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PREFACE

Agenda 21 calls for attention for the environmental
impact of toxic wastes. The GlobeTox model
described in this report was developed in response to
this. As part of the integrated modeling approach,
GlobeTox was designed to extend the use of the
TARGETS system to include evaluation of the
possible global impact of emissions of toxic
substances. With GlobeTox, RIVM has contributed
its expertise in the area of environmental fate
modeling of toxic micropollutants to assessing the
issue of Global Toxification.

The work described in this report was done with
financial support of UNEP. The resulting GlobeTox
model is available to UNEP for use as one of the
modeling tools in producing its Global Environ-
mental Outlooks.
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SUMMARY

The technical details of GlobeTox, an environmental
fate model for toxic substances, have been described.
GlobeTox is designed to function as a toxic
substances module in the integrated assessment
model TARGETS (Tool to Assess Regional and
Global Environmental and health Targets for
Sustainability).

GlobeTox is a multi-media box model of the so-
called Mackay-type, in which the environment is
modelled as a series of thirty homogeneous
compartments on two spatial scales: four continental
islands are nested inside a global oceanic
“background”. Each of the four continental islands
comprises atmosphere, fresh surface water,
sediment, natural soil, and cultivated soil as
compartments; the oceanic environment consists of
seven water compartments, ice caps, sediment and
atmosphere. In GlobeTox, the “fate” of chemicals is
modelled on the basis of mass balance equations for
all the compartment “boxes”; mass flows of a

chemical to and from the compartments are written
in generic mechanistic terms, on the basis of
physical-chemical properties of the chemical and
characteristics of the compartments. Input to
GlobeTox are time series of emission rates to the
continental  environmental compartments and
physical chemical properties (rate constants for
degradation and intermedia transport). On the basis
of this input, GlobeTox simulates concentration time
series of the chemical in the different compartments.

GlobeTox was tested with four typical examples of
toxic micropollutants, representing different origins,
uses and properties: DDT, PCBs, DEHP, and lead. A
first quick comparison of the simulated concentra-
tions with easily accessible reported measured con-
centrations indicates that (i) the predicted
concentrations are usually in the right order of
magnitude, and (ii) that trends in time appear
reasonable. Further testing and validation of the
model remains to be done.
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1. INTRODUCTION

Multimedia fate models are often used to assess the
environmental fate of micropollutants. The GlobeTox
model is a multimedia fate model, which is based on
the SimpleBox model (Van de Meent, 1993),
developed at the National Institute of Public Health
and Environmental Protection (RIVM), Bilthoven, the
Netherlands. This document presents a description of
the GlobeTox model, in which the technical aspects of
the model are emphasized.

The GlobeTox model has been developed as a toxic
substances module for the global integrated assessment
model TARGETS (Tool to Assess Regional and
Global Environmental and Health Targets for
Sustainability), currently under development at RIVM
(Rotmans et al, 1994). Figure 1.1 represents the
modelling framework of TARGETS. The essential
elements of this framework are a population and health
model, a resources/economy model, a (biophysics)
cycles model, a land model and a water model. The
GlobeTox model forms part of the (biophysics) cycles
model.

The TARGETS model is suitable to explore the long-
term dynamics of global change, with which an
integrated assessment can be performed, on a global
scale, of the quantitative linkages between demo-
graphic, social and economic processes, biophysical
processes and effects on ecosystems and humans.
Furthermore, the TARGETS model can be used to
develop concrete strategies for sustainable develop-
ment. The model should be regarded as an aid in the
formulation of possible projections for the future, and
not as a means of generating predictions as such.

The main objective of the TARGETS model is the
operationalization of the concepts of global change
and sustainable development. A disturbance on a
global scale can be represented by a set of interrelated
and inextricably interconnected cause-effect chains.
Cause-effect chains are aggregated into a Pressure, a
State, an Impact and a Response subsystem. The
columns in Figure 1.1 represent the causal chains,
while the rows represent cross-linkages between the
elements of the causal chain. The different boxes in
the scheme denote submodels, or modules, which can
be represented by sets of indicators or indices. The
GlobeTox model calculates the dispersion and fate of
toxic micropollutants. It is therefore part of the state
dynamics module of the biophysics model.

Given the complexity and dynamic nature of the
mutual interdependencies, the integrated systems
approach can help to foster understanding of the

causal and mutual relationships between processes
within the human and environmental system. This
integration has two dimensions: 1) vertical
integration, i.e., capturing as much as possible of the
cause-effect relationships; and 2) horizontal
integration, i.e., the integration of different cross-
linkages and interaction between the various
subsystems (fertility submodel).

GlobeTox is incorporated in TARGETS to assess the
possible effects of toxic substances on human health,
ecosystems, land use and water quality. Furthermore,
the fate and dispersion of toxic substances can be
influenced by climatological factors, such as
temperature and rainfall, land degradation and erosion,
and changes in the hydrological cycle. Finally, human
activities underlie the emissions of these chemicals.
Consequently, as part of a global integrated
assessment model, GlobeTox is a multimedia fate
model on a global scale, in which the continents and
oceans are defined as separate systems. The
GlobeTox model calculates concentrations for each
environmental compartment. The goal of the model
is to demonstrate trends in concentrations and
estimate the effect of other parameters, such as
temperature, on these concentrations.

Four compounds were selected in order to test the
model. These compounds can be considered as
representive of a large group of chemicals. Examples
of these groups are organochlorine pesticides,
persistent and readily degradable industrial
chemicals and heavy metals. One well-known
representive compound was chosen from each of
these four groups, and calculations were performed
using them. Of course, these four compounds are
only examples and can never cover the toxic effects
of all known chemicals together.

Chapter two gives a general description of the
GlobeTox model; the structure of the model is
explained and compared with the structure of other
models in this field. Chapter three describes the
model in detail with all processes that are defined in
the model and the values for each parameter. Chapter
four presents the results of the calculations for the
selected compounds, comparing them with selected
monitoring data. Chapter five gives some concluding
remarks. A list of all compartments in the model is
presented in Appendix 1. Appendix II gives all
equations, that are not included in Chapter three. The
emissions scenario for each of the four examples is
presented in Appendix III.
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2. GENERAL DESCRIPTION OF THE GLOBETOX MODEL

This chapter gives a short overview of the GlobeTox
model. GlobeTox is a multimedia fate model on a
global scale, in which the continents and oceans are
defined as separate systems. Each system or spatial
scale is divided into compartments, such as
atmosphere, water and soil. These compartments
consist of several phases, for example air, water or
aerosols. A compartment model is a general name
for this kind of models. The first two sections of this
chapter give a general introduction into compart-
mental modelling. Next, the general structure of
GlobeTox, as a compartment or box model, is
discussed. At the end of this chapter the chosen
chemical compounds are displayed, the main input
and output of the model is given, and the role of the
GlobeTox model in TARGETS is discussed.

2.1 Introduction to a compartment model

Today mathematical models are widely used to
assess and predict the behaviour and fate of chemical
compounds in the environment. A diversity of
possible model designs exists and is applied to
address a scope of environmental issues ranging
from detailed descriptions of specific environments
to situations where the environment is largely
unspecified.

In particular when the behaviour of chemical
compounds is considered in so-called multimedia
systems, i.e. systems consisting of a composite of
environmental phases, box models are found to be
convenient. Also, box models encourage a generic
representation of environmental systems. Therefore
this type of model is exercised in situations where a
variety of similar environments have to be combined
to a general representation. A generic approach
allows that such a model is based on a unified
description of environmental features and processes
common to all phases. The obvious advantage of this
approach is the transparency and flexibility of the
representation. On the other hand, environments are
examplified by a limited set of standardised
descriptors so that the model overstates the
importance of these features. This limits the model’s
potential for representing specific environmental
systems and at the same time limits the possibilities
for validating the model’s output with data from field
studies. Therefore, results from box models should

be considered as indications of a prevalent
behavioural tendency of chemical compounds in
metaphorical environments. Although, box models
obstruct verification, their conceptual aspects
support the systems approach. Box models are
therefore an appropiate tool to evaluate the
dispersion of chemicals in integrated mondial
models that are based on the systems approach, such
as TARGETS.

The term “box model” is choosen to avoid confusion
with the notion of “environmental compartment”. In
this context, a box is understood as “A defined
volume of an environmental medium in which the
chemical is uniformly mixed”. This statement is
similar to the specification of the building block of
compartmental analysis (Zierler, 1981): “An
ideational construct in which is assembled some
quantity of a given species distributed randomly so
that there are no potential gradients within it”.

Technically, box models are classified as linear,
compartmental models (Jaquez, 1985). This means
that the dynamic features of processes are described
by a set of first order differential equations and that
the state of a box is entirely determined by the
transfer from preceding boxes. Compartmental
analysis is used extensively and with fruition in the
field of biomedicine and pharmacokinetics. During
the last decades compartmental analysis is employed
to model the behaviour of chemical compounds in
environmental situations.

To model the distribution of a chemical species, the
structure of the environmental system has to be
partitioned into separate compartments and the
characteristic response of each compartment has to
be determined. Then the model is assembied in
agreement to the following essential assumptions:

» The system consists of a collection of connected
discrete components called compartments or
boxes. These compartments correspond with
amounts of material that are characterized by
distinguishable and kinetically homogeneous
physico-chemical states. Material and energy are
exchanged between the compartments and with
the outside world which is regarded as the null-
compartment. Emission is an example of a mass
flow from the null-compartment into a
compartment. Degradation is an example of a

9
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mass flow form a compartment into the null-
compartment.

* Flows of material or energy from a compartment
to a compartment j are represented by rates r;
with dimension of unit mass or energy per unit
time. Hence, the rate of change of the amount x;
in the ith compartment of a n-compartmental
system is given by the sum of all flows entering
and leaving that compartment augmented with an
input 7,(1):

;Ci(t)Eg)ﬁ;tﬁ:irji_irq+[i(t) (21)
‘ il

jo

This linear differential equation is the mass
balance of the ith compartment. It expresses the
conservation of mass (and energy) in the system
and in its surroundings. The system is now
represented with a set of n of these mass
balances, one for each compartment.

* The rates r; are proportional to the amount of the
substance in the compartment (j) from which it
flows. With a rate coefficient k; (per unit time),
the mass balance can be written as:

xi(t) = 2kﬁxl —kaxi+L(0) i

i
kii =Zkij J=i
=

The assumption of homogeneity implies that
within a compartment, gradients of any kind are
absent. This means that nonlinear processes such
as diffusion cannot be modelled within a
compartment. The assumption of a linear donor
limitation requires that these processes need to be
approximated with a linear analog.

2.2)

The set of differential equations that represent the
compartment system can be solved by applying
standard matrix decomposition methods (Jaquez,
1985; Anderson, 1983; Godfrey, 1983; Carson et al.,
1983). Mostly, this results in a set of n equations
consisting of sums of n exponential terms:

X ([): (ai)()+ i(ai)j (’M/ (2‘3)
Jd

The first term of this equation represents the
response of compartment i to external input. The
second term expresses the compartment’s response
to inter-system flow: Each term (a,); is a function of
rate constants k; while A;; are the eigenvalues of the
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matrix of rate constants. Because the eigenvalues
have the dimension of reciprocal time they can be
regarded as the “general” rate constants of the
system.

To elucidate the environmental distribution of
chemical compounds compartmental analysis can be
applied by box models. This approach is feasible if
the number of compartments is limited and values of
all rate constants can be provided. Because the
composition of the environmental phases and their
intrinsic  spatial wvariation contradict the basic
assumptions of compartmental analysis, the
modeller has to concede to simplifications that
require considerable resourcefulness. In particular,
the requirement that the system is stationary confines
the behaviour of compounds. Static environmental
conditions require that specific behaviour caused by,
e.g. seasonal variations, has to be approximated by
averages over the interval of observation. Also, the
condition of homogeneity obstructs the straight-
forward applicability of linear compartmental
models. In environmental phases homogenisation is
a result of dispersive processes. In particular in soils
and sediments, and in certain types of surface waters
such as alluvial rivers and lakes, dispersion is limited
and considerable intervals may be taken into account
before mixing is completed to a reasonable degree.
In these cases the use of linear compartmental
models may not be adequate. However, it is often
possible to find plausible answers by resorting to
pseudo homogeneity and dividing the phase into
several totally mixed subcompartments
characterized by averaged dispersion coefficients.

Finally, the use of linear compartmental models to
assess the environmental behaviour of chemical
compounds is, as with any other model, strongly
associated to the expected appropriateness of its
predictions. It should therefore be decided before-
hand whether a linear compartmental model is
expected to satisfactorily meet the original objec-
tives: to apply a generic illustrative model as
representation of an aggregate of site-specific
environments.

2.2 Fluxes and processes of a compartment
model

The modelling concept described in this report can
be characterised as what is commonly referred to as
“Mackay-type” modelling approach (Mackay, 1991)
i.e.,, it is a multimedia fate model in which the
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environmental compartments are represented by
homogeneous boxes (Van de Meent, 1993). The
GlobeTox model is based on the SimpleBox (Van de
Meent, 1993) multimedia fate model. GlobeTox is
developed as a nested version of SimpleBox.

The concentration of a chemical in a compartment is
affected by processes that cause mass flows from
and to the compartment (Figure 2.1). The change in
concentration in the compartment is calculated by
means of a mass balance equation. Although this
input-output balance may be representative for a
location or area, it lacks spatial resolution. For
compartment { the general mass balance can be
written as follows

dC; _ . . 2.4
Vi. 7 - fﬂ Simi Af’zou/;‘ ( )

\'Z :Volume compartment i [L3]

C :Concentration in compartment i [M/L?]

t :Time [T]

fmy,,; «'Total incoming mass flow, compartment i [M/T]
£ 75> Total outgoing mass flow, compartment i [M/T]

The dimensions of the variables are expressed in unit
length [L], unit time [T] and unit mass [M}.

The total incoming mass flow [M/T] for compartment
i is the sum of all incoming mass flows. The total
outgoing mass flow [M/T] is the sum of all outgoing
mass flows. The incoming and outgoing mass flows
are defined by the three processes as stated below.
The difference between the total incoming mass flow
and the total outgoing mass flow is equal to the
amount of chemical remaining in a compartment [M].
From this mass balance the change in concentration
of the chemical [M/L?] can be calculated. The
average change in the concentration of a chemical in a
compartment per unit of time is obtained by dividing
the total concentration change by the relevant time
span [T]. If there is no change in the concentration of
the chemical in the compartment: dC,/dt = 0, the total

Figure 2.1: An  environmental
represented as a box and its mass flows.

compartment

"y . Compartment i .

incoming and outgoing mass flows are equal: f 7y, .=
f 5, This state, in which there is no change in
concentration, is called steady state or dynamic
equilibrium.

An incoming or outgoing mass flow is the result of
one of the following three processes: advective
transport, diffusive transport and chemical con-
version. Emission is part of the first process, namely
advective mass transport.

1) Advective mass transport. Transport of the
substance by means of a medium, such as tranport of
dissolved or solid particles in flowing air or water.
The mass flow can be calculated from volume flows
by multiplication of the volume flow with the
concentration of the chemical in that flow:

(2.5)

fm, .: Mass flow of chemical j to or from compart-
ment i [M/T]
fv :Volume flow to/from compartment i [L3/T]
C;; :Concentration of chemical j in the incoming or
outgoing volume flow of compartment i [M/L}]

Advective transport takes place between nearly all
the compartments. Some examples of advective
transport are run-off from soil to fresh surface water,
infiltration, and sedimentation. Emission is a mass
flow [M/T]. Emissions can go into the atmosphere,
fresh surface water, and soil. Incoming mass flow
(import) is the result of refreshment of the
atmosphere and water in the system with air and
water from outside the system. Outgoing mass flow
(export) is transport from the system to the outside of
the system.

2) Diffusive transport. The mass flow of a substance
that is caused by diffusion in a medium is usually
described by Fick’s first law. It states that the rate of
transfer of material is proportional to the concen-
tration gradient:

rm dC A (2'6)
S = =Dy ':l;j"
f“m. .t Flux of chemical j per unit area (*) in the dir-
ection x (x perpendicular to the area) [M/L2.T]
D;; : Diffusion coefficient of compound j in med-

ium  [L2/T]
dCy/dx: Concentration gradient (concentration differ-
ence per unit length) [M/L#]

11



GLOBETOX: Modclling the global fate of micropollutants

This relationship can not be used as such because of
the dimensional restriction of the compartment
models. It needs to be adapted by calculating the
diffusive transport of a substance from one medium
into an other.

Diffusion between two media may be predicted by a
two-film diffusion model (Liss and Slater, 1974;
Eisenreich er al., 1981; Janssen et al., 1991 and Van
de Meent, 1993). Values for the overall mass transfer
coefficient for diffusion, K, [L/T] may be estimated
using the partial mass transfer coefficients k, for the
media concerned. The general solution of this model
is described by:

= Ke A (C - C) @.7)

In which K, [L/T] is the overall mass transfer
coefficient. C [M/L?] is based on one of the two
phases, and A [L?] is the interfacial area. f™ is the
total resulting mass flow over the interfacial area A,
and C*; is the product of the concentration in the
other medium and the partition coefficient between
these phases [-].

In this report diffusive transport to and from a phase
takes place by two processes. These processes
imply differences in the direction of the resulting
mass flows. The net mass flow that results from it
may be either way, depending on the actual
concentrations of the chemical in the two media and
the concentration ratio at equilibrium. In the case
where the media are air and water, the two
processes are absorption in the fluid phase and
volatilisation to the gaseous phase. Diffusive
transport across the water-sediment interface takes
place by adsorption and desorption. The mass flows
represented by the two processes are computed as
the product of a transport coefficient K, [L3/T] and
the concentration in the compartment from which
the mass flow originates [M/L3]. The transport
coefficient K, is the product of the (overall) mass
transfer coefficient K [L/T] and the interfacial area
A [L2]. The overall mass transfer coefficient K is
estimated using partial transfer coefficients. The
equations which can be used to derive the overall
transfer coefficient are provided by Van de Meent
(1993). The overall mass transfer coefficients K are
not equal for each of the forward and backward
processes described.

As an example, the diffusive transport between water
and air is derived. The processes by which diffusive
transport between air and water takes places are gas

12

absorption and volatilisation. The absorption mass
flow is obtained by:

(2.8)

m —
f girwater Kuir - Awalur - Cair

fm : Diffusive mass flow from air to water by

air-waler -

gas absorption [M/T]

K. : Overall mass transfer coefficient for gas
absorption across the air-water interface,
referenced to air [L,;/T]

A, ... : Water surface area [L2]

: Total concentration in air [M/L3; |

The volatilisation mass flow is obtained by:

m — (2-9)
f water-air Koater - Awarer - Croaser

fm : Diffusive mass flow from water to air by

walcr-air
volatilisation [M/T]

K,.uer : Overall mass transfer coefficient for vola-
tilisation across the air-water interface,
referenced to water [L,,,../T]

A, : Watersurface area [L2]

water - Dissolved concentration in water

[M/L3wulcr]

In the case of diffusion between air and water, the
overall mass transfer coefficient follows from sum-
mation of the resistances at the waterside and airside
of the interface. K, is calculated by:

air

1 Kair - kvae
Kuir — — air waler (2‘10)
H + L kair - H + kw:m'r
k waler kuir
with
K, : Overall mass transfer coefficient for gas

absorption across the air-water interface,
referenced to air [L/T]

Kyir : Partial mass transfer coefficient at the air
side of the air-water interface [L/T]

: Partial mass transfer coefficient at the

walcr
water side of the air-water interface
[L/T]
H : Air-water equilibrium distribution

constant or the dimensionless Henry’s law
constant {-]

The two processes, absorption and volatilisation, can
be related by a linear relationship, which can only be
applied if the transport across the interface is a
steady state process and under the assumption that
the relevant concentrations are low.
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Kuwer = Kur - H (2.11)

Using Equation 2.11 to eliminate K, from
Equation 2.9 and combining with Equation 2.8 gives

-fm - ./‘m(lirrwu/('r - ‘fmwu/urﬂir (2.12)
with
(2.13)
f‘m = Kuir - Awuu’r - C{ur - Knir - H' Awawr - Cwa[yr
which may be written as
2.14
.fm = Kuir . Auir . (Cuir - H Cwaluv) ( )

This Equation is equal to the general solution
obtained by the two-film approach (Equation 2.7).

3) Chemical conversion is described by pseudo
first-order kinetics. Degradation is simulated as a

mass outflow because degradation makes the
chemical disappear from the system. The
degradation mass flow is given by:

(2.15)

~m — s
S g T Thkepp - Vi Gy

with:

k. ij; : Pseudo first-order degradation rate constant
of compound j in compartment i [1/T]

V, : The volume of compartment i [L?]

C,. : The concentration of compound j in com-
partment { [M/L?]

Degradation of micropollutants in fresh surface water
takes place by bacteria in the water phase. Degradation
of organic micropollutants in the atmosphere by hydro-
xyl radicals for example, can be described by:

(2.16)

m -
f . fairj] - _kOH,/uir,j/ . Cuir,OH. - Vi - air,j

2.3 Structure of the GlobeTox model

In the context of this report, a compartment is
regarded as part of the environment. A
compartment consists of several phases or
subcompartments. The different compartments

used in GlobeTox are: the atmosphere, fresh surface
water, sediment, ice caps, oceanic water and two
separate soil compartments A and B: natural soil
(soil A) and cultivated soil (soil B). The phases
described in this document are: air, water, biota,
solid particles, aerosols and ice. The several phases
present in the different compartments are shown in
Table 2.1. The phases in one compartment are all in
thermodynamic equilibrium.

The model consist of five spatial scales: four
continental scales and the oceanic environment.
Figure 2.2 displays a schematic overview of the
hierarchical structure of GlobeTox of these spatial
scales. The four continental scales represent the
continents of North America, Europe, Asia and one
substitute continent including South America, Africa
and Australia. North America does not contain
Greenland and the Canadian Archipelago: these
areas are a part of the oceanic icecaps. The reason
for not defining the southern continents separately is
that hardly any data are available on emissions, and
environmental concentrations in this area. Further,
the most important barrier for the dispersion of

Table 2.1: The compartments and phases as used i
Globelox. -

compartment number of phases phase

. air

atmosphere 3 water
aerosols
. . ; - water
fresh surface - 3 biota
water .. solid patticles
sediment 2 water
, o - solid particles
soii A/B
oceanic water

solid particles

ice caps
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World

Continent 1 Continent 2

Continent 3

Continent 4 Oceans

Atmosphere

Fresh surface water
Sediment

Soil A (natural)

Soil B (cultivated)

N/ _\

Atmosphere
Ocean layers
Sediment

fce caps

Figure 2.2: Hierarchical structure of GlobeTox.

chemicals in air on a global scale is probably the
Intertropical Convergence Zone (ITCZ) (Wiedmann
et al., 1994), which is a band of low pressure with air
masses rising up to the stratosphere, dividing the
troposphere into two parts. Thus, there is already a
natural separation of the southern continents from
the northern continents by means of this slow
interhemispheric exchange.

The compartments atmosphere, fresh surface
water, sediment, natural, and cultivated soil are
defined in each of the four continents. The
compartments defined for the oceans are, atmos-
phere, oceanic water, sediment and ice caps. Seven
compartments are defined for the oceanic water
compartment: a cold surface layer, a warm surface
layer, an intermediate layer under the warm surface
layer and four deeper layers. The structure of the
ocean compartment is adapted from the CYCLES
model (Den Elzen et al., 1995). The different
compartments of each spatial scale are displayed in
Figure 2.2. The most important difference between
SimpleBox and GlobeTox is the number of spatial
scales: SimpleBox consists of one spatial scale.

14

The compartments in the continental scales of
GlobeTox are very similar to the compartments in
SimpleBox. To reduce the number of compart-
ments, each of the continental scales in GlobeTox
has only two soil compartments: natural and
cultivated soil. Three soil compartments are
defined in SimpleBox. Further, water, suspended
particles and biota are defined as separate
compartments in SimpleBox. In GlobeTox,
however, they form one compartment: fresh
surface water. This has been done to limit the
number of compartments.

A scheme of the input and output of the model is
presented in Figure 2.3. Every compartment has its
own mass balance. The output of the GlobeTox
model is a concentration-time profile for the
chemical. As input the model requires emission
scenarios, transformation and transport rates, and
equilibrium contants for partitioning,.

Emissions have to be specified according to the
compartments in which they take place. Trans-



GLOBETOX: Modclling the globat fate of micropollutants

emissions compound environmental | | climatological
properties settings factors
mOdeI * mol weight ® volumina ® temperature
|npUt ® Kow or Kp ® areas ® rain rate
® vapour press. ¢ water and air flows o run off
® solubility e air, water, soil ® percolation
e degradability and sediment ® wind speed
characteristics
model GlobeTox
* mass balances
model Lo :
output concentration-time profiles for all compartments

Figure 2.3: Input and output of the Globelox model.

formation rates are required in all compartments.
However, for fresh surface water, sediment and soil,
these can be deduced from a transformation rate in
pure water. Diffusive transport is thermodyna-
mically driven. If concentrations between two
phases are not in thermodynamic equilibrium,
ditfusive transport will occur. In order to estimate
the diffusive transport rates, one requires data on the
physical chemical properties of the compound
considered. Besides that, one also needs other
parameters such as temperature, surface through
which transport takes place, and volumes of the
phases. The parameters that are required for
advective transport are environmental and climat-
ological parameters, for example erosion, sedi-
mentation and rainfall.

2.4 Comparison with other models
Another approach to a multimedia fate model with

different spatial scales has been presented by Wania
and Mackay (1992). In this model a number of shells

are laid across the world, parallel to the equator, to
obtain a global, meridional box model. Atmospheric
exchanges account for the interactions between the
different scales in this model. A difference from the
island approach is the absence of exchanges by
transport of water from one shell to others. The
water compartment consists mainly of ocean water,
but no distinction is made between fresh surface
water and ocean water in each shell. In the island
approach the oceans belong to one scale and
transport of water refers to transport of fresh surface
water of the continental scales to the oceans, or
transport between different ocean layers. A
schematic representation of the spatial scales for
both approaches is given in Figure 2.4.

For the current purpose the island approach is
preferred to the shell approach. The main reason is
that the emission of chemicals takes place on the
continents rather than the oceanic environment. The
chemicals considered here as being subject to global
dispersion are closely associated with such
hydrophobic compartments as soil and sediment.

15
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Their atmospheric residence times will thus be short,
even if degradation in air is not very important.
These chemicals are very immobile in soil and
sediment, but the concentration in air will be greatly
influenced by the concentration in these compart-
ments. For that reason the concentration in air over
the oceans will be significantly different from that
over the continents. For the current purpose, the
concentration in fresh surface water is one of the
most important aspects of the dispersion of these
chemicals. Because of direct emission to surface
water, runoff of the chemicals from soil and a higher
deposition of the chemicals from air over the
continents, it is obvious that the concentration in
fresh surface water is much higher than that in ocean
water. Therefore, a distinction should be made
between continental air and oceanic air and between
fresh surface water and ocean water. Because the
concentration in all compartments is assumed to be
homogeneous, the continents should be treated as
separate scales.

The shell approach is more convenient than the
island approach for chemicals that occur mainly in
air. If the residence time of a chemical in air were
long enough, the concentration would be nearly the
same throughout the same latitude. This kind of
approach has been applied by Wiedmann et al.
(1994) for modelling the global dispersion of
tetrachloroethene, a highly volatile organic
chemical. For this purpose they used a three-
compartment model, in which the world is divided
into three latitudes. Only air is considered, since
water is not an important compartment for the global
dispersion of tetrachloroethene.

Furthermore the shell approach is very useful if
special attention is to be paid to the effects of
temperature on the dispersion of the chemicals. Each
shell has its own temperature, depending on the

Figure 2.4: Schematic representation of the shell and
island approach in multimedia fate models.

meridional approach

nested istand approach
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latitude. This approach has been adopted by Wania
and Mackay (1992) to examine the effect of
temperature on the dispersion of DDT and
hexachlorobenzene. The accumulation of these
compounds in the temperate and Arctic regions, due
to the higher evaporation in warm regions and the
higher deposition in colder regions, is known as the
cold condensation effect.

