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ABSTRACT

When a toxic substance is released to the environment, it may not
immediately reach and affect a population of sensitive receptors. This
is particularly true if the substance must pass through a sequence of
environmental compartments each of which causes a delay in the
transfer process. Nevertheless, the act of introducing that substance
into the environment constitutes on behalf of the receptors a commit-
ment to a future exposure. The totality of that future exposure is called
the exposure commitment. In this report, relevant concepts and the use
of this approach to environmental assessment are discussed.

A fundamental concept of exposure commitment analyses is the
transfer coefficient, indicating fractiona! transfer of the pollutant
between successive reservoirs in an environmental system. The
relationships between transfer coefficients and the parameters of
conventional dynamic models are given. The general principles of
evaluating transfer coefficients are illustrated by referring to a specific
practical example, that of mercury released to the atmosphere or to soil.
The advantages and limitations of time-dependent and time-inde-
pendent assessments are briefly indicated.
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1.0 Introduction

When a pollutant is introduced into the environment it may impinge
directly or indirectly upon the life and well-being of man in such a way
as to produce physical, social and psychological effects, some of which
are judged to be either advantageous or disadvantageous, significant
or insignificant, according to the standards of the time. Before man
embarks on activities that will alter the state of environmental systems,
it is prudent and sometimes mandatory to estimate the magnitude of the
consequential changes in the state of the system and to assess the
possible effects.

Important characteristics of changes in the state of an environmental
system are the time and space intervals over which these changes are
assessed. [n general, the finer the resclution of time and space required,
the greater the need for detailed information. High resolving power is
desirable in some situations, e.g. close to discrete sources of atmospheric
polivticn where space and time gradients of concentraticns of toxic
substances are relatively large and some critical Iimit, statutory air
quality standard, or toxic threshold congentration may be exceeded.

On the other hand, a wide range of situations do not need to be
resolved so finely ; longer averaging intervals can be used without loss
of relevant information. Situations of this type may include, for exampie,
low-level continuous air pollution affecting relatively large regions at
greater distances from the scurce.

For some situations, it may be possible o neglecl agltugether short
time fluctuations in the state of a system and, without sericus ioss of
useful information, estimate instead the sum or integral over the time
during which the state of the system changes. For example, if m(t) is
the magnitude of a variable in a system at a given place at time t and m
is its mean value in the undisturbed system, the magnitude of the
disturbance attime t, p(t), is

p{t) =m(t) -m (7)

The overall disturbance, P{«), can be assessed as the integral over
time of p(t), i.e.

P(e) =J | p(tidt (2)

where the use of —« 10 = in the integration limits avoids the
necessity of specifying the time during which the system is perturbed.
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If P(=) is finite (i.e. the original state of the system is restored} itis a
convenient indicator of the total effect. It is termed a commitment in
the sense that a finite disturbance wil! ultimately result in the occurrence
of the total effect. It is usually easier tc estimate the integral quantity
P(=) than the time dependent function p(t). As P(=) is one number
it may also be of more value to decision-makers than a long time series
such as p(t).

if the source of the disturbance is applied continuously, the system
will adjust 10 a new steady state. It wiil be seen later that the vaiue of
the new steady-state concentration per continuing unit release rate is
eqgual numerically to the commitment per unit release.

An interesting example of a successful use of this approach in
assessing environmental contamination problems is provided by the
United Nations Scientific Committee on the Effects of Atomic Radiation
(UNSCEAR) {1962, 1964, 1966, 1969,1972 and 1977). The Committee
applied it to estimate the effects of the testing of nuclear weapons in
the atmosphere. The effects of exposing human beings to ionizing
radiation were assumed to be directly proportiona!l to the mean per
capita quantity of energy deposited in unit mass of varicus organs or
tissues, i.e. to the mean per capita dose. Thisis equivalentin the general
case mentioned above to the commitment P(«), which was referred
t0 by UNSCEAR zs the dose commitment. The instantaneous rate of
energy deposited in an organ or tissue is the dose rate which, as a
measure of the disturbance in the system, is equivalent to p(t}.

Changes induced by the introducticn of potentially toxic chemicals
into the environment can also be assessed by the commitment approach.
in UNSCEAR's application of the commitment concept the term ‘dose’
has a very limited and special meaning. In most cases of non-radioactive
poliutants it is the concentration of a poliutant in a reservoir or the
integral of the concentration over time, i.e. exposure, which is commonly
related to an effect. Since this reservoir may or may not be the site of
the effect, the term ‘exposure’ is used instead of ‘dose’. The exposure
during the time interval t, to t; is defined as:

t?
Elt, t,) - J't] ¢ (t)dt (3)

where Cj (1) is the concentration of a poliutantin a reservoir i at time t.
The “exposure commitment’ is defined as the integral of the con-
centration over infinite time. Thus:



E, = Lo C;(t)dt 4

is the ‘'exposure commitment’ to reservoir i. The exposure commitment
will be expressed in units of concentration times time, e.g. ug m=3y
which is normally written g y m-3,

It has also been the practice in writing equations to introduce the
notation (I} to denote the mathematical operation of integrating over
infinite time. Thus the exposure commitment E; can also be expressed
as

The aim of the present paper has been to explore the potential of the
exposure commitment approach and to develop the necessary method-
ology. In section 2 the procedure for estimating exposure commitments
is discussed. The relative simplicity of the commitment approach and
its relationship to more conventional transfer models are illustrated. In
section 3 the transport of mercury through the environment is assessed
using both the exposure commitment method and a time dependent
transport model.

2.0 Transportmodels forestimating exposure commitments
2.1 Basicrelationships

Consider a transfer sequence in which a substance is introduced into
reservoir A, passing sequentially through reservoirs B, C, D, etc., until
it eventually reaches a sensitive receptor, R. It is required to estimate
the exposure commitment to R following the release of a given amount
of the substance. The transfer sequence is represented in the following
flow diagram

Q
SOURCE -A->B -C......N-»R
ooy
Oa 0Os Oc On

where Q 1s the amount of the substance released to A, Within and
between reservcirs many processes other than those of immediate
concern, i.e. transfer along the main pathway (A B -C ... N-*R),
may operate on the substance. Such processes represent losses from
the main pathway and are collectively depicted in the flow diagram as
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Oa from compartment A, Qg from compartment B, etc. In some cases,
e.g. radioactive or chemical transformaticns, such losses are absolute
and are equivalent to transfers to true sinks. In cther cases, these transfer
processes may lead ultimately by other pathways to the same receptor.
it would then be necessary to set up appropriate flow diagrams and
perform the necessary calculations for each pathway.

To describe the transfer of a substance from one reservoir to another
UNSCEAR introduced the transfer coefficient Pjj which was defined as

IC].
LTS o)
5
where ICj and IC; are the integrals over infinite time of the concentra-
tions of the substance in the receptor and donor reservoirs respectively.
The transfer coefficient is thus the ratio of exposure commitments in the
two reservoirs,

The transfer coefficient is determined by the properties of the two
reservoirs and the nature of the substance transferred. For a specific
transfer the transfer coefficient is a constant, independent of the amount
of the substance present. This latter assumption cannot be valid
generally. Most substances, when present in sufficient quantity, will
adversely affect certain biotic processes that contribute directly or
indirectly to a transfer. There may even be a lower limit to the amount
present in a reservoir below which the assumption will also be invalid.
Thus, certain elements or compounds must be present in sufficient
quantity for some enzymes to function properly and for transfers to
proceed normally. Nevertheless it could reasonably be expected that for
many substances the range between minimum and maximum limits is
such that, for practical purposes, the assumption is valid.

Considering the sequential transfer of the pollutant amount Q along
the pathway

Source —» A — B — C .. ... N, we can write from the definition of
the transfer coefficientin equation (6)
- ) ICN ) ICA ICB ICC ICN
SN - = — _ . DR RN F
0 Q ICA ICB M
=P xP _xP _ .......xP (7)

SA AB BC



In this case the integral of the amount of pollutant from the source S is
simply Q. From the above equation the time integral of the concentration
of the pollutant in reservoir N via this pathway, due to a given pollutant
input Q, is therefore

Ic, =Q.°P (8)

If the reservoir receives the same substance from two or more sources
or pathways, the exposure commitment to the reservoir is the sum of the
exposure commitments from each source and each pathway.

So far the exposure commitment has been directly related to the
amount of the substance released to the environment, and indeed this
relationship provides a most useful potential application of the commit-
ment approach to pollution management as a rational means of con-
trolling sources. However, many situations will arise where neither the
number and strengths of sources are known nor are there direct means
available to plan or control them. For such situations the integral over
time of the concentration in a reservoir must be estimated from the
results of monitoring that substance in a convenient precursor reservoir.
For example, in the case of radioactive contamination from nuciear
weapons testing, the quantities of individual radionuclides released in
each test explosion could not be stated. To estimate dose commitments
due to this source, UNSCEAR had to rely for input to the transfer model
on the amounts of radionuclides deposited on the earth’s surface. This
was ohtained from results of two independent glohal sampling networks
designed for the purpose.

2.2 Relationships between exposure commitment and time-dependent
pollutant transfer models

It is instructive now to derive relationships for the transfer coefficient
Pij using arguments and assumptions commonly used to construct
conventional time-dependent models of poliutant transfer. This is being
done here to show the relationships between the two methods.

