¢) in the skin and the
partition coefficient between the stratum corneum and soil (K¢ sol)

The product of D¢c and K soi is Used in the expression given for mass transfer
coefficient from the soil to the skin (equation 2.5.55).

In their 1992 publication, McKone et al. (1992) define the product of D.. and
Kee sol from the dermal permeability coefficient in water (Kp ) and the partition
coefficient of the pollutant between soil particles and water (Kg).

The authors consider that, during experiments carried out to measure the
dermal permeability coefficient of a pollutant in water, there is a boundary layer
between the solution contaminated by the pollutant tested and the skin sample,
given the stagnant conditions inherent to this type of test. The measured dermal
permeability coefficient (K% ) therefore corresponds to the reciprocal of two

resistances, those for the boundary layer at the skin surface and the skin itself:

1 .
Kot = Equation 2.5.69
$+ Lcc
D, K xD

e CC_eau cc

McKone et al. (1992) also established an empirical relationship for K% using
the experimental measurement of the permeability coefficient for 51 organic
substances with molar masses between 18 and 230 g.mol™. Thus they obtained
the following relationship:

Kmes* —

p.cc

C Equation 2.5.70

2,4.10° +3.10°° x Kg’ﬁJ

M 8 x (0,33+

where K™ : dermal permeability coefficient expressed in cm2.h-1.

p,cc

By identification between equations 2.5.69 and 2.5.70, they obtained:
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. 2410°+3.10° xK2®

D, VL < . Equation 2.5.71
where D, : diffusion coefficient in the stratum corneum expressed in cm2.h-,
or D= 2’4'1& z:féo X Ko X 31201) Equation 2.5.72
cc_eau
where D, : diffusion coefficient in the stratum corneum expressed in m2.s1.
From equations 2.5.68 and 2.5.72, we can then state:
Do MV, Ky gy = —(2A107 43107 x K )x278107 ggtion 2573
M O'Gx[Kd+ % b + %s_p > H
MVS_p MVS_p X R><Tpeau
Symbol Parameters Dimensions Units Status
Dec Diffusion coefficient in the stratum corneum (expressed | L2.T-! m2.s! CorE
relative to the total volume concentration of pollutant in the
skin)
Kee_sol Partition coefficient of the pollutant between the stratum | - - CorE
corneum and soil
M Molar mass of the pollutant M.Mol-* g.mol-! E
MVs_p Density of the soil deposited on the skin M.L-3 kg.m-3 E
K Partition coefficient between soil particles and soil water | L3.M! m3.kg! CorE
Bsp Water content of the soil layer deposited on the skin - - E
Ols_p Air content of the soil layer deposited on the skin - - E
H Henry constant L2.M.T-2.Mol-* Pa.m3.mol* CorE
R Universal gas constant L2M.T-2K" . Mol | 8.31 J.K-".mol! ||
Tpeau Temperature at the surface of the skin K K E
Kow Octanol-water partition coefficient of the pollutant L3.M1 cm3i.g! E

Comment: the relationship 2.5.73, taken from McKone et al. (1992), is not a
priori valid for substances with molar masses greater than 230 g.mol™. Above
this, experimental measurements of K, c.can be used to estimate the product of
Dec X Kee_sol- But @as equations 2.5.55 and 2.5.69 show, if K, ¢ is considered as
equal to Dec X Kee_eau / Lee, then the mass transfer coefficient from soil to the skin
(Kps) may be underestimated.

2.5.3.2.2.5. LENGTH OF THE DIFFUSION ZONE IN THE SOIL LAYER

In their model, McKone et al. (1992) defined the length of the diffusion path for
the pollutant in the soil layer towards the skin, and length of the diffusion path
for the pollutant in the soil layer towards the air boundary layer, as equivalent to
half the thickness of the solil layer.

