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Weathering of Petroleum in the Marine

Environment

James R. Payne and G. Daniel MéNabb, Jr.

Science Applfications Internationaf Corporation
La Jolla, California

ABSTRACT

This paper presents a review of the more salient
studies on the physical and chemical weathering of
whole crude oils and petroleum products released fo
the marine environment. Emphasis is placed on the
role that the chemical composition of the crude plays
on weathering processes, and selected results from
flow-through sub-arctic wave tank studies are used to
illustrate the time-series changes in compasition and
rheological properties which occur to spilled Prudhoe
Bay crude oil. Details of environmental partitioning
(evaporation, dissolution, dispersion, etc.) dre
presented and approacties to modeling spill behavior
and deriving an overall mass balance for spilled crude
oils and petroleum products are discussed.

INTRODUCTION

When crude oil or petroleum distillate products
¥ are released to the marine environment they are
immediately subject to a wide variety of weathering
processes.” These processes can include: spreading,
evaporation, dissolution, dispersion of whole oil
droplets into the water coltnin, photochemical oxida-
tion, water-in-oil emulsification, microbial degrada-
tion, adsorption onto suspended particulate material
(SPM), ingestion by organisms, sinking and sedimen-
tation. To a certain degree, the relative rates of these
processes are affected by the position of oil release
(surface versus subsurface), and the relative magni-
tudes and importance of each weathering process are
also controlléed by, or dependent upon, the oil
composition, '

This paper addresses the changes in oil composi-
tion and associated rheological properties due to
physical/chemical weathering in the sea and the role
that the initial composition of the whole crude oil or
refined product has on weathering behavior. The ef-

fects of ice on the weathering of petroleuri products * -

in arctic environments are briefly considered and,
finally; an overview of our recent attempts to model

- oil weathering processes. is presented.

_ OIL COMPOSITION

characterized. by the. petroleum ind ustry by -a wide
specific or AP gravity; viscosity, pouf:pein
point range, paraffin, olefin, naphtha; an

A{POMA} content,.-and p_-er_cenﬂc;\.-,_rj:gn;dlst-ii-_l_'a-i:ab'l'-:é :

residuum.>® Among the foremost approaches for.&

_er'dé é;i,l_s‘a‘rld.-,‘{eﬁngdi petroleum p_r'o_du_ct':s are ofteh .

variety. of. parameters and techniques -ingluding. .

vironmental characterizations of oils and refined pro-
ducts are those of gas chromatography and gas chrom.
atography/mass spectrometry. These latter techniges
are useful in that compound specific data, including
component identifications and concentrations (which
are important for consideration of biological effects)
can be obtained; however, gas chromatographic tech-
niques do not allow for an overall accounting of the
total mass of a crude because significant portions of
material in whole crudes often cannot be analyzed by
gas chromatograph, For example, Figure 1T presents a
superposition of two gas chiromatograms obtained on
the aliphatic and atomatic fractions of Prudhoe Ba

crude oil alorig with a True Boiling Point (TBP) distilla-
tion curve obtained on the whole crude mixture.s The
chromatogram of the alphatic fraction (Figure 1A) is
characterized by the evenly repeating pattern of the
homologous series of n-alkanes from n-C; through N-
C;; and the aromatic fraction chromatogram (Figure
1B) contains peaks for individual aromatics ranging
from benzene and its alkyl-substituted derivatives
through the di- and tri-cycle polynuclear aromatics and
their alkyl-substituted homologs. The higher boiling
components (= n-Cy; bp 809°F) are only poorly
represented, and yet the TBP distillation curve of a
sample of Prudhoe Bay crude oil (Figure 1C} illustrates
that only ~64% of the whole crude oil is capable of
being distilled {even at reduced pressure), Thus, a total
of 36% of the material in the crude is contained in the
nondistillable residuum (bp >800°F), which is not ade-
quately represented by most gas chromatographic
techniques. Furthermore, this fraction is extremely im-
portant from the standpoint of changes in rheological
properties and the behavior of the cride oil during -
at sea weathering. ’

;. THe true boiling point characterization approach is
also useful because it represents the first step in the

‘industrial characterization of a crude to determine

what distillate products may be present.s Figure 2
presents a graphical illustration of the types of refined
products which may be.obtained from a whole crude
as characterized by the boiling point range of the dif- -
ferentcomponent materials. The lighter distillate cutg.
or products do notinclude the non-distilled residaum '

which often contains high concentrations’ of wax, © -
‘asphaltic and polar materials discussed later in greater: .~
+ detail: These components-are important in° affecting
thebehavier ofcrude oil spilled at'sea; arid it has beet
© showithatrefined products dé not form stable water- -
~in-oit emulsions {or mousse) due to the absence of sur- -+
=« fate activermaterials contained in the higher-boiling -

residogfn.7e -
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Figure 1. Flame ionization detector gas chromato-
' : graphic profilés depicting (A) the aliphatic
. . . fraction, and (B) the aromatic fraction 6f
‘ Prudhoe Bay crude oil. Marked tempera-
' Y tures'indicate the'true boiling point (TBP)
% of compounds eluting at these retention
times. The TBP distillation curve of whole
Prudhoe Bay crude (O illustrates that 36%
of the mass is rion-distilfable as well as non-

chromatographab!e w:th borhng pomts in
-excess of 800°F ‘

The boﬂmg pomt range of the various refinéd pro-
ducts also affects their susceptibility to weathering by
evaporation and dissolution processes. ‘Compounds
‘with bo;hng points below n- -C14 (488°F) are generally

- the only ones subject to partitioning into the atmos-

phete under normal (temperate) marine conditions.*:
In genetal, aromatic hydrocarbons in this same bmllng

.point range (175-500°F) are the only ofie ject
significant dissolution. Thus, from Figure 2; itfollows -
‘that certain refined products, such: as-gaseline; light+;
skerosenes; aviation gas, etc., may be subjectto riearly < -
complete removal by evaporation (and limited dlSSOlU—-‘—__ -
©_ tion) processes, whereas heavier distillate products’ -
‘such as gas 01Is lube oils.and Bunker € residual fuel

o Spreadmg and Drift.

oil, etc. would not be subject to significant weather-
ing by these mechanisms.