For this purpose it is assumed that all transfers follow first order
kinetics, i.e. the rate of transfer is proportional to the amount of a
substance in the donor reservoir. It is also assumed that the reservoirs
have a constant size or mass. Consider the simple transfer sequence

Qo ki k2
S «A--B ~C
where Qg is the amount of the substance introduced as a pulse from the
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source S and k; and k. are the first order transfer rate constants.* The
initial concentration in A is, assuming instant mixing, Ca (0} =CQo/Ma
where Mp is the mass of compartment A, Since the rate of transfer is
proportional 1o the amount of the substance in the doner compartment,
the concentraticn in A at any subsequenttime tis

Q

0
CA(t) = ;— exp (_klt) {9)

A

and the integral over infinite time of the concentration is
P Q0
Ic, = J_m Chltide = —k—M_‘; (10)
1

If the substance is conserved in passing from A 10 B, the integra! over
infinite time of the concentrationin Bis
Qo
16y = —— (11
kZMB

where Mg is the mass of compartment B.
The transfer coefficient Pag for the transfer from A to B is, by
definition,

1C
Py = — (12)
AB
ICA
Hence from (7Q) and (77)
k M
p = LA (13)
AB
2B
and similarly,
Ic 1
Poy = —2 = —— (74)
SA Q K M
0 1A

*For a more complete analysis of this system see Appendix |.
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Another set of relations can be derived by considering the case of a
continuous source of strength g (amount per unit time} such that the
steady-state situation weuld eventually be reached. The rate of change
of concentration in A is

dCA q
— = kG
dt MA
Atsteady state (dCa/dt=0), therefore
q N 1 c*
- . A
v k.Ca that1s,—M—=— (15)
A kl A 4

where Ca is the steady-state concentrationin A.
Thus from equations {74) and (75) can be seen that
C

*

A

1
P ==L
SA
klMA g
Similarly, therate of change of the concentration in B is

dCB kC, .M

_B_ 1A _A_ k,Cq
dt Mg
at steady state
dC
—B_g
dt
*
L5
*
CA kz MB
Thus from equation (73) can be seen that
kM, Ch
PAB=__1A=_E (16)
kM, CY
2 B A



Three relationships have been derived for the transfer ceefficients,
each of which may be used either to determine the value of Pij or to
estimate the exposure commitment to a reservoir from a stated source.

These relationships are

IC.
_

1 Ic

Similarly transfer coefficients between a
resServoir are

SA

(definition)

{under steady-
state situation)

(by kinetic
analysis)

source and the receiving

{definition)

{under steady-
state situation}

{by kinetic
analysis)

The foregoing describes a simple situation; it is now necessary to
consider more complex and realistic situations to see what changes, if
any, must be made to the basic relationships so far developed. Two
aspects of the problem are considered : first, transfer patterns other than
the simple straight chain ; second, what happens when the substance is

not uniformly mixed in a reservoir.



2.3 Compiextransfer pathways

In passing from one reservoir to another, a substance is often not
conserved. Some material may be diverted to reserveirs outside the
main pathway of interest. Some material may be transformed chemically
or through radicactive disintegration within the compartment. lrrespec-
tive of the detailed mechanism, the overall process can be represented
by the one flow diagram, thus

SOURCE -+ A » B = C - — » RECEPTOR

Here the pathway of interest is through C te an ultimate receptor.
Material is diverted from this pathway tc D. D may be one or more sinks. *
The transfer coefficient from the source to A is by definition

and, similarly,

The overall transfer from the scurceto B is

k1
Py =Py x P =t

56 'SA * TaB ,
KMk + k)

3

*For a more complete analysis of this system see Appendix 1.
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i.e. as for the straight chain {1/k;Mg} reduced in proportion to the
chain branching ratio kq/ (%, tks).

Equations applicable 1o some other transfer patterns are summarized
in Table 1* The list is not exhaustive but the sequences given will
cover many situations likely to arise in practice. Sequences 4a, 4b and b
will be considered in greater detail when in a later section they are
applied to a transfer model for mercury.

2.4 Non-uniform concentrations in compartments

It has been assumed so far that a substiance upon entering a reservoit is
instantly and uniformly distributed within it. However, internal mixing
proceeds simuitanecusly with transfers into and out of the reservoir.
Chemical or physical transformations may aiso affect the amounts of the
substance present. The rates of these simultaneocus processes may be
similar so that a reservoir acted upcn by discrete sources and sinks may
not achieve an even approximately uniform concentration. In this case,
the concentration distribution within a reservoir, and consequently the
transfer coefficients, may be appreciably aitered depending on the place
of injection. In such a situation a more elaborate transpert model would
have 10 be used.

If, on the other hand, transfers within a reservoir are rapid compared
with those into or out of it, the compartmentas a whole can be assumed
to be well mixed, even though the distribution of material within it is
highly non-uniform. It may be sufficient for determining transfer
relationships that the distributicn of the substance in the reservoir
remains relatively constant with time.

Sometimes problems arise because important transfer parameters vary
with time. When such variability consists of periodic or random fluctua-
tions about a constant time average, the problem may be resolved by
using averaging times that are long compared with the time period of
the fiuctuations. For example, diurnal or seasonai variations can be
eliminated by taking daily or annual averages respectively.

It is instructive now to consider some of these points more formally
within the framework of this particular transport model. Consider again
the simple linear transfer sequence through which it is assumed, for the
sake of simplicity, that the substance is conserved as it moves. Thus

2, K k k
S » A > B > C - D

*For a more complete analysis of all these systems see Appendices i-VI.
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Such a chain could, for example, represent the one-dimensional transfer
of a substance initially injected into the stratosphere (compartment A)
which passes sequentially through the upper and lower troposphere,
compartments B and C respectively. Compartment D could be soil or
vegetation.

It can be shown that with first order kinetics between reservoirs, the
concentration of the substance in reservoir C at time t after an amount
Q, has been injected as a pulse into A, at time t=0, is

Q ko k. 1 . _ 1 . _
C,lt) .o e ‘ﬁ(e kat_eklt) —ﬁ(e k3t_ekgt)
M k.- k k -k k -k
C z ol 13 2

’ (17)*

In order tc determine the time course of the concentration in C and
hence also the rate of transfer to D, it is necessary to assign values to the
three rate constants k,, kz and ka. On the cther hand, to calculate an
exposure commitment it is the time integral of the concentration which
is needed and this is simply

o %
c n

c

This can be readily verified by integrating the above expression for
Cc(t)*. The transfer coefficient Psc is therefore simply inversely pro-
portional to the single rate constant k.

Thus, for the canserved substance passing through the linear com-
partment seqguence, such as might be the case for movement through
atmospheric regions, the integral concentration of the substance in the
final reservoir does not depend on the rate constants for movement
through preceding reservoirs. The exposure commitment to reservoir C
is the same for a given source input, irrespective of whether the source
was intreduced into reservoir A, B, or C. However, the time variation
of concentration following the injection may be very different in each
case.

If the substance is not conserved in the atmosphere, the problems
posed by time-dependent spatial distributions are iess tractable. For

*See Appendix | section Il for fult derivation of this relationship.
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example, the amount of a particular radicactive substance reaching
ground level may be very much reduced if the transport time through
successive layers is long compared 1o the radioactive mean life. A non-
radioactive substance may undergo chemicat transformations at rates
which vary from one layer to ancther, e.qg. because of photochemical
reactions. There is no easy solution along the lines discussed above to
the preblems arising from these and other processes. Fortunately, if
steady state has been reached (for example, in the natural cycle of a
substance), the transfer coefficient can still be determined as the ratic
of the equilibrium concentrations of the substance in the receiving and
in the donor reservoirs.

2.5 Further considerations
It may at times be useful to obtain population weighted estimates of
exposure commitments for regions of widely varying exposure. For
example, consider the global atmosphere divided into n subcompart-
ments, e.g. by latitudinal bands, and a scurce Qg injected into one of the
subcompartments. This leads to time integrals of concentration in
ground-level air, [Ca,, 1Ca, ... ICA in subcompartments 1,2.3...n
Let Ni be the population living in the i'" subcompartment, then the
weighted mean per capita time integral of the ground-level air concen-
tratiorn is

A,

nNe~1=

N.IC
i

)
-

ne—1>-
=
—_

and the transfer coefficient weighted by population density (Ni) from
this source Qg is

Pep —_— (18)



The corresponding expression for the steady-state condition is

Il =213
=
(]

Pop = (19)

It has been shown in this section that for a continuous source the
transfer coefficient Py is equal to the ratio of the steady-state concen-
trations in the '™ and i reservoirs respectively. That the ratio of the
steady-state concentrations in two adjacent reservoirs resulting from a
continuous source is eqgual toc the ratic of the time integrals of the
concentrations in the same reservoirs due to a finite scurce has valuable
practical implications for the evaluation of transfer coeffictents and the
analysis of poilution situations. The exposure commitments for certain
complex situations can be determined in this way, whereas it would he
extremely difficult to model the specific transfer processes.

For potential pollutants such as the heavy metals and compounds of
sulphur and phosphorus which have natural cycles, it may be assumed
that steady state has heen reached with respect to natural scurces.
This means that transfer coefficients can be simply determined from
the ratio of the concentrations ohserved in natural situations. This
procedure has the advantage that any contribution to the transfer by
very slow processes is automatically allowed for in the value of Pj
obtained. This is so, even if the existence of such processes is unsus-
pected. For the same reasons it is possible when calculating exposure
commitments to ignore completely intermediate steps in the transfer
pathway that are not well understood or for which the transfer rate
constants are unknown.

This method of evaluating transfer coefficients is not necessarily
limited to pollutants with a natura! occurrence. Situations frequently
exist where a source or group of sources have been operating for
several years and it may be reasonable to assume that steady state has
been approximated lccaily. Transfer coefficients determined from the
observed concentration ratios may then be usefully applied elsewheare.

It has been shown that the transfer coefficients for a wide range of
situations can be expressed in terms of combinations of products of
transfer rate constants and reservoir sizes. While both these guantities
are difficult to evaluate separately, their products define factors which
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are more readily measured. Some of these points are dealt with in more
detail in the next section where the exposure commitment approach is
applied to environmental mercury.

3.0 A transfer model for mercury in air and soil

It is instructive now to apply some of the relationships discussed in the
previous section to an actual chemical pollutant, namely, mercury. No
attempt will be made to estimate exposure commitments to man due
to natural and man-made sources of environmental mercury —a task
which is beyond the scope of the present document : in fact, only a part
of the mercury cycle is explored. The purpose is to amplify some of the
earlier discussion by taking a particular case, showing by means of a
worked example how transfer coefficients may be evaluated.

