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A fugacity-based methodology is presented to predict the fate of spilled oil in the marine
environment. In the proposed methodology, oil weathering processes are coupled with &
level IV {dynamic) fugacity-based model. A two-compartment system, comprised of water
and sediment, is used to explore the fate of cil in a marine envirenment.

During a spil], cil is entrained into the water column due to natural dispersion, which is
considered as the primary input source to the water compartment. The direct input to the
sediment compartment is assurned negligible. However, the water column acts as a source
to the sediment compartment, Unlike the conventional multimedia modelling approach,
the impact area is not predefined. Instead, the oil slick spreading process determines the
contaminated area growth. Naphthalene is used as a representative cil compound (an
indicator) to demonstrate the application of the methodoclogy.

The current study suggests that the water compartment response to the chemical input
is faster than the sediment compartment, The major fate processges identified are advection
in water and volume growth in the sediment,

© 2007 The Institution of Chemical Engineers. Published by Elsevier B.V. All rights reserved.

1. Introduction

contaminant on the sea surface, and to predict water column

Development of coastal ofl spill contingency plans requires
prediction of the fate/transport of oil in the marine environ-
ment, A marine system is a complex muitimedia environment
that can be divided into three main (henceforth referred to as
buik) compartments, namely air, water, and sediments. These
bulk compartments contain sub-compartments such as
suspended sclids and biota in the water column, and solids
and water in the sediment compartment,

The transformation of oil, which is also known as weath-
ering, is associated with a wide variety of physiochemical and
biclogical processes. Mackay et al. (1980) developed semi-
empirical equations to describe the weathering processes.
These equations were subsequently incorporated into the fate
sub-model of a natural resource damage assessment model-
ling system for marine and coastal areas (Reed, 1989). The sub-
model was designed to estimate the distribution of a

* Corresponding author. Tel.: +1 709 737 8939; fax: +1 709 737 4042,
E-mail address: fkhan@engr.mun.ca (F. Khan).

and sediment concentrations. Sebastiac and Scares (1995}
transformed the time dependent weathering algorithms of
Mackay et al. (1980) and Reed (1989} into a system of
differential equations. They solved a system of model
equations numerically to describe spreading (area growth),
evaporation, volume balance (accounts for the volume lost by
evaporation and by natural dispersion into the water column)},
water incorporation, and viscosity increase with time, How-
ever, the work was limited to modelling the fate of surface oil
and did notinciude the dispersion of oilin the water column or
sedimentation to the sea floor. Huda et 2l (1999) combined
sub-modules for oil slick dynamics at the water surface, 3D
transport of the oil phase in the water column using the
conventional advection-diffusion equation and cil sedimen-
tation at the seabed.

During the Iast two decades, a fugacity-based approach in
modeliing the distribution of contaminants in a multimedia

ChemF

0957-5820/§ - see front matter € 2007 The Institittion of Chemical Engineers. Published by Elsevier B.V. All rights reserved.

doir10.1016/j. psep.2007.10.002




142 PROCESS SAFETY AND ENVIRONMENTAL PROTECTION 86 (2008) 141-148

environment for complex ecological systems has been studied
by various researchers (e.g., Mackay et al., 1983; Mackay, 19%1;
Mackay et al,, 1992; Sadiq, 2001; Sweetman et al., 2002}, Sadiq
(2001} used fugacity- and aquivalence-based approaches for
determining the fate of drilling waste discharges in the water
column and pore water of sediments in the marine environ-
ment. Sweetman et al. (2002) determined the fate of PCBs in
the multimedia, also using a fugacity-based approach.

A fugacity-based approach is an effective means to study
the behavior of organic chemicals in & multimedia environ-
ment because of its capability to handle an enormous amount
of details on environmental transport processes and dispersed
phases {sub-compartments) within a bulk compartment.
However, the fugacity approach is based on low chemical
concentrations in the media (Mackay, 1991). Qil spills usuaily
have high concentrations of chemicals and thus the validity of
the fugacity-based methodology can be questicried. Of note,
however, is the fact that we employed the fugacity approach to
model the low-concentration oil fractions which enterinto the
water column due to the natural dispersion weathering
process. The fate and transport of the high-concentration
surface oil slick is modelled using existing weathering
algorithms,

The current paper propeses a new methodology, which
combines the aforementioned weathering algorithms with a
level IV fugacity model, to predict the multimedia fate and
transport of oil for a batch spill scenario on the water surface.
The application of the proposed methodology is also pre-
sented.