By virtue of the fact that most whole crude oils con-
tain al! or most of the components which constitute
the refined products shown in Figure 2, they are sub-
ject to a wider variety of weathering processes. fFor
this reason, wholé crudes will be considered in the
greatest detail in this review. From the standpoint of
toxicity, however, it should be noted that the aromatic
fractions of both whole crude oils and lighter, refined
products are generally chracterized by a predomi-
nance of alkyl-substituted aromatics compared to the
parent aromatic compounds. For example, the relative
distributions of the alkyl-substituted homologs of
mono-, di- and tri-cyclic alykl-substituted aromatics in
Prudhoe Bay crude are shown in Figure 3, This distibu-_
tion of alkyl-substituted products is important in that
many-toxicological and microbial degradation stughes
have been completed to date on the individual |
polynuclear aromatic hydrocarbons and not/on the
alkyl-substituted homologs which make up the larger
fraction of the aromatic components in the bulk oil.
Future biological studies-should take these composi-
tional differences into consideration. Further, the
presence of the alkyl-substituents on the aromatic
hydrocarbons is useful for differentiation of polynu-
“clear aromatic hydrocarbons derived from combus-
tion versus fossil fuel sources, when such compounds
are recovered and identified in marine samples 1718

WEATHERING PROCESSES

- .. Spreading is the first major process which. affect
: the behavior of crude oit and refiped products. during:
‘the first hours after release at sed, Spreading increase
the overall sutface area of the slick, thus enhancing
‘mass transfer via evaporatioh arid dissolution pre:

-cesses. The spreading process ‘has bean fairly well

'MTS Journal & Vol 18, No. 3 25
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Figure 3. Relative abundance of alkyl-substituted
homologs to parent aromatic compound.
The parent aromatic compound for each
set is represented by the point with the
fowest absolute carbon number. All the
valies shown are relative to dimethylnaph-
thalene.

studied in laboratory and small scale field situa-
tions.™21 Principal forces influencing the lateral
spreading of oil on a calm water surface are gravita-
tional, inertial, frictional, and those due fo surface
tension;"" however, it has been very difficult to
model spreading behavior in 6pen ocean situations
due to competing sea-state effects. Furthermore a
variety of oil types in accidental and test spills have
béen observed to spread into a random mixture of
thin and thick patches at sea.?223 |n these instances,
the thicker patches have been observed to move
down wind at a faster rate leaving a thinner trailing
sheen behind. Thus, while spreading is understood

in an empirical sense, it is not possible at this time

to model spilled oil behavior beyond first order esti-
mations of total area potentially covered for a defined
range of slicklet thicknesses. T

Drift is considered to be a large scale phenomenon
which characterizes the movement of the ¢enter of
mass of a slick. To a rough approximation, drift is in-
-dependent of spreading and spill volume, and numer-
ous investigators have found that the overall drift of
the slick is primarily controlled by wind, waves, and
surface currents. 229 The center of mass can move
at approximately 3% of the wind speed with a 20-20°
shift to the right, in the northern hemisphere (due to
Coriolis Effect)-in thé absence of other perturbations
affecting the overall slick travel such as residual cur-
rents. or land: masses: 2+ Attéimpts. to* model slick

- drift range from simple “‘back-ofithe-envelope’ calcu-

lations to extremely sophisticated multi-layer circula-
tion:models, such as those develeped by Liu and

~Lendertsee® for much of the outer continental shelf
waters surrounding Alaska. Venkatish-et al. have also
** developed open-ocean (ice free) drift models which
" have been partially verified by the results of simulation
. experiments conducted in the Bay of Fundy. In all”

26 * MTS Journal = Vol. 18, No. 3

cases, however, bétter determinations of wind field
vectors are critical for modeling and predicting slick
advection.

Evaporation

During the first 24 to 48 hours of oil spill, evapdora-
tion is the single most important weathering process
from the standpoint of mass transfer (molecular parti-
tioning) and removal of the more toxic lower molecy-
lar weight componenits from the slick, Evaporative loss
is controfled by the composition of the oil, its surface
area and physical properties, the wind velocity, air and
sea temperatures, sea state, and the intensity of solar
radiation.2203%40 From examination of numerous
samples from spills of opportunity and test tank simu-
lations, compounds with vapor pressures greater than
that of n-C; will not persist in a slick, whereas com-
pounds with vapor pressures less than n-Cy, do not
evaporate appreciably under normal conditions. The
rates and magnitudes of evaporative loss are extremely
dependent on the environmental conditions SUr-
rounding the spill event, and generally, compound-
specific losses are difficult to predict. In atteémpts to
model evaporative behavior it has become clear that
compound specific partitioning is too complex even
for sophisticated computers.241 Henry’s law con-
stants for individual components are required, and a
pseudo-Raoult’s law behavior must be assumed
wherein the rate of individual component loss is con-
trolled by the mole fraction of a given component in
the crude or distillate product and the pure compon-
ent vapor pressure. Therefore, pseudo-components
{or distillate cuts) of various boiling point ranges have
been used in modeling evaporative behavior, and very
good agreement between cbserved and predicted
behavior has been obtained.24 |n these instances;
the mass transfer coefficient for evaporation has been
modeled as: (a) an overall mass transfer coefficient
which is a correlation value (as derived by Mackay and
Matsugu)* and is a function of wind speed, slick size
and the Schmidt number;2 or (b) individual phase,
mass transfer coefficients as discussed by Liss and
Slater.# Figure 4 presents four selected gas chroma-
tograms obtained from oil samples isolated over a
nine-day period from otitdoor flow-through wave tank
studies compleled near Lower Cook- fnlet, Alaska.
From these chromatograms the loss of lower molecu-
lar weight components is readily ‘apparént. Com-
ponent-specific concentrations rémaining in the slick
(Figure 5A) show the loss of individual compounds
due to evaporation {and o a lesser extent dissolution).
AS rioted earlier, compounds below n-C,, are readily
removed, however, these compound-specific: data
alone do not allow an overall accounting of the total

mass balance of the slick. For this reason, a distilla-

tion characterization of the weathered crude is re-

+ quired. The distillation curves in Figure 58 show an

increase in initial ‘boiling psint of the ‘weathered:
residual material with timé,-and also permit an ac:

-counting of the non-distillable residium orasphattic
. . materials which may be contairied in the particular _
-crude oil. Pre b T e

" From the data presented in Figure 58, dn estimate
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Figure 4. Flame ionization detector gas. chromiito-
graphic profiles of Prudhoe Bay crude oil
from an outdoor flow-through wave tank
spill. Time series samples were oblained at
{A) time zero, (B) eight hours, (€) 48 hours,
and (D} nine days after the experimental
spill. Evaporation can be observed by the
time-dependent disappearance of lower
molecular weight peaks. (KOVAT retention

. indices are indicated above predominant
- pe_aks_) - Lo
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Figure 5. The effect of weathering time on iridividual
compound concentrations in the oil phase
(A). More volatile species, {i.e., n-Cyand n-
Cy) are rapidly removed by evaporative
processes while less volatile compounds
are seen to persist longer. (All concentra-
tions are cofrected for water incorporation
by the oil ) Figure 5B presents TBP distiliate
curves for Prudhoe Bay crude oil at various
times during weathering. The effects of
weathering time:on the position ¢f the

curve is indicative of the losses die to -

evaporation.