The particular part of the mercury cycle with which this report is
concerned is shown in Figure 1. In the natural cycle of mercury, bedrock
is presumed to be the source from which mercury enters the soil by
weathering and the atmosphere by volcanism. These processes are
indicated by the broken lines, and aithough they will be referred to later

k

Q,(a)
SOURCE (S)-—-— | CONTINENTAL {73 3  OCEANIC OCEAN

—_

(o)

AIR  (ac) AIR (oa)

k. k, o
deposition vaporization ™
N
k
Y 24 \
/ K —_— 1 .
’ Qo(q) N eachmg——! |
SOURCE (S)—— | SOIL {s) 2y > 2 ’
————* ergsion T !
A /
: weathering
© BEDROCK L
Foo-— ) - -
volcanism

Figure 1 Part of the Mercury Cycle
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in an attempt to validate the transfer model, they are of no direct con-
cern. For the purpose of this report, of greater interest is to develop
relationships for man-made sources of mercury in which direct releases
to the atmosphere or to soil are assumed. These sources are S and §'
respectively, The relationships for the transfer coefficients derived fram
the first order kinetic model were given in sequences 4a and 4b of
Table 1 in terms of rate constants kj and reservoir sizes M;. Nevertheless,
for convenience they are summarized below :*
1. For a pulsed release of a pollutant from source (S) of strength (Qo)
directly to the continental atmosphere (ac) or for a continuous
release of strength (q)

from source (S) ;c Icac k2+ kL+ k + f(LP
to continental PS ac T T = = (20}
air {ac) q QO ¢Mac ¢0ch
*
fr_or(n c;)ntinental o CS . Ic, ) K, Mic ) k,h
air {ac) to SaC,S_T_ﬁ' L —_—
soil (s) Cac IChc Kot ky Mg (ky+ K)o Z
* (27)
from source (S) Co ICS Ky k,
to soil (s) Ps,s = ==—2=-" = (22)
q QM. dpgo

2. Forapulsed release of a pollutant from source (8"} of strength (Qf)
directly to soil (s) or a continuous release of strength (q*)

from source (S’) c*  Ic k + k k + k

to soil (s) P . 5. s _ 1 3__1 3 {23)
ST TR

from soil (s) Cre IC. k., M k, N

tocontinental /P, . = — = —= = ——m— . — = ——— . —

air (ac) ’ CS ICS kot kg Mac kot k, h

from source (S7) c* Ic k k 24

to continental Por o = ac__@c bk b (25}

1 L] ! ! 1

air (ac) q QO d)MaC ::)och

*For derivation of equations (20) - {25) in the general case see Appendix |V,
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where © = (kq + kg) (kz + k4) - k1k4
ps = soil density (1.25gcm3)
oc = area of continents (1.5 x 10'8¢m?2)
Z = depth of soil reservoir
h = height of atmospheric reservoir
Note: pgaZ = Mg, the mass of the soil reservoir
ach = Mg, the volume of the continental atmospheric
reservoir
Cs = concentration of mercury in the soil reservoir (g g}
Cac = concentration of mercury in the continental air
reservoir (g cm2).
Itis assumed throughout this discussion that mercury is in the elemental
vapour state in the atmosphere. This is unlikely to be entirely true, but
not enough is known about the distribution of the varicus chemical and
physical forms present nor of the transformations they undergo within
and between reservcirs to assume otherwise. In principle, however,
equations of the type given above could be set up for each form together
with equations which describe the rates of change from one form to
another.

Since neither the transfer rate constants k;, nor the depths of the
reservoirs Z and h are known, it is necessary to develop relationships
by means of which the transfer coefficients Pjj may be evaluated from
measurable environmental parameters.

3.1 Deposition of mercury from continental air to soil

Determination of k;.
Chamberlain {1960) has described the deposition of gases, vapours and
particles from the atmosphere by the velocity of deposition V4 defined
by

T (26)

where F(h’) is the downward flux of the depositing material per unit
area at the height h’ above the surface and Cac (h’) is the concentration
of the material in air at reference height h'.

The flux through the lower atmaosphere is very nearly constant with
height and equal to its value at the surface (h" = §) sothat F(h') = F(0).
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However, the mercury concentration in air decreases with height so
that the value of Vg is a function of h'. Nevertheless, well away from
discrete sources, the rate of change of concentration with height is
relatively small. It is not necessary, therefore, to be very precise about
the exact height of measurement, and Cac(h’) can be replaced by Cac
which is to be understood to refer to the concentration measured within
a metre or so of the surface and is generally referred to as the “air con-
centration at ground level’.

Using the definition of the deposition velocity, the rate of deposition
from the atmosphere to the land surface is . —

Vdcacoc

Using the rate constant k;, the rate of deposition is

Since these are equal

ky C,. & h = V'dCaCUc

(27)

|

3.2 Transfer of mercury from continental air to oceanic air
Determination of ks

In the absence of a more adequate model for the transport of mercury

from continental to oceanic air, it is sufficient for the present purpose

to use a very simple model in which it is assumed that

(a) the amounts of mercury in continental and oceanic air are equal,
reflecting the direct, unidirectional physical transport between
these compartments. The concentrations are thus related to the
inverse ratio of the areas of the two surfaces, thus

c o
T (28)
ao Oa(I



where the subscripts o and ¢ denote oceanic and continental compart-
ments respectively.

{b) the steady-state transport of mercury from continental to oceanic
air is equal to the rate of deposition from oceanic air to the ocean
surface. Thus at equilibrium the rate of deposition to the ocean
surface equals the input rate from continental to oceanic air.

j e ¥ Ca% T Falac o M
[ C. o
k- d "a0 o
5 s h
ac ¢
Vd
.. from (28) ko= 2
3
h
vd
and from (27) ky =k = — (29}
i h

3.3 Vaporization of mercury from the soil

Determination of ky
The upward flux of mercury from the soil, F *, can, by analogy to equa-
tion (26), be related to the concentration of mercury in the donor
reservoir, which in this case is the soil. A new term Vy is defined which
will be referred 10 henceforth as the vaporization velocity and will be
upderstood to include both evaporation from soil and transpiration

from vegetation, Fx

(30)

The use of ps, the density of soil, with Cs gives the concentration of
mercury in soil on a volumetric basis.
Using the definition of Vy, the rate of mercury vapcrization from the
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soil is therefore VuCspsae and, using the rate constant, it equals kg
times the total amount of mercury in the soll, i.e. ky CspstcZ.
Since these expressions for the rate of vaporization from soil are equal

VV
k= — (37)
Z

i
where Z = depth of soil.

3.4 Leaching and erosion of mercury from soil
3.4.1 Leaching of mercury from soil

Determination of k 4,
As rain runs across the surface or percolates through the soil, mercury
is redistributed between the soil and water phases. A distribution co-
efficient, D, can be defined by

Concentration of mercury in

drainage water (g g~1) C: )
D= = (32)
Concentration cf mercury in Cs
soil (g g-1)

At steady state, D is constant for a given type of soil and a given
chemical composition of local rain-water.

If r is the run-off rate of water per unit area from soil {cm? cm2s1),
then the amount of mercury in the water, i.e. leaching per unit area per
unit time, is rCipyw. The density of water is py and C¥pw expresses the
mercury concentraticn on a volumetric basis. It is useful to define, by
analogy to V4, a velacity of leaching V|, which is the ratio of the rate
of mercury leaving the soil due to ieaching per unit area to the concen-
tration of mercury in soil.

*
rC o rDp
VL _ *r Wo_ W (33)
Csos Og

The transfer of mercury from soil due to leaching can also be expressed
in terms of a rate constant, kza times the total amount of mercury in
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soil kzaCépsocZ. Equating the total amount of mercury leaving the
continental area from both expressions

* - *x
RCIER k?.acsp's‘jcz

*
rC.p
K, = _*r““L
d CSDSZ
)
Ky = (34)
Z

3.4.2 Erosion of mercury from soil

Determination of Kzp
Erasion is the bulk transport of soil particles, stil} carrying their mercury
content, suspended in water draining from the continents. Erosion refers
to the movement of mercury in particulate form while leaching refers to
the movement of dissolved mercury,

If Fg is the erosion rate of soil per unit area (g cm2s1), then the
amount of mercury carried away per unit time per unit area is Fg C§.
The velocity of erosion, VE, is defined as the ratio of the rate of mercury
leaving soil due to erosion per unit area to the concentration of mercury
in soil

: E
i.e. VE e (35)

The total amount of mercury leaving soil due to erosion is VECEpsac
and this equals the amount determined by multiplying the rate constant
k,p by the total amount of mercury in soil, thus

Vv_C¥p o=k C:OSOZ

E "s "s °C 2b o
VE
. kz = —
b Z
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The total !oss of mercury from the soil by both leaching and erosion
can be expressed using the sum of the velocity factors, Vg 1 Vi, which
can be called V\U' The correspending rate constant then has the value

Vi

ky = ——.

z

3.6 Expressions for transfer coefficients
It has been found that the transfer rate constants k; are related to the
velocity factors by the following equations :—

i '
S ko= _v and k= =
R4 cZ

Substituting these values into equations {20) to (25), the following
expressions for the transfer coefficients are obtained :
1. For a release directly to the continental atmosphere

from source (S) to

continental air (ac) b ) LA
S, .y sy 4 oov ) (36}
: ch ( /v + 2\,1:)
from continental air ‘
{ac) to soil (s) . ) Yy
s ac,s s (Y, 4 ) (37)
from source (S) to
soil (s) - ) 1
s T Ly 88
DT \,v + 2\/":')
2. Forrelease directly to soll
from source (S') to
: 2
soll (s) p _
S oy o (39)
Co (v, + 2/_'”)



fromsoil {s) to
continental air (ac) ooy
=5 (40)

P
§ s5,ac
2Vd

frem source (S') to y

continental air {(ac} P . A,

%,8c . 41
g (V) (47)

The transfer coefficients are now expressed entirely in terms of para-
meters which are more directly measurable. More important to note,
however, is that equations (36) to {(47) could and normaily would be
derived directly without involving the kinetic model. The purpose of
introducing the latter in the first instance was, as then noted, to show
the relationship between the two approaches and to demonstrate how
commitment models overcome the severe practical problems posed by
the need in kinetic models to evaluate separately the transfer rate
constants k; and the reservoir size parameters Z and h.

Before proceeding, it may be useful to show how equations (36) to
(41 could be derived directly without the necessity for introducing the
additiona! assumptions associated with the kinetic model. This is
demonstrated for one transfer coefficient only; the same procedures
would be followed to derive the other five.