2.5 The chemicals chosen to examine global
dispersion

Four (groups of) chemicals were selected for the

current purpose of examining the global dispersion

of chemicals. These chemicals are only examples,
but they were chosen because they are used so

extensively that they could present a problem on a

global scale. Further, each of them could be

considered as representative of a larger group of
chemicals, each with its own properties and uses.

1) DDT (1,1,1-trichloro-2,2-bis(p-chlorophenyl)ethane).
This is a typical example of a persistent
organochlorine pesticide that has been used on a
very large scale in the past. Together with its
toxicity, this has made it one of the best-known
examples of environmental problems caused by
micropollutants. DDT is currently still being
used, but on a much smaller scale. Because of its
use as a pesticide, all of the DDT can be con-
sidered as an emission.

2) Polychlorinated biphenyls (PCBs). This group of
chemicals is very persistent. They are treated as a
group here, too, and not as single congeners,
because emission data are only available for them
as a group. PCBs are industrial chemicals that
have been used in open systems as additives in
carbonless copy paper, lubricants, inks, paint,
plasticisers and many other areas. This open use
in the past can be regarded as direct emission.
However, the most important application of PCBs
is in such closed systems as transformers and
capacitors. A large amount of PCBs is still in use,
but almost solely in closed systems. Leakages
mean that considerable amounts of PCBs are still
emitted to the environment (De Voogt and
Brinkman, 1989). In the present situation PCBs
form a problem in many aquatic ecosystems.

3) Diethylhexylphthalate (DEHP). Phthalates are
used in enormous quantities as plasticisers. How
much of the amount used in plastics is emitted to
the environment is not clear, but this is probably
only a small fraction of the total. DEHP is
relatively easily degraded in the environment.
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4) Lead (Pb). This is a heavy metal and thus it has
completely different properties than the organic
chemicals. Heavy metals are not degraded and
they are not subject to volatilisation or gas
absorption because they have an extremly low
vapour pressure. Lead has been used as an additive
in gasoline on a large scale. This is the only source
of lead emission considered here. Lead as an
additive in gasoline is the main source of lead that
enters the environment in a diffuse form.

2.6 The role of the GlobeTox model in
TARGETS

The GlobeTox model has been developed as a
module of the decision support system TARGETS in
order to model the dispersion of chemicals and their
possible effects on a regional and global scale. The
present model only provides concentrations of
chemicals in the different environmental compart-
ments. No violations of norms or risks are defined. In
the future the GlobeTox model will be incorporated
into the TARGETS model. Then, links with other
modules in TARGETS are possible: see Figure 2.5.

The quality of water used for different purposes is

Figure 2.5: Role of the GlobeTox model in TARGETS.

affected by toxic chemicals. Chemicals can also
accumulate in food and therefore they can have
effects on human health. Direct effects on human
health are possible, too, for example by inhalation of
the chemicals. If toxic chemicals accumulate in soil,
it may become unsuitable for agriculture or there
may be some effects on the harvest. Finally, the
effect of toxic chemicals on biodiversity can be
investigated.

On the other side, the output of other modules of
TARGETS can serve as input for the GlobeTox
model. Emissions of lead, for example, could be
coupled to the production of lead, especially that
part of the production that is used for the
production of alkyllead. Many environmental
settings can be imported from these submodels. For
the circulation of water these include the volumes
of fresh surface water and icecaps, the flow of river
water to the oceans, the calving and melting of the
icecaps, the rates of precipitation, runoff and
percolation and the moisture content of soils. For
the soils one can import the organic carbon content
of soils and the shift from natural to cultivated soil.
Finally, the degradation rate of chemicals in air will
be coupled to the concentration of free hydroxyl
radicals in the air.

RESPONSE PRESSURE
admission emissions to air, water, soil industry
policy > regional agriculture
global households
degradable
alternatives STATE ]
clean concentrations in air,
technology regional
global
pesticides
heavy metals
industrial chemicals
IMPACT v
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3. DETAILED DESCRIPTION OF THE GLOBETOX MODEL

In total there are thirty compartments in GlobeTox; five (air, water, sediment, natural soil and cultivated soil)
in each of the four continental scales and ten (air, seven ocean layers, sediment and ice caps) in the oceanic
background. Formulas in this chapter and in Appendix II contain indices to indicate a compartment or
chemical. Here a short explanation is given for these indices. All compartments, together with their
corresponding numbers and formulas, are given in Appendix I. Air is considered as the first compartment in
each continental scale, water as the second, sediment as the third, natural soil (so0ilA) as the fourth, and
cultivated soil (soilB) as the fifth. In the oceanic background air is also considered as the first compartment,
the seven ocean layers as the second to eighth compartments, sediment as the ninth and the ice caps as the
tenth compartment.

All these compartments can be numbered with a numeric formula, using the numbers C for the number of
continental scales and N for the total number of spatial scales, including the oceanic background, with the
number i as indicator for each spatial scale.

Most model parameters also depend on the properties of each chemical. Equations that depend on the
properties of all chemicals (AC) have an array equal to the number of all chemicals (AC=4). Equations that
are only valid for organic chemicals (OC) have an array equal to the number of organic chemicals (OC=3).
Each chemical is indicated by the number j, which is shown in Table 3.1.

This chapter will first discuss the mass balances, followed by the separate terms in the mass balances.
Subsequent sections deal with the input parameters for the environmental characteristics and the compound
properties. Finally, the processes are discussed per compartment.

3.1 Mass balances

Concentrations in GlobeTox are determined by solving the mass balances for each compartment. All mass
balance equations are in the form of differential equations, expressed as a change in concentration per year.
These mass balances are considered here for all compartments.

The air compartment

A chemical in the air compartment can be present in three different atmospheric phases (gas, rain, aerosol).
The concentration in the air compartment (Conc[i-5-4,j], i = 1 to N, j = 1 to AC, [mol/m?3]) is the total
concentration of the chemical in all phases of the air compartment. For partitioning within the atmosphere
between these three phases, only gas and aerosol are taken into account. Rain is not regarded as a constant
reservoir but as a transport medium for wet precipitation. A schematic representation of the compartment air
with all processes is given in Figure 3.1.

Table 3.1: Numbering of the chemicals.

valueofj
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Figure 3.1: Air compartment of the continental scales. 1) Emission, 2) Volatilisation, 3) Air exchange, 4)
Degradation, 5) Gas absorption, 6) Dry and wet deposition.

The mass balance equation for the air compartment of the continental scales is defined as:

dConcfi-5 -4, j]

dt

= (input_air(i, j] + Conc[i-5-3, j] - k_water_air[i, j] +

Concfi-5-1,j] + k_soilA_air[i, j] + Conc[i-35,]] -

N

k_soilB_air[i, j] + E(Cotlc[x-5—4, jl - k_air_air[x,ij) - 3.1

x=1

Conc[i*5-4, ] - (removal_airfi, j] + k_air_water[i, j] +

N
k_air_soilAfi, j] + k_air_soilB[i, j] + Ek_air_air[i, x])) IVAir[i]
x=1

with
Concli-5-4,j]:

input_air{ij]:
Concli-5-3,j]:

k_water_air[j]:
Conc[i-5(-1),j]:

k_soilA(B)_air[ij]:

k_air_air[xi]:

removal_air{ij]:
k_air_water{ij]:

k_air_soilA(B)[ij]:

VAir[i]:

20

Total concentration in air (gas phase + aerosol phase + rain water phase)
[mol/m3 ].

Mass flow for emission into the air compartment [mol/year].

Total concentration in water (water phase + particulate matter phase + biota phase)
[mol/m3,, .. ]

Coefficient for transport from water to air [m3,,,,. /year].

Total concentration in natural (cultivated) soil (gas phase + water phase + solid
phase) [mol/m3;].

Coefficient for transport from natural (cultivated) soil to air [m3, ;/year].
Coefficient for transport of air from one spatial scale x to another spatial scale i
[m?,;/year].

Coefficient for removal of the chemical from air by degradation [m?3,; /year].
Coefficient for transport from air to water [m3,; /year].

Coefficient for transport from air to natural (cultivated) soil [m3; /year].

Volume of the air compartment [m3; ].
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Figure 3.2: Water compartment of the continental scales. 1) Emission, 2) Gas absorption, 3) Dry and wet
deposition, 4) Desorption, 5) Resuspension, 6) Run off, 7) Degradation, 8) River discharge, 9) Volatilisation, 10)
Adsorption, 11) Sedimentation.

The processes that account for an increase of the concentration of a chemical in air are emission and transport
to the air compartment from air of other spatial scales, water and soil. Degradation of a chemical in air and
transport from air to air of other spatial scales, water and soil lead to a decrease of the concentration in air.
The equation for air over the oceans and the ice caps is similar to this equation (see Appendix II, Equation 1).
However, it is assumed that no emission takes place in the oceanic background. The interaction between the
atmosphere in the oceanic background and the surface layers of the ocean is of the same kind as the interaction
between the atmosphere on the continents and fresh surface water. The interactions between the atmosphere
and soil are replaced in the oceanic background by interactions between the atmosphere and the icecaps. No
transport from the icecaps to the atmosphere is defined because volatilisation is considered negligible. Thus
there is no term for transport from icecaps to air in the equation for air over the oceans and the icecaps.

The water compartment

A chemical in the bulk water compartment can also occur in three different phases (water, suspended matter,
biota). The concentration in the water compartment is the total concentration of the chemical in these three
phases (Concl[i-5-3,j],i=1to C, j=1to AC, [mol/m3,_.]). In SimpleBox the concentration in water is the
concentration in the dissolved state only. This means that here the three phases are assumed to be in a state of
thermodynamic equilibrium, while in SimpleBox they are not. For the large water volumes defined in the
GlobeTox model this will probably be no problem. Figure 3.2 represents the water compartment of the
continental scales, including all processes.

The mass balance equation for the water compartment of the continental scales is defined as:

dConcfi-5-3, j]
dt

= (input_water(i, j] + Conc[i-5-4, j] + k_air_water[i, j] +
Concli+5-2, j] * k_sed_water[i, j| + Conc[i-5-1, j] -
k_soilA_water[i, j] + Conc[i-5, j] - k_soilB_water[i, j] - (3.2)
Conc[i-5-3, j] - (removal_water(i, j] + k_water_air[i, j] +

k_water_sed[i, j] + k_water_oceanl[i] + k_water_ocean7[i])) [VWater(i]
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with
Conc[i-5-3,j]:

input_water[ij]:
Concl[i-5-4,j]:

k_air_water[ij]:
Concl[i-5-2,j]:
k_sed_water[ij]:
Conc[i-5(-1),j]:

k_soilA(B)_water(ij]:
removal_water[ij]:
k_water_air[ij]:
k_water_sed[ij]:
k_water_oceanl(7)[i}]:

VWater(i]:

The concentration in water is increased by emission and transport from air, sediment and soil to water.
Degradation of the chemical in water and transport from water to air or sediment and by means of river
discharge to the oceans will lead to a decrease of the concentration in water.

The ocean compartments

Total concentration in water (water phase + particulate matter phase + biota phase)
[mol/m3,,.]-

Emission mass flow into the water compartment [mol/year].

Total concentration in air (gas phase + aerosol phase + rain water phase)
[mol/m3 .

Coefficient for transport from air to water [m3; /year].

Total concentration in sediment (water phase + solid phase) [mol/m3 ]
Coefficient for transport from sediment to water [m3, . /year].

Total concentration in natural (cultivated) soil (gas phase + water phase + solid
phase) [mol/m3;].

Coefficient for transport from natural (cultivated) soil to water [m?, ; /year].
Coefficient for removal of the chemical from water by degradation [m3, . /year].
Coefficient for transport from water to air [m?3,./year].

Coefficient for transport from water to sediment {m3_ . /year].

Coefficient for transport from water to ocean layer 1 (7), the cold (warm) surface
layer [m3, . /year].

Volume of the water compartment {m3 1.

The ocean layers are similar to the fresh water compartments. However, no biota phase is defined in the ocean
compartments, because data on the amount of biota for each ocean layer are not available. Consequently, a
chemical in the ocean compartments can occur in two different phases (water, suspended matter). The
concentration in the seven ocean layers is thus the total concentration of these two phases (Conc[N-5-
3..N-5+3,j],j = 1 to AC, [mol/m3,,,.,]). The ocean layers are adopted from the CYCLES model (Den Elzen et

al.,

1995).

The seven ocean layers, including all processes, are represented in Figure 3.3.
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Figure 3.3: Ocean compartment. 1) Gas absorption, 2) Dry and wet deposition, 3) River discharge, 4) Circulating
mass flow, 5) Turbulent mixing, 6) Settling, 7) Desorption, 8) Resuspension, 9) Calving and melting, 10)
Degradation, 11) Volatilisation, 12) Adsorption, 13) Sedimentation.

22



GLOBETOX: Modelling the global fate of micropollutants

There are some differences between the ocean layers. The inflow of river discharge is restricted to the cold
and warm surface layer of the oceans. Also, production of organic carbon is restricted to the two surface
layers. Therefore the equations for the cold and warm surface layer of the ocean, layers 1 and 7, are very
similar. However the warm surface layer is at a shallower depth than that of the cold surface layer. For this
reason there is an intermediate ocean layer, layer 6, which lies beneath the warm surface layer. Transport of
ice from the icecaps to the oceans is restricted to the cold surface layer. The mass balance equation for the
cold surface layer is as follows:

dConc[N-5-3, j]
dt

= (Conc[N-5-4,j] - k_air_oceanl[j] + Conc[N-5-2,j] -
k_ocean2_oceanl + Conc[N-5+3, j] - k_ocean7_oceanl +

c
Conc[N-5+35, j] + k_icecap_oceanl + E (Concfi-5-3, j] -

i=1

k_water_oceanl[i]) - Conc[N-5-3, j] - (removal_ocean[1, j] +

k_oceanl _air[j] + k_oceanl ocean2[j])) | VOceanLayer[1]

with
Conc[N-5-3..N-5+3,j]:  Total concentration in the seven ocean layers (water phase + particulate matter

phase) [mol/m3, . ].

Conc[N-5-4,j]: Total concentration in air in the oceanic background (gas phase + aerosol phase +
rain water phase) [mol/m?3_, .

k_air_oceanl[j]: Coefficient for transport from air in the oceanic background to ocean layer 1
[m3; /year].

k_oceanx_oceany[j]: Coefficient for downward transport from ocean layer x to ocean layer y
(M, eyear].

k_oceany_oceanx: Coefficient for upward transport from ocean layer y to ocean layer x [m?,,,/year].

Conc[N-5+5,j]: Concentration in ice caps [mol/m3__.].

k_icecap_oceanl: Coefficient for transport from the ice caps to ocean layer 1 [m3,, . /year].

Concl[i-5-3,j]: Total concentration in water in continental scale i (water phase + particulate matter
phase + biota phase) [mol/m3__ . ].

k_water_oceanl[{]: Coefficient for transport from water in continental scale i to ocean layer 1
[m?,e/year].

removal_ocean[l,j]: Coefficient for removal of the chemical from ocean layerl by degradation
M3,y fyear].

k_oceanl _air[j]: Coefficient for transport from ocean layer 1 to air [m?3,,,./year].

VOceanLayer[1]: Volume of ocean layer 1 [m3_,. ]

As can be seen from this equation, there are both upward and downward mass fluxes in the oceans. A strictly
downward flux is the mass flux of a chemical due to the settling of suspended particles. A decreasing part of
the production of suspended matter settles down to the underlying ocean layer and finally to the marine
sediment (Den Elzen et al., 1995). So, within the oceans, only the transport coefficients for downward
transport depend on the properties of the chemical. The other mass fluxes between the different ocean layers
only depend on transport of bulk water, including suspended particles. This transport of water includes
turbulent mixing between two ocean layers as well as the circulating mass flow through the oceans (Den
Elzen et al., 1995).

The mass balance equations for the other six ocean layers are given in Appendix II, Equations 2 to 7. The
mass balances are also very similar for the deep ocean layers beneath the two surface layers. Each ocean layer
has some interactions with the ocean layers above and below. There are two ocean layers over the first deep
ocean layer, layer 2. These are the cold surface layer, layer 1, and the intermediate layer, layer 6. In this sense
ocean layer 2 differs from the other ocean layers.
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Water 5
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Figure 3.4: Sediment compartment. 1) Adsorption, 2) Sedimentation, 3) Degradation, 4) Burial, 5) Desorption, 6)
Resuspension.

The ocean layers under the first deep ocean layer, layers 3 and 4, and the intermediate ocean layer, layer 6,
have only one ocean layer below and one ocean layer above them. Therefore the mass balance equations for
these ocean layers are nearly the same. In the case of the intermediate layer, the layer below is ocean layer 2
and the layer above is ocean layer 7, the warm surface layer. The bottom layer of the oceans, layer 5, has no
ocean layer below it: it lies on the marine sediment.

The sediment compartments

The sediment compartment consists of two phases (water, solid particles). The concentration in sediment is
consequently a total concentration of these two phases (Conc[i-5-2,j], i=1to C, j =1 to AC, [mol/m3_,]).
Partitioning between these two phases is defined. The water phase is not only a reservoir but also a transport
medium for adsorption and desorption between the water and sediment compartment. Figure 3.4 represents
the sediment compartment, together with all processes.

The mass balance equation for the sediment compartment of the continental scales is as follows:

dConcfi-5-2, j]

= (Concf[i-5-3, j] - k_water_sed[i, j] - Conc[i-5-2,j] -

dt
. - , (34)
(removal_sed[i, j] + k_sed_water[i, j])) | VSed]i]

with

Conc[i-5-2,f]: Total concentration in sediment (water phase + solid phase) [mol/m3_,]

Conc[i-5-3,j]: Total concentration in water (water phase + particulate matter phase + biota
phase) [mol/m3,.].

k_water_sed[ij]: Coefficient for transport from water to sediment [m3__ . /year].

removal_sed[ij]: Coefficient for removal of the chemical from sediment by degradation and
sediment burial [m3_, /year].

k_sed_water[ij]: Coefficient for transport from sediment to water [m3,_ /year].

VSed[i]: Volume of the sediment compartment [m?3,]-

The concentration of a chemical in sediment is increased by transport from water to sediment and decreased
by transport from sediment to water, degradation of the chemical in sediment and sediment burial. For the
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Figure 3.5: Soil compartments of the continental scales. 1) Emission, 2) Gas absorption, 3) Dry and wet
deposition, 4) Degradation, 5) Leaching, 6) Volatilisation, 7) Runoff.

concentration in marine sediment (Conc[N-5+4,j], j = 1 to AC, [mol/m3_]) there is an equivalent equation,
which is given in Appendix II, Equation 8.

The soil compartments

Soil is a bulk compartment, too, consisting of three phases (solid particles, water, gas). For partitioning within
the soil compartment only the water and solid phase are taken into account. The gas phase is a transport
medium for gas absorption and volatilisation. As for the other compartments, the concentration in soil is a
total concentration of all phases. Figure 3.5 represents the soil compartments, together with all processes.

The concentrations, in natural soil (Conc[i-5-1,j], i = 1to C, j =1 to AC, [mol/m3,]) and in cultivated soil
(Conclis,j], i=1to C,j=1to AC, [mol/m3;]) are defined in exactly the same way. The mass balance
equation for the soil compartments of the continental scales is:

dConcli- 5(-1), j]
dt

= (input_soilA(B)[i, j] + Conc[i-5-4,j] - k_air_soilA(B)[i, j] -

(3.5)
Concli-5(-1), j] + (removal _soilA(B)[i, j] +

k_soilA(B)_air[i, j] + k_soilA(B)_water[i, j])) | VSoilA(B)[i]

with
Conc[i-5(-1),j]: Total concentration in natural (cultivated) soil (gas phase + water phase + solid
phase) [mol/m3_ ,].

Emission mass flow into the soil compartment [mol/year].

Total concentration in air (gas phase + aerosol phase + rain water phase)
[mol/m3,,].

Coefficient for transport from air to natural (cultivated) soil [m?3, /year].

input_soilA(B)[4/]:
Concl[i-5-4,j1:

k_air_soilA(B)[ij]:

removal_soilA(B)[4]]:

k_soilA(B)_air[ij}]:

k_soilA(B)_water[ij]:

VSoilA(B)[]:

Coefficient for removal of the chemical from soil by degradation and leaching
[m33()il/year]‘

Coefficient for transport from natural (cultivated) soil to air [m?3_;/year].
Coefficient for transport from natural (cultivated) soil to water [m?3; /year].
Volume of the soil compartment [m3;].
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Figure 3.6: Ice caps compartment. 1) Dry and wet deposition, 2) Degradation, 3) Calving and melting.

The concentration of a chemical in soil is increased by emission to soil and transport from air to soil.
Degradation of the chemical in soil, leaching to groundwater and transport from soil to air and water lead to a
decrease of the concentration in soil.

The ice caps

The ice caps are treated as a reservoir for deposited chemicals. Degradation of organic chemicals does take
place, but is set in the model to be negligible compared to the other compartments. Volatilisation from ice caps
is not defined in the model. The only way the chemical can re-enter the other compartments in this model is
by melting and calving of the ice caps. The chemical is then transported to the cold surface layer of the ocean.
Further, the concentration in ice caps (Conc[N-5+5,j], j = 1 to AC, [mol/m3,,,.]) is related to the volume of
water of the corresponding amount of ice and snow. The ice caps, represented in Figure 3.6, are treated as a
homogeneous mass of snow and ice.

This leads to the following mass balance for the ice caps:

dConc[N-5+35,j]

= (Conc[N-5-4,j] - k_air_icecap{j] - Conc[N-5+35,j] -

dt
. 3.6
(removal_icecap[j] + k_icecap_oceanl)) / S—llc% G0
with
Conc[N-5+5,j]: Concentration in ice caps [mol/m?3 ., ].
Conc|[N-5-4,f]: Total concentration in air in the oceanic background (gas phase + aerosol phase +
rain water phase) [mol/m3_, ].
k_air_icecaplj]: Coefficient for transport from air to the ice caps [m3,; /year].
removal_icecapl|j]: Coefficient for removal of the chemical from ice caps by degradation
[, /year].
k_icecap_oceanl: Coefficient for transport from the ice caps to ocean layer 1 [m3_ . /year].
S_icecap: Amount of ice and snow in ice caps [Kg,..q]-
103 Conversion from m3, . to kg.
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3.2 Mass flows andcoefficients for transport and removal

The total amount of a chemical that enters or leaves a compartment by means of emission into the
compartment, total removal from the compartment, or transport between two compartments, is referred to as
the mass flow for that process. Direct input into the compartment by emission is the only kind of process that
is expressed directly as a mass flow in moles per year. The other processes are expressed as transport or
removal coefficients in cubic meters of the medium per year. Therefore, they have to be muitiplied by the
concentration in that medium, expressed in moles per cubic meter, to obtain a mass flow in moles per year. In
this way these coefficients for transport and removal are used in the mass balance equations for all
compartments.

The air compartment
The mass flow for emission into the air compartment (input_air[ij], i = 1 to C, j = 1 to AC, [mol/year]) for the
continental scales is defined as:

EAirfi il - 106
input_air[i, j] = Edir[i jj -~ 10°

MolWeightfj] B.7
with
EAir[ij]: Emission to air for each chemical j [tonnes/year].
106: Conversion from tonnes to g.
MolWeight[j]: Mol weight of the chemical [g/mol].

It should be stressed that emissions are restricted to direct anthropogenic emissions. Re-emission from other
compartments is covered by the transport processes in the model. For this reason there is no mass flow for
emission defined for the oceanic background.

In the case of air, the coefficient for removal consists only of a degradation term. This coefficient for removal
(removal_air[4j], i =110 C, j=1to AC, [m3 /year]) is given here. The coefficient for removal in air for the
oceanic environment is defined in exactly the same way (Appendix II, Equation 9).

removal_air[i, j] = kdegAir[i, j] - 365 - VAir[i]

(3.9
with
kdegAir[ij]: Pseudo-first order transformation rate constant in air [/day].
365: Conversion from year to day.
VAir[i]: Volume of the air compartment [m3; ].

The coefficient for transport of air from one spatial scale i to another spatial scale x (k_air_air[4x], i = 1 to N,
x=11toN, [m?3;/year]) is defined as:

k_air_air[i,x] = AirFlowTo[x,i] - 3600 - 24 - 365

(3.9)
with
AirFlowTo|x, {]: The air flow to spatial scale x from spatial scale i [m3,; /s].
3600 - 24 - 365: Conversion from year to s.

The coefficient for transport from air to water (k_air_water[;j], i =1 to C, j = 1 to AC, [m3 /year]) for the
continental scales is defined as:

k_air water[i, j] = SystemArea[i] - 10° - AreaFracWater[i] -
3600 - 24 - 365 - (DryDepAerosol[i, j] + WashOut[i, j] + GasAbsWater[i, j]) (3.10)
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with

SystemArea[i]: System area [km?].

1060: Conversion from km? to mZ2.

AreaFracWater[i]: Fraction of the system area that is water [m?,../m?.,].

3600 - 24 - 365: Conversion from year to s.

DryDepAerosol[ij]: Mass transfer coefficient for dry deposition of aerosol associated chemical [m,; /s].
WashOut[ij]: Mass transfer coefficient for wet atmospheric deposition [m,;/s].
GasAbsWater[i,j]: Overall mass transfer coefficient for gas absorption across the air-water interface,

referenced to air [m,; /s].

The coefficients for transport from air to the surface layers of the oceans are defined in a similar way. It is
assumed that transport from air to the cold surface layer and transport from air to the warm surface layer are
equal. Therefore, each of these transport coefficients is one half of the total transport coefficient from air to
the oceans (Appendix II, Equation 10). The coefficients for transport from air to natural and cultivated soil
(soilA and soilB) of the continental scales, and the coefficient for transport from air to the ice caps in the
oceanic background, are defined in a comparable way, too (Appendix II, Equations 11 and 12).

Gas absorption to ice or snow of the ice caps and volatilisation from ice or snow of the ice caps is not taken
into account due to the absence of information on the rate of gas absorption and volatilisation for ice and
snow. The rate of voltilization is probably very slow because of the low temperature of the ice caps. Because
gas absorption is only one of the transport routes from air to ice caps, it is possible that the coefficient for
transport is underestimated. However, this estimate is probably sufficient for the chemicals examined because
a large fraction of these chemicals in air is associated with aerosol particles, so dry and wet precipitation of
the chemicals are important processes.

The fresh water compartment

The mass flow for emission to the water compartment of the continental scales and the coefficient for removal
from water are analogous to the equivalent parameters for air (Appendix II, Equations 13 and 14). The
coefficient for transport from water to air for the continental scales (k_water_air[ij], i=1t0 C, j=1 to AC,
[m3,../year]) is defined as:

k_water_air[i, j] = SystemArea[i] - 10° - AreaFracWater[i] - VolatWater[i, j]

-3600 - 24 - 365
(3.11)
with
SystemArea[i]: System area {km?2].
106: Conversion from km?2 to m2.
AreaFracWater[i]: Fraction of the system area that is water [m?,,,,.,/M?,..i}-
VolatWater[i,j]: Overall mass transfer coefficient for volatilisation across the air-water interface,
referenced to water [m,,./s].
3600 - 24 - 365: Conversion from year to s.

For transport from air to water, both diffusive transport in the form of gas absorption and advective transport
in the form of dry and wet deposition are possible. However, the only form of transport from water to air is
volatilisation, a diffusive form of transport.

The coefficients for transport from water of the continental scales to the cold and warm surface layers of the
ocean, layer 1 and 7 (k_water_oceanl(7)[j],j = 1 to AC, [m3,,./year]) are defined as:

k_water_oceanl(7)[i] = WaterOutFlow(i] - fr_cold(warm)_river + 3600 - 24 - 365 (3.12)
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with

WaterOutFlow[i]: Water flow from continent { to oceans [m?3,,,,../s]-

fr_cold(warm)_river: Fraction of the total river discharge that ends up in the cold (warm) surface layer of
the ocean [-].