The thickness of the soil layer may be defined using the quantity of soil
deposited on the skin (Qsol_peau) @nd the soil density, leading to:
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_ Qsol_ peau

d, ,= Equation 2.5.74
- 2xMV |
Symbol Parameters Dimensions Units Status
ds p Length of the diffusion zone in the soil layer L m CorE
Qsol_peau Soil mass deposited on the skin per unit area | M.L2 kg.m-2 E
(expressed as dry weight)
MVs_p Density of the soil deposited on the skin M.L-3 kg.m-3 E

Comment: the equations in section 2.5.3.2.2 and the corresponding sub-
sections are developed based on the mass concentration of pollutant in the soil,
while the equations in McKone (1990) and McKone et al. (1992) are given
based on the volume concentration of pollutant in the soil. For this reason, the
expressions developed here for the mass transfer coefficient from soil to the
skin (Ksp), the mass transfer coefficient from soil to the air (Ks) and the
multiphase diffusion coefficient in the soil (DUs ) are identical to the
expressions proposed by McKone (1990) and McKone et al. (1992) except for a
factor MVs ,, (the expressions given above are those from the publications
multiplied by the soil density, MVs ).

2.5.3.2.3. ADVANTAGES AND LIMITATIONS OF APPROACHES BASED ON
TRANSFER FLUX

The approach developed in section 2.5.3.2.2 and that presented in the
preliminary 1992 US EPA document are not recommended by this organisation
and are not reproduced in the document from the 2004 Superfund programme
for assessing and managing polluted sites, because the estimates of 'substance
partition from soils' are considered to be insufficiently developed.

However, these two approaches, one using the dermal permeability coefficient
for the pollutant in soil (K;°') and the other using the mass transfer of the

pollutant from the soil towards the skin (Kps), have a significant advantage
compared to the calculation method based on the absorption rate: K;"' and Kps

remain constant when the quantity of soil deposited on the skin or the
concentration in the soil varies, which is not the case for the absorption rate.

Although based on the mathematical representation of transfer by diffusion of
the pollutant through the skin, these models only take account of pollutant
transfer in the stratum corneum. In contrast to the model developed for
exposure from contaminated water, the resistance to transfer associated with
the viable epidermis is not considered. This tends to overestimate the pollutant
dose effectively absorbed for lipophilic substances.

The phase during which the quantity of pollutant entering the stratum corneum
is greater than the quantity leaving it is also not considered. McKone et al.
justify this position by:

¢ the fact that the stratum corneum is less hydrated and therefore thinner when
in contact with soil than when in contact with water. McKone et al. consider
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L o : :
that 7, (zﬁ) in this case is approximately 1/3 less than the values
X

cC

obtained than for contact with water;

¢ the fact that contact times with a contaminated soil are generally much longer
than when there is contact with contaminated water, as soil particles are
assumed to remain on the skin until it is next washed;

¢ calculation tests have demonstrated that whether or not this period is taken in
to account has little effect on the pollutant dose absorbed, estimated for
contact times longer than one hour.

McKone recognised that little data existed for dermal absorption from a soil
matrix to test these models. Simulations carried out by Bursmater and Maxwell
(1991) using the McKone (1990) model give estimates consistent with
measurements made by Yang et al. (1989). In this way Bursmater and Maxwell
determined, for benzo(a)pyrene, an absorption rate of 2% when 10 mg/cm? of
contaminated soil was deposited for a contact time of 12 hours, while Yang et
al. had measured an in vivo absorption rate of 1.1% in rats, after 24 hours
exposure, when 10 mg/cm? was deposited and an in vitro rate of 1.3% on
human skin, when 56 mg/cm? was deposited for a contact time of 96 hours.
However, in vivo measurements made by Wester et al. (1990) in rhesus
monkeys revealed much higher absorption (average of 13.2% for 40 mg/cm?
deposited with 24 hours contact). Given the little data available and the
variability in that reported, it is currently difficult to reach a conclusion on the
effectiveness of these models.

2.5.4. EXPOSURE DOSES ASSOCIATED WITH DERMAL CONTACT

2.5.4.1. CALCULATING INTAKE THROUGH SKIN CONTACT
Intake through skin contact is given by:

X
Emm=%“m“&“ Equation 2.5.75
- B

w

where Qpol_peau: quantity of pollutant in contact with the skin per unit area,

Aexp: body area exposed,

Bw: body mass of the receptor.
If contact with the pollutant occurs via soil, the quantity of pollutant in contact
with the skin is given by:

Qpoi_peau = Qsol_peau*Cs_p Equation 2.5.76

where Qsol_peau: quantity of soil on the skin per unit area,

Cs: pollutant concentration in the soil on the skin.
Comments: in the case of swimming in contaminated water, there is currently
no agreed method for defining the quantity of pollutant in contact with the skin.