Consider the case of mercury being introduced directly to the atmos-
phere. The rate at which mercury enters the continental atmosphere is
q+Vy C& ps Oc, i.e. the sum of the rate of release from the source, q, and
the rate of vaporizaticn from the soil, Vy Cs§ ps oc. The rate of loss of
mercury from the atmosphere is equal to the sum of the rates of deposi-
tion to the oceanic and continental surfaces, i.e. V4 Cjc 6c + Vg Cis Oo.
Since Ck, = Cic G¢/Go, lequation (28)], the total rate of loss is 2Vq
Cic og.

Therefore at steady state :—

* _ *
q + VV CS g e T ZVd Cac o (42)
Continuing the pathway into the soil reservoir, it can be shown that

*
Vd Cac Oc = (VV + VL + VE) CS g Uc (43)
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Solving hetween {42) and (43) and writing V| : Ve - Vy one obtains

c: 1
P(_ s = = = - - e o
. 4] (7 (VV + ZV‘J)

i.e. identical to equation (38).

3.6 Evaluation of velocity factors

3.6.1 Velocity of deposition, V4

The velocity of deposition of mercury has not hean rmeasured. It has,
however, been determined experimentally for several other gases,
vapours and aeroscls. The velocity of deposition of iodine vapour has
been particularly well studied in several countries and over a wide range
of surfaces. The velocity of deposition is & function of the molecular
diffusivity of the diffusing entity and it would therefore be expected
that Vg4 for mercury vapour wouid be less than that for iocdine vapour.
The effect, however, is relatively small and can be ignored here. The
experimental values of Vg for iodine vapour and for ambient aerosols
with adsorbed iocdine extend over a wide range with some dependence
on weather conditions and the type and density of surface cover. Most
observed values lie in the range 0.7 to 1.0 cm 57! and a value of 0.3 cm
s would appear to be representative.

3.6.2. Velocity of vaporization, Vv

Kothny (1973) has measured the upward flux of mercury from soil over
a 100 km long stretch inland from the Pacific coast of California in the
U.S.A. He obtained a value of 4 x 10-%t km2 d-'§ equivalent to 4.63 x
10'%g em2 s1. From Table V of the same reference, the soil in that
region had a mercury concentration of from 0.2 to 0.5 ng g'. Using a
density of soil of 1.25 g cm-3, the range of Vy values would be

_15 21
4.63 x 10 gecm s 3
from = 18.52 x 10 cms

-6 -1 -3
0.2 x10  gg x 1.26gcm

-1

§Metric tons per square kilometre per day.
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-15 R |
4.63 x 10 gcm s 9 _
o —_————— =741 x 10 cms

_5 1 -3
0.5 x10 gg x1.25gcm

The geometric mean value is 11.7 x 10-2cm s-1. For the present purpose
the rounded value 1 x 108 cm 57" wili be adopted for V.

3.6.3 Velocity of leaching, V|

On several well-drained aerated soils, Kothny (1973) has obtained a
value of 6 x 10-* for the distribution coefficient D, where D is the ratio
of the steady-state concentration of mercury in drainage water to that
in $0il, The annual mean run-off fram the continents is almost equal o
the annual mean river flow to the oceans, about 3 x 10® cm3 y-! or
about 951 x 10" cm3 57,

The run-off rate per unit area r, using the area of the continents
1.5 x 108 cm?, is

11 3 _1
9.51 x 10 ¢m s
rs ——_ -

18 2
1.5 x 10 cm

2

73 -1
=6.3x10 cm s cm
Thus from equation (33}

-7 3 .1 2 _t _3
6.3 x10 oanm s em x6x10 x1gcm

_3
1.25 g cm

-10 -1
=3 x10 cm s

3.6.4 Velocity of erosion, Ve

Since mercury and soil are lost simultaneously, erosion does not of
itself cause a change in the concentration of mercury in the scil.
However, the assumption that all the physica! reservoirs have a constant
mass means that the soil losses are exactly made up by new soil derived
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from the weathering of bedrock. It is this replacement which, if at a
different concentration from old soil, results after mixing in a change
of concentration.

The flow of solids carried to the sea by the major rivers of the world
is about 3 x 10"%t y-' which is equivalent to about 1 x 10°%g s-'. Kothny
{1973) estimates that about half of the mercury reaching lakes and
rivers is lost to a sink in the sediments. This means that the annual rate
of erosion must be about 6 x T0'%t y-', equivalent to 2 x 10%g s-!. The
erosion rate per unit area, using the continental area 1.5 x 1018 cm2?,
s FE = 1.3 x109gs! cm™=.

Thus from equation (35)
.9 -1 )
F 1.3 x10 gs cm _10 1
= =11 x 10 cm s

-
m
I
e
W m

.3
1.25 g cm
The value of Vy = Vg = Vi is, therefore, 14 x 10-"% cm s°1.

3.6.5 Summary of values calculated for velfocity factors
The values of the velocity facters frem this section are . —
Vg=03cms';Vy =1x10%cmsTandVy =1.4x10%cms"!

3.7 Computation of transfer coefficients
inserting these values into equations (36) to (47) the following
estimates of the transfer coefficients are obtained :

1. For a release directly to the continental atmasphere

from source (S} to Psac =2.0x10'8gscm-3pergreleased

continental air (ac)
=62 ngy m-3 per Mtireleased

fromcontinentalair  gPaes =2.1x107gsg ' pergscm3
{ac) to soil (s}
=0.021 ngyg " perngy m-3

from source (S) to Pss=4.2x10""gsg pergreleased
soil (s)
= 1.3 gy 9! per Mtreleased

31 Mt=1 Megatonne =10° tonne.
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2. For release directly to soil

from source (S} to Ps's ~-8.3x10""gsg ' pergreleased

soll {s)
~ 2.6ugyg’ per Mtreleased

fromsoil (s} to 5Psac = 2.1x108%gscm?pergsg’
continental air {ac)
=21 ngymiiperugyg’

fromsource (S') to Ps ac =1.7x10'8gscm-3 pergreleased
continenta! air {(ac)

55 ngy m-3 per Mtreleased

These values for the transfer coefficients have been estimated directly
from experimenta!l determinations of the velocity factors. They can be
used to give an indication of the exposure commitment to air and to
soil associated with a given release of mercury to either air or scil, i.e.
the exposure commitment equals the transfer coefficient times the total
amount of pollutant releases, e.g. from source S to the continental
atmosphere (ac)

3 ngym
(ngym ) ="°P ~— ] x 0 (M)

EdC

In principle, the transfer coefficients could also be estimated from
the ratios of the concentrations of natural mercury in each reservoir.
Such a procedure is complicated in the case of mercury because natural
sources release mercury simultaneously into the atmosphere through
volcanism and into the soil through weathering of bedrock. Furthermore,
the concentrations of mercury in the aimosphere and scil are variable
and uncertain. It is useful, therefore, to derive expressions for the trans-
fer coefficients for the combined release of mercury to air and soil.
These can then be applied to estimates of source strengths to obtain
estimates of C¥. and C¥ which can then be compared with reported
values.

it can be shown that for an emission of a pallutant from a source S of
strength Qg into the atmosphere at the same time as the emission of a
similar pollutant from a source S’ of strength Qp into the soil that if
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Q, = RQovor g = Rqg’, the equations for the transfer coefficients corres-
ponding to equations (36) to (47) are¥:—

c*ooIc 2 + R
5 s
Pe g=— = —* (44)
T q; QT (1+R)(VV+ Evz},u)st;'C
*
1C R(V+V ) +V
p - _ac _ _ac v v v {(45)

S
g 0 (MR 2V Ve

I

(en)

*
e Lo e [R(VV+ V)t vv]

p - ac _ - |
T s,ac * {46)
o (O vy (2+R)

The total source strength Qt is equal to Qp + Qg, and the total rate of
release g equals g 1 g'. After substituting the values of the velocity
factors obtained earlier, the values of these transfer coefficients are

1

4.2 x 107 (2+R) B (
Pq = g s g perg released 47)
T3 1 +R
1.7 x 107 (141.14R)
X +]1. P
Ps_,ac = gs cm per g released (48)
T 1 +R
-8
4.2 x 107 (1+1.14R) r B
P = gscm pergsg 49
T's,ac >+ R (49)

Measurements of the concentration of total mercury in uncontaminated
air fall in the range 2t0 9 x 70-">g cm-3 (2 to 9 ng m3).

The geometric mean of the observed limits on the value of C¥. is
4.2 ng m=3 and this may be taken as reasonably representative (i.e.

§ See appendix V for derivation of these results
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within a factor of two) of the mean global concentration of mercury
from natural sources in centinental air.

We can obtain a rough idea of q’, the source strength into the soil, if
following the earlier assumption that the size of the soil reservoir is
constant, the rate of weathering equals the rate of soil erosion. The
latter was given earlier as 2 x10°gs' (6 x 102t y'). Taking the mean
concentration of mercury in the earth’s crust to be 500 ng g-' (Mason
1952) means that " =2 x10°x 500 x 10-° g 57 or about 1000 g 5.

From equation {48) and remembering that g = Rq’ so that q7 = g’
{1 +R) one obtains

x
¢t =P Cao =P {1+R)q’
aC ST,B.C T ST,aC
-18 -3 .1 -1
= 1.7 x 07 (LR T (1eR) 1000 g s
1+R

Substituting C¥; = 4.2 x 107 g cm-? and solving, R is found to have
a value of 1.3. Hence q is equal to 1300 g 57" and gy = 2300 g s!
(72 x 103 t y'1), a value in the middle of the range of 25 to 150 x 108
t y' of mercury estimated by Weiss, Koide and Goldberg (1971) to
be the natural release rate accounting for levels of mercury in Green-
land ice deposited before 1900. With the other parameter values used
above and with equation {47), the value of C% is found to be 140
ng g'. Most observers agree that the concentration of mercury in
uncontaminated non-mineralized s0il is less than 200 ng g-'. It can be
concluded, therefore, that the estimates of the values of the transfer
coefficients Pjj are at least of the right order of magnitude.