.. for the overall loss due to evaporation processes alone - -

. :_:co"mposition_ai data’'can be inferred, by correlating the :
. .-bailing point range with component specific charac- - -

of 15-20% from the slick over a 288 hour period can
be derived,2 Note that after that time interval, the

tion curves also allow a characterization of the relative ~

~abundarice of other pseudo-compaounds 6F distillate’

ts of the crude, from' which compound-specific

refative amount of rion-distillable material has also in-
-creased from 34 to greater than 50 percent, The distilla- -~ *

terizations derived by the gas t'ﬁromafog.rapﬁic

. ‘analyses shown in Figure 1.

Dissolution: -

_ Trie dissolution of molecular components from.an .
oil slick is not generally significant in terms:of the

overall ‘mass balance of an oil spill, " although it |
- ._may be important when considering biological im-
" pacts. The extent of dissolution can be affected by.the' .
point of oil release, with subsurfacé releases of whole

MTS Journal © Vol. 18, No. 3 27




crude oil (such as that encountered during the fxtoc

I blowout) enhancing dissolution of lower molecular

weight aromatic components.*4s In the Ixtoc event
evaporation processes were slightly delayed as lower
motlecular weight aromatics partitioned into the water

column while the oil floated upwards to the water sur-

face. In particular, benzene was almost totally re-
moved from the oil mass by the time it reached the
surface, accounting for the elevated (greated than 100
microgram/liter) levels of benzene measured directly
beneath the slick.*#¢ In general, however, when oil
is released to the surface of the water columri, evapor-
ative processes will predominate over other simul-
taneous weathering processes by as much as a factor
as 100 to 1.3 '

Dissolution of individual molecular components
from the slick is controlled by partition coefficients,
which are often referred to as M-values 2 Figure 6 pre-

-Figure 6. Flame ionization degécidr gas chromato-

graphic profiles obtained from oil/seawater
partitioning experiments showing (A)

aliphatic r’racﬁqn, (C) the aromatic fracti

whole Prudhoe Bay ciude oil, (B) the

above predominant peaks.

. ponents partitioning into the water column,with con- .

- progesses.. .

_ _ lé Gromatic compotinds™
" (KOVAT retention. “indices are “iridicated”

28 * MTS Journal * Vol. 18,:No, 3,

sents chromatograms obtained on whole Prudhoe Bay
crude oil (6A), the aliphatic fraction of whole Crude
oil (6B), the aromatic fraction of whole crude oil 60,
and the dissolved unfractionated components which
partitioned into seawater (Figure 6D). These chroma-
tograms show that the truly dissolved components are
almost exclusively lower molecular weight aromatic
and alkyl-substituted aromatic corhponents (for a gen-
eral review of the numerous studies on pure com-
ponents solubilities see Ref. 1). Table 1 presents par-
tition coefficients (oil/water concentration ratios)
derived from these partitioning experiments. For the
purposes of modeling dissolution, however, pure
component solubility data alone are notenough, and
partition coefficients such as those in Table 1 rust be
used. Specifically, true dissolution of individual com-
ponents is controlled by the mole fraction of each
component in the slick, the oil/water partition coeffi-
cient, and interphase mass transfer coefficients, but
not pure component solubifities.

Table 1. M-Values Determined From
Stirred Chamber Experiments

Compound Name KOVAT M-Value®
Ethylbenzene . 765 3330
m & p-xylene 866 3600
o-xylene 8§92 5900
Ethylmethylbenzene 961 6800
1,3,5trimethylbenzene 967 1900
Dimethylethylbenzene 1086 9500
Naphthalene 1185 7800
2-methylnaphthalene 1295 46400
1-methylnaphthalene 1316 35800

" a—the M-Value is defined as the compound concen-

tration in oil divided by the compouhnd concentra-
tion in water at equilibrium.

Payne et al.2#1 performed a series of flow-through
wave tank experiments at Kasitsna Bay, Alaska to ex-
amine the dissolution ‘behavior of specific. com-
ponents from whole crude oil, where subsurface
advection or removal of dissolved components could
be simulated. In thesé studies, wave turbulénce was
introduced bypaddie_wheeis with constant water col-
umn replacement (turn-over) in the tanks to simulate
an oil slick drifting or being blown over water which -
had not previously been exposed to oil. In this man-
ner, more realistic meastirements could be completed
on time-séries concentrations.of dissolved com-

comitant removal by advective and evaporative,

““Figure 7 présents time-series ‘Contentrations of
selected lower molecular weight aromatics dissolved
irt the water-column from the wave tarik systems.As.
the data illustrate, the peak conéentration of dissolved'
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compounds occurs approximately'&‘].’! _h‘(')u rs aﬁer in- - concentrations of totai aromattcs are-in the 10 to 100 .
itial release of the oil to.the water surface. The con- parts per billion (pph) range, predictions of water- .
. «centration then drops off in an exponential fashion, . column concentrations resultmg from advection and
= reflecting the doss of these. compounds by evapora--. - diffusion qu1ckly yield values in the low parts-per
tion (frem both the slick and water column).and-the . .. trillion level in an open ocean spill. Such predictions. -
removal-of the truly-dissolved compenents by:advec: . . . are in agreement with measured values in subsurface
tion-{water mass transporl):While the early time-series ~ water column. samples collected within 2 to 3 kilo-
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meters of the slick generated during the 1979 Ixtoc !
blowout in the Bay of Campeche, Gulf of Mexico.#54¢
In that instance, dissolved phase water column con-
centrations of total intermediate molecular weight
aliphatic and aromatic hydrocarbons were generally
in the low to mid parts-per-trillion range. Thus, while
higher dissolved or “water accommodated’” aromatic
hydrocarbon levels have been observed in closed
lagoon or estuarine systems, concentrations in better
agreement with those reported for wave tank studies
and in the Ixtoc | blowout might be considered in
designing future experiments assessing the toxicolog-
ical impacts of open ocean oil spills.

Dispersion

Whole oil droplet dispersion is ultimately the most
important process in the breakup and disappearance
of a surface oil slick. Droplet dispersion is largely con-
trolied by sea surface turbulence, although the pro-
cesses of spontaneous emulsification or dispersion of
oil droplets into the water column from calm seas can
also occur. Dispersion of ¢il droplets increases the sur-
face area, allowing enhanced dissolution of lower
molecular weight aromatics, provides material for
direct interaction of dispersed oil with suspended par-
ticulate material, and provides materials which may
be ingested by organisms and ultimately desposited
to the sediments in fecal pellets. In general, the larger
(greater than 0.1 mm) droplets will return to the sea
surface once the turbulence or surface agitation is
reduced, and the smaller (less than 0.1 mm) size drop-
fets will remain in the water column. Foresters?
reported that oil concentrations due to particles be-
tween 0.1 and 1.0 mm decreased with depth, whereas
concentrations: from particles less than 0.1 mm were
constant to as deep as 80m during water column
sampling to investigate the tanker Arrow spill in
Chedabucto Bay, Nova Scotia.