Over the exposure period dey lasting from T, to T, the average intake
associated with dermal contact with a pollutant is calculated as the average of
pollutant doses absorbed from T; to To. If dex IS broken up into n sub-periods
each of duration At;, for which the exposure dose Ecc ex (i) can be considered
constant, then:
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TZ
z Ecc_ext(ti ) X Ati

E,. .(0)="" Equation 2.5.77
cc_ext\Mexp T2 _T1

where i: iteration number (number of the sub-period considered) between 1 and n,

n
and D AL =T,-T
i=1

Symbol Parameters Dimensions Units Status
m(dexp: Average intake over the exposure duration dexp M.M-1.T-1 mg.kg".j" C
Ecc_ext (1) Intake through skin contact at time t; M.M-1. T mg.kg-".j! C
Ati Period during which the exposure dose equals Ecc ext | T d

(t)
Qpol_peau Pollutant mass in contact with the skin per unitarea | M.L2 mg.m-2 E
Qsol_peau Soil mass deposited on the skin per unit area | M.L2 kg.m-2 E
(expressed as dry weight, consistent with Cs_p)
Csp SP;)ilr!utant concentration in the soil deposited on the MM mg kg CorE
dexp Duration of the exposure period considered T d CorE
T Beginning of the exposure period T d E
T2 End of the exposure period T d E
Bw Body mass of the receptor M kg E
Aexp Body area exposed L2 m? E

2.5.4.2. CALCULATING THE UPTAKE BY DERMAL CONTACT

The dose absorbed by dermal contact resulting from an exposure event of
duration T, during which body area Aeyp is exposed, is given by:

D X
Ecc_abs (ch ) = '%XP (TBCC )(T A;EXD (ch )

Comment: equations 2.5.17, 2.5.18, 2.5.19, 2.5.20, 2.5.31 and 2.5.42
correspond to the quantities of pollutant absorbed during or after each episode
where there is contact with contaminated water or soil. Several body areas can
be exposed at the same time under different conditions. In this situation, the
products of the quantities of pollutant absorbed by each area multiplied by the
area of each of these areas can be added together. Furthermore, if several
exposure episodes (interspersed by periods without exposure) occur during the
same day, the quantities of pollutant absorbed from each episode must be
estimated and added together to obtain the total quantity absorbed for this
exposure day.

Over the exposure period dexp lasting from T, to T, the average exposure dose
by dermal contact is calculated as the average of pollutant doses absorbed from

Equation 2.5.78

Page 216 of 235 Ref: DRC-14-141968-04378A




T1 to To. If dexp is broken up into n sub-periods each of duration At;, for which the
uptake Ecc (Tec,) can be considered constant, then:

Ecc_abs (dexp) =1

n

Z Ecc_abs (ch,i ) X Ati

T2 _Tl

Equation 2.5.79

where i: iteration number (number of the sub-period considered) between 1 and n,

n
and D AL =T,-T,.
i=1

Symbol Parameters Dimensions Units Status
E . ) Average uptake over the exposure period dexp M.M-1.T mg.kg.j! C
cc_abs\Yexp

Ecc_abs (Tec) Uptake by dermal contact for an exposure event of | M.M-1.T-1 mg.kg-".j! C
duration Tcc taking place at time ti

Aty Period during which the exposure dose equals | T d E
Eccﬁabs (tcc,i)

DAexp (Tec) Pollutant mass absorbed by dermal contact from | M.L2 mg.m-2 CorE
water and/or soil for a contact time of Tec

dexp Duration of the exposure period considered T d CorE

T Beginning of the exposure period T d E

T2 End of the exposure period T d E

Bw(Tcc) Body mass of the receptor at the time of the | M kg E
exposure event by dermal contact

Aexp(Tec) Body area exposed during the dermal exposure | L2 m? E

event
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3.ESTIMATION OF RISK LEVELS

Risk levels are calculated using exposure levels and corresponding
toxicological reference values (VTR) in terms of substance, pathway and
exposure duration.