2, Model formulation

The current study has drawn upon the work of Sebastiao and
Soares {1995) in modelling the oil slick physiochemical
weathering processes, namely spreading, evaporation, natural
dispersion and emulsification, Here, however, the multimedia

" oil fate in & marine environment is predicted by employing a
level IV fugacity-based model.

A marine system is considered as an evaluative environ-
ment consisting of two bulk compartments - water and
sediment. [t is assumed that the water compartment contains
homogenous dispersed phases (sub-compartments) of sus-
pended solids and biota, and the sediment contains sclids and
pore water. In a conventional fate modelling approach, the
dimensions of the evaluative environment are predefined
(Mackay et al., 1983; Sadiq, 2001; Sweetman et al,, 20032). The
contribution of the proposed methodology is that it allows the
growth of the water compartment to account for an oil
spreading mechanism. The praposed methodaology also takes
into consideration the various environmental transport
processes within the control volume (such as transport due
to currents and degrading reactions).

The oil weathering processes and the level IV model are
discussed in the subsequent sections.

2.1, 0il slick weathering modelling

API (1999) lists 10 weathering processes for the fate and
transport of a surface oil slick. These include: (1) spreading, (2}
advection, (3) evaporation, (4) dissolution, (5} natural disper-
sion, (6} emulsification, {7) photo-oxidation, (8) sedimentation,
(9) shoreline stranding, and (10) biodegradation. API (1999} also
presents the concept of a generic timeline for the weathering

processes, Among these weathering processes, on the basis of
the order of a few days and under calm sea conditions, four are
considered to be of particular importance (Sebastizo and
Soares, 1995): spreading, evaporation, natural dispersion, and
emulsification. In this section, the existing algorithms to
model the weathering processes are presented.

21,1, Surface spreading and aduvection

The rate of change of surface area of the oil slick is based on
the gravity-viscous formulation earlier proposed by Fay {1969)
and Hoult (1972} and later modified by Mackay et al. (1980}, The
rate of spreading is calculated as:

da Vm 443
et e Ky AY? {m] (1

where A;g = area of slick {m?), Vi, = volume of spilled il (m®),
K, = constant with default value of 1505~ (Mackay et al.,
1980},

Allowance is usually made for the loss of volume in the
spreading rate expression as a result of evaporation, dissolu-
tion, and dispersion. A prerequisite for spreading of & crude oil
is that its pour point should be lower than the ambient water
temperature, The spreading process is generally ceased at the
terminal thickness of 0.01cm for heavy crude oils and
0.001cm for lesser viscous substances such as gasoline,
kerosene and light diesel fuel (Reed, 1989), The model assumes
circular slicks of uniferm thickness h, which can be calculated
as:

Vi
= Ky @

Advection is the movement of the oil due to the influence of
overlying winds and/or underlying currents (NRC, 1985), The
advection or drift velocity V can be calculated from the
following expression (Hoult, 1972):

V= a’w‘?w + Otc\-f‘c (3)

where wy =wind drift factor (~0.03), Vw = wind velocity at
10 m above the mean water surface level, o¢ = current drift
factor {~1.1), V¢ = depth-averaged current velocity

In open seas the wind elongates the siick in the direction of
prevailing winds and oil thickness varies within the slick.
However, the totzl siick area can be approximated as thatof a
circular slick. Spreading and advection do not affect the
chernical composition of oil (AP, 1999}.

2.1.2. Evaporation
The preferential transfer of light- and medium-weight
components of the oil from the liquid phase to the vapor
phase is known as evaporation (Exxon Corporation, 1985}
Evaporation is considered to be the primary process resulting
in loss of mass during the first few hours of an eil spill
{Buchanan and Hurford, 1988; Sebastiac and Scares, 1995).
Twa methads are lypically used to compule evaporalion rale:
(i} the pseudo-component approach (Yang and Wang, 1977;
Sebastiao and Soares, 1998) and (if} the analytical approach
(Mackay et al,, 1980; Stiver and Mackay, 1984).