Attempts to model the dispersion process usually
couple the rate of dispersion with wind speed or sea
surface roughness;? however, our understanding of
the phenomena is largely empirical at this time and
detailed models predicting slicklet breakup have not
been verified under realistic open ocean or neéar
coastal regimes. )

During wavetank simulations in outdoor flow-
through experiments, Payne et al.? reported that the
_total concentration of dispersed hydrocarbons was ap-
proximately ten times greater than the truly dissolved
lower aromatic components. However, their data su g
gested that with changes in slick rheological proper-
ties (viscosity and interfacial surface tension), due to
- water-in-oil emulsification; dispersion of smaller. oil

droplets becomes self-limiting within 2-3 days. Figure

- 8- presents tithe-series profiles of waterborne concen:+* -
trations of dispersed/particulate bound oil droplets =
froi the wave tank systems, After oil viscosities'ap- -
‘proached:2000 centipoise, continued dispersion ofi <.
‘whole oil'droplets into the water column wag'largely ™ '
inhibited .under the test conditions-which simulated : =
turbulence from a 3-5 knot wind. Gordon ef al.4 have™
also:reported that the ratio of dispersed-partictilate -~
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-as’sulfur compounds (e.g., thiocyclanés) or beta caro-"

“substances may reduce the photolysis rates &f UVe!
‘Sensitive’ compounds, but humic materiafs'can al
‘photo-sensitize transformations of “organic' eoms* _
‘pounds through an intermediate transfer of eriérgy L

“milecular oxygen:

oil to dissolved (sub-0.45 pm-particles) fractions was
directly related to the viscosity of the oils tested. With
increased viscosity then, breakup of a slick would be
limited to higher turbulence regimes wherein 1-3 cm
size oil droplets could be broken away from the main
sfick and dispersed into the water column. Such
higher turbulence regimes were present during the
NOAA Ship Researcher investigation of Ixtoc !
blowout, and near complete dispersion of more heavi-
ly emulsified ¢il was noted after Hurricane Henri
passed to the north of the wellhead during September
1979. As noted previously, however, these droplets
would tend to return to the sea surface with time
unless adsorbed onto suspended particulate material,
ingested (whereby they could be deposited as fecal
pellets), or ultimately used (as tar balls) by sessile
organisms as a substrate to support growth.

Photockemical Ozidation

Numerous laboratory studies have been completed
on photochemical oxidation and, in general, changes
in the water soluble fraction of most crude oils are
readily apparent.##® Exposure of simulated slicks and
pure hydrocarbon components have shiown that a
variety of oxygenated products, including peroxides,
aldehydes, ketones, alcohols and fatty acids, can be
formed from a variety of substrates.#3¢5* Formation
of these products usually leads to an enhanced water
solubility, and enhanced toxicity of the peroxide and
other oxygenated moieties to selected test organisms
has been demonstrated.5s5¢ Other work has shown
that the formation of oxidation products can signifi-
cantly increase the fevels of surfactant materials pres-
ent in a slick which are required for the formation of
stable water-in-oil emulsions.®s” |n fact, several oils
(Brega, Nigerian, Zarzatine and Light Arabian) have
been studied wherein stable water-in-oil emulsions
can only be formed after simulated photochemical or
microbial oxidation. 814515860 |t should be noted,
however, that most of the product formation and rate
estimates for photochemical processes have been’
derived from laboratory studies, with only limited in-
formation available on the isolation of photo-oxidation -
products at spills of opportunity.

Several mechanisms for the photo-oxidation of: ™
petroleum have. been proposed, including: {(a) free
radical oxidation in the presence of oxygen; (b} singlet -
oxygen initiation of hydroperoxide formation; and (c) -
ground-state triplet. oxygen combining with free .
radicals 1o form peroxides 55254506162 Rates of photo-
oxidation are considéred wavelength dependent, but -
rates are also affected by turbidity levels and SPM con- -
centrations (particularly for higher molecular weight
aromatics): Photosensitized reactions are described by -
first-order kinetics. The presence of inhibitors; such -

tenes, ‘can restrict the formation of radicals or inhibit*"
singlet oxygen-mediated peroxide formation. Humic'*
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Figure 8. Who!e di'spe’rs’ed oil and particle bound oil Concehirations as a function of weathering time and SPM
type. Because dispersion is extremely dependent on the physical state of the slick, drspersed oil
concentrations become depressed with the mmal formatron of mousse.

The presence of several photo-oxidized products,
mcludlng alkyl-substitited dibenzothiophenée sul-
foxides in oil samples and benzoic acids and fatty acid
methyl esters in seawater extracts, have been reported
in field studies at spills of opportunity.$365 Those
photo-oxidized compounds had an enhanced watef
solubility and, consequently, weré removed from sur-
face slicks and diluted in underIy:ng waters.

Addltlonal data are needed to. further character:ze'

the products derived from . photo-oxidation -of
weathered oil, as wellas the eventual fate of the pro-
duets and chemical transformations. Similarly, addi-

study to define the possible effect of photo-oxidation
processes  on water-in-gil - emulsification . is- aiso

. tional research on the toxicity of thie- photochémical -
" products is needed to characterize the environmental -
. impacfts associated with long-term weathering. Further

needed. Research in these areas will improve the
predictive capabilities for future modeling of photo-
chemlca! effects on oil weathermg

Wa.,er in-0il E uulszﬁca ion.

“The tendency of certain oils to form a stable water-
in-oil emulsified mixture or mousse is extremely oil
dependent, and appears to rely heavily on the pres-
ence of wax and asphaltic materials in the whole
crude 1 Refined petroleum products which do rot.

“contain-asphalts and waxes do not form stable water-:. %

in-oil emulsions.>™ In addition to the presence of.-
wax and asphalt, the formation of oxygenated surface -

- active materials, due to photocherhical and microbial =+

degradation processes, also appear to be importanit -
in stabilizing water-in-oil emulsions:#s145157806 Other

snd;genous surface active’ agents’such as metallo-
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porphyrin, organo-sulfur and oxygen compounds may
also be important. Surface active compounds are
believed to surround the water droplets, which usually
range in size from less than one to 10 micro-
melers,’™? preventing wateriwater droplet coales-
cence and ultimate oil/water phase separation.s76s A
much more extéensive review of the water-in-oil
emulsification behavior of 2 wide variety of crude oils
is currently in preparation.”