The choice of toxicological reference values goes beyond the scope of this
document. For this issue, the reader is referred to existing guides, reports and
databases®®.

In certain cases, adjustments can be made to the estimated exposure level,
before calculating the risk level, to ensure a better match between the exposure
level and the toxicological reference value used. This may be important for
estimating, for example, the risk level associated with a baby ingesting breast
milk. If the available toxicological value has been defined using adult data
(without considering a safety factor for differences in individual sensitivity) and if
the pollutant absorption rate in the baby is different to that for the adult, it may
be necessary to adjust the baby's exposure dose'* as follows:

E.. d xt
Elait mat_eq (dexp nour) — Ialt_mat( exp_nour) abs_nour Equation 31
S - tabs_adulte
Where E i mar eq (exp_nour) - DADY's adjusted exposure dose,
Ejait_mat (exp_nour) : @verage exposure dose by ingested by the baby via breast milk over

the exposure period dexp_nour,
tabs_nour: @absorption rate of the pollutant by the baby,
tabs_adutte: @bsorption rate of the pollutant by the adult.

These practices, which are not always done, should always be based on an
assessment of the available toxicological data.

The calculation for the risk level is presented below. It is slightly different
depending on the type of effect considered (threshold effect or effect without
threshold).

¥ It is worth noting that there are currently few toxicological values relating to the dermal
exposure pathway. To estimate the risk associated with the pollutant dose absorbed after
dermal contact with a contaminated soil or water, in the absence of such values the US EPA
(1989) recommends using toxicological values defined for the oral pathway, after adjusting
those related to the oral absorption rate. In reality, the toxicity of a substance depends on
biological mechanisms involved after its administration, which may be different depending on
the exposure route. Unlike the US EPA, the French Department of Health, in its circular 2006-
234 dated 30/05/06, asks the decentralised services in charge to give an opinion on the health
effects of projects arising from an impact study, to ensure that petitioners do not transpose any
available Toxicological Reference Value for ingestion or inhalation to the dermal exposure
route.

* This approach is used by the US EPA (1998) to estimate exposure of the baby to dioxins
through ingesting breast milk.
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3.1. CALCULATING THE RISK LEVEL FOR THRESHOLD EFFECTS

For threshold effects, a danger quotient is first calculated for each pathway and
each substance.

For the inhalation or respiratory pathway, the danger quotient (QD) is given by:
Cion (desp)
VTR

with the Toxicological Value (VTR) expressed in terms of concentration.

For the ingestion (or oral) and dermal pathway, the danger quotient (QD) is
given by:

QD= Equation 3.1.1

QD= M Equation 3.1.2
VTR
with the Toxicological Reference Value (VTR) expressed in terms of dose.
and  E(d,,) =D E;(dy) Equation 3.1.3
J
where E_j(dexp) . oral exposure dose associated with vector j, averaged over the exposure
period dexp

In equations 3.1.1 to 3.1.3, the exposure duration dey, used depends on the
type of effect considered. It may be an acute effect associated with short-term
exposure (from a few seconds to a few days), sub-chronic effects (for exposure
durations from a few days to a year) or chronic effects (for exposure from a year
to whole life). Thus, dex, should correspond to the shortest duration for which
the effect studied can be expressed. If the exposure level varies with time, the
risk level should then be assessed over an exposure duration dex, Where the
inhaled concentration or exposure dose is the greatest.