3600 - 24 - 365: Conversion from year to s.

The water flow to the oceans is the river discharge of each continental scale. The fraction of the total river
discharge of all continents that ends up in the cold or warm surface layer of the oceans is imported from the
biophysics module (Den Elzen et al., 1995) and has the default value 0.5.

The coefficient for transport from water to sediment (k_water_sed[ij], i=1to C, j = 1 to AC, [m3,,,. /year])
for the continental scales is defined as:

k_water_sed[i, j] = SystemArea[i] - AreaFracWater[i] + (GrossSedRatefi]

(1 - FracWaterSed[i]) + RhoSolid - KpSuspWater[i, j] - (3.13)
FracDisslvdWater[i, j] + AdsorbSed[i, j] - 10° - 3600 - 24 - 365)
with
SystemAreali]: System area [km?].
AreaFracWater[i]: Fraction of the system area that is water [m?2,,,../m?..]-
GrossSedRate[i]: Gross sedimentation rate [mm,/year].
FracWaterSed[i]: Volume fraction water of sediment [m?,_,. /M3 i end-
RhoSolid: Density of the solid phase [kg,;io/M>coiia)-
KpSuspWater[i,j]: Suspended matter-water partition coefficient [1,,,,../Kgc.jial-
FracDisslvdWater[i,f]: Fraction of the chemical in water that is in the dissolved state [-].
AdsorbSed|4j]: Overall mass transfer coefficient for adsorption across the sediment-water
interface, referenced to water [m,,,.,/S].
106: Conversion from km?2 to m?2.
3600 - 24 - 365: Conversion from year to s.

The gross sedimentation rate is expressed as millimeters of sediment per year. To convert this to cubic meters
of water per year one first has to convert the sedimentation rate into a flux of solid particles. After that, the
amount of solid particles is converted into the volume of pure water with which the suspended particles are in
equilibrium. The fraction of the chemical in water that is truly dissolved finally converts the concentration in
the bulk compartment water to the concentration in the truly dissolved state.

Both advective and diffusive transport from water to sediment are possible. The diffusive process is
adsorption of the chemical from water to sediment and the advective process is sedimentation.

The ocean compartment

The coefficients for removal from the ocean compartment and for transport from the surface layers of the
oceans to air (Appendix II, Equations 15 and 16) are very similar to the equations for fresh surface water in
the continental scales. It is assumed that the warm and cold surface layers of the oceans both occupy half of
the total surface of the oceans.

Three types of transport of a chemical between the different ocean layers are defined. The first type is
transport by the circulating mass flow through the oceans. The second type of transport is turbulent mixing of
two ocean layers, by which chemicals can be transported vertically. The third type is downward transport by
settling of suspended particles with which the chemical is associated.

The only possible form of transport between the warm and the cold surface layer is the circulating mass flow,
because these layers are adjacent to each other and the other types of transport only take place in a vertical
direction. For the deeper ocean layers transport by the circulating mass flow occurs in both directions, by up-
welling and down-welling water masses. However, transport of water by the circulating mass flow is one-way
for transport from the cold surface layer to the layer beneath and the intermediate layer, from there to the
intermediate layer, from the intermediate layer to the warm surface layer, and finally back from the warm
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surface layer to the cold surface layer. This can also be seen from Figure 3.3. The coefficient for transport
from the warm surface layer to the cold surface layer (k_ocean7_oceanl, [m3,, . /year]) is defined as:

k_ocean7_oceanl = mass_flow - 10" (3.14)
with:
mass_flow: Circulating mass flow through the oceans [10% km?, . /year].
1013: Conversion from 10° km3 to m?3.

Turbulent mixing and transport by the circulating mass flow are forms by which water is transported as a bulk.
This is not the case for the settling of suspended particles. Because each chemical has a different affinity for
these suspended particles, this kind of transport depends on the properties of the chemical concerned.
Therefore only the downward transport coefficients are different for each chemical. For the upward transport
coefficients there is only an extra term for turbulent mixing between the layers in addition to the term for the
circulating mass flow. The coefficient for transport from the first deep layer, layer 2, to the cold surface layer,
layer 1, (k_ocean2_oceanl, [m?3,,,./year]) is defined as:

walcr

SystemArea[N] - 10° + AreaFracWater[N] - 0.5 - diff[2]

k_ocean2_oceanl = dept_layer dept_cold (3.15)
2 ¥ 2
with:
SystemArea[N]: System area of the oceanic background [km?].
106: Conversion from km? to m2.
AreaFracWater[N]: Fraction of the system area that is water [m?,,.,/m? |-
0.5: Factor based on the assumption that the area of the cold surface layer of the oceans
is equal to that of the warm surface layer.
diff[2]: Diffusion rate of turbulent mixing [m?2,,/year].
dept_layer: Depth of the deeper ocean layers, layer 2 to 5 [m,,]-
dept_cold: Depth of the cold surface layer, layer 1 [m,.].

The other equations for upward transport between different ocean layers are given in Appendix II, Equations
17 to 20. As can be concluded from these equations, the fraction of the circulating mass flow that reaches each
ocean layer decreases with depth. While all of the total mass flow reaches the first deep layer, only a quarter
reaches the bottom layer of the ocean. However, turbulent mixing remains constant with depth.

For downward transport the equations are extended with a term for the transport by settling suspended
particles. The coefficient for transport from the cold surface layer, layer 1, to the first deep layer, layer 2,
(k_oceanl_ocean2[j], j = 1 to AC, [m3,/year]) is defined as:

water

k_oceanl _ocean2[j] = mass_flow - 10" +

SystemArea[N] - 10° - AreaFracWater[N] - 0.5 - difff2]
dept_layer R dept_cold *
2 2 (3.16)
PRODPLANKTON _avg - 10° - frac_new_prod_avg *

KpSuspOcean(1, j] - FracDisslvdOcean{1, j|
CorgSuspOceanf1]

(1 - frwarm) -
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with

mass_flow: Circulating mass flow through the oceans [10° km3,,,./year].

1015: Conversion from 105 km? to m3.

SystemArea[N]: System area of the oceanic background [km?].

10°: Conversion from km? to m.

AreaFracWater[N]: Fraction of the system area that is water [m2,,,../m? . ].

0.5: Factor based on the assumption that the area of the cold surface layer of the oceans
is equal to that of the warm surface layer.

diff[2]: Diffusion rate of turbulent mixing [m?,, /year].

dept_layer: Depth of the deeper ocean layers, layer 2 to 5 [m,,,,,,,]-

dept_cold: Depth of the cold surface layer, layer 1 [m,,,]-

PRODPLANKTON avg: Average production of plankton in the oceans expressed as carbon [Gtonnes/year].

10%: Conversion from Gtonnes to kg and from liters to m3.

frac_new_prod_avg: Fraction of the carbon used in the production of plankton that comes from new
mineral sources [-].

frvarm: Fraction of the global carbon production that takes place in the warm surface layer
of the oceans [-].

KpSuspOcean[1,j]: Suspended matter-water partition coefficient for ocean layer 1 [l ../K8.idl-

FracDisslvdOcean[1,j]:  Fraction of the chemical in ocean layer 1 that is in the dissolved state [-].

CorgSuspOcean[]: Organic carbon content of suspended particles in ocean layer 1 [kgy, curbon/K8sorial-

The other equations for upward transport between different ocean layers are given in Appendix II, Equations
21 to 25. All of the carbon production that comes from new mineral sources is assumed to settle down from
the surface layers of the ocean to the deeper ocean layers as particulate matter. In each of these ocean layers a
part of this organic carbon is mineralized once again. Finally, only a small part of the organic matter that
settles down from the surface layers of the ocean reaches the bottom layer of the oceans.

The fraction of the organic matter that is not mineralized in one of the ocean layers will settle down to the
sediment, together with other solid particles. In this way, a chemical can be transported from the bottom layer
of the ocean to marine sediment by sedimentation. Furthermore, it is possible that a chemical dissolved in the
water phase is directly transported to sediment. The coefficient for transport from the bottom layer of the

ocean to marine sediment is thus very similar to the equation for fresh surface water (Appendix II, Equation
26).

The sediment compartment

When new sediment layers cover the old layers, they become buried and the chemicals in them are no longer
available. This sediment burial is considered as a loss of the chemical from the system. The coefficient for
removal (removal_sed[ij], i = 1 to C, j = 1 to AC, [m3,/year]) thus comprises a part for degradation and a
part for sediment burial:

removal_sed[i, j| = kdegSed[i, j] - 365 - VSed[i] +

(3.17)
SystemAreafi] - AreaFracWater[i] - BurialSed[i] - 10°
with
kdegSed[ij]: Pseudo-first order transformation rate constant in sediment [/day].
365: Conversion from year to day.
VSed][{]: Volume of the sediment compartment [m?3,].
SystemArea[i]: System area [kmZ2].
AreaFracWater[i]: Fraction of the system area that is water [m?2,.,/m?,.]-
BurialSed[{]: Mass transfer coefficient for sediment burial of the top sediment layer to deeper
sediment [mm,,/year].
10% Conversion from km? to m? and from mm to m.
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The equation for the removal from marine sediment by biodegradation and sediment burial is comparable to
the equation for sediments in fresh surface water (Appendix 11, Equation 27).

The coefficient for transport from the sediment to water (k_sed_water[4j], i=1to C,j= 1 to AC, [m3 /year])
is defined as:

k_sed_water[i, j] = SystemArea[i] - 107 AreaFracWater[i] - (DesorbSed[i, j] -

(3.18)
10° - 3600 - 24 - 365 + ResuspRate[i])
with
SystemArea]]: System area [km?].
103 Conversion from km? to m2 and from mm to m.
AreaFracWater|i]: Fraction of the system area that is water [m2,/m2,__].
DesorbSed][i,j]: Overall mass transfer coefficient for desorption across the sediment-water
interface, referenced to sediment [m_/s].
103: Conversion from m to mm.
3600 - 24 - 365: Conversion from year to seconds.
ResuspRate[i]: Resuspension rate of sediment [mm__/year].

As can be seen from this equation and the equation for transport from water to sediment, two kinds of
processes account for transport between water and sediment. First there is advective transport by
sedimentation and resuspension; second there is diffusive transport by adsorption and desorption. The
equation for the coefficient for transport from marine sediment to the bottom layer of the ocean is similar to
that for sediments of fresh surface water (Appendix I1, Equation 28).

The soil compartment

The mass flow for emission to soil is defined similarly to the mass flow for emission to air or water (Appendix
IT, Equation 29). A chemical can be transported by water percolating from the top layer of the soil to deeper
groundwater. Due to this leaching process the chemical will remain out of sight for a very long time and may
never appear in the surface water again. For this reason groundwater is not part of the system and leaching of
a chemical from soil is considered as a removal process. Consequently, the coefficient for removal
(removal_soilA(B)[i,j], i=1to C, j=1t0o AC, [m?/year]) consists of two parts, a part for degradation and a
part for leaching:

removal_soilA(B)[i, j] = kdegSoilA(B)[i, j] - 365 - VSoilA(B)[i] +
SystemAreafi] - 10° - AreaFracSoilA(B)[i] (3.19)
LeachSoilA(B)[i, j] + 3600 - 24 - 365

with

kdegSoilA(B)[ij]: Pseudo-first order transformation rate constant in natural (cultivated) soil [/day].

365: Conversion from year to day.

VSoilA(B)[i]: Volume of the natural (cultivated) soil compartment [m3_,].

SystemArea[i]: System area [km?Z].

106: Conversion from km?2 to m2,

AreaFracSoilA(B)[]: Fraction of the system area that is natural (cultivated) soil [m2,/m2_].

LeachSoilA(B)[4j]: Mass transfer coefficient for leaching of the chemical from the top soil layer to
deeper soil [m;/s].

3600 - 24 - 365: Conversion from year to seconds.

The coefficient for transport from natural or cultivated soil to air for the continental scales is defined in the
same way as the coefficient for transport from water to air (see Appendix II, Equation 30). The coefficient for
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transport from natural or cultivated soil to surface water (k_soilA(B)_water[ij], i = 1 to C, j = 1 to AC,
[m3,;/year]) for the continental scales consists of a term for runoff from soil to surface water:

k_soilA(B)_water[i, j] = SystemArea[i] - 10" - AreaFracSoilA(B)[i] -

(3.20)
RunOffSoilA(B)[i, j] - 3600 - 24 - 365
with
SystemArea[i}: System area [km?].
106: Conversion from kmZ2 to m2,
AreaFracSoilA(B)[i]: Fraction of the system area that is natural (cultivated) soil [m2;/m?_ . ].
RunOffSoilA(B){ij]: Mass transfer coefficient for runoff of a chemical from soil to surface water
[my,i/s].
3600 - 24 - 365: Conversion from year to seconds.

The icecaps

The coefficient for removal from the ice caps contains only a term for degradation and is similar to the
coefficients for removal from air and water (see Appendix II, Equation 31). The coefficient for transport from
the ice caps to the cold surface layer of the oceans, layer 1, (k_icecap_oceanl, [m?,,/year]) is made up of a
term for calving of the icecaps and a term for melting:

k_icecap oceanl = (calv_icecap + melt_icecap)

107 (3.21)
with
calv_icecap: Calving of the icecaps [kg,,.../year].
melt_icecap: Melting of the icecaps [kg,,...,/year].
103 Conversion from m? to kg.

3.3 Environmental settings

In the default settings the four regions in GlobeTox represent North America, Europe, and Asia, the southern
continents South America, Africa and Oceania being represented as one substitute continent. The oceans and
the icecaps are defined as the oceanic background. Each of these systems has a defined area (Appendix II,
Equations 32 and 33). The distribution of the total land area over the continental scales (DistrA_land[i], i = 1
to C, [-]) is based on the areas of the individual continents (Table 3.1). North America excludes Greenland and
the Canadian Archipelago; Europe excludes some Arctic islands (Gleick, 1993). These areas form part of the
icecaps.

The volume of the air compartment is simply the product of the area of the system and the height of the air
compartment (Appendix II, Equation 34). The atmospheric mixing height is 1000 m for the continents (Van
de Meent, 1993). However, for the oceanic background this atmospheric mixing height is 600 m. The upper
surface of this boundary layer is defined by inversion, which inhibits transfer of material to the upper
atmosphere (Chester, 1990).

Advective transport between similar compartments in different spatial scales or within one spatial scale is
restricted to air transport from one spatial scale to another, water transport from each of the continental scales
to the oceans, and water flows between the different ocean layers. For advective air transport the magnitude of
the air flow between different spatial scales is variable, but it is estimated from the air flows through each
spatial scale. These air flows (AirFlow[{], i = 1 to C, [m3,,/s]) are estimated by assuming that wind blows at a
constant speed in one direction through the air compartment, which is represented by a cylindrical box:

o8
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4 - SystemAreafi] - 10°

AirFlow[i] = HeightAir[i] - WindSpeed - J . (3.22)
with
HeightAir([i]: Atmospheric mixing height {m].
WindSpeed: Average wind speed [m/s].
SystemArea[i]: System area [km?].
10¢: Conversion from km? to m2.

The magnitude of an air flow from one spatial scale to another is derived from a combination of air flows and
fractions of those air flows to other spatial scales (Appendix II, Equation 35). These fractions depend on the
position of the spatial scales with regard to each other. Generally, the air flow between two spatial scales is
determined from the air flow through the smallest spatial scale. Therefore, air flow through the oceanic
background and fractions for air flowing from the oceanic background to the continents are not defined.
Because the continents lie as islands in the oceanic background, the magnitude of these air flows is
determined from the continental air flows.

The following settings are defined for the continents considered to describe the transport of chemicals by air.
The air flow from North America to the southern continents (South America) is 2% of the air flow through
North America. The air flow from the southern continents to North America is equal to this. The air flow from
North America to the the oceanic background is 98% of the air flow through North America, which is equal to
the air flow from the oceanic background to North America. The air flow from Europe to Asia is 92% of the
air flow through Europe, which is equal to the air flow from the oceanic background to Europe. The air flow
from Europe to the southern continents (Africa) and vice versa is 3% of the air flow through Europe. It is
assumed that 5% of the air flow through Europe flows to the oceanic background, equal to the air flow from
Asia to Europe. Thus it is assumed that there is a prevailing western wind over Europe. The air flow from
Asia to the the southern continents (Africa, Australia) is 29% of the air flow through Asia, which is equal to
the air flow from the southern continents to Asia. The air flow from Asia to the oceanic background is equal to
71% of the air flow through Asia. The air flow from the oceanic background to Asia is equal to 71% of the air
flow through Asia minus 87% of the air flow through Europe. The air flow from the southern continents to the
oceanic background and vice versa is equal to the air flow through the southern continents.

The volume of the water compartment of the continental scales is derived from the total amount of fresh
surface water (Appendix II, Equation 36). The distribution of total fresh surface water over the continental
scales (DistrS_fswli], i = 1 to C, [-]), which is given in Table 3.2, is derived from the distribution of the largest
fresh water lakes over the continents (Gleick, 1993).

The water flow from the water compartment of the continental scales to the oceans is defined in a similar way
as the volume of the water compartment (Appendix II, Equation 37). The distribution of total river discharge
over the continents (Distrriv_disch[é], i = 1 to C, [-]), which is given in Table 3.2, is derived from the river
dicharge of the largest rivers in the world (Gleick, 1993).

Most parameters for the ocean layers are imported from the Biophysics module (Den Eizen et al., 1995). See
Appendix II, Equation 38 for volumes of the ocean layers. Advective water flows between these ocean layers
are dealt with in the coefficients for transport for the ocean layers.

For the volume of the sediment compartment (Appendix II, Equation 39), it is assumed that the total area of
sediment is equal to the total area of water. The fraction of the system area that is water (AreaFracWater(i], i =
1 to N, [-]) for the continental scales is derived from the surface area of the largest lakes in the world (Gleick,
1993) and the fact that these lakes together account for 40% of the total area of fresh surface water
(Shiklomanov, 1993). These fractions are also presented in Table 3.2. For the oceanic background the fraction
of the system area that is water is 0.958. The rest of the area is covered with ice. The chosen mixing depth of
the sediment compartment (DepthSed[i], i = 1 to N, [cm,4]) is 3 cm (Van de Meent, 1993).

The volumes of the natural soil compartment (SoilA) and the cultivated soil compartment (SoilB) of the
continental scales (Appendix II, Equation 40) are defined similarly to the volume of the sediment
compartment. The fraction of the system area that is natural or cultivated soil is derived from the fractions of
the total area for each land cover type (Appendix 11, Equation 41). Land cover types 1 to 8 are natural soil;
land cover types 9 to 14 are cultivated soil. The fraction of the system area of a certain land cover type is
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Table 3.2: Environmental characteristics of the continental scales.

oedaccen pogncoc

~ North America  Europe . Asia .south;%rn»'iedntinents..
DistrA_and[i] 0.167 . 0078 037 0428
DistrS fswii] 0306 . pe22 e . (AL . D3al
Distrriv_dischli] 0.111 0.047 0.282 0.560

AreaFracWater[i]} 0040 oott - 0006 ~ 0009

determined from the change in the total area of each land cover type (Appendix II, Equation 42). In this
equation the last factor is meant to normalize the fractions for each region to maintain the sum of the fractions
of the system area equal to 1. The values chosen for the depth of natural and cultivated soil are 5 and 20 cm.

3.4 Compound specific parameters

Emissions

Emissions are input parameters to the model and they are different for each chemical. Emissions have to be
specified according to the continental scale and each compartment in these scales into which the chemical is
emitted. However, emission into the sediment compartment is not defined because direct emission into this
compartment is not possible. Further, emissions are not defined for the oceanic background because there are
nearly no human activities in this area that cause a substantial emission of chemicals like the four examples.

Physical-chemical properties

The coefficients for removal and transport, which are different for each chemical, are estimated using
physical-chemical properties. We here discuss the compound properties that are used in the model. The first
variable is the molecular weight (MolWeight|j], j = 1 to AC, [g/mol]) of a chemical. Its value is used for the
conversion from units of weight to moles and vice versa. Further, it is possible to estimate the relative size of
the molecule in order to estimate the partial mass transfer coefficients of gas absorption and volatilisation for
organic chemicals. The molecular weight of a single chemical is a fixed value with low uncertainty since it is
based on the atomic composition of the chemical.

The next variable is the octanol-water partition coefficient (Kow[j], j = 1 to OC, [m3,,,/m?3.]). This parameter
is usually referred to as log K., and it is only defined for organic chemicals. It is the distribution coefficient of
an organic compound between an octanol and a water phase and thus it can be interpreted as a measure of
hydrophobicity. K, is used to estimate the environmental inter-media partition coefficients between a
hydrophobic phase and water (suspended matter-water, sediment-water, soil-water and biota-water). The
latter partition coefficient is known as the bioconcentration factor, BCF. This use of K ,, to estimate inter-
media partition coefficients makes it maybe the most important parameter in risk assessment of chemicals.
Like most compound properties, the octanol-water partition coefficient has to be experimentally determined
or calculated on the basis of quantitative structure-activity relationships (QSARSs), derived from experimental
determinations.

Another important parameter is the vapour pressure of the chemical (VaporPress[j], j = 1 to OC, [Pa]). The
vapour pressure of a compound is the pressure of the vapour in equilibrium with the condensed phase at a
specified temperature. The model uses the vapour pressure at 25 °C. The vapour pressure is used to determine
the Henry’s Law constant for organic compounds. This is the distribution of a compound between the gaseous
and dissolved state at equilibrium. Further, the vapour pressure is used to estimate the fraction of the
compound in air that is associated with aerosol particles.

The other parameter necessary to estimate the Henry’s Law constant for organic compounds is the
compound’s solubility in water at 25 °C (Solubility[j], j = 1 to OC, [mg/1]). This relates to the solubility in
pure water containing no suspended matter.

The melting point of an organic compound (MeltingPoint[j], j = 1 to OC, [°C]) is used for a correction of the
fraction of the chemical associated with aeroso! if the melting point is higher than the temperature at which
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the vapour pressure was measured (25 °C). The equation for the fraction associated with aerosol is only valid
for the vapour pressure of a (subcooled) liquid.

The pseudo-first order degradation rate constant in water in a laboratory test at 20 °C (kdegTest[j], j = 1 to AC,
[/day]) has to be determined in pure water, when the chemical is completely dissolved. The degradation rate is
used to estimate the environmental degradation rates in water, soil and sediment. No such data were available
for the three organic chemicals of the four examples. Hence the procedure was reversed: a suitable pseudo-
first order degradation rate constant in water in a laboratory test at 20 °C was derived from the environmental
half lives in the different environmental compartments. The resulting pseudo-first order degradation rate
constants can be expressed as the natural logarithm of 2 divided by the half life in days.

The pseudo first order rate constant for reaction with hydroxyl radicals (kradOH{j], j = 1 to AC, [/day]) is used
to estimate the first order degradation rate in air. It is assumed that the environmental number of free hydroxyl
radicals is 5-10° /cm?3,

The heat (enthalpy) of vaporisation at environmental temperatures (HeatVapor[j], j = 1 to OC, [kJ/mol]) is
used for the temperature correction of the vapour pressure. The heat (enthalpy) of solution at environmental
temperatures (HeatSolut[j], j = 1 to OC, [kJ/mol]) is used for the temperature correction of the solubility.

3.5 The atmospheric compartment

Emissions to air for each chemical are equal to the separate emission scenarios for the four examples used
(Appendix II, Equation 43). The fraction of the chemical in air associated with aerosol particles
(FracAssAerosol[ij], i = 1 to C, j = 1 to OC, [-]) for organic chemicals is estimated on the basis of the vapour
pressure of the subcooled liquid. For this reason a correction is made for the vapour pressure if the melting
point is higher than the temperature at which the vapour pressure was measured (Mackay, 1991). The vapour
pressure is further adjusted for the difference between the temperature at which the vapour pressure was
measured and the environmental temperature using a Clausius-Clapeyron expression (Ten Hulscher et al.,
1992):

FracAssAerosolfi, j] = 107 | (VaporPressure[j] *

HeatVapor[jf - 107 ! 7

n,em 1 _"I;""""'A"’f"‘m/j/Z (iszzvlmpmmm A + 107) (3-23)
e 208 (if MeliingPointfj] > 25)
with
104 Product of a constant [Pa-m] and surface area of aerosol phase (M2, osol/Mir )
VaporPressure[j]: Vapour pressure of the chemical at 25 °C [Pa].
HeatVapor{j]: Heat (enthalpy) of vaporisation [kJ/mol].
10%: Conversion from kJ to J.
R: Gas constant, 8.314 J/(mol-K).
298: Temperature in K, 25 °C.
TempCelsius[i]: Temperature of the environment [°C].
273: Difference between temperature in K and °C.
MeltingPoint[j]: Melting point of the chemical [°C].
6.79: Average value for the entropy of fusion of 56 J/(mol'K) divided by the gas constant

R of 8.314 J/(mol-K) [-].

For the oceanic background there is a similar equation for the fraction of organic chemicals in air associated
with aerosol (Appendix II, Equation 44). The vapour pressure of most heavy metals, such as lead, is
negligible at environmental temperatures. In air therefore, most heavy metals are completely associated with
aerosol particles.

As can be seen from this equation, the fraction of an organic chemical in air that is associated with aerosol
particles is temperature dependent. The temperature per continent is derived from the temperature per land
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cover type (Appendix II, Equation 45). The temperature for oceanic air is derived from the increase of the
global temperature (Appendix II, Equation 46)

The pseudo-first order transformation rate constant in air (kdegAir[ij], i = 1 to C, j = 1 to AC, [/day]) is
estimated from the rate constant for the reaction with hydroxyl radicals, corrected for the fraction of the
chemical in air associated with aerosol:

kdegAir[i, j] = (I - FracAssAerosol[i, j]) - kradOH[j]

(3.24)
with
FracAssAerosol[i,j]: Fraction of a chemical in air associated with aerosols [-].
kradOH[j]: Pseudo-first order rate constant for reaction with hydroxyl radicals [/day].

For the oceanic background there is a similar equation for the pseudo-first order transformation rate constant
in air (Appendix II, Equation 47).

Dry and wet deposition are defined by means of mass transfer coefficients. Dry deposition of a chemical is the
transport of the chemical by settling of the aerosol particles with which it is associated. The mass transfer
coefficient for the dry deposition of a chemical associated with aerosol (DryDepAerosol[ij}, i=1t0C,j=1
to AC, [m,;,/s]) is defined as:

DryDepAerosolfi, j] = AerosolDepRate[j] - 107 - FracAssAerosolfi, j])

(3.25)
with
AerosolDepRatefj]: Deposition velocity of the aerosol particles with which the chemical is associated
[cm/s].
102 Conversion from cm to m.
FracAssAerosol[ij]: Fraction of a chemical in air associated with aerosols [-].