Significant changes in the rheological properties of
the slick or oil mass can be observed during the for-
mation of water-in-oif emulsions. For example, Figure
3 presents time-series data on rheological properties
obtained from wave tank experiments at Kastisna Bay,

Alaska whereiri Prudhoe Bay crude oil formed astable
water-in-oil emulsion fwith up to 55% water) over 3
period of 12 days.#* During this time frame the VisCosi-
ty of the mixture increased to well over 2,800 centi-
poise, whereas the oil/air interfacial tension changed
very little and the oil/water intetfacial surface tension
dropped from 27 to 13 dyhes/cm. Subsequent changes .
in oilfair and oil/water interfacial surface tension did
not occur over a 12-month period. The formation of
such stable water-in-oil emulsions is important, how-
ever, in that it affects clean-up, combustability and
contiol effectiveness,”® and severely limits addi-
tional weathering and removal of components from
the emulsified mass. Under these conditions, the oil
slick no fonger behaves as a well-stirred phase, and
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diffusion controlled weathermg processes become
self-limiting.2 Thus, additional évaporative and dissolu-
tion weathering can be significantly reduced, and
penetration of nutrients and dissolved oxygen into the
interior of the emulsified mass can inhibit microbial
degradation processes. Under these conditions then,
additional degradation by either microbial or photo-
chemical oxidation processes are limited to the ex-
terior surface of the tarbalis or mousse,

In the area of modeling the formation of water-in-
oil emulsions, significant progress has been made in
predictions of viscosity as a function of weathering
conditions and input turbulent energy.? However,
much of our understanding is still empirical at best,
and most data used for model verification are extreme-
ty oil-specific. Additional progress in this area can be
made with continued effort towards identifying the
surface active materials responsible for stabilization
of the water-in-oil emulsion. However, predictions as.
to how a particular oil would behave under a given
spill scenarip reguifres an apriori knowledge of the
wayx; asphaltene, and NSO resinous miatérials content
in the oil before realistic predictions on emulsification
behavior can be made.

Adsorption onto Suspended Particulate Materiol

Oil and SPM interactions occur through two primary
mechanisms: (a) molecular sorption of dissolved
species; and (b) oil droplets colliding with suspended
particulate materials. The parameters and/or condi-
tions that might influence the rate of “reaction” be-
tween dispersed oif and SPM are numerous: the con-
centrations, compasition and density of dispersed oil
and SPM; and the size distribution of the oil droplets
and SPM will all have some effect on the rate of oil
droplet/SPM associations. The solubility of individual
hydrocarbon components in seawater influences rates
of molecular sorption of dissolved species onto SPM,
Data from field ahd laboratory studies suggest that

sorption of truly dissolved componetts is not impor-

tant to the overall mass balance of an oil spill,'?
although such adsorption may be important for the
biological consnderatlons described below.

Interactions between spllled oil and suspended par-
ticulates represent an important mechanismi for the
rapid dispersal and removal of oil from surface waters.
Rates of oil/SPM interactions and dispersal are, in turn,
related to' ¢oncentrations of suspended materia[s and
fluxes of SPM intorand diitof an impacted area. In par-
ticular, oil spills in nearshore waters with high.
suspendedparticulate loads experience rapid disper-
sal and removal of the oil due to sorption onto SPM

along frontal zohes.”7%* Boehm? characterized the

. SPM coricentration dependence on oil/SPM fluxesas™
follows: At SPM concentrations from 1-10 mg/liter, no o

'apprec1able transport of particle-associated oil to the

seabed occurs;at SPM loads from 10-100 mg/liter, con-_, .

 sidefable oOillSPM interactions, with: subsequent trans-
‘port and deposmon is possnbfe in the presence of suf-
ficient turbulent mixing; and at concéntrations >100,

i EN mg/i(ter massive ail transport may occur with poten-

tials fof significant adverse impacts on the benthos.

In this case, adsorption of dispersed oil onto
suspended particulates may provide a relatively effi-
cient mechanism for sedimenting significant fractions
of the oil mass. For example, following the Tsesis oil
spillin the Baltic Sea, approximately 10-15% of the 300
tons of $pilled oil were removed by sedimentation of
SPM-adsorbed oil. The high oil flux was due to the
large 5PM concentrations resulting from turbulent
resuspension of botiom sediments.”

As part of an Open Ocean Qil Weathering Program,?
compound-specific partition coefficients were meas-
ured for fresh Prudhoe Bay crude oil and four repre-
sentative sediment types, characteristic of suspended
particulate material encountered in Alaskan outer con-
tinental shelf waters. Table 2 presents the SPM/water
phase concentrations obtained on specific aromatic
compounds from those measurements. Figure 10 pre-
sents representative chromatograms showing the pre-
ferential partitioning of lower molecular weight
aromatics into the water column and intermediate and
higher molecular weight aromatic and aliphatic hydro-
carbons partitioning onto the suspended particulate
material.

Based on results from simulated spills in outdoor
wave tanks, the following mechanism for incorpora-
ting oil into bottom sediments has been proposed. Oil
droplet dispersion and oil/SPM interactions occur
soon after a spill and before appreciable weathering
affects oil viscosity. Oil laden particles sink and
become incorporated into the bottom sediments.
However, once a stable water-in-oil emulsion is
formed, additional input of hydrocarbons to.the water
column and subsequent SPM adsorption is greatly re-
duced. Once assimilated into the bottom sediments
{or during the particulate sinking phase), highty solu-
ble aromatic compounds and the more volatile ali-
phatic compounds are partitioned into the water
column, while the intermediate and higher molecular
weight aliphatic compounds remain associated with
the smkmg or deposited particles. This preferential
partitioning of higher molecular weight aliphatics in-
to bottom sediments, with solubilization of aromatic
hydrocarbons, also agrees with results from previous
ecosystem studies’2?3 and these levels of oil
adsorbed onto bottom sediments also agree with
Ievels from smaller. scale; Jaboratory studies.”*

. Similar; selectlve partitioning’ of lower and hlgher
molecular welght compounds has been observed by
ut‘La[JpE et al.”s ina study designed to measure the
partitioning of petroleum hydrocarbons among sea-
water, particulates, and ‘the filter feeding Mytilus
californianus. Payne et al.* and Boehm and Fiest also
obseived a similar partitioning between lower and
higher molecular weight compounds in dissolved

phase. and suspended particulate material samples....

removed by filtration of large volume water samples
obtained in the vicinity of the /xtoc [ blowout in the .

g Gulf of Mexico. A more extensive review of these and..
other ouI!SPM interactions was presented by Jordan .

and Payne,’ and the interested reader is referred to

. that reference afd more recent Updates70 for addl- o
tional details.”
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Figure 10. Flame ionization detector gas chromato-
graphic profiles of oil/SPM adsorption-using
Seldovia Salt Marsh sediment. (A) aliphatic

. hydrocarbons in: oil-exposed sediment, (B)

" aliphatic_hydrocarbons in exposed _sedi-
ment, (C) aliphatic  hydrocarboris in the
water column, (D) arormatic hydrocarbons
in an exposed $ediment, () aromatic
hydrocarbons in unexposed sediment, (F).
aromatic hydrocarbons in water. cofumn.
Figures 10A and 70D show that preferential

Oil/SPM interactions occur Wwith in- .

termediate and higher molecular weight:
aliphatic ‘and. intermediate: molecular
weight .aromatic hydrocarbons. lower -

;.. molecular weight aromatics preferentially
.- partition into the aqueous phase (T0F).... .