4.0 Summary and Conclusions
It has been seen that the exposure commitment provides a convenient
measure of the disturbance in an environmental system. In the usual
sense, the disturbance is a change in the concentration of a pollutant
substance in the environment due to its release from a pollution source.
The exposure commitment to an environmental subregion is the infinite
time integral of the concentration of the pollutant in the subregion or
reservoir.

For the passage of the pollutant along a chain of environmental
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reservaoirs, the transfer coefficient defines the fractional transfer of the
pollutant hetween successive reservairs. The transfer coefficient can
he expressed as the ratio of exposwe commitments in ceceptor and
donor reservairs for a specific input of the pollutant into the system or as
the ratio of steady-state conceatrations for a constant, continuing
input from the pollution source. The exposure cecnmitment to a
receptor reservoir is determined by sequentiai multiplication o transfer
ccefficients and the input amount into the system The exposure
commitment approach gives a time-independent description of the
poliutant behaviour in the environment.

The alternative analysis of the movement of a pollutant through an
environmental system is to farmulate a time-dependent dynamic model.
First order kinetics for pollutant transfers are usually assumed. The
changes in cancentraticns of the poliutaats in the variaus reservoirs are
expressed as differential equations, the soiutions of which require
estimates of the transfer rate constants and the size or mass of the
reservolrs,

Transfer coefficients can also be expressed in terms of the parameters
of the dynamic models, i.e. using rate constants and reservoir sizes.
This has been done for a number of pathway configurations which
might be encountered in environmental systems. {1 was noted, however,
that there are practical difficulties in determining the proper values of
these parameters. It is sometimeas possible to transform the expressions
far wansfer caefficients in terms af rate constants to relationships
invelving velocity factors. The velocity factors relawe fluxes and con-
centrations between successive reservoirs, and these guantities are
more directly measurable. This approach has been illustrated for the
case of environmental mercury in air and soil,

Alternatively, the expressions for the transfer coefficients can be
defined directly in tetms of velocity factors, without recourse to rate
constants. This, in fact, may be the more appropriate approach, since
any assumptions about the kinetics of the transfers are avoided.

A properly formulated kinetic model is, ¢f course, @ more complete
description of an envivonmental system. The rate constants and reser-
voir sizes are Key parameters in a simulation caiculation based on the
model intended to show the temporal variations of concentrations in
the interconnecting reservoirs. Sensitivity analyses are used to establish
credibility in dynamic models when the values of certain parameters
are imperfectly known. It cannot always be discovered, however,
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whether or not the model is correctly formulated. It may include trans-
fers which do not, in fact, occur, or exclude others which do.

The commitment approach, on the other hand, avoids formulation
difficulties. It deals with observed relationships between environmental
reservoirs. It is not necessary to resoive or individually assess complex
interacting pathways or 10 understand the transport mechanisms. The
implications of the transfer are inherent in the observed relationships.
The relationships may even overlap intervening reservoirs if information
is lacking. For example, the concentrations of a poliutant in air and
vegetation may be noted, giving the transfer coefficient between air
and plant without separate evaluations of the transfer coefficients from
air to soil and from seil to plant. The commitment approach can there-
fore be applied on a much mecre limited data base or on a more limited
understanding of environmental processes.

The use of the commitment approach to environmental assessment
also has implications for the design of monitoring systems. Once the
transfer coefficients for a pollutant in an environmental system are
determined, itis not necessary to acquire detailed data on each separate
reservoir, If the amount of pollutant released from the source is known,
the exposure commitment to intermediate reservoirs or to sensitive
receptors can be estimated. Once these relationships are understood,
{i.e. to what extent there will be continued transfer or buildup of
pollutant amounts in the environment with commitment to exposure
in the immediate or long-term future), we should be in a better position
to decide the policies which shal! govern the release of pollutants from
man-made sources into the environment.
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APPENDICES

Introduction

The appendices provide a mere comprehensive treatment of the model
systems which are discussed briefly in the main text and include the
full derivations of mathematical relationships. The examples given
iflustrate the procedures for a range of compartment and pathway
configuration and provide guidance for the development of relation-
ships for other models when first order kinetic transfers are considered
to be the appropriate point of departure for the estimation of steady-
state concentrations, transfer coefficients, exposure and intake
commitments, and the like.

It is hoped that the appendices will be of particular assistance to
readers unfamiliar with the mathematics of either kinetic or commitment
madefling procedures.
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APPENDIX | : Kinetic analysis of modei sequence 1

APPEND!X Il : Kinetic analysis of model sequence 2

APPENDIX IIl : Mode! sequence 3:steady state analysis

APPENDIX IV-A: Kinetic analysis of model sequence 4a

APPENDIX IV-B: Model sequence 4a: steady state analysis
APPENDIX IV-C: Kinetic analysis of model sequence 4b

APPENDIX V : Mode!l sequence 5 : steady state analysis —

simultaneous releases 1o two reservoirs

APPENDIX VI : Modelsequence 6 : steady state analysis

Each appendix is presented using a comparaple layout, based on the
following twelve headings?:

1.

©

1.
12.

© N m oo P W N

System diagram {asin Table 1)

General assumptions

Initial conditions

Graphical description of solutions

Mass or flux censervation relations

Relations between parameters and variables
Application of general relations to the system of interest

Solution of equations for concentrations as functions of time or for
steady-state concentrations as applicable

Integration of concentrations over time

Computation of transfer coefficients: Psa, Pag, Psg.
(1tis these results that form the basis of Table 1.)

Additiona! analyses (where relevant}

Direct solutions for integrated concentraticns

ySome of the appendices do not include all twelve of the headings.
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Appendix|
Kinetic analysis of model sequence 1

. Systemdiagram

(o5 ky ko
S — 5| A > B8 |——| €

. Generalassumptions

—the reservoirs (A, B and C) have a constant size or mass — Ma,
Mg, Mc.

—all transfers follow first order kinetics, i.e. the rate of transfer is
propertional to the amount of substance in a donor reservoir. The
rate constants kj {where i = 1,2,3..) are as indicated in the system
diagram.

—a pulse of pollutant of amount Qo is intrcduced from a source S
into reservoitr A attime t = 0 by choice of arigin.
. Initial conditions, (t = 0)

--assuming rapid mixing, the initial concentration of pollutant in
reservoir A, CA{0), will be Qp,

Ma

—initially there will be no pollutant in reservoirs B and C,i.e.Cg(0) =
Oand Cg(0) =0

. Graphical description of solution

.

t=0 t (time}
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Appendix|

=0 t (time)

—Ca(t) is the concentration of pollutantin reservoir A attime (t).

—ICa is the integral over time of Ca(t) (equivalent to hatched area),

5. Mass conservation relations

Let Ox(t) be the amount of pollutant in reserveir X at time t; for any

reservoir the rate of change in the amount of poliutant is equal to the

difference between input and output fluxes, i.e. in the general case
Qx

d
5 = {input flux-output flux).

6. Relationship between mass of the reservoir (My), con-
centration (Cy) and amount {(Qy) of pollutant in the
reservoir:

Qx = Cx - Mx

7. Application of general relationships to the system of interest

In this case, there is only one output from reservoir A to reservoir B. in
the case of reservoir B, there is an input flux from reservoir A and an
output flux to reservoir C.
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Appendixi

dQB
and -d_t_ b k1QA B k7QB
dM, C
or AR -k]MACA
dt
and M’ _ k M,Co - kM
dt L g
dcC
—£ - e, (1
dt
dC M
and L A N (2]
dt M :
B
8. Solutionofequations[1]and(2]for Ca(t)and Cg(t)
Eqguation[1] can berewritten as
1 dC
T S
CA dt
which is a standard form of differential equation with solution
B -k, t
CA(t) = CA(O)e 1
b %
ut CA(O) = H-
A
Q.
- 0~k t
CA(t) = ;4— e 1 [3]
A



Appendix |

Substituting this expression into[2], we obtain

dC M 0
_B A Ta ekt k,C

dt

This is also a standard form of differential equation which can be solved
by mu'ltiplying through by ekt to give the differential of a product on
the left-hand side

dC Q
ie. ket B, kzek2tcB = ky 0 plkam )t
dt MB
d Q _
or — (CBek2t> = kl_o_ e(kZ ki)t
dat MB
. integrating with respectto t
kiQq _
Csekzt s elkemadt g
MB(kz' k1)
butatt =90, Cg(0) =0
-k Qg

MB(kZ’ kl)
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k,Q
(oot - 1% [1 (e mt}

Mgk - k)
k.0 3 :
or Cglt) = — [e kot - e klt] {4
My(ki- k2)

9. Integration of Ca(t) inequation[3] and Cg{t) in equation[4]
to computeICaand ICg

-J: C,lt)dt Jj Cy(t)dt

since Ca(t) is by choice of origin zero for times less than zero
- . fromequation[3]

ooQ _
I¢ :j 20 gkt gt

6
(

o
=

= & _]-) e-klo)
My \
-Q Q
IcA=_~9(o-1)=—i (5]
Mok Mok,
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Similarly, from equation {4]

K,Q o i
Ic, - S (e kot _ o klt) dt
MB(kl- k2) 4]

k.0, ( 1 )
MB(kl— k2) k, ky
kiQglkq= ko)
Mg (ky= K, ) (kqky)

Ic. = [6]
B Mk

10. Computation of transfer coefficients Psa. PaB and PsB.
Using the definition of Py,

Ic 0, 1

Psa = - - = 7]
QO klMAQo klMA
ICp  QMak, kM,

PAB S e = —— = 8]
IC,  Mgk,Qp KMy
1c 0, 1

PSB = _...E = —_— = — [9]
QO I(ZMBQD kZ'MB
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11. Additional analyses

The original system diagram can be readily extended to the following :

s % o A I I Ko C ks

—_— —! 0

Reservoir C can be treated in an analogous manner to reservoir B to
vield the differential equation

M
—L-ke, -k,
dt Me
dc M
Ly k,Co =k, = T
dt M
C
d M
k.t B k.t
or — (83 CC) =k, e 3 CB
dt Me

Butfrom equation[4]

k
() - 1% (e'kzt _ e'klt)
M, (k= k)

which we can substitute above to yield

d

M k
— (eka t‘:c) Sk, B 1% {e(ka- k)t _ o (kye kl)t]
dt Mo Mk - k)
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therefare
k. %0 e(k3_k2)t e(k3'k1)t