A default value of 0.1 cm/s is used for the deposition velocity of the aerosol particles with which the chemical
is associated (Van de Meent, 1993). A chemical can also be transported by wet precipitation. The mass
transfer coefficient for this wet atmospheric deposition (WashOut[ij], i = 1 to C, j = 1 to AC, [m,/s]) is
defined as:

WashOut[i, j] = p[i] - 107 /(3600 - 2 - 365) - ScavRatiofi, j]

(3.20)
with
pli]: Average rate of wet precipitation {mm_; ... /month].
10-3: Conversion from mm to m.
3600 - 2 - 365: Conversion from month to s.
ScavRatio[i,j]: Scavenging ratio of the chemical [m3; /m3_; .|

The rainfall per continent is derived from the monthly volume of rain per land cover type (Appendix II,
Equation 48). The rainfall for the oceanic background is derived from the annual volume of precipitation to
the oceans and the icecaps (Appendix II, Equation 49). The magnitude of wet deposition depends on the
extent to which a chemical in air is washed out by wet precipitation. This is reflected by the scavenging ratio
of the chemical (quotient of the total concentration in rainwater and the total concentration in air)
(ScavRatio[ij}, i=1t0 C,j=1t0AC, [m?;/m? , which is defined for the organic chemicals as:

minw:\lcr])

1 - FracAssAerosoll[i, j]

ScavRatiofi, j] = + FracAssAerosolfi, j] - 2 - 10°
(1] KAirWater[i, j] I8 (3.27)
with
FracAssAerosol[i,j]: Fraction of a chemical in air associated with aerosols [-].
KAirWater[i,j]: Dimensionless Henry’s Law constant [m?3,../m3_. ].
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2-10% Proportionality constant for the volume of air washed out by a volume of

precipitation (Mackay, 1991) [m3,, /m3_; ouer)-
As can be seen from this equation, a chemical can be washed out by rain in two different ways. First, the
fraction of the chemical in air that is not associated with aerosols is supposed to be in thermodynamic
equilibrium with the fraction in the rain droplets in air. Partitioning of the chemical between the gas phase and
the water phase will occur according to its Henry’s Law constant. Second, if the chemical is associated with
aerosol particles, it will be washed out as soon as the aerosol particles are captured by rain droplets. The first
process is only valid for chemicals with a certain fraction in the gaseous phase and a significant Henry’s Law
constant. This is not true for heavy metals like lead. The fraction of these heavy metals in the gaseous phase is
completely negligible, so the fraction of heavy metals in air associated with aerosols is equal to 1 and the
Henry’s Law constant is equal to 0. Hence, the first part of the equation is not valid for lead and the
scavenging ratio should be equal to 2 - 10°. This has been confirmed for lead by Miller and Friedland (1994).
The air-water equilibrium distribution constant is called the Henry’s Law constant. The dimensionless
Henry’s Law constant (KAirWater[i,j], i = 1 to C, j = 1 to OC, [m3,,./m3,.]) is adjusted for temperature
dependence using a van ‘t Hoff equation (Ten Hulscher er al, 1992). In this equation, the enthalpy of
vaporisation accounts for the temperature dependence of the vapour pressure, in the same manner as was done
for the vapour pressure in the equation for the fraction of the chemical associated with aerosol. The enthalpy
of solution accounts for the temperature dependence of the solubility. Henry’s Law constant for organic
chemicals is defined as:

. .. VaporPressure/j]
KAirWater(i, j] = S
S 711
MolWeight[j] (3.28)
(HeatVaporfjf- HeatSolutfjf) - 10" 1 1

e R 305 TempCebinfif + 273
with
VaporPressure([j]: Vapour pressure of the chemical at 25 °C [Pa].
Solubility[]: Solubility of the chemical at 25 °C [mg/1].
MolWeight[j]: Mol weight of the chemical [g/mol].
R: Gas constant, 8.314 J/(mol-K).
298: Temperature in K, 25 °C.
HeatVapor([/]: Heat (enthalpy) of vaporisation [kJ/mol].
HeatSolut[j]: Heat (enthalpy of solution [kJ/mol].
103: Conversion from kJ to J.
TempCelsius[{]: Temperature of the environment [°C].
273: Difference between temperature in K and °C.

For the oceanic background there are similar equations for dry deposition, wet deposition, the scavenging
ratio and the dimensionless Henry’s Law constant (Appendix II, Equations 50 to 53).

3.6 The fresh surface water compartment

Emissions to water for each chemical are equal to the separate emission scenarios for the four examples
(Appendix II, Equation 54). Water is treated as a bulk compartment. For this reason there is a fraction of the
chemical that is adsorbed by suspended matter or biota. The rest of the chemical is dissolved in water. The
fraction of the chemical in water that is in the dissolved state (FracDisslvdWater[i,j], i=1to C, j=1to AC, [-])
is calculated from:
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FracDisslvdWater[i, j] = 1/ (1 + KpSuspWater/[i, j] - SuspWater[i] - 10° +

FracWaterBio[i] - 10" + (I - FracWaterBio[i]) - RhoSolid

(3.29)
(1 - FracWaterBio[i]) - RhoSolid
BCFfish[i, j] - BioWater[i] + 10)
with
KpSuspWater[i,j]: Suspended matter-water partition coefficient [1,,../k&ial-
SuspWater|[{]: Concentration of suspended matter in surface water [mg(dry) iia/lwater]-
10-6: Conversion from mg to kg.
FracWaterBio[i]: Volume fraction water of biota [m?,_,../m3.i..]-
10%: Density of water [Kg./M waicr)-
RhoSolid: Density of the solid phase [kg, ;a/M3.1ial-
BCFfish[i,j]: Bio concentration factor for fish [1,,,../k8&¢n]-
BioWater([i}: Concentration of biota in surface water [mg(dry)q iia/lwater -

The first term in the demoninator accounts for the relative amount of the chemical in the dissolved state, the
second term accounts for the relative amount adsorbed to suspended matter and the last term represents the
relative amount taken up by biota. This last term is not simply the product of the bioconcentration factor and
the concentration of biota in water. The bioconcentration factor relates to biota that contains a considerable
proportion of water. The concentration of biota in surface water relates to the dry mass of biota. Therefore the
concentration of biota is converted to wet weight by the extra factor in the last term.

This equation is only valid if the volume of suspended matter and biota together is negligible in relation to the
volume of water. If this is not the case the value of 1 in the numerator and the denominator have to be replaced
by the volume ratio of the water phase and the total volume of the bulk compartment water. The relative
concentrations of suspended matter in surface waters are estimated from the annual discharge of sediment and
river water by the largest rivers per continent (Gleick, 1993). Further, 3 mg/l is probably a reasonable value
for the concentration of suspended matter in the great lakes in North America (Jeremiason et al., 1994). The
values used for the concentration of suspended matter in surface water are 3 mg/! for North America, 1.5 mg/I
for Europe, 10 mg/l for Asia and 2.5 mg/l for the southern continents. A default value of 0.1 mg dry weight
per liter water for all continents is used for the concentration of biota in surface water. This value is 10 times
lower than the default value in SimpleBox, which is reasonable because much larger volumes of water are
considered here than the shallow waters in the Netherlands, for which the default values of SimpleBox are
valid. The volume fraction water of biota has the same default value of 0.95. The density of the solid phase
also has the same default value, 2500 kg/m3, as in SimpleBox.

The suspended matter-water partition coefficient (KpSuspWater[i,j], i =1 to C, j=1to OC, [l,,,../K&uiial) fO1
organic chemicals is derived from the K, of the chemical and the fraction of organic carbon of the suspended

OW

particles, analogous to SimpleBox, with the most simple equation proposed by DiToro ef al. (1991):

KpSuspWater[i, j] = Kow([j] - CorgSuspWater[i] (3.30)
with
Kowlj]: Octanol-water partition coefficient [m3, /m3_,].
CorgSuspWater[i]: Organic carbon content of suspended particles [kg,., carbon/KEuwoiial-

It follows that the sorption capacity of 1 kg organic carbon is assumed to be equal to the sorption capacity of 1
liter octanol or, in terms of partition coefficients, that the organic carbon-octanol partition coefficient
expressed in units of 1,o.,1/K&nnic carbon 18 €qual to 1. For the organic carbon content of suspended particles
the default value of 0.1 is used (Van de Meent, 1993). This kind of equation is only valid for non-ionic organic
chemicals. The bioconcentration factor for fish (BCFfish[ij], i =1to C, j =1 to OC, [l,,./Kgssn]) is estimated
in the same way as the suspended matter-water partition coefficient:
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Kow[j] - FatFish[i]

BCFfish[i, j] = - 3.31
Julte ] FracWaterBio[i] + (1 - FracWaterBiofi]) - %thd ( :
with
Kowl[j]: Octanol-water partition coefficient [m?, /m3_].
FatFish[i]: Volume fraction of fat in fish [m3, /m3. ].
FracWaterBio[{]: Volume fraction of water in biota [m?,,,,../m3;..]-
RhoSolid: Density of the solid phase [kg,;,/m>,. ;4]
103: Conversion from m? to 1.

Here it is assumed that 1 | fat of the fish has a sorption capacity equal to that of 1 1 octanol. The volume
fraction of fat in fish has the default value 0.05 (Van de Meent, 1993). Thus, the volume fraction of water in
fish and the volume fraction of fat are complementary.

In SimpleBox, degradation is assumed to take place only in the truly dissolved state. Thus, degradation rates
are proportional to the fraction of the chemical that is in the aqueous phase within the water, soil or sediment
compartment. For the degradation rates of the three organic chemicals of the four examples it appeared to be
more convenient to assume that there is also some degradation of the adsorbed fraction of the chemical.
Howeuver, it is assumed that degradation of adsorbed chemical is smaller by a factor 5000 than degradation in
the truly dissolved state. It is very important to note that this is not the result of an experimentally determined
process or a developed theory. There is still no consensus on this subject. It is not sure whether there is some
degradation of adsorbed chemical or how fast this degradation of adsorbed chemical is relative to degradation
in the dissolved state. It is reasonable that chemicals adsorbed on the surface of particulate matter are to some
extent available for biodegradation.

In analogy to SimpleBox, a value for the pseudo-first order degradation rate constant in water (kdegWater[i],
i=1t0C,j=11t0AC, [/day]) may be obtained by means of the scaling procedure proposed by Struijs and Van
den Berg (1995). This procedure assumes that the pseudo-first order rate constant for degradation in water is
proportional to the concentration of bacteria in water. The rate constant for surface water may be deduced by
scaling from the rate constant observed in laboratory tests.

Biodegradation is temperature dependent, too. For the adjustment of biodegradation to environmental
temperatures, the expression proposed by the Commission of the European Communities (1993) is used. This
expression simulates a van ‘t Hoff equation, giving a decrease of the degradation rate by 50% as the
temperature is lowered by 10 °C.

BactWater[i]
BactTest (3.32)

(FracDisslvdWater[i, j] + 2-10* - (I - FracDisslvdWater[i, j]))

kdegWater[i, j] = kdegTest[j] - 1.Q72"emrCebinstil-20) .

with

kdegTest[j]: Pseudo-first order degradation rate constant in a laboratory test at 20 °C [/day].

1.072: Empirical constant to simulate a van ‘t Hoff expression by which the degradation
rate decreases 50% for every lowering of 10 °C [-].

TempCelsius[i]: Temperature of the environment [°C].

20: Temperature of the degradation test in a laboratory [°C], this is normal room
temperature.

BactWater([i]: Concentration of bacteria in the water compartment [cfu/ml,,.,]-

BactTest: Concentration of bacteria in the laboratory test water [cfu/ml . yuier)-

FracDisslvdWater[ij]: Fraction of the chemical in water that is in the dissolved state [-].

2-104: Proportionality constant [-].

For the concentration of bacteria in the laboratory test water and in the water compartment a default value of
4-10% cfu/ml is used (Van de Meent, 1993).
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Advective transport of the chemical from the water reservoir to sediment is determined by the gross
sedimentation rate (GrossSedRate[i], i = 1 to C, [mm,/year]). Gross sedimentation is estimated from the
settling velocity of fine suspended particles. However, if the net sedimentation rate is larger than this estimate,
the gross sedimentation rate has to be equal to the net sedimentation rate, because the gross sedimentation rate
can never be smaller:

SettiVelocity[i] - SuspWater[i] - 365

GrossSedrate[i] = max of - -
(1 - FracWaterSed[ij) - RHOsolid (3.33)

and NetSedRate[i]

with

SettlVelocity[i]: Settling velocity of suspended particles [m,,,,./day].

SuspWater([]: Concentration of suspended matter in surface water [mg(dry). jis/lwater]-
365: Conversion from year to day.

FracWaterSed[i]: Volume fraction water of sediment [m3,, . /m3_ ;. ..J-

RhoSolid: Density of the solid phase [kg,,;;o/M>soial-

NetSedRate[i]: Net sedimentation rate [mm__ /year].

For the settling velocity the value 2.5 m/day is used (Van de Meent, 1993). The gross and net sedimentation
rates are estimated by converting the quantity of solid suspended particles that settles down to a volume
sediment by dividing this quantity by the volume fraction of solids in the sediment. The net sedimentation rate
(NetSedRate[i], i = 1 to C, [mm,/year]) is determined from a mass balance for the suspended particles:

NetSedrate[i] = ((ProdSusp[i] - 10° - 365 - SuspWater[i] - 3600 - 24 - 365

- WaterOutFlow(i]) [ (RhoSolid - SystemAreafi] - 10°) +

ErosionSoilA[i] - AreaFracSoilA[i] - FracSolidSoilA[i] + (339
ErosionSoilB[i] - AreaFracSoilB[i] - FracSolidSoilB[i]) /
(AreaFracWater[i] -+ (I - FracWaterSed[i]))
with
ProdSusp[i]: Rate of production of suspended matter in the water column [kg,,;,/day].
103: Conversion from kg to g.
365: Conversion from year to day.
SuspWater{i]: Concentration of suspended matter in surface water [mg(dry),;iu/lwaier)-
3600 - 24 - 365: Conversion from year to s.
WaterOutFlow[i]: Water flow from continent i to oceans [m?3,,,,../s]-
RhoSolid: Density of the solid phase [kg, ia/M>.ial-
SystemArea[i]: System area [km?Z].
106: Conversion from km? to m?.
ErosionSoilA(B)[i]: Erosion of natural (cultivated) soil, which eventually ends up in surface water
[mm . /year].
FracSolidSoilA(B){i]: Volume fraction of the solid phase of soil [m3,;,/m3, ;]
AreaFracSoilA(B)][i]: Fraction of the system area that is natural (cultivated) soil [m2_;/m2_.,].
AreaFracWater[i]: Fraction of the system area that is water [m2,,,../m?.,]-
FracWaterSed[{]: Volume fraction water of sediment [m3,,../M.giment-

This mass balance for the suspended particles supposes a constant concentration of suspended matter. The
constituents of this mass balance are production, import by soil erosion and export by river outflow to the
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oceans and net sedimentation. A minimum value for the production of suspended matter (ProdSusp(i], i=1to
C, [kg,.is/day]) is based on data for the production of organic carbon in the oceans (Chester, 1990). A mean
value for the production of organic carbon in the oceans is approximately 250 mg C/(m?,day). The
production of total suspended matter in fresh surface water is probably no less than the mean production of
only organic carbon in oceans:

ProdSusp[i] = 250 - SystemArea[i] - AreaFracWater[i] (3.35
with
250: Production of suspended matter in fresh surface water [mg, . ,/(m?,, . -day)].
AreaFracWater[{]: Fraction of the system area that is water [m2,,,,./m? ]
SystemArea(i]: System area [km?].

3.7 The ocean compartment

Each ocean layer is treated as a bulk compartment, similarly to the water compartments. Unlike the fresh
surface water compartment biota is not defined separately. Therefore, the only difference between the ocean
layers and the surface water compartments in the fraction of the chemical that is in the dissolved state is the
term for biota in the denominator (Appendix II, Equation 55). The suspended matter-water partition
coefficient is also defined in the same manner as for surface waters (Appendix II, Equation 56). The
concentration of suspended matter in each ocean layer (SuspOcean(i], i = 1 to 7, [mg(dry),,jia/lwai]) and the
organic carbon content of these suspended particles (CorgSuspOcean[i], i = 1 t0 7, [k carbon/®8sotial) 18
derived from Chester (1990), see Table 3.3. The concentration of suspended matter decreases with depth but
increases again in the bottom layer of the ocean. In the oceans there is a so-called clear water minimum
(Chester, 1990). The organic carbon content of these suspended particles decreases with depth due to
mineralization.

A value for the pseudo-first order degradation rate constant in each ocean layer may be obtained in the same
way as the degradation rate constant for fresh surface water (Appendix II, Equation 57). Because
biodegradation is temperature dependent, the temperature in each ocean layer is defined. These temperatures
(TempCelsiusOcean[{], i = 1 to 7, [°C]), derived from Chester (1990), are listed in Table 3.3. However, no
data were available for the influence of the high pressure in the deep ocean on biodegradation. To account for
the low degradation rates in the deep ocean layers, which are at least a factor of 100 lower (Jannasch et al.,
1971), the concentration of bacteria in the oceans, (BactOcean[i], i = 1 to 7, [cfu/ml,,]), was adjusted; see
Table 3.3.

In the same manner as for surface water, advective transport of the chemical from the bottom layer of the
oceans to sediment is determined by the gross sedimentation rate (Appendix II, Equation 58). For fine
suspended matter in the oceans, a settling velocity of 2.5 m/day seems to be a reasonable value, equal to the
value for fresh surface water (Chester, 1990). The net sedimentation rate for marine sediment (NetSedRateOc,
[mm,,/year]) is determined from a mass balance for the suspended particles:

NetSedRateOc = PRODPLANKTON avg - 10° * frac_new_prod_avg -

4

;. .
( ,Z, fracliy) (3.36)

CorgSuspOcean[5] - RhoSolid - (1 - FracWaterSed{N]) .

1
SystemArea[N] - AreaFracWater[N]

with
PRODPLANKTON avg: Average production of plankton in the oceans expressed as carbon [Gtonnes/year]
109 Conversion from Gtonnes to kg and from m3/km? to mm.
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Table 3.2: Characteristics of the ocean laygrs;

poge ot

o o s

vi:‘ayeré » la;y;g-ﬂ

layer 1 layer2  layer3d
SuspOcean(/] . . ... _._ __=: .
Ime(dry). o/l warer 0.07 007 002 002 003 004 009
CorgSuspOcean|i] - ,
’{kg(,}g_.mb(mfkgw!i W 07 = 04 04 2 04 005 05 085
TempCelsiusOcean(i] - . - '
¢] s T . 5 5 17
BactOceanfi] " ' . -
fcfwml,,] 2000 400 100 40 4000
frac_new_prod_avg: Fraction of the carbon used in the production of plankton that comes from mineral
sources [-].
frac[i]: Fraction of the newly produced organic matter that is mineralized in each of the
deep ocean layers [-].
CorgSuspOcean(5]: Organic carbon content of suspended particles in ocean layer 5 [kg., carbon/K8sotial-
RhoSolid: Density of the solid phase [kg,,ia/M>..jial-
FracWaterSed[N]: Volume fraction water of marine sediment [m?3,,,,./m3 4iment)-
SystemArea|N]: System area of the oceanic background [km?2].
AreaFracWater[N]: Fraction of the system area that is water [m2_, . /m?_ ]

This sedimentation is the last step in the settling of suspended matter in the oceans. The previous steps are
dealt with in the coefficients for transport between the different ocean layers. In each of these consequent
steps a decreasing part of the annual production of newly synthesized organic carbon settles down to the
underlying ocean layer. The decrease in organic carbon is caused by mineralization in each ocean layer. The
net sedimentation rate is the fraction that is not mineralized in any ocean layer (Den Elzen et al., 1995).

3.8 The sediment compartment

The fraction of the chemical present in the water phase of the sediment (FracDisslvdSed[ij], i=1toN,j=1
to AC, [-]) is calculated from:

FracWaterSedfi
FracDisslvdSed[i.j] = racrater e. [.l] (3.37)
KSedWater/i, j]
with
FracWaterSed[i}: Volume fraction of the sediment that is water [m?_ . /m3_ ]
KSedWater([i,j]: Sediment-water equilibrium distribution constant [m3,,,,.,/m3,.4]-

For the volume fraction water of sediment the default value of 0.9 is used (Van de Meent, 1993). In this
equation the sediment-water equilibrium distribution constant (KSedWater[ij], i = 1 to N, j = 1 to AC,
{m3,,,../m3.4]) refers to the partitioning between bulk sediment and pure water:

KSedWater[i, j] = FracWaterSed[i] + (I - FracWaterSedf[i]) -

(3.38)
KpSedfi, j] - 10° - RhoSolid
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with

FracWaterSed[i]: Volume fraction of the sediment that is water [m3,,./m3; ]
KpSed[i,j]: Sediment-water partition coefficient [l ,.,/kK&ia)-

10-3: Conversion from liters to m3.

RhoSolid: Density of the solid phase [kg,ia/m* il

The first term accounts for the equilibrium between the fraction of water in sediment and pure water, for
which the partition coefficient of course has to be equal to 1. The second term accounts for equilibrium
between the fraction of solid particles in sediment and pure water. The sediment-water partition coefficient is
estimated analogously to the suspended matter-water partition coefficient, using the K, of the chemical and
the fraction of organic carbon in the solid phase of the sediment (Appendix II, Equation 59). The sediment-
water partition coefficient refers to partitioning between the solid phase of sediment and water. For the
fraction of organic carbon in the solid phase of sediment the default value 0.05 kg, cirmon/K&solia 1 used for the
continents (Van de Meent, 1993). For the fraction organic carbon of the solid phase of marine sediment the
value 0.025 Kg,, carbon/K&soiiq is used (Chester, 1990).

In analogy with the derivation of the pseudo-first order transformation rate constant in water, the pseudo-first
order transformation rate constant in sediment is obtained by means of the scaling procedure proposed by
Struijs and Van den Berg (1995), adjusted for temperature (Commission of the European Communities,
1993). Further, it is assumed that there is some degradation of the adsorbed fraction of the chemical
(Appendix II, Equations 60 and 61).

This degradation rate constant in sediment applies only to aerobic systems, because it is derived by scaling the
degradation rate constant in water. However, in general only the top few millimeters of the sediment are
aerobic; deeper sediment is anaerobic.

A value for the concentration of bacteria in sediment, expressed on a pore water basis (BactSedWater[i], i = 1
to C, [cfu/ml.. wuer]), may be derived from Struijs and Van den Berg (1995):

1.8 - 10°
BactSedWater[i] = 8 10 - (3.39)
FracWaterSedfi]
with
1.8-10°: Concentration of bacteria reported in aerobic sediment [cfu/cm?].
FracWaterSed[i]: Volume fraction of the sediment that is water [m3,./m3 1.

Here it is assumed that all bacteria occur in the water phase of the sediment. An estimate of the concentration
of bacteria in marine sediment is made by scaling this value for bacteria in sediments of surface waters by the
ratio between the concentration of bacteria in the bottom layer of the ocean and that in surface waters.
Consequently, the concentration of bacteria in marine sediment (BactSedWater[N], [cfu/ml ... wuerl) s
defined as:

BactSedWater[N] = —8 10" . BactOcean/5] (3.40)
FracWaterSed[N] BactTest
with
1.8-10%: Concentration of bacteria reported in aerobic sediment [cfu/cm’]
FracWaterSed|[{]: Volume fraction of the sediment that is water [m3,, . /m3].
BactOcean[5]: Concentration of bacteria in the bottom layer of the oceans [cfu/cm?,,].
BactTest: Concentration of bacteria in the laboratory test water [cfu/ml . yaier]-

The mass transfer coefficient for burial of the top sediment layer, leading to deeper sediment, is equal to the
net sedimentation rate (Appendix I, Equations 62 and 63). The net sedimentation represents the growth of the
sediment. This growth means that old sediment is buried by new sediment layers. Resuspension rates of the
sediment of fresh surface waters and of marine sediment are defined as the difference between the gross
sedimentation rate and the net sedimentation rate (Appendix 1I, Equations 64 and 65). If the gross
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sedimentation rate exceeds the net sedimentation rate, the remainder of the sedimented particles has to be
resuspended.

3.9 The soil compartments

Emissions of each chemical to natural and cultivated soil are equal to the separate emission scenarios for each
of the four examples (Appendix II, Equation 66). The fraction of the chemical present in the water phase of
the soil, the soil-water equilibrium distribution constant for natural and cultivated soil, and the soil-water
partition coefficients are defined in the same way as was done for sediment (Appendix I, Equations 67 to 69).
The volume fraction of the solid phase of soil has the default value 0.4 (Van de Meent, 1993). The volume
fraction of the water phase of natural and cultivated soil is derived from the number of millimeters of water in
the soil layer per land cover type, assuming that the depth of this layer is one meter. However, the volume
fraction of water and the volume fraction of solids together can never exceed the value of one. A minimum
value is therefore used in this equation (Appendix II, Equation 70). If the sum of the volume fraction of water
and the volume fraction of solids of the soil is less than 1, the remainder is supposed to be air.

The organic carbon content (on a weight basis) of the solid phase of the layer of natural and cultivated soil is
derived from the organic carbon content per land cover type (Appendix II, Equation 71). This organic carbon
content by weight of the solid phase of the soil per land cover type is derived from the organic matter content
of the top layer of the soil (Den Elzen et al., 1995).

The pseudo-first order transformation rate constant in natural and cultivated soil is obtained in the same way
as the pseudo first order transformation rate constant in water and in sediment (Appendix II, Equation 72). A
value for the concentration of bacteria in soil, expressed on a pore water basis (BactSoilA(B)Water[i], i = 1 to

G, [efu/ml . wuer]), may be derived from Struijs and Van den Berg (1995):
- 14
BactSoilA(B)Water[i] = 10 - , (3.41)
FracWaterSoilA(B)[i]
with
106: Concentration of bacteria reported in aerobic soil [cfu/g, ;]
1.4: Bulk density of soil [kg,./dm3_;].
FracWaterSoilA(B)[i]: ~ Volume fraction of the soil that is water [m3,,,.,/m3,,].

It should be noted that this procedure for deriving a degradation rate constant in soil applies only to aerobic
systems.
Leaching of the chemical from the top soil layer to deeper soil (LeachSoilA[ij], i =1to C, j =1 to AC,
[m,;/s]) is derived from the fraction of the chemical in the soil that is in the water phase and the percolation
of water:

ercSoilA(B)[i] - ————————]03
LeachSoilA(B)[ij] = — ( _)[] 3000 - 2 - 365 G4
KSoilA(B)Waterli, j]

with
percSoilA(B)[]: Percolation of water for natural (cultivated) soil [mm,,,..../month].
10-3: Conversion from mm to m.
3600 - 2 - 365: Conversion from month to s.
KSoilA(BYWater[4,j]: Soil-water equilibrium distribution constant for natural (cultivated) soil

[mgwulcr/m}soil]'

In this manner the fraction of the chemical dissolved in the soil is transported by percolating water to deeper
soil and eventually to groundwater. Percolation of water for natural and cultivated soil is derived from values
for percolation per land cover type (Appendix II, Equation 73). Runoff of a chemical from soil to surface
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water (RunOffSoilA(B)[ij], i = 1 to C, j = 1 to AC, [m;/s]) is the advective flow from soil to surface water.
In analogy to SimpleBox it is calculated from:

r_rapidSoilA B[] - ! Oé’ o
RunOffSoilA(B)[i, j] = S “L 1909 g
WRoilABI: 1] KSoilA(B)Water]i, jj (3.43)
ErosionSoilA(B)[i] - 10"
3600 - 24 - 365
with
r_rapidSoilA(B)[i}: Direct runoff of water for natura! (cultivated) soil [mm_, . /month].
10-3: Conversion from mm to m.
3600 - 2 - 365: Conversion from month to s.
KSoilA(B)Water[i,j}: Soil-water equilibrium distribution constant for natural (cultivated) soil
[mswulcr/m}soil] .
ErosionSoilA(B)[{]: Erosion of natural (cultivated) soil, which eventually ends up in surface water
[mmsuil/year]'
3600 - 24 - 365: Conversion from year to s.

In the same way as for leaching, the fraction of the chemical dissolved in soil is transported by direct runoff of
water from soil to the surface water. Direct runoff of water from natural and cultivated soil is derived from
values for direct runoff per land cover type (Appendix II, Equation 74). Besides direct runoff of water, eroded
soil that eventually ends up in surface water will also cause the chemical to be transported from soil to surface
water. All of the chemical that is contained in soil is transported by erosion. A default value of 0.01
mm,_./year was used for the erosion of natural soil. For the erosion of cultivated soil values were based on the
annual sediment discharge per continent (Gleick, 1993). These values are 0.1 mm/year for North America,
0.04 mm/year for Europe, 0.29 mm/year for Asia and 0.05 mm/year for the southern continents.

3.10 The ice caps

The only process modelled in the ice caps is degradation. It is hard to estimate the degradation of a chemical
in snow or ice, for several reasons: the bioavailability of the chemical is not clear, the temperature is very low
and the concentration of bacteria is extremely low. Degradation of a chemical in snow or ice may occur by
photodegradation. To allow for at least a very smail rate of degradation, the pseudo-first order transformation
rate constant in ice caps (kdeglcecap[j], j = 1 to AC, [/day]) is defined as:

kdeglcecap[j] = 10° - kdegTest{j] (3.44)
with
kdegTest[j]: Pseudo first order degradation rate constant in laboratory test [/day].
10-: Proportionality constant [-].