. Microbial degradation of the oil was rioted.-
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Changes in salinity, pH, turbulence, temperature, .
concentrations of oil, and presence of natural surfac-
tants (dissolved organic matter) wilf alsg influence the
partitioning of oil onto SPM.7 The affinity of a par-
ticular hydrocarbon component for particulate
adsorption is described by the partition coefficient
(K} such that K, :CPI’CW, where Cp is the concentra-
tion of the hydrocarbon on the particles and C.is
the concentration of the hydrocarbon in the water.

Shorelivie Inferactions

The discussions thus far have focused on the
weathering and interaction of dispersed whole oil
droplets in the water column. Any attempt at under-
standing the weathering {partitioning and distribution)
of hydrocarbons in a natural environment or in an
enclosed coastal environment must also allow for oil-
ing of various shoreline habitats and redistribution of
oiled intertidal substrates into the near shore environ-
ment during storm events.

Conceptually, when oil is released in the nearshore
environment, it can immediately undergo the previ-
ously considered weathering processes and these,

“along with inshore energy dynamics, wil ultimately

control the partitioning of hydrocarbons onto sedi-
ments and into the water column. The foltowing dis-
cussion presents a conceptualization and overview of
the more important aspects of this inshore oil/sedi-
ment interaction,

Partitioning of hydrocarbons into sediments can be
broken down into subtidal and intertidal interactions.

* Subtidal partitioning includes dispersed droplet
and dissolved oil interactions with suspended par-
ticulate material as well as direct contact of dis:
persed droplets with the shallower sediments
within the surf zone.

* [ntertidal interactions include the stranding and
penetration of oil on and into the upper, middle,
and lower intertidal zones; this behavior is largely
controlied by tidal conditions and intertidal sub-
strate type.

Studies of the long-term weathering of oil-coated
subtidal sediments in Lower Cook Inlet>7 have
shown that continued dissolution and removal of
aromatics to interstitial and bottom waters can occur
over time frames as short as one year. Microbial
degradation of the lower and intermediate molecular
weight aliphatics and aromatics associated with sub-
tidal sediments can also occur, resulting in con-
centration-dependent removal of the total hydrocat-
bon burdens from the sedimentary regime with time.2 -
Above certain threshold concentrations (=10 parts per
thousand), the Cook Inlet crude oif used in that study
was_apparently toxic, and very little evidence of

Field studies have shown that fresh oif can p‘ejhe_tjraté? ;
coarse-grained intertidal sediments quite rapidly:'2

Ultimately, oil can reach depths of 12 ft. in gravel or+# -
~coarse sand, where the depth of oil penetration.is con:" .- .
trolled by the interstitial water table. Thus, in extreme. * . -




Table 2. Results of Equilibrium Partitioning Ol/SPM Interaction Studies (Static System, 18°C)

Selected KB-12 KB-2Ac KB-28" KB3¢ KB-4f
Concentrations® Sediment_Agueous Sediment Aqueous Sediment Aqueous Sediment Aqueous Sediment Aqueous |
Total Resolved Aliphatic 345,000 4,760 795,000 3,380 647,600 170 85,000 5,840 253,000 0
Unresolved Aliphatic 73,000 - 0 18,000 0 57,000 ¢ 10,000 0 262,000 1]
¥ n-alkanes 76,000 33 16,000 11 14,000 17 5,000 8 60,000 0
T n-alkanes/branched ratio 0.86 0007 0.02 0003 0.02 0.1 0.06 0.001 0.3 -
Total Resolved Aromatic 46,000 601 385,000 1,910 9,600 2,720 12,000 512 44,000 2,180
| Unresoived Aromatic 42,0600 75 7,100 0 22,600 B 18,000 ] 75,000 0
m & p-xylene 150 29 46.0 3.4 NDE  ND 33.0 20 120 29
ethylbenzéne 64.0 0.56 270 1.4 ND ND 136 0.74 200 0.46
naphthalene 40.0 1.3 96.0 3.3 ND ND 4,0 ND 29.1 (.16
2-methylnaphthalene 630 7.4 550 7.2 ND ND 91 0.63 43 0.49
T-methyinaphthalere 408 7.4 310 6.8 ND ND 83 44 370 1.3
2-ethylnaphthalene 103 9.8 96.0 0.70 ND ND 25 .28 125 0.2
2,3-dimethylnaphthialene 40 34 240 22 ND  ND 89 23 337 2.2
1,6, 7-trimethylnaphthateng 290 1.0 143 1.0 NB ND 35 .28 210 .34
phenanthiene 578 0.23 200 ND ND ND 44 653 71 ND
2-methylphenanthreng 390 ND ND ND ND ND ND ND ND ND

Sediment concentration in jgfkg. water concentration in g/t

KB-2B—China Poot Bay (1-8 ¢m depth)—mostly material <5 pm

KB-4-Seldovia River Salt Marsh—organic plus fecal pellets
ND indicates “not detected”

go Th M o0 O A

KB-3—Kasitsna Bay consolidated sediment—90% diatoms >5 jm, some terrestial <5 pm "

KB-1—Grewingk Glacier Till~fine grained terrestrial plus diatoms, many fiakes 5 xm and less— Spemﬁc Surface Area 9.1
KB-2A—China Poot Bay (surface T cm)—mostly>5 pm terrestial plus some plant material— "

8.2
" 15.2
a1

ly steep, coarse, sandy bBeaches, penetration of fresh
oil may be expected if the oil is deposited during a

receding tide. With recurring high tides, dissolved
 components may be removed from the interstitial
waters, but significant amounts of the higher
mo!ecular weight (greater than n-C,;) aliphatic and
aromatic components could remain for several years.