(k= kM | (kg k) (ky= kyp)

k -k )t k -k )t
oKate = kyk,Q, [(1-9(3 1))_{1-8(3 2) )il
(

-k t -kt “k,t -k, t
Q k.k (e7*3*-e17) (e 37-e 7
or Cc(t)=——°-. Lz [ - ][10]
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1 1 1]
' = Q k_k kK Tk 'S E';
I, =J C(tyde = 2. 12 e
0 - - -
M(: (k2 k1) (kl k3) (kz k3)
% _ Kk (ko k) eym k)
Mc (kz— k1) klka(kf k3) k2k3(k2— k3)
=Q_o’ k%, _(kz- k,)
MC (k_= k1) klk?k3
Q
IC, = = (111
MCkS
12. Direct solutions forintegrated concentrations
We are given above in equations [1] and [2]
dC
A -k.Cp (1]
dt
and
dC M
B . _A -
Ty GRS (2]

Integrating both sides of equation [1] between the limits t=0 and t=
we obtain :
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A L. ” )
j LT -klj C ot = -k,IC,
g dt 7

or C

>

ar

For a pulsed release to reservoir A, assuming rapid mixing, we know
that:

Qo
C (0) =
A M
A
and on inspection of the system as a whole, it is seen that CA(®} =0
Therefore:
Q
-8
kIICA = . 0
A
or
Qo .
I, = —— as equation [5]
A kM
1A above
Similarly from equation [2] above :
M

- =k A -k IC
Cale) = C4(0) klM Ic, -k, IC,
B

but we know that for a pulsed release to reservoir A, Cg(®) = Cg(0) =0

42



Appendix |
Therefore: M

substituting for ICa from equation[5]

Qg as equation [6]

ICB = above

k?MB

This procedure can also be applied to the more general case when a
source of strength q(t) acts for a finite time such that

rq(wdt = 9
0

is finite. Q is the total intake of material from the source.

The appropriate equations when the source acts on reservair A are:

dC g{t)
A= —— - k€, 1
dt M
A
and

dC M

B A
—= =k —C -k.C 21
dt 1 MB A 2B

Integrating both sides of equation [1'Ibetween the limits t=0 and t= e
we obtain:

CA(t)

[+3] .I [eh) -]
=~j g (t)dt - klj Cydt
0 MA 0 5
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or

Q
Cylw) = Co(0) = — = K IC,

MA
Qg .
Let us assume CA(0Q) :mand arguing as before Ca (@) =0
Therefore -
]
1IC, =—— (0, +Q)
A 0 3’
klMA 137

In this case the exposure commitment for reservoir A, ICa, depends on
ki, Ma, Qo and Q. Qp is the initial amount in reservoir A. Q is the total
intake to reservoir A from sources.

Similarly from equation [2'] we obtain:

MA
CB(W) - CB(O) = k1 — ICA— kZICB

MB
as before : Cal=) = Cg(0) =0
Therefore: LI = MA 1
21Cg = ky —1Cp
MB

and substituting for ICa we obtain:
1 )
I, = — (0 +Q
B 0 .
k Mg (4]
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Itis instructive to demonstrate the formal connexion between the above
treatment and the treatment appropriate for steady-state situations.
The steady-state equations can be derived from equations [17] and [2']
. dC dC . .
by setting —dtéand TIB to zero and replacing q(t) and Ca and Cg with
* *

steady-state values g, Ca and CB respectively. We then obtain the
following equations:

q * .
0 = }-1_ - kL, (11
A
MA * * "
0=k, = C, -k, (21
M
B
" * ]
From [1"]: ¢ = —— (q) 3"
Ay
1A
_ koMo o, ]
From[2"] c; - 1A Cp = (q) (4"
k, Mg kMg

By comparing [3] with [3"] and [4'] with [4"] it is seen that the
relations obtained are structurally similar, with |Ca and 1Cp replaced

+* *
by Caand Crand (Qg + Q) replaced by q.

In some of the examples in the foliowing appendices, the steady-
state procedure is followed as this correspends more closely to
situations of practical interest. However, it is emphasized that the same
set of equations would have required solution had the direct procedure
for integrated concentrations been followed.
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Kinetic analysis of model sequence 2

1. System diagram

Q9 A ky B ka2 1 ¢

2. General assumptions — see Appendix |

3. Initial conditions, (t =0}

CB(O) = 0; CC(O) = 0; CD(O) =0

4. Graphical description

L i —

t=0 t (time)
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t=0 £ (time;

5. Mass conservation relations —asfor Appendix |

6. Relations between parameters and variables - as for
Appendix|

7. Application of general refations to the system of interest

In this case there are two output fluxes from reservoir A, one to reservoir
B and one to reservoir D, [n the case of reservoir B, there is an output
flux to reservoir C and an input flux from reservoir A,

. d0,
ie. E— = - k]QA - k0,
d “
an okl
M, C
ATA
or i K MaCy = K MCp
M c
and BB _ .
" k MCp = k,MCy
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e R - (kg k0, M
dt v
dc M
and N 12]
dt My 2

8. Solution of equations[1] and [2] for Ca(t} and Cg(t)
Equation [1] can be rewritten as

1 dc
— L)
€y dt

This is the same equation as in Appendix | with k4 replaced by (k, + kg}
.+ . the solution is:

C (t) :EC_E‘(kH kilt

A
MA

(3]

and again following Appendix | and from [2] and [3]

dc Q
B ik = Ky 1 elkat ky)t
it B My

multiplying through by ekt

dc Q.
it Loy ate Ly e(k;‘- (% + kz))t
T m
B
d
ket oy &e(kp- (K, + k3>>t
dt B My
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integrating with respectto t

k. Q o
ek?tCB - 1 e(kz (ki + kg))t LK
MB(kP- (k]+ ks))

kK Q r . _
C(t) = o ket | (k= k3)t] "
MB(kJ+ kyw k)

9. Integration of Ca(t) in equation [3] and Cg{t) in equation [4]
to compute [Ca and ICR
As in Appendix |, making suitable substitutions

I¢ Yo

a0 5

AUM (ko + k) (%)
A 3

k Q, _1__ 1

1

ICB _
MB(kIJrks-k:’) k2 k1+K

k Q, (k )+ k- k)

Mglk + k- k;.) k. (k+ k:a)
49



Appendix Il

IC

10. Computation of transfer coefficients Psa, PaB. PsB

B

M ok

B ?(k1+ k3)

leO

(kl+ kg)M
K 5 %
A kl_ MB
k

50
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Mode! sequence 3 —steady state analysis

1. System diagram

e a ]k

§ —

PR
ol

2. Genera! assumptions —asforAppendix|

3. Initial conditions

As we are concerned with a steady-state situation, the relevant
conditions are :

4. Graphical description of solutions
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Cylt) c
t (time)
b. Mass conservation relations -- as Appendix | except for

continual input, q, to reservoir A

6. Relations between parameters and variables - as Appendix |

7. Application of general relations to the system of interest
By considering the input and output fluxes from the four reservoirs A,

B, D and E we can write

dQ,
PR
dQB
—CI = kiuA + er - k7QB
4q
— -k, - k0
dt ] d
a0

E = -
G b T
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But we can write Qx = MxCx for each case and divide through by Mx
to vield the following equations :

—P kK, (1
. =]
dt MA
dC M M
By Ayxce Eogg (2]
dt 1A y STEy 2B
B B
dC M
—2 -k, Lok, (31
dt UM '
dc M
~E ek kG (4]
dt ME i
. . ‘ dC
but in the steady-state situation, X .0, x=A-E
dt
..we can write
49 *
0 =— - (k;+ k»‘,)CA [5]
M 1Tt
A
M M
0=kct Ak fowd 6]
1A M ¢ E M 2 B
B B
M
0=kC -2-kC( (7]
A 4D
MD
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where Cx for X = A— Eis the steady-state value of Cx.
From eguation [b]:

o= i
.
(ky + K, )M,

substituting equation [9] into equation [7] we obtain:

(_‘,* ) k3 MA o
DT Tw 1
k" MD (k]+ k_i,MA
*x k q
or C =

3
Ko (kyw ko)

Substituting equation [10] intc equation [8] we obtain:

C -k“ﬁkt«l !
k., ME ko Mo (k+k )
k3 1 q
or cr o= . —

54
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substituting equations 9] and [11] into equation [6] we obtain;

M q Mk 1 q
k0 =k A sk L£-2 —
NIB (k +k3)M M k5 (k}+ k3) ME
k 1 q k 1 q
or C; =L S —_ = .
koo krR) Mk (kR M
q k k
or C; = B - |
Mok sk \K, K,
qlk,+ k)
Mk + k),
q
= — [12]
Bokm
2B

10. Computation of transfer coefficients from the steady-state

concentrations
c* 1
" A L [13]
q (k1+ k3>M
¢ k+ k. \M
p- B 1 31 A {14]
AB  ¢* k M
A 2 B
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*
" 1
o . _B_ 115]

- S
a kM

12. Direct solutions for integrated concentrations (pulsed
emission)

Equation [1] above can be modified to suit a pulsed emission situation
to the following form::

dc
_d?’* = - (K k,E,
Hence
Cu(t) | = -(ky*ky)Ic
i)
QD
But (0} = v and by inspection Calend =0
A
0--L= -(k+ k)IC
M
ICA 1 1
— e —, — = PSA as equation [13]
G, kit k) My ahove
Similarly, from equation [3]:
N I
0 D
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But Cp{0) =Cp{ =) = 0 and substituting for ICx from above we obtain:

k“ Qﬂ
o - Mo (k. + :j?
D 1T
and from equation [4] :
e MD
Celth | = k10, — = k,ICg
9 ME

so that:
k Q. M 1
IC =k, . — — 2
MD (k1+ ka)ku "TE kJ
k 1 Q
ar ICE S -
k. (k+k.) M . .
; 173 E (corresponding with
equation[11])
From equation [2] :
CB(t) - kl M_ ICA + k5 M_ ICE - kZICB
¢ B B

following a similar argument tc the above :