In the pseudo-component approach, oil is characterized by
a set of fractions grouped by molecular weight and boiling
point; this results in different evaporation rates for different
fractions. In the analytical approach, vapor pressure is
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expressed as a function of fraction evaporated. The oil's
evaporation curve is predicted from its distillation curve.
Sebastino and Soares (1998) showed that the pseudo-
component approach provides better results for a light
crude oil. Another study carried out by ASCE {1996)
recormmmended the use of the analytical approach for heavy
and mixed oils. This suggests that the improvements
obtained with either of the methods cannot be applicable
to all situations. [n the current work, we have adopted the
analytical method proposed by Stiver and Mackay {1984)
because it uses a simple algorithm and the required
parameters are readily available from distillation data
(Sebastiao and Soares, 1995). The expression for the volume
fraction evaporated is;

Fo=1n |1+ 8(3Eoenp(a -5 72) [ @

where

. KrAsgt
0= o

Kz = 2.5 x 10~ w078

Fg = volume fraction evaporated, X, = mass transfer coefficient
for evaporation (m/s), W=wind speed (mvs), Vg =initial
volume of spilled oil (m?%, Ty = initial boiling point at Fg of
zero (K}, Tg = gradient of the boiling point, Ty, and Fg line {K},
T = environmental temperature (K}, A, B = constants derived
from distillation data.

Stiver and Mackay (1984) calculated the magnitude of the
constants A and B as 6.3 and 10.3, respectively, using linear
regression of distillation data for five different types of crude
oils,

2,1.3. Natural dispersion
Small droplets (diameter < 0,1 mm) of oil are incorporated in
the water column during the natural dispersion process, The
process occurs due to mixing of oil into the water column,
which is mainly attributed to breaking waves. In general, ¢il-
in-water emulsions are not stable and larger oil droplets
(diameter > ¢.1 mm) may coalesce and return to the surface
under calm sea conditions. Natural dispersion is not a well-
understood process (Mackay and MacAuliffe, 1989},

Reed (1989) computed the dispersion rate per hour by
employing the entrainment formulation of Mackay et al.
{1980}, which is expressed as:

D =D, x Dy = [0.12(W + 1)% x [(1 + 501¥2hs,) | &)

where D, =the fraction of sea surface dispersed per hour,
Dy, = the faction of the dispersed oil not returning to the slick,
W =wind speed {m/s), u = viscosity (cp), h=slick thickness
(m), s = cil-water interfactal tension (dyne/m).

The viscosity of oil is allowed to incresse due to the
incorporation of water into oil (emulsification), which is
discussed in the following section.

2.14. Emulsification

The emulsification process involves the mixing of water
droplets into the oil medium. According to CONCAWE (1983),
a crude oil with relatively low asphrltene content is
expected to be less likely to form a stable ernulsion. The

result of emulsification is not only a large increase in volume
but also a large increase in viscosity (Sebastiao and Soares,
1995),

Mackay et al. {1980} proposed the following expression for
the rate of incorporation of water into an oil slick:

4 o o512 (1. Y
T = 2x107W 1) (1 cg) (%)

where Y =fraction of water in oil, C; =fina! fraction water
content (0.7 for crude oils and heavy fuel cil, and 0.25 for
home heating oil),

An increase in viscosity due to mousse formation is
computed by the following equation (Mooney, 1951);

2.5Y
M= lg EXP [1——(3.3?} )

where ug = parent oil viscosity, which can be calculated with
the percentage asphaltene content Ac as: pg = 224A<13" 2,

Evaparation also causes & viscosity increase, which can be
modelled as:

= po eXp{CaFe} (8

where C, = a constant between 1 and 10, where 1 is for light
substances such as gasoline, and 10 is for crude oils.