In most cases the degree of penetratiofi into the
sediments will be sediment-controlled, with the finér-
grained sediments—silts and clays—limiting oil pene-
tration. In the case where clays and very fine sands
and silt are encountered in lower energy. regimes,
penetratlon of the oil into the intertidal sedimentary
regime will be limited to holes from burrowing
organisms. Durlng real spill events, siich s the Armoco
Cadiz -spill,””® and during controlled field ex-
periments in the Kachemak Bay, Alaska region,? the
fresh oils from surface mud flat sediments were lified
off the substrate with repeating tides. Under these
conditions, oil will continue to undergo increases in
viscosity with evaporative/dissolution and mixing in
the intertidal zone. With time, however, the
weathered oil material will be encrusted with greater
~amounts of the finer: grained sedimentary material.
© After several days- or weeks, sufficient partlculate'

*“material'will be entrained in the sediment-oil mass
such that an asphaltlike material may be formed. This

* 'material would ne longer be resuspended with-addi-

tional tidal floodings, but may betransported into up-
sper and middle intertidal zones. With increased storm
- activities, the deposited -Qi! can be scoured from the

beach surface and deposited in offshore berms, as
observed off the south Texas coast during the’ lxtoc
I blowout incident in 1979 and 1980.7%%¢

If a higher density or more viscous oil were spilled
(or a more weathered crude released from a greater
distance from shore is encountered), its penetration

-ifito intertidal sediments would be limited due to the

viscosity-conitrolled inhibition of flow into the inter-
stitial regimes. This behavior was observed during
both the Metufa spill®** and during controlled, small
scale experiments in lower Kachemak Bay where
water-in-0il emulsions containing up to 60% water
were depasited within several intertidal regimes.?
Under these conditions little penetration of the
mousse into the intertidal regime was observed, and
the mousse was. pr:man[y subject to mixing with sand
and reflotation with incoming tides. If a large oil mat
{covering kilometers of shoreline) were present, this
continued lifting and redeposition would uitlmately
cause accuniulation of sedimentary materials into the
oil, resulting in an oil/sand, asphalt-like'mat. During
the Metula spill, mousse thickness ranged from 0.5-10
cm and in some areas reached 15 cm. At one area,
mousse mixed with sand was observed to a depth of
30 cm, Coating of vegetation and deposition in the up-

per intertidal zones (and along the storm berm with
receding tides during the lunar tidal cycle) maybe ex- ..
pected. Evaporative weathering of material deposited | * -

on the shore, and temperature controlled crust-for-

mations might yield an asphalt-like product wh:ch]l;".;
dgain would be resistant to further microbial or ©
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chemical weathering with time, A fimited dissolution
of the lower molecular weight aromatics in this
material could occur, affecting interstitial waters and
nearshore waters for periods up to several months or
years. Similar behavior was observed in oil released
during the Amoco Cadiz spill in 1978.83

The “impeortance” of partitioning of the different oil
components depends on the time frame and the bio-
fogical and shoreline conditions. During the seasons
when juvenile stages are present in estuarine areas,
the dissolution-partitioning of the more toxic aromat-
ics into backwaters might be of primary concern. Al-
ternatively, on a rocky headland or coastal high energy
regime (where the dissolved components might be
rapidly advected away), oil-into-water dispersion might
be a greater concern. In this latter instance, dispersed
oil droplets could interact with finer suspended par-
ticulate material offshore and ultimately be suscepti-
ble to sedimentation. Most whole crude oils will not
undergo weathering to the point where their density
is greater than that of seawater; it is only after incor-
poration of detrital material or sand during deposition
on shaore, or through interactions with suspended par-
ticulate material in the water column and/or attach-
merit of pelagic organisms such as barnacles, that
densities can increase sufficiently to sink crude oils,

At this time, little has been done to model the
transport behavior of oiled sediments in intertidal and
nearshore subtidal regimes. Various types of crudes
have been shown empirically to increase sediment
cohesion, which may inhibit sediment transport. Dur-
ing’ the Ixtoc I blowout, for example, oil impacted
selected areas of the shoreline off the South Padre
Island, Texas codst,” and most of the beactied 6il was
heavily resistant to transport during storms. Oil/sedi-
ment mats were ultimately covered by clean sand
deposits, although this material was re-exposed ap-
proximately one year later, during a hurricane and
subsequently removed to subtidal berms in water
depths up to 30 meters. At this point, the oil/sand mats
were deposited and not subject to further transport..
Similar behavior could be anticipated in the Alaskan
shelf regions subject to high storm turbulence.

In the South Padre Island case, many of these sub-
tidal asphalt/oil/sand miats supported algal and
bacterial growth which further served to stabilize the
mixtures. It is not known if similar behavior might be
expected in the intertidal and subtidal regions in the
arctic or sub-arctic. Certainly, any such growth would
be seasonally variable, and would also depend on'the

point of ultimate deposition”(intertidal versus sub-.

tidal). Further, the effects of ice scour in the intertidal
zone may setve to resuspend and enhance the move-
ment of larger oil/sediment mats to offshore areas

 (again depending on storm activities),

" Eﬁects of Ite on Oil-weathering Behavior— "
Weathering Behavior in Arctic Environments.: .
" The weathering of petroleum in the presence of sea
ice is dependent on the point of oil release and the

. extent of ice cover. Specifically, if oil is spilled in open
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or broken ice, the oil will tend to pool in the open
leads and will not spread to the same extent of a corn-
parable spill in open ocean conditions. The structure
of the ice encountered by spilled oil may also have
an effect on the subsequent weathering and partition-
ing of oil. Ol weathering processes specific to ice-
covered waters are Spreading (on ice, under ice, and
within open leads} and encapsulation. Spreading in
the presence of ice is an extremely important facet of
weathering because this process determines the sur-
face area of the oil spill, and thus affects the com po-
nent mass transfer through the oilfair and oil/water in-
terface. Oil spilled during winter in the presence of
level ice may be deposited on the ice, underneath the
ice; or in both environmental pools. A subsea pipeline
rupture or oilwell blowout, for example, could result
in extensive under-ice coverage.®# Ol refeased into
subsurface waters subsequently rises th rough the
water column and is trapped underneath the ice; the
thickness of the under-ice slick is primarily controlled
by the depth of the undet-ice depressions, although
oil droplets have been observed to stick to the bottom
of smoothi first-year ice even in the presence of under-
ice currents.® Within hours of release, an ice lip forms
around pools of trapped oil, thus fuither restricting
horizontal movement or transport. Depending on the
seasonal conditions, an ice sheet may continue to
grow around and underneath the oil and eventually
completely eritrap the spill 3 After encapsulation, the
oil is not subjected to further weathering or alteration
of its physical properties until the following spring.s”
During spring, brine channels in first-year ice form
rapidly as the ice melis. After the brine chan nels have
penetrated to the depth of the encapsulated oil, the
otl may migrate slowly upwards through the ice and
eventually spread on the ice surface.® Later in the
spring, as the porosity of the ice increases, oil move-
ment through the ice is less restricted.

. The weathering behavior of oil released under a
solid ice sheet is appreciably different than the
weathering of oil spilled in broken ice or open ocean
conditions. Evaporative losses are completely in-
hibited and cannot occur until the oil reaches the sur-
face. Under winter conditions, oil trapped as a lens
under the ice surface can be totally encapsulated
within 24-48 hours, although some dissolution of
lower molecular weight aromatics can occur before
that time. The absence of evaporative losses will ef-

fect the combustibility of the oil, thus burning can be

an effective cleanup or disposal mechanism if the oii_ -
can be ignited immediately at the ice/water surface .
during ice breakup.’” With regard to the breakup
itself, tank and field studies have shown that the oil
will tend to migrate up brine channels that are formed

+ during ice maturation. Oil migrating to the surface will

pool, causing a decreased albedo in the ice and fur-. .
ther enhancing localized melting. This leads to further-
upward migration of the oil towards the surface of the .

ice where it ultimately will be subject to evaporation. T
With continued breakup of the ice, open leads form '~

~ arid lead matrix pumping effects®® can become impor-

“tant for promoting increased water-in-oil emulsifica- -

tion and increased dispersion of oil droplets into the




water column. This d__isp_ei.s_ion process quickly be-

comes limited due to enhaniced water-in-oil emulsifica-
tion, which increases oil viscosity and inhibits small
oil droplet breakup. from the parent slick. Emulsified
products of the whole crude uftimately will be sub-
ject to open ocean weathering processes after the
complete breakup of the ice floe.