¢ 0 k Q
ICk, = el

1
B2 Ty L .y oy
My (kv k) Mg (k)
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0 1 (k. + k )
or ICg = -2 L3
MB (k1+ k3) kz
N T ',
3:)
R kMg

as equation [15]
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Kinetic analysis of model sequence 4a

1. System diagram

kl
. —>jB k,
—_— —_—
k

2. General assumptions — as for Appendix |
3. Initiat conditions

C,(0) = =5 Cg(0) =05 C(0) = 05 C,(0)

I

4. Grapbhical descriptions of soilution

t=0 t (time)

b9
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t=0 £ (time)
5. Mass conservation relations — as for Appendix |

6. Relations between parameters and variables — as for
Appendix |

7. Applicatien of general relations to the system of interest

In this case there are two autput fluxes from reservoir A, one to reserveir
B and one to reservoir D. Reserveoir A receives an input flux from
reservoir B. Inthe case of reservoir B, there are output fluxes to reservoirs
A and C and an input flux from reservoir A.

dQA
or at K@y = G0 * K0
dQB
and m =k 0y -k - kG
dMm_C
N i
or " = klMACA kaMACA + kuMBCB
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aHC,
and T T KM M - kg
ac My
e A k) R, — G [
dt b M
A
dc, M,
and — -k Lo - k) g [2)
¢t Mg

8. and 9. Solution of equations {1] and {2] for 1Ca and ICB
For analytica! convenience fet:

a= k1 + k3
b= k4
= k1
d =Koyt ke
Ca =x
Ce=vy
dx d?x dy d2y
Using the notation X = — X =w—p y=— ¥ =—
dt dt dt dt

etc, and substituting in [1] and [2], we obtain the equations:

M

>’<=-ax+b——%y 11
MA
M
y=cLx-dy 2]
MB
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differentiating [1'] and [2'] with respect to time, we obtain .

M
. . B .
X=-ax+b-—y 3]
MA
M
j-cLx-dy (41
MB

by substituting for y from [2'] into [3 ] and by substituting for x from
[1/]into [4] we obtain :

M M
X —a>'<+b—E c—Ax—dy [5]
MA MB
. My / Mg
§=c—{-ax+b—y| -dy (6]
MB MA

Similarly we can use [1'] and [2'] to replace y and x respectively in [5]
and [6] to abtain:

MB MA
X = -ax + bcx - db — (X + ax) — 7N
MA bMB
MA MB
and Y=-aC——(S/+dy)——+bcy-dy (8]
MB CMA
or X = - ax + bcx - dx - adx

(9]
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¥y = - ay - ady + bcy - dy [10]
e %+ {a+d)k+ (ad - be)x = 0 1111
§+ (a+d)y+ {ad - bc)y =0 2]

These are homogeneous second order differential equations which can
be sclved by standard methods.

If we let: m=a-+d

n = ad - be

the standard equations are ;

X +mk +nx =0

and V+my+ny =20

The general solutions will be of the form :
x(ty = AeMit 4 g et (13]
y(t) = ceMt L pefat (14]

where A, B, C and D are constants determined by the initial conditions
and r, and v, are the roots of the equation

r’ +mr +n =20 [13]
{2
-m +~m° - 4n
rl = —
ie, z

—

2
-m -~m° - 4n
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Note also that: r.+r = -m

The solutions for[11] and {12] above will differ ant account of differences
in the initial conditions for each variable.

Identifying x with Ca and y with Cg, let the initial conditions be :
x(0) =« x(c) = 8

y(o) =0 ylo} = v

. from [13]and [14] we obtain:
@ =A+B

0o=C+D

differentiating [13] and [14] yields :
(t) = ar et 4 Br et (153
yle) = cr &Mt spr &Mt [16]
and substituting the initial conditions
B = Arl + Br2

\{=Cr]+Dr
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by solving these equations we obtain the following values of A, B, C
and D

P“_O‘r?
A =
r -r
1 2
aro- g
B = —1
o
Y
C = -
L
-y
D =
ro-r

2 - ar ar_ - B
¥ = 2 erlt . 1 erzt 17
r -r ro-r
1 2 ) 2
¥ Y
r.t r.t
y=|——]e 1" - [———]e 2 [18]
r -r r -vr

2

Without substituting at this time the values of ry and rs;, we can inte-
grate these expressions for x(t) and y(t) over time to obtain:

8 - ar, 1 ar, - g 1
e[ ———] [-— |+ [———) |- — [19]
r
1 2 1 1 2 2
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or

or

or

¥ 1
R " "
Iy - —rZ(B - ur?) - Pl(ar - 3}
(r =) r )
- —r‘z"( + r‘IY
(r, - r)r)(r)
- —u(rlz - rz?) tR(r, -
(r = ()
Iy - y{r, - r,)
(r, = r(rr,)
—a{r, +r. )+
I = ! 4
rr,
y
¥ = ——

[20]

(211

(22]

[23]

{24]

[25]

[26]
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Equations [25] and [26] show that we can calculate {X and IY when

we know {r, +ry) and rir; rather than ry and r; independently. (x; +r3)
and rqr; are readily obtained frem {13'] as explained earlier.

i.e.

r+r_ = -m
12
r.r, =n
m=a+d
but
n=ad - bc
r+r2:—(a+d)

Similarly, substituting fora, b, c and d

(ry+r,) = =(k+ kot k4 k,) (273

rr, = (k1+ ka)(k2+ k”) - kuk1 = ¢, say [28]

since x=C and y=0C , IX=1C , IY=1IC
A A
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Q
Also X(O) = CA(O) =q = _U [29]
M
A
.. from equation {1]
» Q0
x{0) = CA(O) = f = -(k1+ ka) — [30]
M
A
and from equation [2]
. Q
0y = C0) =y =k = [31]
MA

From equations [25] and [26] substituting for «, B, v, (11 + r2) and (rir3)
we obtain

Q Q,
— (k1+ k?+ k3+ kq) - (k1+ ka) —
ic, - A i
A i
(k1+ kg)(k2+ kq) klk“
Q (k,+ k)
ar Ic, - =L : & (32]
| (e ke k) = Kk,
k,Q
and I = — Lo [33]

B -
M, kk1+ k)l + k) klkJ
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10. Computation of transfer coefficients

ic Kok,
Py = 2 (341
Q, [(k1+ Okt k) - klkq] M
I kM
PAB = J = h__i_ﬂ [35]
1, (Kt kMg
Ic, ks
- (36]

Bkl+rk3)(k?+ k) - Klkq] My
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Model sequence 4a: Steady state analysis

1. System diagram

K ——
Q — > k,
§ — ] A B |— | C

I

k 3

B
2. General assumptions

In contrast to the case in Appendix IV-A, there is a constant input rate,
q. of pollutant from source, S, to reservoir A.

3. Initial conditions
Since we are dealing with a steady-state situation, the relevant con-
ditions are that the concentrations, Ca and Cg, do not change in time,

4. Graphical description of solutions

C,(t) c;

t (time)
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L —_— ) - n 1 n i

t (time)

5. Mass conservation relations — as for Appendix IV-A except for
constant input, g, to reservoir A,

6. Relations between parameters and variables — as for
Appendix IV-A

7. Applications of general relations to the system of interest
In this case, reservoir A receives a constant input, g, from S in addition
to the inputs and outputs in Appendix IV-A.

This leads to the equations:

dC q M
AL L o k+kC, vk B (1]
dat M 1 "37A by B
A A
dc M
B A
—~ =k, —C, - {k+kC 21
dt 1y A 2" "uivp
B
dC dc
In our case L 0; B 0
dt dt
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* *
The steady-state values Ca and Cg are thus obtained by solving the

equations

q M
0= - (k,+ k)C*¥ +k -2¢*
M 1 307A ‘M B
A A
M
A *
0 = ky = Cp = (k,# k,)CH
MB

8. Solution of equations [1'] and (2'] for Ca and CB

From [2]

.* . substitution in [1°]

q k.M. . kM
Oz__cz k1+k3_M
MA MA . MB(k2+ ku)

q o (ko+ k) {k,+ k,) - kK,
A

MA k7+ ku

c; k.+ k

CA 7 4
q [(k1+ k) - klk!:IMA

= Pga from equation [34] of Appendix {V-A

72
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[21

{31

(4]

(5]

(6]
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Again from equation [2'] and substituting for Ca from equation [37]

kM
c; o rA C; 171
MB(k?+ ku)
or
o KM g alk,+ k)
Bk r k) k4 kk+ k) - kK M (8]
plf,* k) [< Rk 11.] A
L€ cr k
B 1
- X 9]
o Mg | (ko kot k) - kK
= Psg from equation [35] of Appendix IV-A
Again P - PSB
AB 5
SA
My kl
=— . (10}
M k + k
B 2 4
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Kinetic analysis of model sequence 4b

Consider the case when the single pulse emission is to reservoir B
rather than to reservoir A as above.

The system diagram is shown below, (i), and compared with the
previous case, which is shown in (ii).

ks k,
A SAN EENCENG B

k

y

4 I —
0y k, Uy Ik ]
RGN Y B PR s s s A sl Dy
(i} {ii}
System (i) is structurally the same system as (ii). It only differs in
the labels given to the corresponding reservoirs and the rate constants.
Thus the results of the kinetic analysis can be readily obtained from the

previous case by a suitable transformation of variables which is
indicated below :

Case (i) Case (i}

A B

B A

c ()

D Cc
K4 1 9
kz k3
|(3 |(2
k4 k1
Ma Mg
MB Ma
s’ S
Q' Qo
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Thus we can transform the results for the transfer coefficients from
the previous case (IV-A, equations [34], [35] and [36]) to yield :

k + k
P 17 "3
> B K+ k. )k +k kk | M (
[(1+3)(? u)_lu]a
k
L
Pty = 2]
[(k1+ k) (kyt k) - klkh] M,
(ky+ k) My
Pag = L . [3]
k MB
k M
y B
(TS @
(k1+k3) A

75



AppendixV

Model sequence 5 — steady state analysis — simultaneous
releases to two reservoirs

1. System diagram

2. General assumptions
There are two sources of pollutants. S continually inputs to reservoir A
atrate qq ; S’ continually inputs to reservoir B atrate qs.