3.11 Diffusive exchanges

Diffusive exchanges are estimated using a two-film resistance model, for which partial mass transfer
coefficients are defined at each side of an interface, for example air-water. The overall mass transter
coefficient for gas absorption to water, referenced to air, (GasAbsWater[ij], i=1t0C,j=1 to AC, [m,; /s]) for
organic chemicals is calculated from:
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(1 - FracAssAerosol[i, j]) - kawAir[j] - kawWater

GasAbsWaterl(i, j] = — _ — (3.45)
kawAir[j] - KAirWater[i, j] + kawWater
with
FracAssAerosol[ij]: Fraction of a chemical in air associated with aerosols [-].
kawAir(j}: Partial mass transfer coefficient at the air side of the air-water interface [m,; /s].
kawWater: Partial mass transfer coefficient at the water side of the air-water interface
[mwutcr/s] M
KAirWater[ij]: Dimensionless Henry’s Law constant [m3,,,./m?3;].

Only the fraction of the chemical in air that is in the gaseous state is available for gas absorption. Therefore,
the partial mass transfer at the air side of the air-water interface is corrected for the fraction of the chemical
that is associated with aerosol. A value of the partial mass transfer coefficient at the air side of the air-water
interface (kawAir[j], j = 1 to OC, [m,; /s]) may be derived from Southworth’s equation (Lyman et al., 1982):

kawAir[j] = 3.16 - 107 - WindSpeed - ——~———18— (3.46)
MolWeight/[j]
with
3.16 - 103 Proportionality constant [-].
WindSpeed : Average windspeed at 10 m above the surface [m/s].
MolWeight[j] : Molecular weight of the chemical [g/mol].
18: Molecular weight of water [g/mol].

The partial mass transfer coefficient at the water side of the air-water interface (kawWater, [m,,../s]) is
estimated according to Cohen’s equation (Lyman et al., 1982):

kawWater = + 7 - 10°m - s if WindSpeed < 3m - s
+5-10°m - 5" if 3m- s’ < WindSpeed < 10m - s’ (3.47)
+1:-10"m-s" if WindSpeed > 10m - s’
with
WindSpeed: Average windspeed at 10 m above the surface [m/s].

An average value for the windspeed of 5 m/s is used for all continents (Van de Meent, 1993). Since the
quotient of the overall mass transfer coefficients for gas absorption, referenced to the true gaseous state, and
volatilisation, referenced to the true dissolved state, is equal to the volume-based intermedia partition
coefficient, the overall mass transfer coefficient for volatilisation across the air-water interface, referenced to
water, (VolatWater[ij], i= 1to C, j=1to AC, [m,,,./s]) for organic chemicals is calculated from:

GasAbsWater[i, j] - KAirWater[i, j] - FracDisslvdWater[i, j] (3.48)
1 - FracAssAerosolfi, j]

VolatWaterl(i, j] =

with

GasAbswater([i,j]: Overall mass transfer coefficient for gas absorption across the air-water interface,
referenced to air [m,; /s].

KAirWater[ij]: Dimensionless Henry’s Law constant {m?3, . /m3, ].

FracDisslvdWater{ij]: Fraction of the chemical in water that is in the dissolved state [-].

FracAssAerosol[ij]: Fraction of a chemical in air associated with aerosols [-].

A correction is made for the fraction of the chemical that is sorbed to suspended matter or biota because only
the fraction of the chemical that is in the dissolved state in water is available for volatilisation. The overall

47



GLOBETOX: Modelling the global fate of micropollutants

mass transfer coefficients for gas absorption to the surface layers of the ocean and for volatilisation from the
surface layers are similar to the equations for fresh surface water, setting the overall mass transfer coefficient
for volatilisation from the cold surface layer equal to that for volatilisation from the warm surface layer
(Appendix II, Equation 75 and 76).

For diffusive transport from air to soil the equations for the overall mass transfer coefficients of gas
absorption and volatilisation are very similar to those for diffusive transport from air to water. The overall
mass transfer coefficient for gas absorption across the air-soil interface, referenced to air
(GasAbsSoilA(B)[4j], i = 1 to C,
j = 1to AC, [m/s]), for organic chemicals is calculated in a similar manner as the overall mass transfer
coefficient for gas absorption across the air-water interface. However, there are three phases of interest here:
air, soil air and soil water.

GasAbsSoilA(B)[i, j] = (1 - FracAssAerosolfi, j]) -

kaslAir[j] - kasiSoilAir + KASIAIDI * kastSoilWater o
KAirWater/[i, j]
kaslAirfj] + kaSISOlMlT‘ + kasL?'?thater
KAirWater/i, j]
with
FracAssAerosol[ij]: Fraction of a chemical in air associated with aerosols [-].
kaslAir[j]: Partial mass transfer coefficient at the air side of the air-soil interface [m_; /s].
kasISoilAir: Partial mass transfer coefficient at the soil-air side of the air-soil interface [m,;/s].
kaslSoilWater: Partial mass transfer coefficient at the soil-water side of the air-soil interface
[Myer/S]-
KAirWater[i,j]: Dimensionless Henry’s Law constant [m3,,../m?, ].

The partial mass transfer coefficient at the air side of the air-soil interface may be taken as equal to the value
at the air-water interface, according to (Mackay et al. 1992), see Appendix II, Equation 77. The value of 5.56-
10- m; /s is used for the partial mass transfer coefficient at the soil-air side of the air-soil interface; and the
value 5.56-10-'Y m,,,.,/s for the partial mass transfer coefficient at the soil water-side of the air-soil interface
(Van de Meent, 1993). For organic chemicals the overall mass transfer coefficient for volatilisation from soil
is estimated in the same manner as the mass transfer coefficient for volatilisation from water. For the
equilibrium constant between air and soil, the equilibrium constant between air and water is divided by the
equilibrium constant between soil and water (Appendix II, Equation 78).

A value for the overall mass transfer coefficient for absorption across the sediment-water interface for the four
continents and the oceanic background is obtained in the same way as the overall mass transfer coefficients
across the air-water and air-soil interfaces, using the two-film resistance model (Appendix II, Equation 79).
Only the fraction of the chemical in water that is in the dissolved state is available for adsorption. Therefore,
the partial mass transfer coefficient at the water side of the sediment-water interface is corrected for the
fraction of the chemical that is associated with suspended particles and biota. The value of 2.78-:10- m_, /s is
used for the partial mass transfer coefficient at the water side of the sediment-water interface (Mackay et al.,
1985), and the value of 2.78-10°% M, .../$ 18 used for the partial mass transfer coefficient at the porewater
side of the sediment-water interface (Mackay et al, 1992). The quotient of the overall mass transfer
coefficients for adsorption (referenced to the true dissolved state) and desorption is equal to the volume-based
sediment-water partition coefficient. Thus, the overall mass transfer coefficient for desorption across the
sediment-water interface, referenced to sediment, is very similar to the overall mass transfer coefficients for
volatilisation (Appendix II, Equation 80).
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4. EXAMPLES OF CALCULATIONS WITH THE GLOBETOX MODEL

Four examples of the dispersion and fate of
chemicals on a global scale are presented in this
chapter. It is not within the scope of this report to
discuss the results comprehensively, however. Both
the emissions and the compound properties are
specific for each chemical. Therefore, if other
chemicals are used, the values for the parameters
used here should be replaced by the appropriate
values for those chemicals. The four examples
discussed here are DDT, PCBs, DEHP and lead.

The emissions scenario and compound properties are
given in this chapter. The settings for the
environment have already been described in Chapter
three. The results of the computations with these
data are presented in the form of concentration-time
profiles. Finally, some monitoring data are also
presented for concentrations of DDT, PCBs and
lead, taken from the recent literature.

4.1 Emissions

DDT

The emissions scenario for DDT is based on data
from Environmental Health Criteria 9 (1979). The
emissions scenario was derived as follows. The use
of DDT in the US in 1972 and between 1953 and
1970 is known. The yearly production in the US
between 1944 and 1971 is also known. The average
use in agriculture between 1971 and 1981 is known
for the continents Asia, South America and Africa.
The use of DDT for malaria control in Asia in 1964
is also known. Data for the world production and
consumption exist for the period between 1971 and

Figure 4.1: Emissions scenario for DDT.
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1981. The world consumption in 1973 is known.
Further, the cumulative world production to 1964 and
to 1977 is known. Finally, the consumption of a large
number of countries in 1970 is known.

The emissions scenario for North America was
derived directly from the consumption of the US,
which was by far the greatest consumer in North
America. It was assumed that all consumption can be
considered as emission. For the relative emissions to
air, water, natural soil and cultivated soil the
following distribution was used: 0.4, 0.05, 0.05, 0.5.
These fractions are valid for each continent. This
means that for example 40% of the emission on a
continent is released into the air compartment. The
global emission is not equally divided over the
continents.

The ratios between countries and continents were
used to derive a scenario for Europe, which is set
equal to the emission of North America multiplied by
0.4. An emission equal to 5/6 of the emission of Asia
was used for the continents of the southern
hemisphere. A future projection was made for Asia
and the southern continents in which emission still
continues.

The total emissions scenario of DDT is presented in
Figure 4.1. The emissions scenarios for DDT per
region to air, water, natural soil and cultivated soil
(EAir_DDT][i], EWater_DDTTi], ESoilA_DDTYi] and
ESoilB_DDTJi], i = 1 to C, [tonnes/year]) are given in
Appendix III, Table IIL.1.

PCB
There is a great deal of data for the OECD countries
concerning the production, consumption, import and
export of PCBs (De Voogt and Brinkman, 1989).
The production and use of PCBs in the COMECON
countries is very unclear, so an estimate was made
for these countries. Virtually no data were available
for the use of PCBs in the rest of the world. For Asia
and the continents of the southern hemisphere, data
were estimated, with a substantial uncertainty. This
estimate is mainly based on the magnitude of the
remainder of the production of the OECD countries.
For the distribution of the use of PCBs over the
continents the following assumptions were made:
Use North America =

Production - export of the US and Canada together.
Use Europe =

(Production - export of the OECD countries in

Europe) + (0.75- production of the Comecon
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Figure 4.2: Emissions scenario for PCBs.

countries).

Use Asia =
(0.25-production of the Comecon countries) +
(production -  export of Japan) +
(0.6-consumption of the rest of the non-OECD
countries).

Use southern continents =
(0.4:consumption of the non-OECD countries) +
(consumption of Australia and New-Zealand).

As far as possible this number was multiplied by the
ratio describing use in open systems and total use. If
such a ratio was not available, it was assumed to be
equal to the relative amount of open use in the US or
Europe. Further, it was assumed that the remainder
of the PCBs were used in closed systems like
capacitors and transformers. The information
presented in De Voogt and Brinkman (1989) allowed
us to conclude that, of the PCBs used in closed
systems, 3% is released in 30 years. Because
production of PCBs has almost completely stopped,
emissions are assumed to end in 2030. It was assumed
that 97.5% of the emission takes place to air, 1% to
water and 1.5% to cultivated soil. The emissions
scenario for PCBs per region to air, water, natural soil
and cultivated soil (EAir_PCBJi], EWater_PCB]i],
ESoilA_PCBJi] and ESoilB_PCBJ[i], i = 1 to C,
[tonnes/year]) is listed in Appendix III, Table III.2.
The total emission per continental scale is presented
in Figure 4.2.

DEHP

Data on the use of DEHP for the separate continents
are available (Poppe, 1994). The largest uncertainty
in the emissions of DEHP is the emission factor. It
was assumed that emission of DEHP due to the
growing quantity of plasticised PVC in landfiils can
never make a major contribution to the total
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Figure 4.3: Emissions scenario for DEHP.

emission of DEHP (Poppe, 1994). This is true only if
DEHP from a landfill ends up in the groundwater,
where it may form a local problem. A value of 0.01
was assumed as overall emission factor. Of this
emission factor 50% is emission to air and 50% to
water (Poppe, 1994). A future projection was made, in
which emissions of DEHP remain at the same level.
The emissions scenario for DEHP per region to air,
water, natural soil and cultivated soil (EAir_DEHP]i],
EWater_DEHP[i], ESoilA_DEHPJi] and
ESoilB_DEHP[i], [tonnes/year]) is presented in
Appendix III, Table II.3. Figure 4.3 shows the
emissions scenario for DEHP per continental scale.

Lead

For lead, only emissions to air are taken into
account. Emissions of lead to soil and water are
often in the highly immobile form of metallic lead.
In order to arrive at an estimate for the emissions of
lead to the atmosphere on a global scale, particular
attention was paid to the emission of lead by road
traffic from tetra-alkyl lead in leaded gasoline.
There are several reasons why emissions by road
traffic are very important. First, the emission of lead
from tetra-alkyl lead was by far the most important
contribution (70-75%) to the total emission of lead to
the atmosphere in the years that tetra-alkyl lead was
in extensive use (Nriagu and Pacyna, 1988; Harrison
and Laxen, 1981). In the US tetra-alkyl lead was
used extensively to 1980 and in Europe to 1986.
About 75% of the total amount of lead added to
gasoline is emitted to the atmosphere once again as
lead oxide (Harrison and Laxen, 1981; Janus et al.,
in preparation). Second, the data on production of
tetra-alkyl lead for the two principal producing
countries (MetallStatistik, 1966, 1971, 1981, 1992,
1993), the US and UK, together forming 85% of
world production (IARC monographs, 1980), are
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known for quite a long period of time (1956-1991).
Finally, it is one of the few lead emissions due to
human activities that occur almost everywhere.
The distribution over the continents of the use of
gasoline, in combination with the amount of tetra-
alkyl lead added, was derived from data on the
production of gasoline per country or region
(Statistical Yearbook UN, 1993). The relative
amounts of the production of gasoline were only
available for the period 1988 to 1991. It is assumed
that these proportions stayed the same for a longer
period of time. Further, most of the gasoline is
probably used on the same continent as it was
produced. Because the production and export of
tetra-alkyl lead is quite accurately known, the
following distribution was assumed for the emission
of lead over the continents due to use of tetra-alkyl
lead in gasoline:
Emission North America =

(0.75-production of the US)-0.75/0.85
Emission Europe =

0.6-(production of the UK + 0.25-production of

the US)-0.75/0.85
Emission Asia =

0.3-(production of the UK + 0.25-production of

the US)-0.75/0.85
Emission south. cont. =

0.1-(production of the UK + 0.25-production of

the US)-0.75/0.85
In respect of emissions from other sources, it was
assumed that from the beginning of the 20th century
to 1923 the emission to air increased to 16000 tonnes
per year. In 1975 this emission had increased to
3148000 tonnes per year. Thereafter, it is assumed
that these emissions will decrease to 28800 tonnes
per year in 2000 and to 9700 tonnes per year in 2100.
For the distribution of the emissions (from 2000)
over the continents, the values were used of 0.3 for

Figure 4.4: Emissions scenario for lead.
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North America, 0.5 for Europe and 0.1 for both Asia
and the southern continents. The emissions scenario
for lead per region to air, water and soil (EAir_PDbli],
EWater_Pbl[i], ESoilA_Pb[i] and ESoilB_Pb[i],i=1
to C, [tonnes/year]) is given in Appendix III, Table
III.4. The total emission per continental scale is
represented in Figure 4.4.

4.2 Compound properties

We here present the values that were used for the
chemicals for which calculations have been made.
The values for the four examples will give an
impression of the order of magnitude of the
variables. The wused chemical properties are
summarised in Appendix IV. However, if other
chemicals are used these values should be replaced
by the appropriate values for those chemicals.

Molecular weight

The molecular weight of DDT is 354.5 g/mol. PCBs
are a group of congeners and thus there is no fixed
value for the molecular weight of PCBs. Instead, an
average value of selected PCB congeners (Dolfing
and Beurskens, 1994) was used, based on their
ocurrence and toxicity. The average molecular
weight of these PCBs is 341.8 g/mol. This lies
between a penta- and a hexa-chlorobiphenyl. The
molecular weight of DEHP is 390.5 g/mol and that
of lead is 207.2 g/mol.

Kow

For log Kow of DDT we used the value of 6.91
reported by De Bruijn et al. (1989) using the “slow-
stir” shake flask method. This is probably the most
accurate method to determine the octanol-water
partition coefficient. This value is equal to the
calculated value for log Kow (Aster, 1994). Other
values for the logarithm of the octanol-water
partition coefficient are usually substantially lower.
For example, Suntio et al. (1988) reviewed some
physical-chemical properties of a variety of
pesticides and proposed a value of 6. The reported
values in this publication are 3.98, 5.98, 6.19 and
6.20.

An average value for log Kow of the PCB congeners
selected by Dolfing and Beurskens (1994) was used
to obtain a value of 7.08 for log Kow for PCBs. The
data presented for log Kow of the separate congeners
(Hawker and Connel, 1988) are in good agreement
with data reported by De Bruijn et al. (1989) and by
Morosini et al. (1993). For nine of the 18 congeners
for which other data were available, all differences in
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log Kow were less than 0.3 unit.

The value of 7.45 reported by De Bruijn et al. (1989)
is used for log Kow of DEHP. Reported values for
log Kow of DEHP determined with HPLC are in the
same range of 7 to 8. Values determined with older
techniques, such as the common shake flask method,
are considerably lower. This value, determined using
the “slow-stir” shake flask method, is probably once
again the most accurate value.

Vapour pressure

For the vapour pressure of DDT at 25 oC a value of
3.3-10-5 Pa was used, taken from a publication by
Ballschmiter and Wittlinger (1991). Suntio et al.
(1988) reported a large number of vapour pressures
and proposed the value of 2:10-5 Pa at 20 oC.
Mackay and Shiu (1981) reported the values
1.34-10-5 Pa at 25 oC and 2.53-10-5 Pa at 20 oC.
The latter value was also reported by Suntio et al.
(1988). Morosini et al. (1993) reported the value of
1.7-10-4 Pa for the vapour pressure of the subcooled
liquid at 25 oC. If one takes account of
extrapolations for the temperature dependence of the
vapour pressure and the transition from subcooled
liquid to solid, these data for the vapour pressure of
DDT are very consistent.

For PCBs we used an average value of the
logarithms of the vapour pressures of the PCB
congeners selected by Dolfing and Beurskens
(1994). The value for the vapour pressure obtained
in this way is 8.0-10-4 Pa at 25 oC. However, these
values for the separate congeners (Holmes et al.,
1993) apply to the vapour pressures of the subcooled
liquid for each congener. Morosini et al. (1993)
reported very similar values for seven of these
congeners. Ballschmiter and Wittlinger (1991) cited
two publications containing values for the vapour
pressure of the solid state of these seven congeners.
These values were just slightly lower than those for
subcooled liquids. The average value for the vapour
pressure of the solid congeners was more than 75%
of the value for the subcooled liquids. Because only
data for seven congeners were available for solid
congeners, the value of 8.0-10-4 Pa at 25 oC was
used for the subcooled liquids.

For DEHP we used the value of 8.5:10-4 Pa at 25
oC. This value is an average value taken from two
publications. Howard (1989) reported a value of
8.6:10-4 Pa at 25 oC based on an average value of
four measurements from an earlier publication
(Howard et al., 1985). Werner (1952) reported a
value of 8.3-10-4 Pa at 25 oC.

Solubility

For the solubility of DDT we used a calculated value
of 0.00308 mg/l at 25 oC (Aster, 1994). Suntio et al.
(1988) proposed the value of 0.003 mg/l at 20 oC.
Mackay and Shiu (1981) reported eight values at 20
oC, ranging from 0.001 mg/l to 0.00897 mg/l.
Ballschmiter and Wittlinger (1991) reported a value
of 0.002 mg/l. These data are very consistent.

For PCBs we used an average value of the logarithm
of the water solubility of the PCB congeners selected
by Dolfing and Beurskens (1994). This value for the
solubility of PCBs is 0.0241 mg/l at 25 oC. The
values of the solubilities for the different congeners
(Holmes et al., 1993) are about four times higher
than the values reported by Ballschmiter and
Wittlinger (1991) and Morosini et al. (1993). All
values apply to the water solubility of the subcooled
liquids, but the difference is sometimes more than
one order of magnitude.

For the solubility of DEHP in water we used a value
of 7.2:10-4 mg/l. This value is derived from the
value of 0.6 pg/l in seawater at 12 oC reported by
Boese (1984). The value at 25 oC is obtained by
extrapolation using a van ‘t Hoff equation in the
same way as described for the dimensionless
Henry’s Law constant. Most of the reported
solubilities are much higher than this value.
However, this value seems to be in good agreement
with the high hydrophobicity of DEHP.

Melting point

The melting point of DDT is 109 oC (Mackay and
Shiu, 1981; Suntio et al., 1988; Ballschmiter and
Wittlinger, 1991; Morosini et al., 1993). For PCBs
we used an average of the melting points of the
seven congeners mentioned by Ballschmiter and
Wittlinger (1991) and Morosini et al. (1993), since
data for the other congeners were not available. The
melting point of PCBs obtained in this manner is 98
oC. The melting point of DEHP is -50 oC
(Peijnenburg et al., 1991).

Degradation

Since no data were available for the pseudo-first
order degradation rate constants in a laboratory test
of the three organic chemicals, a value for these rate
constants was derived from the half lives of the
chemicals in water and soil. Howard et al. (1991)
estimated the half life of DDT in fresh surface water
as between 7 days and 1 year. Dolfing and Beurskens
(1994) conclude that half lives for higher chlorinated
PCBs are of the order of 3 years. Howard et al.
(1991) gave half lives for DEHP in fresh surface
water between 5 and 23 days.
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For DDT, Howard et al. (1991) reported half lives
due to degradation in soil under aerobic conditions
of between 2 years and 15.6 years, based on
observed rates. For half lives of DEHP in soil,
Howard et al. (1991) reported values of 5 to 23 days
and 42 to 389 days, depending on aerobic or
anaerobic conditions.

The half lives obtained for degradation in water in a
laboratory test at 20 oC are 40 days for DDT, 150
days for PCBs, and 0.5 days for DEHP. Lead is a not
an organic compound but a metal and it therefore
cannot be degraded. The pseudo-first order
degradation rate constant in water for lead is
consequently O /day.

Taking account of the fraction of the chemical in air
that is associated with aerosol particles, the value of
0.1 /day was assigned to the pseudo-first order rate
constant for reaction of DDT with hydroxyl radicals.
This value is estimated from the half life of DDT in
air, in the same manner as was done for the pseudo-
first order degradation rate constant in water.
Howard et al. (1991) mentioned that the half life of
DDT in air lays between 17.7 and 177 hours.

In the case of PCBs the value of 0.01 /day was used.
For the reaction rate with hydroxyl radicals,
Atkinson (1987A) reported 1.4-10-12 to 2.9-10-12
cm3/s for dichlorinated compounds and 0.2-10 -12 to0
0.4-10 -12 cm3/s for pentachlorinated compounds,
corresponding to pseudo-first order rate constants
ranging trom 0.125 /day to 0.009 /day.

For DEHP a value of 1 /day was used. For the
reaction rate of DEHP with hydroxyl radicals,
Behnke et al. (1986) reported 1.4-10-11 cm3/s,
corresponding to a pseudo-first order rate constants
of 0.6 /day. For the half life of DEHP in air, Howard
et al. (1991) made an estimate based on
measurements with DMP by Atkinson (1987B). The
half life of DEHP in the lower troposphere would be
in the range of 0.12 to 1.2 days with photooxidation
as the main removal process. Like the pseudo-first
order degradation rate constant in water, the pseudo-
first order rate constant for reaction with hydroxyl
radicals in air for lead is O /day.

Heat of vaporisation and heat of solution

For the heat of vaporisation of DDT the value 50.6
kJ/mol was calculated (Aster, 1994). For PCBs we
used a mean value for the three congeners for which
a value is available (Ten Hulscher et al., 1992). This
average value is 96 kJ/mol. For DEHP a value of 94
kJ/mol was used (Poppe, 1994).

For DDT and DEHP a kind of default value of 10
kJ/mol was used for the heat of solution. For PCBs
the value 37 kJ/mol was used. This value is a mean

value for the four congeners for which a value is
available (Ten Hulscher et al., 1992). The heat of
vaporisation minus the heat of solution is equal to
the heat of volatilisation. A common value for the
heat of volatilisation of the higher chlorinated PCBs
is about 60 kJ/mol (Ten Hulscher et al., 1992). Thus
the values for the heat of vaporisation and solution
for PCBs are consistent.

Partition coefficients

The properties (mentioned above) of the organic
chemicals are used to calculate partition coefficients
between two phases. This calculation only applies to
hydrophobic organic chemicals. Therefore some
assumptions for a partition coefficient of lead have
been made. Several determinations have been made
of the soil-water partition coefficient of lead
(Brumbaugh et al., 1994; Van den Hoop and Den
Hollander, 1993; Gerritse et al., 1982). It seems that
the soil-water partition coefficients for lead show a
log-normal distribution and therefore a mean log
value was derived. The value was set equal to 103.4.
The suspended matter-water partition coefficient
was set equal to this value. For the bioconcentration
factor of lead the arbitrary value of 100 was used,
well below the value of the suspended matter-water
partition coefficient. The sediment-water partition
coefficient was also set equal to the value of the soil-
water partition coefficient.

Due to the fact that lead occurs in the atmosphere
only in association with aerosol particles, gas
absorption and volatilisation are processes that are
not defined in the case of lead. All overall mass
transfer coefficients for gas absorption and
volatilisation are consequently equal to 0.

4.3 Results

The concentration-time profiles in air for each of the
selected chemicals are presented in Figures 4.5 to
4.8. 1t is evident that the concentration-time profiles
are strongly dependent on the compartment
considered and on the properties of each chemical.
With regard to the compartments, it can be
concluded that atmospheric processes are very fast.
The atmospheric residence times are of the order of
ten days over the continents. Besides that,
degradation rates in air are the highest of all
compartments. For this reason the concentrations in
air follow the emissions scenarios immediately for
each chemical. Because an important fraction of all
chemicals is emitted to air, air is a mean path for
transport of the emited chemical to other
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Figure 4.5: Concentration-time profile for DDT in air

of the continents and the oceanic background.
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Figure 4.6: Concentration-time profile for PCBs in air
of the continents and the oceanic background.
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Figure 4.7: Concentration-time profile for DEHP in air
of the continents and the oceanic background.

compartments.

The concentration-time profiles of the four
chemicals in fresh surface water of each continental
scale are presented in Figures 4.9 to 4.12. In the
fresh surface water compartments of the continents
the concentrations are less directly influenced by the

Figure 4.9: Concentration-time profile for DDT in
fresh surface water of the continents.

Figure 4.8: Concentration-time profile for lead in air
of the continents and the oceanic background.

emissions scenarios. Degradation in water is
substantially slower than in air. Although hydraulic
residence times are significantly longer than
atmospheric residence times too, advective transport
is an important factor, just as for air. Accordingly,
river outflow to the oceans is an important factor in

Figure 4.10: Concentration-time profile for PCBs in
fresh surface water of the continents.
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Figure 4.11: Concentration-time profile for DEHP in
fresh surface water of the continents.

the disappearance of a chemical from the fresh
surface water compartment. The fresh surface water
compartment of North America, which consists
mainly of the Great Lakes, has the longest hydraulic
residence time. The concentration-time profile for
fresh surface water in North America therefore has a

Figure 4.13: Concentration-time profile for DDT in the
ocean layers.

Figure 4.12: Concentration-time profile for lead in
fresh surface water of the continents.

slower response to the emissions scenario than those
of the other continental scales. Hydraulic residence
times for fresh surface water are of the order of one
to five years.

The concentration-time profiles of the four
chemicals in the seven ocean layers are presented in

Figure 4.14: Concentration-time profile for PCBs in
the ocean layers.
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Figure 4.15: Concentration-time profile for DEHP in
the ocean layers.

Figure 4.16: Concentration-time profile for lead in the
ocean layers.
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Figure 4.17: Concentration-time profile for DDT in
sediment of the continents.