For a polluted site that is no longer operating (no inflow but loss of pollutant
over time), the highest exposure occurs at the beginning of the exposure period
considered. Unlike the case of an operational facility (and in the absence of
other sources), if pollutant emissions and exposure conditions are constant over
time, the highest exposure is obtained at the end of the emission period. In
simplified form, given the uncertainties (over the actual operational period of the
facility, the continuous and constant nature of the emissions, etc.), the exposure
level used to estimate non-carcinogenic chronic risk is sometimes calculated at
time t where exposure is at its greatest, and not over an entire year.
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Symbol Parameters Dimensions Units Status

QD Danger Quotient : - C

C._ (d Average concentration inhaled over the exposure period | M.L-3 mg.m-3 C
inh ( exp) dexp

E(d ) Oral or dermal exposure dose associated with different | M.M-1.T-! mg.kg-.d-" C

exp vectors, averaged over exposure period dexp

E(d ) Oral exposure dose associated with vector j, averaged | M.M-1.T! mg.kg-.d-" C
JATexp over the exposure period dexp

VTR Toxicological reference value (expressed in terms of | M.L3 or MM1T'  [mgm?  or|E

concentration for the inhalation pathway and in terms of mg.kg'.d-!

dose for oral and dermal pathways).

Regarding addition of risk factors, the general rule is to add danger quotients for
substances causing the same effect on the same organ by the same biological
mechanism. For more information about these rules and usual practices, the
reader should also refer to existing guides, reports and circulars.

3.2. CALCULATING THE RISK LEVEL FOR EFFECTS WITHOUT
THRESHOLD

For effects without threshold, the calculated risk level is the probability for an
individual of developing the effect associated with the substance. For
carcinogenic substances where the effect is considered without threshold, this
probability is calculated over the whole life. In this way, exposure levels are
reported for whole life.

For the inhalation or respiratory pathway, the individual lifetime cancer risk (RI)

is given by:

Cinn(Gesp) X Doy
T

m

RI = xVTR Equation 3.2.1

For the ingestion (or oral) and dermal pathway, the individual lifetime cancer
risk is given by:

_ E(dexp) X dexp
- T

m

RI xVTR Equation 3.2.2
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Symbol

Parameters

Dimensions

Units

Status

RI

Individual lifetime cancer risk

Cinn (0o

Average concentration inhaled over the exposure period
dexp

M.L3

mg.m-3

E(d

exp)

Oral or dermal exposure dose associated with different
vectors, averaged over exposure period dexp (cf. equation
3.1.3)

M.M-1.T-

mg.kg'.d-!

dexp

Total exposure duration

Tm

Period of time over which exposure is reported. For|C

carcinogenic substances, a period of 70 years is
conventionally considered

VTR Toxicological reference value, called cancer slope factor
(corresponding to the inverse of a concentration for the
inhalation pathway and the inverse of a dose for oral and

dermal pathways)

(M.L3)y or
(M.M-1.T-1)-1

(mg.m3)! or|E
(mg.kg'.d1)!

An overall lifetime cancer risk is then calculated by summing the individual
lifetime cancer risks associated with the different carcinogenic substances
without effect threshold, the different exposure pathways and different exposure
durations.

This calculation is an approximation, because it does not take account of the
combined probability for an individual of developing cancer due to exposure to
several pollutants. This approximation remains valid for low individual lifetime
cancer risks (<0.01).

Comment: In the case of a study relating to a given contamination source, we
talk about excess individual lifetime cancer risk (from the exposure level
attributable to this source), represented by the abbreviation ERI, which is the
additional probability for an individual of developing a carcinogenic effect due to
this source compared to the background exposure.
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4. DISTINCTION BETWEEN CONCENTRATIONS, DOSES, RISKS
ATTRIBUTABLE TO ONE OR MORE CONTAMINATION
SOURCES AND TOTAL CONCENTRATIONS, DOSES AND
RISKS

Depending on the study objectives, the risk assessor may seek to estimate
concentrations in the media, exposure levels and risk levels attributable to a
specific source or the total concentrations, exposure levels and risk levels to
which individuals are subjected.

In this way, for a health risk assessment conducted as part of an impact study,
we seek to define the concentrations, exposure levels and risk levels
attributable to emissions from the facility studied. But it may also be necessary
to calculate the total concentrations, exposure levels and risk levels, to estimate
the proportion of these indicators attributable to this facility. Total concentrations
and exposure levels can also be calculated to compare them with measured
data.