3. Initial conditions

As this case concerns a steady-state situation, the relevant conditions
are .

t.(tim(le)
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" L

t (time)

5. Mass conservation relations — as for Appendix iV-B except for
additional simultaneous input to reservoir B
6. Relations between parameters and variables — as for
Appendix |
7. Applications of general relations to the system of interest
dQA
— A kT kR, kG
dQB
a_'t_ 4 * kIQA - szB - kqQB
dMm C
ATA _
or =4, (k1+ k3) MACA + kuMBCB
dt
dMBCB
and PO I MGy = (gt k) Mely



AppendixV

dc q M
AL (k + kg)CA+k‘,CB—B" i1
dt M MA
dC q M
—B = 7k k)G kT, 2 i2]
dt MB MB
8. Solution of equations (1] and [2] to obtain steady-state

*
concentrations Caand Cg

In the steady state

dC dc
A -0 and ,B_;o
dt dt
M
q B
ie 0=+ - (k,* k3)0;+ K‘Cgf i3]
MA I
q M
0 =2 - (k+k)ch+kct -2 (4]
M 2 L'7B IAM
B B

Substituting from equation [4] for Cg into equation [3} we obtain:
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or ==+

o (kp+ k)t k) -k, _ j_ (k* ko kq,
A ' .
(k+ k) M Ktk

A 2

1 (k+ k Ja,+ k g
L‘; . 27 Tyt Bytp (5]
MA (k1+ ka)(k2+ k“) - klkl+

*
Substituting this value of Ca into equation [4] above,

o t Qo KMy L (Kot K lay+ k4,
OISR R R N S S I
_ 1 l q?_(k1+ ka)(k2+ kh) - Gk k ok (ko+ k”)ql+ klk“q2
(kyt k) M (kp+ Kkt k) = kk,
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. 1 k1q1+ (k1+ l<3)q2
CB - K K K [6]
M (k1+ k3)(k2+ u) Ty

9. Simplification of result by using the ratio of source
strengths g, and q..

Leta; = Rgz
and @ = (ky + ks) (ko + ka) —kikqg

then equation [5] becomes:

1oy ik,t k)R, + kqu

M o

a, ku(1+R) + Rk
or Cp = = |—— (7]
M ¢

Similarly from equation [B]

. 1 kqu2+ (k1+ ka)qz
5= —
My ¢
g. |k (T+R) + K
or C; S (PO T 81
MB o]
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Let 9- =g +
(5] T ql q2

Gy = Reytq, = q,(14R)

. - qT
ie. qQ_=——
< (1+R)

Then we can wtite equations [7] and [8] in the form:

o ar _ k“(]+R) + sz 9]
M (1+R) b

.

N Gt (kl(HR) + kg

' [10]
Mo (1+4R) ]

* *
10. Computation of total transfer coefficients from Ca and Cs
accounting for all input fluxes (q, and q;)

O e )+ RG]
S L. P — 1

PSTA q M (1+R) s

T ‘ A

Gy |ku(R) + kg ] T
P, = 2=

B [12]

T, 5 Mg{14R)
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* P

CA S_A kq(1+R) + Rk | My 13
TBAzi_w: _WM_ 13l

CB PS 5 k1(1+R) + ka A

T

¢ Pss xRy +k, M
p __E!_va:__l____L’A 114]
T AB *

CA PSTA ku(1+R) + Rk2 MB

Illustration of superposition principle

Equations [11] — [14] above could alternatively have been derived from
the results obtained in Appendix IV-A and Appendix IV-C by invoking
the superposition principle. This approach is illustrated below in the
case of Pga using exposure commitments (Ea. Ea) and total inputs from
sources (Qy, Q).

From Appendix IV-A, equation [34]

. :_EA:k2+ku
Q, ¢ M

A

where po= (kv k) k) - kK,
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or [

Thus: Ep t By = T T T
oM, XN
RQ 2
But: R=10/0° sothat Q_= T and Q] = L
ot o Y (1+R) T (14R)
where Gr =0, +0Q,
, Q Rik + Kk ) k
Therefore : E o+ EA AN PR
A Mol (1+R) (14R)

[';MA (1+R)
E.+E
But PS A= A A by definition
T Qr

k, (14R) + R k_

Therefore Pg , = r =
T [\k1+ KK - k]kh] M, (14R)

i.e. the same result as equation [11] above.
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This analysis shows how complex multiple source situations can be
handled in the commitment framework as a set of situations each of
which involves only one system of sources. The overall result is
obtained by superposition.

11. Additional analyses: substitution for rate constants and
application to the mercury case study

Using the results derived in the main text (p 21)

Vd
ky = —
h
Vo+vv
k=L F.o
- z Z
y
-k =49
k, =k, = -
VV
k, =~
‘oz

A =continental atmosphere
B = soil

C = freshwater sediments

D = oceanic air

] v v
b =l—+ =¥+ - =7
or h on/\z 7/ n oz
y
d
no= = 2V +V>
or b " (,‘ v



.. substituting into equaticn [11] we obtain:

v, v,
— (14+R) + R X
) z z
PSTA . _
T+R)M v
( ) A 7d ( V |+ VV)
hZ '
L A
i h VV{HR) + va.)
Vd(HR)MA ZV‘D“L VV

Also substituting into equation [12] we obtain :

v )

R Y
1 h h
D - .- .
0 RMg | Yy
9 ey, 4 v )
hz YV
z '+1 +R

Appendix V

[15]
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Substituting into equation [13] we obtain:

vy v,
N — (1+R) + R —
S :
T BA *
c M v v
B Al 4,9
h h
_ Ev‘l_g L \!V+ VVR + Vf;"R
MA Z\Jd 1+1+R
M bV + RV + V)
B i
MA ZVd 2+ R

We identify A with the continental atmosphere, {ac), and B with soil,
(s). The velume of the continental atmesphere is:

where o¢ is the area of the continents and h is the height of the
atmospheric reservoir. This gives the proper dimensions for concen-
trations of pollutants in the atmosphere, i.e. amounts per unit volume.
The mass of the soii reservoir is

Mg = o 2oy
where Z is the depth of the socil reservoir and ps is the density of soil.

The concentration of pollutants in soil is measured in amounts per unit
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mass of soil. Substituting for Ma in equation [15] we obtain:
1 V. +R(V+ V)
Vv Vv iy

p = 18]
T (1+R)VdoC ¥+ VV

Substituting for MB in equation {16] we obtain

1 2 +R

s s T - 119
518 (1+R)0Ccs ZV$+ VV

Finally, substituting for Ma and Mg in equation [17] we obtain:

o ZQS h VV+ R(VV+ VLU)

C
TPS ,aC - 5 h --27 2 + R
¢ d
c vV + R(V + V“‘)
S A S [20]
Vd 2 +R

87



Appendix VI
Model sequence 6 — Steady state analysis

1. System diagram

k k
§ | A L :

2. General assumptions — as for Appendix |

3. Initial conditions
The appropriate conditions for a steady-state situation are:

dC _ dC _ dCC dCD ' dCE

dt dt dt dt dt




Appendix VI

t (time)

5. Mass conservation relations

These are similar to thase in other appendices. The recycling iocp
(B — D - A) means that reservoir A receives an additional input from
reservoir D. The flow from D to E means that some of the net flux along
the main pathway (A — B -- C) is diverted through D to E.

6. Relations between parameters and variables — as for other
Appendices.

7. Application of general relations to the system of interest

Flux conservation can be applied to reservoirs A, B and D to yield the
following equations:

dQA

I K% KD,
dQB

— =kQ, -kQ -k?Q
dt 18 B 4B
dQD

P K05 - .0y - k.G
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but since Qx = MyCyx, we may reorganize these equations into the

following forms

dc q MD
T GG
dt MA Mg,
dc

dt 17A MB »7B i
dc

_b. k Cq rME - (k+ kf')CB
dt ! M )

m

121

(31

8. and 9. Sclution of equations [1], [2} and [3] for the steady-

state concentrations

dC
From section 3 above — = 0 where x = A, B, D equations [1] to [3]

dt
then become :

q M
D=--—I<1C; + k.,Cp =L
M UM
A A
M
0= k]c; — - (k+k)C
Mg :

. e R
0=k — - (k+k)C
LB M 3 5
D
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from 4] q M 1

p=l S

.~ . substituting in [8]

M q M 1
K, B — ko2 — s koK C
] M M 3°D K 2 7B
B A A 1
* 1 *
or (g + kchMD) — = (k,+ ku)CB
M
B
q M
e = [tk ok yeh - — | 2
S T
B 30
which on substitution in [6] yields :
M g | w
kCh === (k+ k) Hlk kO, - —| —=
Y 3 bl ¢ -
M MB kBMD
(kt k) (k. + k) g
* 1
or k‘HCB R M C; - (k3+ k)
k pel k M
3 38
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(k+ kO k,+ k) - kk, {(ko+ k.)q

- =
B

k.‘x RSMB
o {(k+ k) _(L

8 Bk]+ kO (k k) - kahl M,

Hence:
o (Kt kMg | (k&) ]

0 :

7]

qJ q
k, M, Bk3+ k(k,* k) - k3ku] ot kM

4 (k2+ k!t)(k3+ kr)) j (k3+ ks)(k"‘!. kl—}) - k3kl+

k M (K, k) (k+ k) - Kk,

¢ = — 4 L

Bk3+ ke k) - k3kh] My
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q [(k3+ kK - kgkb] My

93

A + kaM‘D . y s
kM, kM [(k3+ Ok k) - k}k&] M,
q | (k_+ kﬁ)(kﬁ’ k) -kk +k k
M|k, Bk?+ k ){k+ k) - kskh}
o (k3+ kg)(k?+ k“) q .
AT o [9]
K, Bk3+ O k,* k) - kgkq My
10. Computation of transfer coefficients
c (k + k Yk + k
PSA _ _ﬁ - K e} 2 ‘+) [10]
ok [(k3+ k) k,= k) - kzku] My
cr k M
Pag = 7 = —— . (1]
Co o (kr k) My
o (k + k)
- B 375
Peg = — = 2]