Figure 4.18: Concentration-time profile for PCBs in
sediment of the continents.
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Figure 4.19: Concentration-time profile for DEHP in
sediment of the continents.

Figures 4.13 to 4.16. Highest concentrations in the
deep ocean layers are achieved long after the peak in
the top ocean layers. The deep ocean layers are very
large and consequently have long hydraulic
residence times, of the order of tens of years. The

Figure 4.21: Concentration-time profile for DDT in
marine sediments.

Figure 4.20: Concentration-time profile for lead in
sediment of the continents.

model computes that for all compounds the
concentration in the bottom layer of the oceans does
not reach a maximum value before the year 2100.
This a consequence of the fact that the chemical has
to be transported through all the other ocean layers

Figure 4.22: Concentration-time profile for PCBs in
marine sediments.
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Figure 4.23: Concentration-time profile for DEHP in
marine sediments.

before it reaches the bottom of the ocean.

The concentration-time profiles of the four
chemicals in sediments of fresh surface water of
each continental scale are presented in Figures 4.17
to 4.20. The concentration-time profiles in marine
sediment are presented in Figures 4.21 to 4.24.

The response of the concentrations in sediment and
soil on the continents to the changes in emission is
not as fast as the response of the concentrations in air
or water. There are several reasons for this. First,
most chemicals, especially the hydrophobic organic
chemicals, are strongly associated with the solid
phase in these compartments and are very immobile.
Due to the small fraction of the chemical that is in
the dissolved state, degradation rates of organic
chemicals in these compartments are also
considerably lower than the degradation rates in air
or water. Therefore, a chemical in these
compartments has a long half-life. Second, there is

Figure 4.25: Concentration-time profile for DDT in
natural soil.

Figure 4.24: Concentration-time profile for lead in
marine sediments.

never any direct emission to sediment and often most
of the loads of natural and cultivated soil come from
deposition from the atmosphere. For these
compartments, advective transport is a very
important factor in changes in the concentrations of
the chemical.

The top layer of sediment is constantly renewed and
therefore the chemical will disappear from the top
layer by sediment burial. For marine sediment, the
concentration-time  profiles depend on the
concentration in the bottom layer of the oceans.

The concentration-time profiles of the four
chemicals in natural soil of each continental scale are
presented in Figures 4.25 to 4.28. The concentration-
time profiles for cultivated soil are presented in
Figures 4.29 to 4.32. The smaller mixing depth of
the top layer of natural soil, the higher erosion of
cultivated soil, and the higher organic carbon content

Figure 4.26: Concentration-time profile for PCBs in
natural soil.
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Figure 4.27: Concentration-time profile for DEHP in
natural soil.

Figure 4.28: Concentration-time profile for lead in
natural soil.
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Figure 4.29: Concentration-time profile for DDT in
cultivated soil.

Figure 4.30: Concentration-time profile for PCBs in
cultivated soil.
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Figure 4.31: Concentration-time profile for DEHP in
cultivated soil.

of natural soil and lower degradation in natural soil,
lead to a higher concentration of a chemical in
natural soil, even if there is some emission to
cultivated soil. Of these factors, the mixing depth of
the soil is the most important. Only for DDT the

58

Figure 4.32: Concentration-time profile for lead in
cultivated soil.

concentration in cultivated soil is higher, because it
is applied to cultivated soil.

The concentration-time profiles of the four
chemicals in ice caps are presented in Figures 4.33 to
4.36. Because of the residence time of ice in the ice
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Figure 4.33: Concentration-time profile for DDT in the
ice caps.

Figure 4.34: Concentration-time profile for PCBs in
the ice caps.
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Figure 4.35: Concentration-time profile for DEHP in
the ice caps.

caps, which is about 10000 years, and the very low
degradation rates in ice, the total amount of a
chemical in ice caps will increase almost
continuously, as long as the emissions last. The
computed concentration in ice caps is a mean
concentration of the total ice mass and therefore it
only reflects the total amount in the ice caps.
However, the concentration in the upper snow and
ice will be significantly higher, but will decrease
when emissions have stopped.

The fate and dispersion of a chemical is of course
greatly influenced by its properties. The most
important property is probably the degradability of a
compound in air and in the ageous phase. The
differences between DEHP, a readily degradable
organic chemical, and lead, a heavy metal, are
striking. The concentration-time profiles for the
persistent organic chemicals DDT and PCBs
resemble each other quite closely. The behaviour of
these chemicals lies somewhere in between DEHP
and lead. Because of this degradability,

Figure 4.36: Concentration-time profile for lead in the
ice caps.

concentrations of a compound like DEHP in all
compartments will change immediately after a
change in emission. Further, DEHP will never reach
remote areas in considerable amounts. All
concentrations will remain very low in the air over
the oceans, the oceans, and the marine sediments. In
comparison, PCBs and DDT are sufficiently
persistent to accumulate in these remote areas.
However, after emissions have  stopped,
concentrations appear to decrease in all
compartments over a period of decades. For lead,
however, there is hardly any decrease of the
concentration in soil over a period of a century.

The influence of the partition coefficient is very
prominent in the time-scale in which a chemical
reaches the bottom of the oceans. The highly
hydrophobic organic chemicals DDT and PCBs have
a much higher suspended matter-water partition
coefficient than lead. Because transport by settling
particles is an important transport route in the oceans,
these compounds will be transported faster than lead.
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Table 4.1: Measured concentration and simulated concentrations of DDT in several compartments.

compartment spatial focation time literature GlobeTox
atmosphere oceanic background 1980 100 pg/m 380 pg/m?
fresh water North-America 1992 - <100ng/ <lingf
sediment Burope 1953-1958 252274 uglke 12000 pg kg
sediment Europe 1990 234 ug/kg 650 ug /kg
natural soil Europe 1988 - <19ug kg 60 pg kg
acean warm layer 1990 <33pgf < 10 pg/t

4.4 Monitoring

The GlobeTox model simulates concentrations of
DDT, PCBs, DEHP and lead. The simulated
concentrations in each compartment can be
compared with published data. Only easily
accessible data were used (e.g. IRPTC, 1994). A
selection of these data is given in Tables 4.2 to 4.4.
The tables show concentration, year and location of
measured concentrations of DDT, PCBs and lead.
These concentrations can be used to validate the
GlobeTox model. However, a number of
complications should be anticipated:

» The GlobeTox model simulates concentrations of
a chemical in a compartment of a continent or an
ocean layer. This means that the concentrations
simulated by the model are homogeneous for a
whole continent. Thus local extremes can not be
simulated by GlobeTox. However, literature data
presents concentrations of a chemical at a specific
location and not at a whole continent.

The above mentioned complication is a limitation of
the model. The information from literature gives us
also some complications when comparing the model
results with literature data.

¢ The chemicals lead, DDT and PCBs and DEHP
are emitted in the compartments fresh water,
atmosphere, and soil. Studies described in
literature may be biased towards situations when
researchers expected to find the chosen chemical
at the specific location. Therefore, we suspect
that the reported concentrations may be local
extremes, in particular when the soil
compartment or the fresh water compartment are
regarded. In the soil and fresh water
compartments local extreme concentrations are
expected, because the mobility of the chemicals
in these environments is low. In the atmosphere
compartment, the chemicals are well mixed and
their residence times are low. In the ocean
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compartment local extreme concentrations are
not expected.

* The values given in literature do not provide us
time series of concentrations of a chemical at a
specific location. Therefore, a concentration-time
profile of a chemical at one location cannot be
constructed or produced. This means that
comparison of concentration-time  profiles
simulated by GlobeTox with literature data is
problematic.

» The fact that the geographical location of the
studies can by no means represent a full
continent, displays an other problem: How to
average the different data in a continent?

Below we give a first attempt to compare
concentrations  reported in literature  with
concentrations simulated by the GlobeTox model.
We only discuss DDT in some of the compartments
shortly. It is not within the scope of this report to
discuss the validation of the GlobeTox model with
the studies described in literature. Further research is
needed to investigate in what way this model can be
compared with monitoring data.

In Table 4.1 measured and simulated concentrations
of DDT in several compartments are given.

It appears for almost every compartment that the
simulated concentrations for DDT are below those of
the literature data. The order of magnitude of the
simulated concentrations agrees with the data from
literature. The sediment compartment is not yet
explained, because the simulated concentrations
exceeds the literature data with a factor of 30 to 50.

It can be concluded from this preliminary
comparison that the order of magnitude of the
concentrations is comparable and that the simulated
concentration of GlobeTox are not in contradiction
with those reported in literature (except for the
sediment compartment).
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Table 4.2: R eported concentmtwns of DDI.

Value Unit '; Compartment Time and place e Souféq -

613 (8)  pg/mdair 1986, Reunj:on, South Indiai besan Ballschiter and Wittlinger (1991)
100 pg/m> air 1980/81, westwind between Australia and Antarctic Ballschiter and Wittlinger (1991)
<l - pg/mlair Ulm (D), winter ‘87, dowatown ‘ Baiischxter and W:tthnger (1 991)

1.3-192.0 (42.5) yg/kg forest soil Summer 1988, New Hampshire

252-274  pg/kg sediment
234 " ug/kg sediment
1-40 (8) . g[m3' air

19 » ppm ﬁsh

334 pg/m? air
0.1-0.55 (0.32) ng/l snow
04-101  ©  npflsnow
0.2-04 ng/l rain
0.10:0.21 ng/l snow

0.63-4.10(1.8) ng/l peat
3.6-41.1(247) nglpeal

<0128  pg/iseawater

133 pe/l seawater
0.2-34 pe/l seawater
1.3-18 © - pg/m? air
<2-11 . pgflwater
7-830 pg/g sediment
0.096-16 ng/g soil

1953.58, NW-England
1990, NW-England |

' ;:1986;’90 Uim (), Central Europe

1969, salmon from Lake Mlcmgan

198081, Guif of Mexxco, Lake supenor -

‘ 1981- ‘82, M- Minnesota

1982-183. N-Minnesofa

- fall 1983, Minnesota

1983784 N-Minnesota

1981-°82, Ne—U&[SEvCanaﬁé, values in top layar
" 1981 82, Ne»US/SE Canada,
. - hi ghest valnes in vertical layer

.1989« 90, chans on northem hemxsphers

1989~’90 seas around China/India
1989-"90, oceans on southern hemisphere -

1992, Lake Baikal

1992, 1.ake Baikal

1992, T.ake Baikal
1992, Lake Baikal

- Smith er a (1 993)

, Sanders et ai (1992)

' Sanders et al (1992)

M()rosxm etal (1993) -

Keller (i97(§)

. Rapapoﬂ'"et al (1%:985)
Rapapott et al (1985)

. Rapaportetal (1985)

Rapaport etal (1'985)._;
’Rapaport et al (1985)-
Rapaport e al. (1985)

Twata et al.:'(1993) {'
Iwata et al (1993)

. Twataet al. (1993)

Twata ez gl. (1995)
Iwata eral (1995)
Iwata et gl. (1995)
Iwata er 4l (1995)
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Table 4.3: Reported concentrations ofPCBS..

sediment

Valne Unit : Ce.m;iértrneai- . Time and place Source
0.6-20(0.89) = ngm? air UK. 1892, wban Duértg.—Davidson and Jones (1994)
0.25-2.3 ng/m? alr (pas phasé) _ Lake Mi,, 1989, summer, Achman et al. (19933
’ o air over water, >90% in -
e bha - o
1028 ag/m? air - Great Lakes, 1978-780, Achman et al, (1993)
. ; air over water L i
1123007 ng/l water (fotal) ~ Lake Mi., open water, Achman er al. (1993)
» 1989, summer '
01701 np/l water Lake Mi., open water, 1986  Achmanetal. (1993)
44-268(156)  ngl water (total) ‘Lake Mi., poll. water, 1989  Achman et al. (1993)
73041300 ngle part. matter Lake Mi, 11-37%0OM, Achman e al. (1993)
- 0.5-3.3 my part, matter/l, 1980 . ,
04 ng/my? air foverland) . near LakevMi,.,v, 1980 Achman ei gl (1993) -
3.9:173(82) ng/m? alf (total} 1972776, UK rural, 90 km Jones ef al. (1995)
. . west of London, calculated results L
3.0.98(6.3) ng/m* air(omly 1977-'81, UK rural, 90 km Jones ¢ al. {1995)
e _ west of London, calculated results '
0.8-3.3 (L.7) ng/m> ait (total) 198286, UK rural, 90 km Jones et al. {1995)
i . _ west of London, calculated results . L
0.8-26(1.7D ng/m’ . aik (tofal) 198792 UK rural, 90 km Jones er al, (19953)
- west of London; calculated resulls -
2.1:4.6 (2.7) ag/m® air (total) 1972276, UK rural, NW England, Jones ef al. (1995)
_grassland, calculated results ' ,
1.2:34(2.3) ag/m? air (fotal} 1977-81, UK rural, NW England, Jones et al. (18995)
- prassland; calculated results ‘
0.4-49{1.9) ng/m? air (total) 1982786, UK rural, NW England, Jones et ol (1995)
. grassland, calculated results . C
0.3-:09006) ng/m® air (total) 1987-'92 UK rural, NW England, Jones ef wl, (1995)
» grassland, calculated results
¢.2:2.8(0.9) ng/m? alr 1986-90. Ulm (D) Morosoni ot wl, (1993}
140-560 (340) ngkg soil 1966-"72, UK rural siies, Alcack et al. (1993)
15 cm top layer,
14-53 (28) ug/ke soil 1990-°92 UK rural sites, Alcock et al (1993)
5 ¢em top laver, :
88% of conceritrations in this range - .
20-30 ng/ke soil <1940, UK rural sites Alcock of al (1993)
1-10 (2) uglke sediment <1930, &W—Eﬁgiand, - Sanders et;ai;?:(iggi)'
several locations worldiwide ,
5.50 ughkg sediment 1930-1963, NW-England, _ Sanders et ol (1992)
several focations world-wide, - .
-' , . continuous increase . - ,
40-30 (30) pg/kg 196388, NW-England,  Sanderseral. (1992)
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Valge = Unit ‘ Compartment . Thme and place Source

20  pgkg  sediment 196281, DarkLake, Wi(US), Sanderser al. (1992)
‘ ’ - gtabilisation at about 20 pig/kg

25 . mgks sediment . 1993 sediment from Hudsonriver,  Carroll et al. (1994)
" , ‘. ~ contaminated by condensator factory o
64 . mprkg sediment - 1993, sediment from Hudson river, Carrall er al, (1994)
‘ cantaminated by conidensator fzictory ' '
205 S mg/kg 0 sediment 1993, sediment from Hudson river, Carroll ez 4l (1994)

contaminated by condensator factory

7.5-252(152) _ugksg - forest soil 1888, New Hampﬁhire,US, o v » Smith et al_,(lgg?,)
k ‘ 125 ki NW of Bost(m . . -

067 . nglo? air {iotal) . 1987 Ulm (D), city centre, low tsmp Balisr:hmite’r: and Wittlinger (1991)
o . v : o about 0% ass. w. particles, o o S
0.125 o ong/m? alr - : 1986, South Indian Ocean ~ Balischmiter and Wittlinger (1991
0.125-26 (0.17)  ng/m? air . Utm (D), typical northern Ballschmiter and Wittlinger (1991)
- = : : hemisphere concentrations
0.435-1.82 ngid Cair " femotesite, Greatlakes, Wi Ballschmiter and Witdinger (1991}
1.3 sapfd o water Lake Superior 1978 ’  Jeremiason etal. (1994)
4.04 o ongh watet . Lake Superior 1979 o Jeremiasoniel al. (1994)
0.74-1.2 (1. 13) ‘ ng/l: . water - Lake Superior 1980 - Jeremiason et of, (1994)
0.80 ngll - water . LakeSuperior19838  TJeremiasonetal. (1994)
056  ngd - water I ake Superior 1986  Jeremiason etal. (1994)
0.33 gl water Lake Superior 1988 . . Jeremiason e ul. (1994)
0.32 o ongA . water . Lake Superior 1990  Jereminson eral (1998)
0.14-0.26 (0.18) ng/l water Lake Superior 1992 . Jeremiason e @, (1994)"
1.2 ng/l water Lake Michipan 1980 : Jeremiason et al. (1994)
0.63 ngil. water Lake Michigan 1991 _ Jeremiason e al. (1994)
8-18 ngike sediment Lake Superior 1986/1990 Jeremingon el ol (1994)
8.7:23 pgim® - el - 1992 1 ake Baikal . ; Iwata et ol (1995)
18-590 peil. water _ 1992, Lake Baikal . Twata et al. (1995)
0.08-6.1 : ngle sediment - 1992 Lake Baikal - Iwata er al, (1995)
1492 ng/g soil . 1992 [ ake Baikal Twata ot uf. (1995)
11-600 (163) pg/m? air 1989790, seas/oceans -  Dwata e al (1993)
o northern hemisphere . _ .
17-710(180) . = pp/m® air . 1988700 seas aronnd Chma/lndaa ' Twata ef 4l (1993)
3.3-110 30} pe/my » air ‘ 1989790, seas/ocaans ' o lwstaet dl.?(199‘3)

gouthern hemisphere

6.6-63(18) 'p»gfl v - water . 1989-°90, seasfoceans lwatao al. (1993)
- - _ northern hemisphere ‘ .
9.646(18)  pgd  water 198090, seas around China/India  Twata et al. (1993)

4642(15)  pgd  water . 1089990, seasjoceans Twata et ol (1993)

sotithern hem iéphgre"
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Table 4.4: Reported concentrations of lead.

Vaiue} -

Unit . Compartment Time and place -~ Source
85-200 - mglkg forest soil 1980, NE-US Miller and Friedland (1994)
32 mg/m? precipitation 1980, NE-US ~ Miller and Friedland (1994)
25 mg/m?  precipitation 1980, NE-US _ Miller and Friedland (1994)
17 mg/m®  precipitation 1980, NE-US . Miller and Friedland (1994)
19 mg/m? precipitation 1980, NE-US Miller and Friedland (1994)
155 ng/m>  air ' 1980, NE-US Miller and Friedland (1994)
123 ng/m? air 1980, NE-US Miller and Friedland (1994)
9 ng/m> air 1980, NB-US Mitler and Priedland (1994)
0.1-1 (0.6) ng/m? air natural background TARC Monographs (1980)
400-7400  ng/m? air _ 1974, Furopean air IARC Monographs (1980)
650 ng/m? - air 1976, Tokyo IARC Monographs (1980}
4000-5000 ngim? air 1971, downtown LA, 1ARC Monographs (1980)
2000 ng/m? air . 1974, downtown LA, 1IARC Monographs (1980)
1-10 ugh surface water - o TARC Monographs (1980)
50 ng/i oceanwaler <1977, Atl. Ocean _ IARC Monographs (1980)
30-40 ng/l seawater, 1000m depth . <1977, oceans IARC Monographs (1980)
23-51(37) mglkp .nearshore marine 19717 IARC Monographs (1980)
; : .‘ sediments . v . :

9.66 (21) mghkg  sediment 1978, Guif of o TARC Monographs (1980)
. St 1awrence, Canada -
100200  mgkg deep marine sediments ' o = 1ARC Monographs (1980)
<300 mg/kg lake sediments - IARC Monographs (1980)
10-680 mg/kg . garden soils 1978, UK IARC Monographs (1980)
14381 (13.8) ng/m® air (particles) 1991, Chicago _ Holsen et al. (1993)
20-87(23) ng/m®  air(particles) 1991, South Haven, M1 Holsen et al (1993) .
1.1-13.2(5.6) ngm’ air (particles) 1991, L ake Michigan Holsen et al. (1993)
960-4400 ng/kg wet dep, 1978, Pigeon Key Fl.  Settle er al (1982)

520 ng/kg wet dep. 1979, near Bermuda, Settle ez al. (1982)

. shipboard

0-63 ng/kg wet dep. 1979, Enewetak, wet season  Settle et al. (1982)

119 ng/ke wet dep. 1979, Enewetak, dry season  Settle er al. (1982)

9 ng/kg wet dep. 1980, near Tahiti, shipboard  Settle et al (1982)

7 nglkg wet dep. 1981, SW of Hawaii - Settle et al (1982)

1.3-193 (29) ngA precipitation 1979, urban site, Minnesota ~ Eisenreich et al. (1986)
1.1-10949.5) = pgi precipitation 1981, urban site, Minnesota  Eisenreich et ql. (1980)
0.6-399(66) pgi precipitation 1982, urban site, Minnesota  Bisenreich et al. (1986)
0116743y upgi ~ precipitation _ 1983, urban site, Minnesota  Eisenreich ez al. (1986)
922.22(5.7) ugh precipitation 1979, rural site, Minnesota  Bisenreich et al. (1986)
02:208(23) gl precipitation . 1981, rural site, Minnesota  Bisenreich ¢t al. (1986)
05-61¢(15) ped precipitation 1982, rural site, Minnesota Bisenteich et al. (1986)
0.1-84(1L.5) wgl precipitation 1983, rural site, Minnesota  Bisenreich et al. (1986)
014 . ugim?® air - 1980-1990, Asia _ Mukai eral. (1993)

120 ng/m® air 1974, Sapporo  Mukai eral. (1993)

25 ng/m? air © 1986/'87,Sapporo . Mukai etal (1993)

225 ng/m’ . air 1974, Tokyo  Mukaietal (1993)

75 ng/m? ar ~1986/'87, Tokyo . Mukai et al (1993)

350 ng/m? et . 1974,0s3ka  Mukaietal (1993)

125

air

1986/°87, Osaka

‘Mukai et al. (1993)
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5. CONCLUDING REMARKS

1. The present work indicates that concentrations of
toxic chemicals in the global environment can be
simulated by means of the nested multi-media
compartment model GlobeTox.

2. From the first tests with typical representatives of
the group of "toxic chemicals" it appears that
» emission data -at least for the chemicals of

this study, but most likely even more for less
well-studied chemicals- are scarse;

» the physical chemical properties (rate
constants for transport and transformation),
necessary as input to the model, could be
obtained for the chemicals of this study;

¢ suitable  concentration-time  series  of
measurements that can be used for validation
purposes were not easily accessible;

» predicted concentrations were often in the
right order of magnitude;

» predicted dynamic response of the model were
reasonable.

3. Further extensive testing of the model, and more
thourough research to validate the model remains
to be done.

4. The results described here were obtained with the
prototype version of the GlobeTox model. The
prototype is available for use by experienced
modelers for scientific purposes, e.g. for further
studies of the issue of global toxification to
support future UNEP Global Environmental
Outlooks.
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APPENDIX I: NUMBERING OF THE COMPARTMENTS IN GLOBETOX

—_—

O x = AN
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ix54,
ix5-3,
ix5-2,
ix5-1,
x5,
ix5-4,
ix5-3.
ix5-2,
ix5-1,
x5,
ix5-4,
ix5-3,
ix5-2,
ix5-1,
x5,
ix5-4,
ix5-3,
ix5-2,
ix5-1,
x5,
Nx5-4.
Nx5-3:
Nx5-2:
Nx5-1:
Nx5:

Nx5+1:
Nx5+2:
Nx5+3:
Nx5+4:
Nx5+5:

fori=1:
fori=1:
fori=1:
fori=1:
fori=1:
fori=2:
fori=2:
fori=2:
fori=2:
fori=2:
fori=3:
fori=73:
fori=13:
fori=73:
fori=73:
fori=4 (C):
fori=4:
fori=4:
fori=4:
fori=4:

Air in North America.

Fresh surface water in North America.
Sediment in North America.
Natural soil in North America.
Cultivated soil in North America.
Air in Europe.

Fresh surface water in Europe.
Sediment in Europe.

Natural soil in Europe.
Cultivated soil in Europe.

Air in Asia.

Fresh surface water in Asia.
Sediment in Asia.

Natural soil in Asia.

Cultivated soil in Asia.

Air in the southem continents.

Fresh surface water in the southern continents.

Sediment in the southern continents.
Natural soil in the southemn continents.
Cultivated soil in the southemn continents.
Alr in the oceanic background.

Cold surface layer of the oceans.

First deep ocean layer.

Second deep ocean layer.

Third deep ocean layer.

Bottom layer of the oceans.
Intermediate ocean layer.

Warm surface layer of the oceans.
Marine sediment.

Ice caps.
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APPENDIX II: SUPPLEMENTARY FORMULAS

- Mass balance equation for air in the oceanic background:

dConc[N -5-4,]]
dt

= (Conc[N-5-3,j] - k_oceanl_air[j] + Conc[N-5+3,j] -

C

k_ocean7_air(j] + z (Conc[i-5-4,j] - k_air_air[i,N]) -

t=1

Conc[N-5-4,j] - (removal_airocean[j] + k_air_oceanl[j] +

(1

o .
k_air_ocean7[j] + k_air_icecapl{j] + Zk_air_air[N,i])) / VAir[N]

with
Conc[N-5-4 j]:

Conc[N-5-(+)3 j1:
k_ocean1(7)_air[/]:
Concli-5-4 j]:
k_air_air[i,N]:

removal_airocean/[j]:
k_air_ocean1(7)[j1:

k_air_icecap(j]:
VAir{N]:

i=1

Total concentration in air in the oceanic background (gas phase + aerosol
phase + rain water phase) [mol/m’,,/year].

Total concentration in ocean layer 1 (7) (water phase + particulate phase)
[mol/m’ yuier]-

Coefficient for transport from ocean layer 1 (7) to air in the oceanic
background (M vater/ year].

Total concentration in air on the continents (gas phase + aerosol phase +
rain water phase) [mol/m’,,].

Coefficient for transport of air from one of the continental scales i to the
oceanic background [m’,;/year].

Coefficient for removal from air in the oceanic background [m’,,/year].
Coefficient for transport from air to ocean layer 1 (7), the cold (warm)
surface layer [m3al,/year].

Coefficient for transport from air to the ice caps (m’,./year].

Volume of the air compartment of the oceanic background [m3a,,].

- Mass balance equations for the first, the second and the third deep ocean layer, the bottom layer of the
oceans, the intermediate ocean layer and the warm surface layer of the oceans.

dConc[N-5-2,j]
dt

= (Conc¢[N-5-3,j] - k_oceanl_ocean2{j] + Conc[N-5-1,j] -

k_ocean3_ocean2 + Conc[N-5+2] - k_ocean6_ocean2(j] -

Conc[N-5-2,j] - (removal_ocean[2,]] + k_ocean2_oceanl +

k_ocean2_ocean3[j] + k_ocean2_ocean6)) / VOceanLayer[2]

(2)
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3)

dConc[N-5-1,j ‘ | |
onC[dt i _ (Conc[N-5-2,j] - k_ocean2_ocean3[j} + Conc[N-5,]] -

k_oceand_ocean3 - Conc[N-5-1,j] - (removal_ocean[3,]] +

k_ocean3_ocean2 + k_ocean3_oceand(j])) / VOceanLayer[3]

4

dC N-5,j
_m%i[_t_ﬂ = (Conc[N-5-1,j] - k_ocean3_oceand[j] + Conc[N-5+1,j] -

k_oceanS5_ocean4 - Conc[N-5,j] - (removal_ocean([4,]j] +

k_ocean4_ocean3 + k_ocean4_ocean5[j])) / VOceanLayer[4]

(5

dC N-5+1,; . . i
OnC[dt tll (Conc[N-5,j] - k_oceand_ocean5[j] + Conc[N-5+4,]] -

k_sed_ocean5[j] - Conc[N-5+1,j] - (removal_ocean[5,]] +

k_ocean5_ocean4 + k_ocean5_sed[j])) / VOceanLayer[5]

(6)

dConc[N-5+2,] ) .
onc[dt Jl = (Conc[N-5-2,j] - k_ocean2_ocean6 + Conc[N-5+3,j] -

k_ocean7_ocean6[j] - Conc[N-5+2,j] - (removal_ocean[6,]] +

k_ocean6_ocean2[j] + k_ocean6_ocean7)) / VOceanLayer[6]
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dConc[N-5+3,j]

with

dt

= (Conc¢[N-5-4,j] - k_air_ocean7[j] + Conc[N-5+2,j] -

C

k_ocean6_ocean7 + Y (Conc[i-5-3,j] - k_water_ocean7[i]) -

i=1

Conc[N-5+3,3] - (removal_ocean[7,j] + k_ocean7_air[j] +

(7)

k_ocean7_oceanl + k_ocean7_ocean6)) / VOceanLayer[7]

Conc[N-5-3..N-5+3 ]

k_oceanx_oceany(j]:

k_oceany_oceanx:

removal_ocean{i,j]:

VOceanLayer[i]:
Conc[N-5+4,j1:

k_sed_ocean5{/]:
k_ocean3_sed[/]:
Conc[N-5-4):

k_air_ocean7[/]:

Concli-5-3j]:

k_water_ocean7{/]:

k_ocean7_air[j]:

Total concentration in the seven ocean layers (water phase + particulate
matter phase) [mol/m3water].