2.1.5. Governing equations of the weathering processes
Different weathering processes occur concurrently and
depend on one another, Sebastiao and Scares (1995 modelled
the fate of surface oil onty and did not consider environmental
compartmentation (water column and sediment). Their model
assumed calm sea conditions, and advection of the slick was
not considered, The current study follows the same algorithm
to model the weathering processes. However, the formuia-
ticns of the weathering processes are coupled with an oil
multimedia fate and transport model (which is described in
Section 2.2},

The governing equations used tc model the weathering
processes are as follows (Sebastiao and Soares, 1995):

%FTE = %;giexp (A - ?«. (To + TGFB)) (%2}
%¥x—vn%%—nv {sb)
%% =2 x10°5(W + 1)? (1 —é{;) (3¢)
% = K AV d)

The volume rate of 0il entrained into the water celumn can
be calculated as:

dvent

—— = DV )
& (o0

where V is the volume of oil at a given time and other para-

meters are defined elsewhere in this section.
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2.2,  Fugacity-based multimedia fate and transport
moedels: an overview

This section presenis an overview of fugacity-based mult-
media models; Mackay (1991) has given a comprehensive
analysis of the fugacity-based modelling appreach. Based on
the level of complexity of the problem, Mackay (1991)
recornmended four systems: level I, level It, level 11, and level IV,

Inlevel I, all of the bulk compartments/phases are assumed
te be at equilibrium. A chemical compound is considered as
conserved in that it is neither destroyed by reactions nor
conveyed out of the evaluative envirenment by flows, The
model is written in a fugacity format in which fugacity acts as
a surrogate for concentration, and Z values (also known as
fugacity capacities) establish equilibrivm partitioning for a
chemical in each phase. The level II scenaric requires
equilibrium among all phases (i.e., common fugacity). How-
ever, transport processes such as reaction and advection are
included in the model in terms of D values. At level I,

equilibrium is assumed between dispersed phases/sub-com-
partments but not between bulk phases. The inter-media
transport process between two bulk phasesis accounted forby
inter-media D values. The model presumes steady state
conditions that can be obtained after prolonged exposure of
the system to constant input conditions, Similar to the level It
calculations, level IIf modelling allows reaction and advective
transport of chemicals out of the bulk phase. Mackay et al.
(1983} developed the QWASI model using level 1T formula-
tions. They applied the model to prediet the fate of PCBs and
heavy metals in a lake environment. Sadiq {2001) used the
QWASI model in a probabilistic mode to simulate the fate of
drilling waste discharges in a marine environment.

The level IV approach is an extension of level III, but
accounts for unsteady state conditions, Sweetrman et al. (2002)
implemented the level IV modelling approach to predict the
fate of PCBs in multimedia over a 60-year period, The current
study applies the level IV model in describing the fats of an oil
spill in a marine environment.

et associa
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2,21, Two-compartment level IV modelling approach

Two bulk compartments (i.e.,, water and sediment) are used for
level IV modeiling, where each bulk compartment consists of
sub-compartments such as suspended solids and biota (fish)
in the water column, and sclids and pore water in the
sediments. A system of differential mass balance equations
for the two-compartment model is given as follows:

For water

%(Vazzaz f2} =1z + D fy — (Do + Daa + Dos} f, (19

For sediment

d
E(szm fa) =L+ Do f — (Dpa + Daur + D2} f, {11}

The subscripts 2 and 4 represent water and sediment,
respectively {adepted from Mackay, 1991}, and B represents
the bulk phase. The input rate of a2 chemical compound is
denoted by I; (mol/s). A description and the related equations
for the parameters Z and D are presented in Table 1. The
compartmernt volumes are a function of time so as to account
for the growth of the oil slick due to spreading, Hewever, the
buik Z values are considered constant. This results in the
following system of differential equations:

For water,

d
Zga Va2 —a% =1y 4+ Dyz fy ~ (Dp2 +Daz + D2a + D2} f, (12)

For sediment,

d
Z34Vpq "a"ff’" =14+ D fy — (Dra + Dour + Daz + Dga) f, (13)
where
dv,
Doz = Zp, d:2 (14)
dv;
Doy = Zps d:“ (15)

Eqs. (12) and (13) are combined with a system of differential
equations for the weathering processes and the solution can
be obtained by employing the fourth-order Runge-Kuita
method.

The concentration in any medium can be calculated by
multiplying the fugacity of the medium with its fugacity
capacity; i.e,, the Z-value (for example, Cyap, = f; x 25 calculates
the concentration in fish).