All the concentrations presented above apply to calculating concentrations,
exposure levels and risks attributable to one or more contamination sources.
These equations can also be used to calculate total concentrations, exposure
levels and risk levels. However, total concentrations in environmental media,
such as the soil, air, groundwater and surface water, are not calculated directly
from the equations in section 1. They are actually calculated as the sum of
concentrations attributable to local sources (estimated using the equations in
section 1) and background concentrations.

As an example, consider a study relating to atmospheric emissions from a

chimney:

e the soil concentration attributable to the facility will be calculated using
atmospheric deposition of pollutant due to emissions from the chimney;

e the pollutant concentration in plants attributable to the facility will be
calculated using the pollutant concentration in the soil (estimated as shown
above, without taking account of the background concentration), particle
deposits and the pollutant concentration in the air attributable to the facility;

e exposure levels and exposure risks attributable to the facility will be
calculated using the concentrations attributable to the facility in the different
exposure media.

e total pollutant concentrations in plant-derived products will be calculated
using the transfer equations presented in section 1.6 and total pollutant
concentrations in the air, soil and perhaps water;

e exposure levels and total risks will be calculated from total concentrations in
the different exposure media of the individuals (soil, air, plant and animal
products).

The indicators thus obtained will correspond to the total exposure and risk
levels associated with the site or impact zone for the contamination source
studied. By adding to these results the exposure and risk levels associated
with exposure vectors located outside the site or impact zone for the
contamination source studied (such as foodstuffs consumed but produced
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outside this zone), we will obtain the total exposure and risk levels,
respectively, to which individuals are subjected.

On the other hand, pollutant concentrations in the soil, outdoor air, indoor air
and groundwater or surface water attributable to the facility must be calculated
using the equations described in sections 1.1 to 1.5 and concentrations
attributable to this facility in the inflow media. To the attributable pollutant
concentrations, thus obtained in the soil, outdoor air, etc., we will then add the
pollutant concentrations in these media associated with the background
concentration.

In the previous example, for atmospheric emissions from a chimney, the
calculation of total pollutant concentration in the soil requires estimating the
concentration in the soil due to atmospheric fallout from the chimney, and
adding the background concentration in the soil to it. In fact, taking account of
total atmospheric deposition on the soil, including deposition associated with
ubiquitous sources, would not enable us to know the total pollutant
concentration in the soil, and adding the background concentration in the soil to
the concentration calculated using total deposits on the soil would result in
counting the background concentration in the soil attributable to the background
concentration in the air twice.

Even if total pollutant concentration in an upstream medium and a downstream
medium should be considered to estimate the quantity of pollutant going from
one medium to the other by convective or diffusive transport, the approach
described here has been selected because the mobility of a chemical
compound can vary according to its origin (geochemical, made-made, etc.) or
the age of the contamination. Yes, it is difficult over a site to have differentiated
information on the mobility of different contamination sources and to take
account of them when performing a total mass balance of chemical substances.
With the selected approach, it will be noted that the proportion of pollutant
attributable to the studied source lost by a medium can be overestimated,
because the proportion of pollutant associated with the background
concentration can contribute to transfers, while the total mobility of a substance
is limited by its vapour pressure and solubility. However, this overestimated
component should be considered in relation to the uncertainties associated with
assuming an instantaneous equilibrium between the different phases of a
medium or the definition of partition coefficients for the substance between solid
and liquid phase. In addition, loss phenomena in classical ERS are generally
only taken into account to analyse uncertainties and the scale of possible
variations on the results.
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APPENDIX: MATRIX OF INTERACTIONS BETWEEN DIFFERENT
MEDIA (ALL TRANSFER MECHANISMS AND EXPOSURE
PATHWAYS TO HUMAN)

Page 234 of 235 Ref: DRC-14-141968-04378A



Soil Diffusion Convection Leaching Runoff Direct uptake from Ingestion Ingestion
Degradation Evaporation Diffusion Erosion the soil Dermal absorption
Sorption Resuspension of Rainsplash
particles
Particulate and Outdoor air Convection Particulate and Particulate deposition Inhalation of gases
gaseous Dispersion Diffusion gaseous deposition Foliar absorption of and particles
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