Coefficient for downward transport from ocean layer x to ocean layer y
{m’ e year].

Coefficient for upward transport from ocean layer y to ocean layer x
[m3wa!er/yea-r] .

Coefficient for removal of the chemical from ocean layer i by degradation
[’ e/ year].

Volume of ocean layer i [m’aer].

Total concentration in marine sediment (water phase + solid phase)
(MOl/m’pier].

Coefficient for transport from marine sediment to ocean layer 5
[m’.q/year].

Coefficient for transport from ocean layer 5 to marine sediment
[’ e/ yecar].

Total concentration in air in the oceanic background (gas phase + aerosol
phase + rain water phase) [mol/m’,;].

Coefficient for transport from air in the oceanic background to ocean layer
7 [m’,i/year].

Total concentration in water in continental scale | (water phase +
particulate matter phase + biota phase) [mol/m’ ;).

Coefficient for transport from water in continental scale / to ocean layer 7
(M’ qier/year].

Coefficient for transport from ocean layer 7 to air [m3wa,e,/year].

- Mass balance equation for marine sediment.

dConc[N-5+4,j]

with

dt

8

= (Conc[N-5+1,j] - k_ocean5_sed[i,j] - Conc[N-5+4,;] -

(removal_sedocean([j] + k_sed_ocean5[j])) / VSed[N]

Conc[N-5+4 ]

Conc[N-5+1j]:

Total concentration in marine sediment (water phase + solid phase)
[mol/m’ ]

Total concentration in ocean layer 5 (water phase + particulate matter
phase) [mol/m’,..].
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k_ocean5_sed[j]: Coefficient for transport from ocean layer 5 to marine sediment

[m3water/ year].

removal_sedocean(;]: Coefficient for removal from marine sediment by degradation and sediment
burial [m’,../year].

k_sed_ocean5[jl: Coefficient for transport from marine sediment to ocean layer 5
[m’eafyear].

VSed[N]: Volume of the marine sediment compartment [m? ).

- Coefficient for removal from air in the oceanic background (removal_airocean[j], j = 1 t0 AC, [m’,./year)).

removal_airocean[N, j] = kdegAirOc[j] - 365 - VAIr[N] 9)
with
kdegAirOclj]: Pseudo-first order transformation rate constant in air in the oceanic
background [/day].
365: Conversion from year to day.
VAIr{N]: Volume of the air compartment in the oceanic background (m>.].

- Coefficient for transport from air to ocean layer 1 (7), the cold (warm) surface layer (k_air_ocean1(7)[j],j = 1
to AC, [m3a“/year]).

k_air_oceanl(7)[j] = SystemArea[N] - 10° - AreaFracWater[N] - 0.5 - 3600 - 24 - 365

(DryDepAerosolOc[j] + WashOutOc[j] + GasAbsOcean(jl)

(10)
with

SystemArea[N]: System area of the oceanic background [km?).

10°: Conversion from km® to m’,

AreaFracWater[N}]: Fraction of the system area that is water [mzwa,e,/mzw,al].

0.5: Factor based on the assumption that gas absorption to the cold surface layer
of the oceans is equal to the gas absoption to the warm surface layer.

3600 - 24 - 365: Conversion from year to s.

DryDepAerosolOc[/]: Mass transfer coefficient for dry deposition of aerosol associated chemical
in the oceanic atmosphere [m,;/s).

WashOutOc|j]: Mass transfer coefficient for wet atmospheric deposition in the oceanic
atmosphere [m,/s].

GasAbsOcean|/]: Overall mass transfer coefficient for gas absorption across the air-ocean

interface, referenced to air [m,,/s].

- Coefficient for transport from air to natural (cultivated) soil (k_air_soilA(B)[i /], i = lwC,j=110 AC,
[m’,/year]).

11
k_air_soilA(B)[i,j] = SystemArea[i] - 10° - AreaFracSoilA(B)[i] - 3600 - 24 - 365( )
- (DryDepAerosoll[i,j] + WashOut[i, j] + GasAbsSoilA(B)[1,3)])
with
SystemAreali]: System area [km?].
10°: Conversion from km? to m®.
AreaFracSoilA(B){i]: Fraction of the system area that is natural (cultivated) soil [mzsoﬂ/mzwl].
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3600 - 24 - 365: Conversion from year {0 s.

DryDepAerosol[i ] Mass transfer coefficient for dry deposition of aerosol associated chemical
[m,/s].

WashOut[i j]: Mass transfer coefficient for wet atmospheric deposition [m,,/s].

GasAbsSoilA(B)[i j1: Overall mass transfer coefficient for gas absorption across the air-soil

interface, referenced to air [m,;/s].

- Coefficient for transport from air to the ice caps (k_air_icecaplj], j = 1 t0 AC, [m3a,,/year]).

k_air_icecap[j] = SystemArea[N] - 10° - (1 - AreaFracWater[N]) - 3600 - 24 - 365 -

(DryDepAerosolOc[j] + WashOutOc[j])

(12)
with
SystemArea[N]: System area of the oceanic background [km?).
10% Conversion from km? to m?,
AreaFracWater[N]: Fraction of the system area that is water (M ater/ M 0001 ]
3600 - 24 - 365: Conversion from year to s.
DryDepAerosolOclj]: Mass transfer coefficient for dry deposition of aerosol associated chemical
in the oceanic atmosphere [m,;/s].
WashOutOcl[/]: Mass transfer coefficient for wet atmospheric deposition in the oceanic
atmosphere [m,,/s].
- Mass flow for emission to water (input_water[ij], i = 1 to C, j = 1 to AC, [mol/year]).
) .. EWater(i, j] - 10°
input_ water[i, j] = [ J ] - 0 13)
MolWeight(j]
with
EWater(i j): Emission to water for each chemical {tonnes/year].
10°: Conversion from tonnes to g.
MolWeight[/]: Mol weight of the chemical [g/mol].
- Coefficient for removal from water (removal_water[i,j], i=1to C, j=1t0 AC, [m3wam/year]).
removal_ water[i, j] = kdegWater[i,j] - 365 - VWaterl[i] (14)
with
kdegWater|i j: Pseudo-first order degradation rate constant in water {/day].
365: Conversion from year to day.
VWater|[i]: Volume of the water compartment [m3wmr].

- Coefficient for removal from the ocean layers (removal_ocean[ij], i=1t07,j=1to AC, (M’ warer/year}).

removal_ocean[i,j] = kdegOceanli,j] - 365 - VOceanLayer[i] 1%
with
kdegOcean(i j]: Pseudo-first order transformation rate constant in the 7 ocean layers [/day].
365: Conversion from year to day.
VOceanLayer[i]: Volume of the 7 ocean layers (M wacer ]
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- Coefficient for transport from ocean layer 1 (7), the cold (warm) surface layer, to air in the oceanic
background (k_ocean1(7)_air[j]. j = 1 to AC, [m3wm,/year]).

with

16
k_oceanl(7)_air[j] = SystemArea[N] - 10° - AreaFracWater[N] - 0.5 - (10
VolatOcean[j] - 3600 - 24 - 365
SystemArea[NV]: System area of the oceanic background [km?].
10°%: Conversion from km? to m’.
AreaFracWater[N]: Fraction of the system area that is water [’ zeed/M’ o]
0.5: Factor based on the assumption that gas absorption to the cold surface layer
of the oceans is equal to the gas absoption to the warm surface layer.
VolatOcean/[j]: Overall mass transfer coefficient for volatilization across the air-ocean
interface, referenced to water, [Myaer/S)-
3600 - 24 - 365: Conversion from year to s.

- Coefficients for transport from ocean layer 2 to ocean layer 6 (k_ocean2_ocean6), from ocean layer 3 to ocean
layer 2 (k_ocean3_ocean2), from ocean layer 4 to ocean layer 3 (k_ocean4_ocean3) and from ocean layer 5 to
ocean layer 4 (k_ocean5_oceand, [m’yq/year]).

78

amn
k_ocean2_ocean6 = mass_flow - 10"° +
SystemArea[N] - 10° - AreaFracWater[N] - 0.5 - diff[1]
dept_layer N dept_med
2 2
(18)
k_ocean3_ocean2 = mass_flow - 10" - 0.75 +
SystemArea[N] - 10° - AreaFracWater[N] - diff[1]
dept_ layer
(19)

k_oceand_ocean3 = mass_flow - 10" - 0.5 +

SystemArea[N] - 10° - AreaFracWater[N] - diff[1]

dept_ layer



(20)
k_oceanS_oceand = mass_flow - 10" - 0.25 +

SystemArea[N] - 10° - AreaFracWater[N] - diff[1]

dept_layer
with:
mass_flow: Circulating mass flow through the oceans [10° km3wa,e,/year].
10" Conversion from 10° km? to m’,
SystemArea[N]: System area of the oceanic background [km?].
10°: Conversion from km? to m%.
AreaFracWater[N]: Fraction of the system area that is water [mzwm/mz,ma,].
0.5: Factor based on the assumption that the area of the cold surface layer of the
oceans is equal to that of the warm surface layer.
dift]{/]: Diffusion rate of turbulent mixing [mzwa,e,/year].
dept_layer: Depth of the deeper ocean layers, layer 2 to 5 [Myaer].
dept_med: Depth of the intermediate layer, layer 6 [Muwaer].

- Coefficients for transport from ocean layer 2 to ocean layer 3 (k_ocean2_ocean3[]), from ocean layer 3 to
ocean layer 4 (k_ocean3_oceand[j]), from ocean layer 4 to ocean layer 5 (k_ocean4_ocean5[j]). from ocean
layer 6 to ocean layer 2 (k_ocean6_ocean2[j]) and from ocean layer 7 to ocean layer 6 (k_ocean7_ocean6[j], j =
110 AC, [’ e/ year)).

k_ocean2_ocean3[j] = mass_flow - 10" - 0.75 +

SystemArea[N] - 10° - AreaFracWater[N] - diff[1] N
dept_ layer

PRODPLANKTON_avg - 10° - frac_new_prod_avg -

. . . 21
(1 - frac[1]) - KpSuspOcean|2, j} - FracDisslvdOcean[2, j] @D
CorgSuspOcean[2]
k_ocean3_ocean4{j] = mass_flow - 10" - 0.5 +
SystemArea[N] - 10° - AreaFracWater[N] - diff[1] N
dept_ layer
PRODPLANKTON_avg - 10° - frac_new_prod_avg -
(22)

KpSuspOcean(3, j] - FracDisslvdOcean(3, j]
CorgSuspOcean|3]

(1 - Y fraclil) -

i=1
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k_oceand_ocean5[j] = mass_flow - 10" - 0.25 +

SystemArea[N] - 10° - AreaFracWater[N] - diff[1] N
dept_layer

PRODPLANKTON_avg - 10° - frac_new_prod_avg -

(23)

3 . . 4 .
(1 - 2 frac[i]) - KpSuspOcean[4, j] - FracDisslvdOcean(4, ]]
= CorgSuspOcean(4]

SystemArea[N] - 10° - AreaFracWater[N] - 0.5 - diff[ 1] N
dept_ layer . dept_med
2 2

k_ocean6_ocean2[j] =

PRODPLANKTON_avg -10° - frac_new_prod_avg -

' KpSuspOcean(6, j] - FracDisslvdOcean[6, j]
CorgSuspOcean[6] (24)

frwarm

SystemArea[N] - 10° - AreaFracWater[N] - 0.5 - diff[] N
dept_med N dept_ trop
2 2

k_ocean7_ocean6[j} =

PRODPLANKTON_avg - 10° - frac_new_prod_avg -

KpSuspOcean[7,j] - FracDisslvdOcean(7, j]

frwarm -
CorgSuspOcean|7] (25)
with
mass_flow: Circulating mass flow through the oceans [10° km’ e/ year).
10" Conversion from 10° km® tom’.
SystemArea[N}]: System area of the oceanic background (km?].
10°: Conversion from km? to m’.
AreaFracWater[N]: Fraction of the system area that is water (M water/ M oa1).
difff/]: Diffusion rate of turbulent mixing [M?yaee/yeQr].
dept_layer: Depth of the deeper ocean layers, layer 2 t0 5 [Myaer]-
PRODPLANKTON _avg: Average production of plankton in the oceans expressed as carbon
[Gtonnes/year].
10°: Conversion from Gtonnes to kg and from | to m’,
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frac_new_prod_avg:
frac(i]:
KpSuspOceanl[i j}:
FracDisslvdOceanli j]:
CorgSuspOcean[:]:
0.5:

dept_med:
frwarm:

dept_trop:

Fraction of the carbon used in the production of plankton that comes from
mineral sources [-].

Fraction of the organic matter that settles down from the surface layers of
the ocean and is mineralized in each of the deeper ocean layers i {-].
Suspended matter-water partition coefficient for ocean layer i [luaer/K€sotial-
Fraction of the chemical in ocean layer i that is in the dissolved state [-].
Organic carbon content of suspended particles in ocean layer |
[kgorg.carbou/kgsolid] .

Factor based on the assumption that the area of the cold surface layer of the
oceans is equal to that of the warm surface layer.

Depth of the intermediate layer, layer 6 [Myae].

Fraction of the global carbon production that takes place in the warm
surface layer of the oceans [-].

Depth of the warm surface layer, layer 7 [Myaer].

- Coefficient for transport from the bottom layer of the ocean to marine sediment (k_ocean5_sed{j}, j = 1to
AC, [m’ el year)).

(26)

k_ocean5_sed[j] = SystemArea[N] - AreaFracWater[N] - GrossSedRateOc -

with

(1 - FracWaterSed[N]) - RhoSolid - KpSuspOcean(5,j] -

FracDisslvdOcean[5, j] + AdsorbSed[N,j] - 10° - 3600 - 24 - 365)

SystemArea[N]:
AreaFracWater[N]:
GrossSedRateOc:
FracWaterSed[N]:
RhoSolid:
KpSuspOcean|5 j]:
FracDisslvdOceanl[$ j]:
AdsorbSed[N ]

10%:
3600 - 24 - 365:

System area of the oceanic background [km®].

Fraction of the system area that is water [mzwa[er/mzmla]].

Gross sedimentation rate of marine sediment [mm,./year].

Volume fraction water of sediment [m>yacer/Msediment]-

Density of the solid phase [kgsoud/m3solid].

Suspended matter-water partition coefficient for ocean layer S water/KEsotia]
Fraction of the chemical in ocean layer 3 that is in the dissolved state [-].
Overall mass transfer coefficient for adsorption across the sediment-water
interface, referenced to water {Myge./S].

Conversion from km® to m”.

Conversion from year to s.

- Coefficient for removal from marine sediment by degradation and sediment burial (removal_sedocean[j], j =
1 to AC, [m’.q/year]).

removal_sedocean[j] = kdegSedOc[j] - 365 - VSed[N] +

27

SystemArea[N] - AreaFracWater[N] - BurialSedOc - 10’

with

kdegSedOcfj]:

365:

VSed[N]:
SystemArea[N]:
AreaFracWater{N]:

Pseudo-first order transformation rate constant in marine sediment [/day].
Conversion from year to day.

Volume of the marine sediment compartment [m’..q].

System area of the oceanic background [km?].

Fraction of the system area that is water [m’,e/m’ ).
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BurialSedOc: Mass transfer coefficient for sediment burial of the top sediment layer to
deeper sediment for marine sediment [mm.4/year].
10% Conversion from km? to m? and from mm to m.

- Coefficient for transport from marine sediment to the bottom layer of the oceans (k_sed_ocean5[j], j =1 to
AC, [m3sed/year]).

28
k_sed_ocean5[j] = SystemArea[N] - 10° AreaFracWater[N] - (DesorbSed[N, j] - (28)
10> - 3600 - 24 - 365 + ResuspRateOc)
with
SystemArea[N]: System area [km?].
10°%: Conversion from km? to m* and from mm to m.
AreaFracWater[N]: Fraction of the system area that is water [m’ yaer/M 0]
DesorbSed[N j]: Overall mass transfer coefficient for desorption across the sediment-water
interface, referenced to sediment [mg.q/s].
10% Conversion from m to mm.
3600 - 24 - 365: Conversion from year to s.
ResuspRateOc: Resuspension rate of marine sediment {mm,.q/year].

- Mass flow for emission to natural (cultivated) soil (input_soilA(B)[ij],i=1to C,j=1to AC, [mol/year]).

ESoilA(B)[i, j] - 10°

input_soilA(B)[i, j] = - - (29)
! MolWeight[j]
with
ESoil A(B)[i j]: Emission to natural (cultivated) soil for each chemical [tonnes/ year].
10°; Conversion from tonnes to g.
Mol Weight[)]: Mol. weight of the chemical [g/mol].

- Coefficient for transport from natural (cultivated) soil to air (k_soilA(B)_air{ij], i=1to C,j =1 to AC,
[m’;,/year]).

. . . . . (30)
k_soilA(B)_air(i, j] = SystemAreafi] - 10° - AreaFracSoilA(B)[i] -
VolatSoilA(B)[i, j] - 3600 - 24 - 365
with
SystemArea[/]: System area [km?].
10°: Conversion from km? to m?.
AreaFracSoilA(B)[i]: Fraction of the system area that is natural (cultivated) soil [m’,y/m’ ).
VolatSoilA(B)[i]: Overall mass transfer coefficient for volatilization across the air-soil
interface, referenced to soil [m,;/s].
3600 - 24 - 365: Conversion from year to s.

- Coefficient for removal from the ice caps (removal_icecap([j], j = 1 to AC, [m’,./year]).
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S_icec
removal_icecaplj] = kdeglcecap(j] - 365 - ~=——P

10°
with
kdeglcecaplj]: Pseudo-first order transformation rate constant in ice caps [/day].
365: Conversion from year to day.
S_icecap: Amount of ice and snow in ice caps [Kgwater)-
10%: Conversion from m’ to kg.

- System area of the continental scales (SystemArea[i], i = 1 to C, (km?]).

SystemAreali] = DistrA_land[i] - A_land - 10*

with
DistrA_land{i]: Distribution of total land over the continental scales [-].
A_land: Total area land [Mha].
10* Conversion from Mha to km?.

- System area of the oceanic background (SystemArea[N], [km?]).

SystemArea[N] = (A_ocean + A_icecap) - 10*

with
A_ocean; Total area of the oceans [Mha].
A_icecap: Total area of icecaps [Mha].
10* Conversion from Mha to km?.

- Volume of the air compartment (VAir[i],i=1to N, [m?)).

VAir[i] = SystemArea[i] - 10° - HeightAir[i]

with
SystemAreai]: System area [km?].
105 Conversion from km® to m>.
HeightAir[i]: Atmospheric mixing height [m,,].

- Air flow to spatial scale x from spatial scale i (AirFlowTo[x,i],x=1t0N,i=1twN, (m>,/s).

AirFlowTo[x,i] = X AirFlow[y] - FracAirFlowTolz,y]

with
AirFlow[y]: Air flow [m?,/s].
FracAirFlowTolz,y]: Fractions of the air flow of one spatial scale y to spatial scale z [-].

- Volume of the water compartment (VWater[i], i=1to C, (M’ wacer])-

S fsw

VWater[i] = DistrS_ fswl[i] - 0

3D

(32)

(33)

(34)

(33)

(36)

(o)
(93}



with

DistrS_fswl(i]: Distribution of total fresh surface water over the continental scales [-].
S_fsw: Total amount of fresh surface water [Kguwater]-
107 Conversion from Kguater t0 M’ gaer.

- Water flow to oceans (WaterOutFlow[i], i= 110 C, [m3wm,/s]).

riv_disch_kgmn

WaterQutFlow[i] = Distrriv_dischli] - ; 37
10° - 3600 - 2 - 365
with
Distrriv_disch{i}: Distribution of total river discharge to the oceans over the continental
scales [-].
riv_disch_kgmn: Total river dicharge to the oceans [Kgwater)-
107 Conversion from Kguater 10 M’ yacer.
3600 - 2 - 365: Conversion from month to s.
- Volume of the 7 ocean layers (VOceanLayer[i], i= 1107, [m3wm,]).
VOceanLayer{i] = V[i] - 10" (38)
with
VI Volume of the 7 ocean layers [10° km’,..].
10**; Conversion from 10°km’ to m’.
- Volume of the sediment compartment (VSed[i], i= 1 to N, [(m>ea]).
VSed[i] = SystemArea[i] - AreaFracWater[i] - DepthSed[i] - 10* 39)
with
SystemAreali]: System area [km?].
AreaFracWater(i]: Fraction of the system area that is water (M water/M total]-
DepthSed[i]: Mixing depth of the sediment [Cmy4]
10* Conversion from km? to m” and from cm to m.

- Volume of the natural (cultivated) soil compartment (VSoilA(B)[i], i= 1to C, [m?a]).

VSoilA(B)[i] = SystemAreali] - AreaFracSoilA(B)[i] - DepthSoilA(B)[i] - 10* (40)

with
SystemAreal[i]: System area (km?].
AreaFracSoilA(B){i1: Fraction of the system area that is natural (cultivated) soil [mzsoﬂ/mzw,a,].
DepthSoilA(B)[/]: Mixing depth of natural (cultivated) soil [cmg,;]
10%: Conversion from km? to m* and from cm to m.

- Fraction of the system area that is natural (cultivated) soil (AreaFracSoilA(B)[i], i= 1to C, [m%o/m o))

8(14)
AreaFracSoilA(B)[i] = 2 AreaFracLct{l,i] 41)

I=1(9)
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with
AreaFracLct[/,i]: Fraction of the system area that is land cover type [, where land cover types
1 to 8 are natural soil and land cover types 9 to 14 are cultivated soil

2 2
(M 1e/M o]

- Fraction of the system area that is land cover type / (AreaFracLet[/,i], /=1to 14,i= 1t0C, (Mm% /M oal).

14
z AreaFracLct_i[k,i]
All]

AreaFracLct][l,i] = rarl AreaFracLet_i[l,i] - — ;\:[ 1] (42)
il XL AreaFracLet_ifk, i]
L AilK]
with
Alll: Actual area of land cover type [ [Mha).
A_i[N: Initial area of land cover type [ [Mha].
AreaFraclct_i[/,i]: Initial fraction of the system area that is land cover type [ [m%e/m’ ol

- Emissions to air for each chemical (EAir[ij],i=1to C,j =1 to AC, [tonnes/year]).

NPT . . . (43)
EAir(i.j] = EAir_DDT[i] forj =1
EAir PCB[i] forj = 2
EAir DEHP[i] forj = 3
EAir_Pb[i] forj = 4
with

EAir_DDT[i}: Emissions scenario for DDT to air per continental scale {tonnes/year].
EAir_PCBIi}: Emissions scenario for PCBs to air per continental scale [tonnes/year].
EAir_DEHP[{]: Emissions scenario for DEHP to air per continental scale [tonnes/year].
EAir_Pb[/]: Emissions scenario for lead to air per continental scale [tonnes/year].

- Fraction of an organic chemical in air associated with aerosol for the oceanic background
(FracAssAerosolOclj], j = 1 to OC [-]).

. . (44)
FracAssAerosolOc[j] = 10* / (VaporPressurel[j] -
HcatVaporl_i]-103_ L_ 1 )
€ R 298 TempCelsiusOc + 273 4
679 (1 - MeltingPointfj] + 273 + 10 )
€ 298 (if MeltingPoint(j] > 25)
with
107 Product of a constant [Pa-m] and surface area of aerosol phase
2 3
(M aerosos/M air].-

85



VaporPressurel]:
HeatVapor|j}:
10%:

R:

298:
TempCelsiusOc:
273:
MeltingPoint[/:
6.79:

Vapour pressure of the chemical at 25 °C [Pa].

Heat (enthalpy) of vaporization [kJ/mol].

Conversion from kJ to J.

Gas constant, 8.314 J/(mol-K).

Temperature in K, 25 °C.

Temperature of oceanic air [°C].

Difference between temperature in K and °C.

Melting point of the chemical [°C].

Average value for the entropy of fusion of 56 J/(mol-K) divided by the gas
constant R of 8.314 J/(mol-K) [-].

- Temperature of the environment for the continental scales (TempCelsius[i], i =1 to C, [°C)).

14
Ztemp[j] - AreaFracLctlj, 1]

j=1

TempCelsius[i] = (45)
2 AreaFracLct[j, 1]
with
temp{j]: Average temperature of land cover type j [°C].
AreaFracLet[f i]: Fraction of the system area that is land cover type j [m’i/m*oel.
- Temperature of oceanic air (TempCelsiusOc, [°C)).
TempCelsiusOc = 12 + temp_incr (46)
with
12: Initial average temperature above the oceans [°C].
temp_incr: Increase of the average temperature [°C].

- Pseudo-first order transformation rate constant in air for the oceanic background (kdegAirOc[j], j = 1 to AC,

[/day]).
kdegAirOcl[j] = (1 - FracAssAerosolOc[j]) - kradOH[j] 47)
with
FracAssAerosolOc[/]: Fraction of a chemical in air associated with aerosols for the oceanic
background[-].
kradOH{/}: Pseudo-first order rate constant for reaction with hydroxyl radicals [/day].

- Average rate of wet precipitation for the continental scales (p[/],j = 1 to C, [mm/month]).

14
2p_land_ mmmn([l] - AreaFracLct[],1]

plil = =

k=1

with
p_land_mmmn[/]:

86

14
z AreaFracLct[k,i]

(48)

Average rate of wet precipitation for land cover type [ [mm/month].



AreaFraclct{l,i}]:

Fraction of the system area that is land cover type ! [mzlc,/mz.‘,,all.

- Average rate of wet precipitation for the oceanic background (pOcean, {mm,,waer/yeard).

p_ocean + p_icecap

(49)

Precipitation into oceans or seas [kg/year].
Precipitation on ice caps [kg/year].

pOcean =
SystemArea[N] - 10°
with
p_ocean:
p_icecap:
SystemArea[N]:

10°:

System area of the oceanic background [km?).
Conversion from km? to m>,

- Mass transfer coefficient for dry deposition of aerosol associated chemical for the oceanic atmosphere
(DryDepAcrosolOc[j], j = 1 to AC. [m,/s]).

DryDepAerosolOc[j] = AerosolDepRate[j] - 10 - FracAssAerosolOc[j}) (50
with
AerosolDepRatelj]: Deposition velocity of the aerosol particles with which the chemical is
associated [cm/s].
10 Conversion from cm to m.
FracAssAerosolOc[j]: Fraction of a chemical in air associated with aerosols for the oceanic

background [-].

- Mass transfer coefficient for wet atmospheric deposition in the oceanic atmosphere (WashOutOc[j]. j = 1 to

AC, [myy/s)).

WashOutOc[j] = pOcean -

with
pOcean:
10

3600 - 24 - 365:
ScavRatioOcl[j]:

107 / (3600 - 24 - 365) - ScavRatioOclj} (51

Average rate of wet
(MM ainwarer/ YeQr].
Conversion from mm to m.
Conversion from month to year.

Scavenging ratio of the chemical for
[m3a|r/m3ramwater] .

precipitation for the oceanic background

the oceanic background

- Scavenging ratio of the chemical for the oceanic background (ScavRatioOc[j]. j = 1 to AC, [m’a,,/m3,amwa,er]).