3. A case study

To demonstrate the application of the proposed methodology,
a case study is now presented in which a spill of Statfiord
crude oil of 100 tonne (~120m? in a marine environment is
simulated. Sebastiao and Soares (1995) simulated the weath-
ering processes for this spill and validated their results with
previously published experimental data. The physical char-
acteristics of the Statfjord crude oil used in the current
simulation are presented in Table 2.

The initial oil slick thickness of 0.02 m is fixed arbitrarily as
recommended by Mackay el al., 1980. The subsequent area
calculations are not sensitive to this initial thickness assump-
tion. Use of Eq. (2) leads to the initial area spread of 6000 m?,

Table 2 - Statfjord crude oil characteristics used in the
medelling of weathering processes

The affected area of the water and the sediment phases is
assurmned equal to the area of the surface oil slick, and the area
growth is a function of time. The volume of both compart-
ments is determined by muitiplying the average well-mixed
depth with the surface area at a particular time,

The initial values for both the fraction evaporated and the
fraction of water content in the slick are considered to be zero.
Allowance is made for the loss of cil volume as a result of
evaporation and natural dispersion. The cil volume entrained
into the water column due to the natural dispersion process is
used to calculate the oil volumetric flow rate. The emission
rate l,(t), is obtained by multiplying the oil volumetric flow rate
(Qene) with the molar concentration C; (mol/m?) of a compound
constituting the oi}, i.e.,

I(t) = Qene % G {16)

Because concentration C; is actually a function of the
weathering process, the use of a constant concentration in
Eq. (16) represents a simplifying assumption in the current
work.

0il is a complex mixture of thousands of various
compounds (API, 1999); naphthalene is used as a representa-
tive compound in the present study, with the physiochemical
properties given in Table 3. It is assumed that the oil droplets
remain in the water column and deposit to the sediment only
after attaching to the suspended solids within the water
phase. Thus, in the open sea, the direct naphthalene input to
the sediment phase is assumed to be negligible,

The environmental multimedia parameters used for the
level IV fugacity-based model are provided in Tabie 4. These
parameter values are taken as crisp estimates, and uncertain-
ties that may be associated with the parameters are not
considered in the analysis. To demonstrate the application of
the proposed methodology, a deterministic analysis using
point estimates is justified. However, we strongly recommend
the use of probabilistic/fuzzy-based methods as described
elsewhere (Sadig, 2001; Macleod et al,, 2002) to account for
variability and uncertainty in multimedia models.

4. Results and discussion

The multimedia model output includes time-dependent
fugacity profiles for both bulk compartments (water and
sediment), and concentration profiles for the water column
and fish. Such profiles are conventionally used in calculating
the exposure in ecological and human heaith risk analyses,
The surface oil slick area growth is shown in Fig. 1(a). This
arez prescribes the dimensions of both evaluative compart-
ments at a given time. The slick growth ceases as its thickness
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decreases to 0,01 cm, resulting in a final area of 1.52 x 10° m?
at 225 h. The oil volume curve is also shown in Fig. 1(a}, with
volume decreasing by the processes of evaporation and
dispersion. The dispersion-emuisification formulation (as
discussed in Section 2.1) eventuatly drives the residual oil
(oil not evaporated) into the water column, thus giving the
surface slick a finite lifetime. In the current example, the
calculated surface slick lifetime is 435 {~18 d}.

The emission rate of naphthalene into the water column is
presented as a function of time along with the water fugacity
curve in Fig. 1(b). The chemical input to the water column
becomes zero at 435 b, which corresponds to the surface slick
lifetime, The shape of the emission rate curve depends on
natura! dispersion rate and oil slick volume (see Eq, (8f)). 0il
slick volume decreases with time due to the evaporation and
natural dispersion weathering processes, Assuming constant
wind speed and oil-water interfacial tension, the variation of
the product term (u?h)™" in Eq. (5) governs an increase or
decrease of dispersion rate with time in the current simula-
tions, After reachingits peak, approximately at 1 h (see Fig. 1b),
the emission curve starts decreasing. At an elapsed time of
16 h a smail increase in the emission rate curve is observed
due to the higher dispersion rates.

The water and sediment fugacity curves are shown in
Fig. 1{c}. A peak in the water fugacity cccurs at approximately
3h (which is very close to the input curve peak), whereas the
sediment fugacity curve peaks at an elapsed time of 447 h, The

water compartment shows a rapid decrease of its burden after
the chemical input is stopped, but the sediment is slower to
respond. Fig. 1{c} thus indicates that the water compartment
response is faster than that of the sediment compartment.
This behavior stems from the fact that the water compartment
has relatively high advection {Da,) and reaction (Dro} pro-
cesses,

The group VZ/D provides valuable insight into the
residence time gssociated with a transport process; the
shorter the residence time, the more significant the process.
The water-to-sediment transfer time for depletion of water
through the D;, process can be calculated as:

VioZy hwZ;

t = = = 53,3 years 17
T "D [(BwxZa/As) + UpsZs] y (t7)

The advection process residence time can be caiculated as:
ViaaZaz _ /7 1/ As(t)
o {18)
A2 Ua

The gbove expression shows that the advection residence
time is implicitly a function of time during the slick area
growth, and it increases with the square root of area. The
advection residence time, averaged over the analysis peried of
500 h, is calculated as 5 h. The reaction process residence time
(trggp_z = 1/}22) i3 346 h or ~14.4 d&yE.

Table 4 - Environmental multimedia parameters used in level IV fugacity-based model
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Fig. 1 - Multimedia fate of Statfjord crude oil in the marine environment.

The last process associated with the water compartment is
the growth process. The residence time for this pseudo
transport process can be calculated as:

A

VioZea -
- K1V4"3

s (19)

treat2 =

dAg] ™
iy

With respect to the time at which the slick growth ceases,
ie., [dAy/dt] — 0, Eq, (19) shows that tyesqy - oo, This suggests
that the growth transport process is only important during the
area growth regime, and should not be included in model
Eqgs. (12) and (13} outside the growth regime. In the current
example, at an elapsed time of 2 h, the growth residence time
hasthe same value as that of the averaged advection residence
time, Further, the growth process residence time increases
and at an elapsed time of 106 h its magnitude becomes equal
to the value of the reaction process residence time. Once the
slick growthis ceased {(at ~225 h), however, the growth process
is no longer included in the fate modelling calculations.

The analysis suggests that the advection process has the
lowest residence time, Hence, advection is the most important
transport process in the water compartment.

In the case of sediment-to-water inter-media processes,
the residence time is:

trenta = VeuZs _ hsZy
e Dy [BwxZy/As + UgsZs)

=5.5years {20}

The reaction residence time (tesrz = 1/ks) is approximately
5200 h. The residence time for the sediment growth process is
the same as that for the water compartment growth residence

time, The last transport process is the sediment burial and the
associated residence time is:

tresBur = [PTS = 168 years (21
ur

The analysis shows that during the growth regime (up te
225 h}, the growth process is the moest important transport
process in the sediment compartment.

Another important parameter is Z, which distxibutes the
concentration between phases, A phase of high Z value (such as
fish} absorbs a greater quantity of solute (organic chemical),
resulting in higher concentrations while retaining a low
fugacity. The converse is true for a phase having & low Z value.
The Z value for fish (Z,) is approximately 1.091 mol/m® Pa; for
water, the value (Z,) is 0.024 mol/m® Pa. This leads to fish
concentrations which are Zg/Z, times higher than the water
column concentrations. Fig. 1{d) provides & comparison of fish
and water column concentration profiles for the case study.

The predictive concentration profiles presented here are
based on existing, validated oil weathering algorithms, and
the multimedia fugacity-based model developed in the
current work. It should be noted that further validation of
the results would require laboratory/field dynamic concentra-
tion measurements in coastal environmental media such as
fish and ambient water,

5. Conclusion

The predicted trends of cil spill fate in a multimedia marine
environment are in agreement with the theory of the fugacity
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modelling approach (e.g., the higher concentration trends in
fish than in water are because of the higher Z value for fish),
The study shows that the water compartment regponse to the
chemical input is faster than the sediment compartment; this
is expected bacause the advection process is present only in
the water column. Further, the analysis shows that the
advection process displays the lowest residence time. We
therefore conclude that the proposed methodology effectively
applies existing oil weathering algorithms, and the level IV
fugacity model, to predict the fate of an oil spill in a marine
environment. Extensions to the current work would include
further mede! validation by means of laboratory/field envir-
onmental data and the inclusion of data uncertainty analysis.
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