1 - FracAssAerosolOclj]

ScavRatioOcl[j] =
with
FracAssAerosolOcl[j]:
KAirOcean[/]:
2-10%

+ FracAssAerosolOc[j] - 2 - 10° (52)

KAirOceanl[j]

Fraction of a chemical in air associated with aerosols for the oceanic
background [-].

Dimensionless Henry's Law constant for the oceanic background
[ln 3Water/"ﬁaxir] .

Proportionality constant for the volume of air washed out by a volume of
precipitation (Mackay 1991) [m3au/m3,a,wm,].

- Dimensionless Henry's Law constant for the oceanic background (KAirOcean(j], j = 1 to OC, (M warer/M5ic]).
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(53)

. _— VaporPressure[j]
KAirOcean(l = g rubiTiy[]
— 2> . R -298
MolWeight[j]

(HeatVapor(j}-HeatSolut(j)) - 10° ) 1 1

)

€ R 298~ TempCelsiusOc + 273
with
VaporPressurelj]: Vapour pressure of the chemical at 25 °C [Pa].
Solubility(/]: Solubility of the chemical at 25 °C [mg/l].
MolWeight{/1: Mol. weight of the chemical [g/mol].

R: Gas constant, 8.314 J/(mol-K).
298:

Temperature in K, 25 °C.
HeatVapor(/]: Heat (enthalpy) of vaporization [kJ/mol].
HeatSolut[j]: Heat (enthalpy of solution [kJ/mol].

10%: Conversion from kJ to J.
TempCelsiusOc: Temperature of oceanic air [°C].
273: Difference between temperature in K and °C.

- Emission to water for each chemical (EWater(ij], i = 1t0 C, j = 1 to AC, [tonnes/year]).

54
EWater(i.j] = EWater DDT[i] forj = I 59

EWater PCB[i] forj = 2

EWater DEHP[i] forj = 3

EWater Pb[i] forj =4

with

EWater_DDTI[i]:
EWater_PCBJi]:
EWater _DEHP[/]:
EWater_Pbli]:

Emissions scenario for DDT to water per continental scale [tonnes/year].
Emissions scenario for PCBs to water per continental scale [tonnes/year].
Emissions scenario for DEHP to water per continental scale [tonnes/year].
Emissions scenario for lead to water per continental scale [tonnes/year).

- Fraction of the chemical in the ocean layer that is in the dissolved state (FracDisslvdOcean(ij], i=1t0 7,/ =

I to AC, [-]).

FracDisslvdOceanli, j] =

with
KpSuspOceanli jl:
SuspOcean|i]:
10°:

1

1 + KpSuspOcean(i, ] - SuspOcean(i] -

— (55)

Suspended matter-water partition coefficient [lyacer/Kgsonial-
Concentration of suspended matter in ocean layer i [mg(dry)soiia/lwaterl-
Conversion from mg to kg.

- Suspended matter-water partition coefficient (KpSuspOcean[i,jl, i=1107,j=1 to AC, [luaer/K8solia]).

38



KpSuspOceanli, j] = Kow[j] - CorgSuspOcean[i] (56)

with
Kowlj]: Octanol-water partition coefficient [mBWEJm%a].
CorgSuspOcean(i]: Organic carbon content of suspended particles in ocean layer i
[kgorg.carbon/kgsnlld] .
- Pseudo-first order degradation rate constant in each ocean layer (kdegOcean[ij], i=1t07.j=1 to AC,
[/day]).
BactO [l (87)
.. . : : actOcean|1
kdegOceanl[i, j] = kdegTest[j] - 1.072TempCeisissOceantil 200 . ——— = .
BactTest
(FracDisslvdOcean[i, j] + 210" - (1 - FracDisslvdOceanli, j}))
with
kdegTestlj]: Pseudo-first order degradation rate constant in a laboratory test [/day].
1.072: Empirical constant to simulate a van ‘t Hoff expression by which the
degradation rate decreases 50% with every lowering of 10 °C [-].
TempCelsiusOcean[i]: ~ Temperature of ocean layer i [°C].
20: Temperature of the degradation test in a laboratory [°C], this is normal
room temperature.
BactOcean[i]: Concentration of bacteria in ocean layer i [cfu/ml,e].
BactTest: Concentration of bacteria in the laboratory test water [cfu/mlies water-
FracDisslvdOcean[ij]:  Fraction of the chemical in ocean layer i that is in the dissolved state [-].
210 Proportionality constant [-].
- Gross sedimentation rate of marine sediment (GrossSedRateOc, [mm,.q/year]).
SettlVelocity[N] - SuspO: [5] - 365 58)
€ €10C1 - ous cean .
GrossSedrateOc = max of Y P -
(1 - FracWaterSed[N]) - RhoSolid
and NetSedRateOc
with
SettlVelocity{NV]: Settling velocity of suspended particles in the oceans [Myae/day].
SuspOcean[5]: Concentration of suspended matter in ocean layer 5 [mg(dry)soiia/lwater]-
365: Conversion from year to day.
FracWaterSed[N]: Volume fraction water of sediment [Mm> /M’ sediment]-
RhoSolid: Density of the solid phase [Kgsoia/M’solial.
NetSedRateOc: Net sedimentation rate for marine sediment [mm,./year].
- Sediment-water partition coefficient (KpSed[ij], i= 1toN,j=1 to AC, [Luaer/KEsotia])-
KpSed[i, j] = Kow[j] - CorgSed[i] (59)

with
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Kow[j]: Octanol-water partition coefficient [m3wa./m30c,].
CorgSed|il: Organic carbon content of the solid phase of sediment [Kgorg carbon/K8solid]-

- Pseudo-first order transformation rate constant in sediment (kdegSed[ij}, i=1to C,j =1 to AC, [/day]).

. (60)
kdegSed[l,J] — degTCStU] . 1.072(TcmpCclsius[i] -20) BactSedWater(i] )
BactTest
(FracDisslvdSed(i,j] + 2-10* - (1 - FracDisslvdSedl[i, j1))
with
kdegTest(j]: Pseudo-first order degradation rate constant in a laboratory test [/day].
1.072: Empirical constant to simulate a van 't Hoff expression by which the
degradation rate decreases 50% with every lowering of 10 °C [-].
TempCelsius{i]: Temperature of the environment [°C].
20: Temperature of the degradation test in a laboratory [°C], this is normal
room temperature.
BactSedWater([{]: Concentration of bacteria in the water phase of the sediment compartment
[Cfu/mlwaler] .
BactTest: Concentration of bacteria in the laboratory test water [cfu/mlicswater]-
FracDisslvdSed[i j]: Fraction of the chemical in the water phase of sediment [-].
2-10* Proportionality constant [-].
- Pseudo-first order transformation rate constant in marine sediment (kdegSedOc[j],j =1 to AC, [/day]).
BactSedW N (61
kdegSedOclj] = kdegTest[j] - 1.072Tmcemonsnti-2  BacbedWaterl ] -
BactTest
(FracDisslvdSed[N, j] + 2-10* - (1 - FracDisslvdSed|N, j]))
with
kdegTest[/]: Pseudo-first order degradation rate constant in a laboratory test [/day}].
1.072: Empirical constant to simulate a van 't Hoff expression by which the
degradation rate decreases 50% with every lowering of 10 °C [-].
TempCelsiusOcean[5]:  Temperature of the ocean layer 5 [°C].
20: Temperature of the degradation test in a laboratory [°C], this is normal
room temperature.
BactSedWater[N]: Concentration of bacteria in the water phase of the marine sediment
compartment [cfu/mlyater]-
BactTest: Concentration of bacteria in the laboratory test water [cfu/mlieswater].
FracDisslvdSed([N ;]: Fraction of the chemical in the water phase of sediment {-].
2:10%: Proportionality constant [-].

- Mass transfer coefficient for sediment burial of the top sediment layer to deeper sediment for the continental
scales (BurialSed[i], i = 1 to C, [mm4/year]).

BurialSed[i] = NetSedRate[i] (62)
with
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NetSedRate[i}: Net sedimentation rate [mm,/year].
- Mass transfer coefficient for sediment burial of the top sediment layer to deeper sediment for marine
sediment (BurialSedOc, [mmg./year)).
BurialSedOc = NetSedRateOc (63)

with
NetSedRateOc: Net sedimentation rate of marine sediment [mmg.y/year].

- Resuspension rate of the sediment of surface waters (ResuspRate[i], i = 1 to C, [mmqy/s])).

ResuspRate[i] = GrossSedRate[i] - NetSedRate[i] (64)
with
GrossSedRate[/]: Gross sedimentation rate [mm,.4/year].
NetSedRate[i]: Net sedimentation rate [mm./year).

- Resuspension rate of marine sediment (ResuspRateOc, [mmg.q/s]).

ResuspRateOc = GrossSedRateOc - NetSedRateOc (65)
with
GrossSedRateOc: Gross sedimentation rate of marine sediment [mm,.q/year].
NetSedRateOc: Net sedimentation rate of marine sediment [mmy.q/year].

- Emission to natural and cultivated soil for each chemical (ESoilA(B)[ij], i = 1 to C, j = 1 to AC,
[tonnes/year]).

. .. . . . (66)
ESoilA(B)[i.j] = ESoilA(B) DDT[i] forj = 1
ESOilA(B)_PCB[i/ forj =2
ESOilA(B)_DEHP[i] forj =3
ESoilA(B) Pbli] forj =4
with
ESoilA(B)_DDT{/]: Emissions scenario for DDT to natural (cultivated) soil per continental
scale {tonnes/year].
ESoilA(B)_PCBJi]: Emissions scenario for PCBs to natural (cultivated) soil per continental
scale [tonnes/year].
ESoilA(B)_DEHP[i}: Emissions scenario for DEHP to natural (cultivated) soil per continental
scale [tonnes/year].
ESoilA(B)_Pbl[i]: Emissions scenario for lead to natural (cultivated) soil per continental scale
[tonnes/year].
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- Fraction of the chemical present in the water phase of the soil (FracDisslvdSoilA(B)[ij], i=1to C,j =1 to
AC. {-]).

. . .. FracWaterSoilA(B)[i
FracDisslvdSoilA(B)[i. j] = - ( _)[.] (67)
KSoilA(B)Waterli, j]
with
FracWaterSoilA(B)[i]:  Volume fraction of the soil that is water [m’wue/m’5i]-
KSoilA(B)Water[i j): Soil-water equilibrium distribution constant for natural (cultivated) soil
[mzwater/masoil] .

- Soil-water equilibrium distribution constant for natural (cultivated) soil (KSoilA(B)Water|ij], i=1t0C,j =
1 [OAC¢ [m3waler/masoil])'

. .. . . . . . 68)
KSoilA(B)Waterl[i, j] = FracWaterSoilA(B)[i] + FracSolidSoilA(B)]i] - (
KpSoilA(B)[1, )] - 10° - RhoSolid
with
FracWaterSoil A(B)[i]: Volume fraction of the soil that is water [m>ue/m>;].
FracSolidSoilA(B)[i]: Volume fraction of the solid phase of soil [m’;e/m>,;].
KpSoilA(B)[ij]: Soil-water partition coefficient [lyacer/Kgsoria]-
107 Conversion from I to m>,
RhoSolid: Density of the solid phase [kgso“d/m3soud].
- Soil-water partition coefficients (KpSoilA(B)[i,j], i=1t0 C,j = 1 to OC, [lyaer/kEsotial)-
KpSoilA(B)[i, j] = Kow(j] - CorgSoilA(B)[i] (69)
with
Kow[/]: Octanol-water partition coefficient [m>./m>,c].
CorgSoilA(B)[{]: Organic carbon content of the solid phase of soil [KSorg carbon/K8solia])-

- Volume fraction of the water phase of soil for natural and cultivated soil (FracWaterSoilA(B)[i], i = 1 to C,
[m3water/m3soil])-

8 (14) (70)
Z AreaFracLct(l,i] - S_soil_mm[l] - 107
FracWaterSoilA(B)[i] = min of -2

8 (14)
2 AreaFracLct|l, ]

1=1 (9)

and (1 - FracSolidSoilA(B){i])

with
AreaFracLet[/,i}: Fraction of the system area that is land cover type / [’ ./m?% ).
S_soil_mm{[/]: Storage of water in the unsaturated zone of land cover type | Imm,aeer/Mgoul,
on the assumption that the unsaturated zone has a depth of 1 m.
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102 Conversion from mm to m.
FracSolidSoilA(B)[i]:  Volume fraction of the solid phase of soil [m’sa/m’sy].

- Organic carbon content on weight basis of the solid phase of the soil layer of natural (cultivated) soil
(CorgSotlA(B)[i], i = 1 t0 C, [KEorg carvon/KEsoticl)-

8 (14)
Z Corg[l] - AreaFracLct[l,1]
CorgSoilA(B)[i] = 4 (71)
z AreaFracLct[k,i]

k=1 (9)

with
Corgl!]: Organic carbon content of the solid phase of the soil layer on weight basis

for land cover type ! [Kgorg. carbon/K&solial-
AreaFracLet[l,i]: Fraction of the system area that is land cover type / [m*./m* ).

- Pseudo-first order transformation rate constant in natural (cultivated) soil (kdegSoillA(B)[ij], i=1to C,j=1
to AC, [/day)).

. ) (72)
. .. . .- BactSoilA(B)Water[1
kdegSoilA(B)[i,j] = kdegTest[j] - 1.(72TempCeisioslil - 20) . B) bl
BactTest
(FracDisslvdSoilA(B)[1,j] + 10* - (1 - FracDisslvdSoilA(B)I1, jI))
with
kdegTest[j]: Pseudo-first order degradation rate constant in a laboratory test [/day].
1.072: Empirical constant to simulate a van t Hoff expression by which the
degradation rate decreases 50% with every lowering of 10 °C [-].
TempCelsius[i]: Temperature of the environment {°C].
20: Temperature of the degradation test in a laboratory [°C], this is normal
room temperature.
BactSoilA(B)Water[i{]:  Concentration of bacteria in the water phase of the soil compartment
[cfu/mlyare]).
BactTest: Concentration of bacteria in the laboratory test water [cfu/mlies water)-
FracDisslvdSoilA(B)[i j]: Fraction of the chemical present in the water phase of the soil [-].
107 Proportionality constant {-].
- Percolation of water for natural (cultivated) soil (percSoilA(B){i], i = 1 to C, [MMpore waer/month]).
8 (14)
2 perc_mmmn[l] - AreaFracLct[l,i]
percSoilA(B)[i] = =2 ———— (73)
2 AreaFraclctlk,i]
1=1(9)
with
perc_mmmnl[/]: Percolation of water for land cover type ! [mMmMpore waer/month]
AreaFracLct[/.i]: Fraction of the system area that is land cover type / [mie/m’ ol

93



- Direct runoff of water for natural (cultivated) soil (r_rapidSoilA(B)[i], i = 1 to C, [mm,,.,/month]).

14
z r_rapid_ mmmnl[l] - AreaFracLct[l, ]

r_rapidSoilA(B)[i] = = — (74)
2 AreaFracLct[k, 1]
k=1
with
r_rapid_mmmn{!]: Direct runoff of water for land cover type [ {mm,../month]
AreaFracLct[/,i]: Fraction of the system area that is land cover type ! (Mm% e/m’ o]

- Overall mass transfer coefficient for gas absorption across the air-ocean interface, referenced to air
(GasAbsOcean(/], j = 1 to OC, [m,./s]).

) o L0 kawW
GasAbsOcean(j] = (1 - FracAssAerosolOc[j]) - kawAir[j] - kawWater 75

kawAir[j] - KAirOcean[j] + kawWater

with

FracAssAerosolOcl[/]: Fraction of a chemical in the oceanic atmosphere associated with aerosols
[-].

kawAir[j]: Partial mass transfer coefficient at the air-side of the air-water interface
[m,/s].

kawWater: Partial mass transfer coefficient at the water-side of the air-water
interface [Myqie,/S).

KAirOcean[j]: Dimensionless Henry’s Law constant [m3wate,/m3a.,].

- Overall mass transfer coefficient for volatilization across the air-ocean interface, referenced to water
{VolatOcean(j}, j = 1 to OC, [Myye/s]).

. . (76)
. GasAbsOcean[j] - KAirOcean
VolatOceanlj] = U] . bl
1 - FracAssAerosolOc[j]
(FracDisslvdOcean[1,j} - 0.5 +
FracDisslvdOcean[7, ] - 0.5)
with
GasAbsOceanl/]: Overall mass transfer coefficient for gas absorption across the air-ocean
interface, referenced to air [m,,/s].

KAirQOcean[j]: Dimensionless Henry’s Law constant [m>ze/m>,;].
FracAssAerosolOcl/]: Fraction of a chemical in the oceanic atmosphere associated with aerosols

[-].
FracDisslvdOcean[ij]:  Fraction of the chemical in ocean layer i that is in the dissolved state [-].
0.5: Factor based on the assumption that volatilization from the water phase of
the cold surface layer of the oceans is equal to that of the warm surface
layer.

- Partial mass transfer coefficient at the air side of the air-soil interface (kaslAir{j], j = 1 to OC, [m,/s]).
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kaslAir[j] = kawAir[j] (7

with:
kawAir[j]: Partial mass transfer coefficient at the air side of the air-water interface
[m../s).

- Overall mass transfer coefficient for volatilization across the air-soil interface, referenced to soil
(VolatSoilA(B)[i,j], i=1to C,j=1to OC, [mg/s]).

VolatSoil A(B)[i, j] = GasAbsSoﬂA(B)[l,J]. . K-AlrWatcr[l,]]' . 78)
1 - FracAssAerosol[i, j] KSoilA(B)Water(i, j]
with
GasAbsSoilA(B){i,j]: Overall mass transfer coefficient for gas absorption across the air-soil
interface, referenced to air [m,;/s].

FracAssAerosol[i j]: Fraction of a chemical in air associated with aerosols [-].
KAirWater[i j]: Dimensionless Henry’s Law constant (M water/M i)
KSoilA(B)Water(i j]: Soil-water equilibrium distribution constant for natural (cultivated) soil

3 3
[m Water/m soil]'

- Overall mass transfer coefficient for absorption across the sediment-water interface, referenced to water
(AdsorbSed[ij],i=1toN,j=11t0AC, [Myue/s]).

. ) . .. (79)
. . kws_ water[i] - kws_sed[i] - FracDisslvdWater([i,
AdsorbSedli, j] = WS- waterli] —sedlil : L )]
kws_ water[i] + kws_ sed|i]
) kws_ water[N] - kws_ sed - FracDisslvdOcean[5, j
AdsorbSed[N, j] = w3 water[N] — sedIN] .11
kws_ water[N] + kws_sed|[N]
with
kws_water[i]: Partial mass transfer coefficient at the water side of the sediment-water
interface [Myaer/S].
kws_sed[i]: Partial mass transfer coefficient at the pore water side of the sediment-

water interface [Mpore water/S1-
FracDissivdWater[i j]: Fraction of the chemical in water that is in the dissolved state [-].
FracDisslvdOcean[5,/]:  Fraction of the chemical in ocean layer 5 that is in the dissolved state [-].

- Overall mass transfer coefficient for desorption across the sediment-water interface, referenced to sediment
(DesorbSed[ij], i=1toN,j=11t0AC, [My/s)).

.. (80)
DesorbSed[i, j] = ___AdsorbSedli, J] _
FracDisslvdWater(i, j] - KSedWater(1, j]
DesorbSed[N, j] = - AdsorbS.ed[N,J] -
FracDisslvdOcean[5, j} - KSedWater[N, j]
with
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AdsorbSed[i j]:

FracDisslvdWater[i j]:
KSedWater(i j]:
FracDisslvdOceanl[5 j]:

Overall mass transfer coefficient for adsorption across the sediment-water
interface, referenced to water [Myae/S].

Fraction of the chemical in water that is in the dissolved state [-].
Sediment-water equilibrium distribution constant [m3wa‘e,/mssed].

Fraction of the chemical in ocean layer 5 that is in the dissolved state -]



APPENDIX III: EMISSIONS SCENARIOS

Table 111.1: Emissions scenario for DDT [tonnes/year].

Year Emission North Europe Asia southern
America continents
1900 EAir_DDTIi] 0 0 0 0
EWater_DDT]i] 0 0 0 0
ESoilA_DDTIi] 0 0 0 0
ESoilB_DDTIi] 0 0 0 0
1943 EAir_DDT(i] 0 0 0 0
EWater_DDT]i} 0 0 0 0
ESoilA_DDTIi] 0 0 0 0
ESoilB_DDTIi] 0 0 0 0
1950 EAir_DDTIi] 11400 4560 2500 2100
EWater_DDT]i] 1425 570 313 263
ESoilA_DDTJi] 1425 570 313 263
ESoilB_DDTIi] 14250 5700 3125 2625
1955 EAir_DDTi] 13200 5280 6720 5600
EWater_DDT]i] 1650 660 840 700
ESoilA_DDTJi] 1650 660 840 700
ESoilB_DDT]i] 16500 6600 8400 7000
1964 EAir_DDTIi} 12000 4800 15920 13200
EWater_DDT]i] 1500 600 1990 1650
ESoilA_DDTIi] 1500 600 1990 1650
ESoilB_DDT]i] 15000 6000 19900 16500
1972 EAir_DDTi] 300 120 22000 18000
EWater_DDTIi] 38 15 2750 2250
ESoilA_DDTTi] 38 15 2750 2250
ESoilB_DDTJi] 375 150 27500 22500
1981 EAir_DDTIi] 28 12 14400 12000
EWater_DDT]i] 4 1800 1500
ESoilA_DDTJi] 4 1800 1500
ESoilB_DDTJi] 35 15 18000 15000
1990 EAir_DDTJi] 0 0 4720 4000
EWater DDTIJi] 0 0 590 500
ESoilA_DDTTi] 0 0 590 500
ESoilB_DDT]i] 0 0 5900 5000
2100 EAir_DDT]i] 0 0 4720 4000
EWater_DDT(i} 0 0 590 500
ESoilA_DDTi] 0 0 590 500
ESoilB_DDTTi] 0 0 5900 5000
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Table 111.2: Emissions scenario for PCBs [tonnes/year|.

Year Emission North Europe Asia southern
America continents
1900 EAir_PCB|i] 0 0 0 0
EWater_PCBJi] 0 0 0 0
ESoilA_PCBJi] 0 0 0 0
ESoilB_PCB]i] 0 0 0 0
1930 EAir_PCBli] 0 0 0 0
EWater_PCBi} 0 0 0 0
ESoilA_PCBli] 0 0 0 0
ESoilB_PCBli] 0 0 0 0
1956 EAir_PCBli] 1111.5 497.25 273 78
EWater_PCBJi] 11.4 5.1 2.8 0.8
ESoilA_PCBJi] 0 0 0 0
ESoilB_PCB[i] 17.1 7.65 472 1.2
1960 EAir_PCBli] 3646.5 2505.75 1394.25 429
EWater_PCBJi] 37.4 25.7 14.3 4.4
ESoilA_PCBi] 0 0 0 0
ESoilB_PCBJi] 56.1 38.55 21.45 6.6
1970 EAir_PCBJi] 14069.25 10315.5 8414.25 1901.25
EWater_PCBi] 144.3 105.8 86.3 19.5
ESoilA_PCB/i] 0 0 0 0
ESoilB_PCBli] 216.45 158.7 129.45 29.25
1972 EAir_PCBJi] 789.75 3870.75 1735.5 692.25
EWater_PCBi] 8.1 39.7 17.8 7.1
ESoilA_PCBYi] 0 0 0 0
ESoilB_PCBi] 12.15 59.55 26.7 10.65
1980 EAir_PCBJi] 370.5 2125.5 1170 526.5
EWater_ PCB]i] 3.8 21.8 12 5.4
ESoilA_PCBi] 0 0 0 0
ESoilB_PCBli] 5.7 32.7 18 8.1
2000 EAir_PCBJi] 87.75 370.5 195 87.75
EWater PCBIi] 0.9 3.8 2 0.9
ESoilA_PCBli] 0 0 0 0
ESoilB_PCBli] 1.35 5.7 3 1.35
2030 EAir_PCBJi] 0 0 0 0
EWater_PCBIi] 0 0 0 0
ESoilA_PCBi] 0 0 0 0
ESoilB_PCBJi] 0 0 0 0
2100 EAir_PCBJi] 0 0 0 0
EWater PCBJi] 0 0 0 0
ESoilA_PCBJi] 0 0 0 0
ESoilB_PCBi] 0 0 0 0
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Table 111.3. Emissions scenario for DEHP [tonnes/year].

Year Emission North Europe Asia southemn
America continents
1900 EAir_DEHP[i] 0 0 0 0
EWater_DEHP]i] 0 0 0 0
ESoilA_DEHP[i] 0 0 0 0
ESoilB_DEHP/i] 0 0 0 0
1945 EAir_DEHPIi] 0 0 0 0
EWater_DEHPi] 0 0 0 0
ESoilA_DEHPJi] 0 0 0 0
ESoilB_DEHPi] 0 0 0 0
1955 EAir_DEHPIi] 140 160 110 80
EWater_DEHP]i} 140 160 110 80
ESoilA_DEHP[i] 0 0 0 0
ESoilB_DEHPi] 0 0 0 0
1972 EAir_DEHPIi] 1120 2010 1320 860
EWater_DEHP/i] 1120 2010 1320 860
ESoilA_DEHPIi] 0 0 0 0
ESoilB_DEHP/[i] 0 0 0 0
1977 EAir_DEHPIi] 1120 4830 3180 1610
EWater_DEHPi] 1120 4830 3180 1610
ESoilA_DEHPVi] 0 0 0 0
ESoilB_DEHPi] 0 0 0 0
1985 EAir_DEHP[i] 700 3630 2650 1200
EWater_ DEHP[i] 700 3630 2650 1200
ESoilA_DEHP[i] 0 0 0 0
ESoilB_DEHP/[i] 0 0 0 0
2100 EAir_DEHP[i] 700 3630 2650 1200
EWater DEHPi] 700 3630 2650 1200
ESoilA_DEHP[i] 0 0 0 0
ESoilB_DEHPi] 0 0 0 0
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Table 111 4: Emissions scenario for lead [tonnes/year].

Year  Emission North Europe Asia southern
) ) America continents
1900  EAir_Pbli] 0 0 0 0
EWater_Pbli] 0 0 0 0
ESoilA_Pbli] 0 0 0 0
ESoilB_Pbli] 0 0 0 0
1923 EAir_Pb[i} 4800 8000 1600 1600
EWater_Pb[i] 0 0 0 0
ESoilA_Pbli] 0 0 0 0
ESoilB_Pbl[i] 0 0 0 0
1975  EAir_Pb[i] 187300 80300 33000 14200
EWater_Pbli] 0 0 0 0
ESoilA_Pbl[i] 0 0 0 0
ESoilB_Pbli] 0 0 0 0
1991  EAir_Pb[i] 121800 34600 11900 6400
EWater_Pbli] 0 0 0 0
ESoilA_Pbli] 0 0 0 0
ESoilB_Pb[i] 0 0 0 0
2000  EAir_Pbl[i] 8600 14400 2900 2900
EWater_PbJi] 0 0 0 0
ESoilA_Pbli] 0 0 0 0
ESoilB_Pbli] 0 0 0 0
2100  EAir_Pb[i] 2900 4800 1000 1000
EWater_Pbli] 0 0 0 0
ESoilA_Pbli] 0 0 0 0
ESoilB_Pbl[i] 0 0 0 0
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APPENDIX IV: TABLE WITH CHEMICAL PROPERTIES

Table IV.1: Chemical properties of the compounds.

properties of chemical DDT PCBs DEHP Pb
molecular weight (g/mol) 354.5 341.8 390.5 207.2
log K 691 7.08 7.45 NA
vapour pressure (Pa) 33x10°  8.0x10* 85x10" NA
solubility (mg/1) 0.00308  0.0241 7.2x10"  NA
melting point (‘C) 109 98 -50 NA
half life in water (day) 40 150 0.5 o0

the reaction rate with hydroxyl radicals (1/day) 0.1 0.01 1.0 0
heat of vaporisation (kJ/mol) 50.6 96 94 NA
heat of solution (kJ/mol) 10 37 10 NA

NA = not applicable.
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