Oil released on the surface of broken ice is sub-
jected to a variety of weathering processes including
spreading between leads, evaporation, dissolution,
and emulsification. Evaporation is the dormnant
weathering process, and can result in the removal of
a considerable fraction of the spilled oil (although the
specific evaporative loss is again extremely oil and
temperature dependent). These concurrent weather-
ing processes are responsible for the continued
changes in the physical and chemical properties of the
exposed oil as described for open ocean conditions.
Emulsification is of particular importance because it
leads to both orders-of-magnitude increases in viscosi-
ty and decreases in the fire and flash points of the
resuitant product.?

In asimilar fashion, oil discharged onto the ice sur-
face from an above-ice pipeline rupture or well blow-
out would also spread on the ice surface. Snow cover
or ice ridges would confine oil and thus limit the ex-
tent of Spreading. Weathering of the spilled oil during
winter is relatively slow due to the cold temperatures,
reduced solar radiation, and diffusion-controlled
restriction of component evaporation due to the
limited surface area and greater oil layer thickness.'?
However, during the spring thaw, melt pools are
rapidly formed in these areas due to increased absorp-
tion of solar radiation, with a subsequent thinning of
the oil slick. -

At the initiation of break-up (or if the spill occurs
ini broken ice), the oil on the ice surface enters the
leads and cracks between the floes.?? This oil then
spreads to various equilibrium thicknesses, depend-
ing on the ice concentration and the physical proper-

ties of the oil. In this case the ice would no doubt.

restrict the initial spread of the oil, and the spill area
would be smaller than that predicted for open water
conditions. Accelerated mousse formation and sinking
of the water-in-oil emulsion beneath the grease ice
(buit’still WIthm the leads of the i ice pancakes) has been
reported in ice tank studies with Prudhoe Bay crude
0il.% Moreover, the combined action “of lead/matrix
pumping ‘and agitation of the grease ice against the
larger ice floes may result in-a considerable increase
of dispersed oil micelles in the water column, further
enhancing tmmed:ate dlsso!utlon of aromatic
hydrocarbons. ;

Once breakup progresses to.the point where ice
floes move independently under the influence of wind
and currents, the effect of the ice on oil-weathering
is less predlctable At this stage, the oil is subjected

to’ open-ocean weathering conditions (primarily -

evaporation and additional emulsification}, and further
dissolution of the more water-soliible, lower-molecu-

lar weight aromatics may be limited by diffusion con- -

trofled processes within the emulsified il phase itself,
in the absence of ice, a spill is subject to open-ocean
weathering, including spreading t¢ some equilibrium
thickness and surface area, with concomitant eva-
poration, émuisification, dissolution, and dispersion
processes (as in more temperate sub-arctic waters).
The temperaturedependence of these physical and
chemical processes indicates, however, that the rates
of weathering would be significantly decreased under
the colder arctic temperatures. 29091

It the oil persists until the following year's freeze-
up (or the spiil occurs at freeze-up), the oil rises to
the surface of the forming grease ice or is pumped
lateraliy onto the surface of pancake ice.3 in these in-
stances oil is confined to the surface or upper few cen-
timeters of the young first-year ice and is again sub-
jected to slow weathering, mixing with snow, and
entrapment within the ice throughout the winter. Por-
tions of the oil spifl would undoubtedly persist until
the spring thaw. This wotild clearly be the case for
most refined products and intermediate weight fuel
oils. f water-in-oit emulsification occurs {as noted for
Prudhoe Bay crude oil) then this material may reside
just under the grease ice at the grease ice/seawater
interface.®® After freeze up, additional dissolution
weathering would not be expected.

There are almost no data on the fate of oil released
under pack icé or multi-year ice. However, the fact that
pack iceis in more or less constant motion, added to
the fact that leads of open water can be expected to
appear frequently with associated high lateral under-
ice currents, indicate that the resulting area of con-
tamination could be very large. The pattern of con-
tamination, however, would be very poorly defined
and some overflow to the surface could be expected
where leads had opened over the release site. The
opening and closing of leads andfor polynyas directly
over a blowout or pipeline rupture could, by lead
matrix pumping, cause much wider dispersal of oil on
the ice surface and in the water column than the
above description would indicate.

Significant amounts of oil released in the transitional
and shear ice zones,?% in the Arctic would flow én
the water surface almost immediately. Pressire ridge
formation could expose the oiled undersurface of ice
slabis, thick films of oil in leads could be squeezed be:
tween converging floes and washed onto the surface
of the floes, and large pieces of ice could turn over

in oi!-covered water. In this situation,-some of the oil
could also remain under the surface and be encapsu—
Iated into the ice sheet.

Ice that has survived more than one or two sum-

-mers’ melts (as has perhaps two-thirds of the ice in

the polar pack) has fewer briné chanpels. For this

‘reason, oil trapped under pack ice probably reaches

the surface slowly since there are few available
avenues of upward migration. Nevertheless, Ross et
al.®s speculated that most oil under muitl-year ice
would emerge at its surface by late summer. [n the
worst case, because pack ice melts on top and grows L
from beneath, the oil could remain entrapped in ice -
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for periods up to ten years. Oil eleanup wauld thus-

be a long and tedious process. Initially, the biggest
problems would be to track the contaminated ice for
long periods and to know where to look for the oil
during those brief periods when cleanup operations
would be feasible.

MODELING OIL WEATHERING

Composite models, reviewed by Huang, have
recently been deve!oped to ptovide more realistic
predictions on the environmental fate and behavior
of oil spills. In addition to slick advection, algorithms
describing weathering processes such as spreading,
evaporation, dispersion and emulsification, have been
derived for incorporation into simulation models.?
Corresponding models do not presently exist for
describing sinking/sedimentation and auto-oxidation
processes.

The primary objectives for a mathematical oil
weathering model are to predict both the mass of oil
remaining in a slick over time and the chemical com-
position and physicat properties of the slick. Payne et
al.24" have developed predictive oil weathering
models which generate material balances for both
specific compounds and pseudo-compounds (true
boiling point distillation cuts) in a crude oil spill. The
models are also designed to predict the behavior of
any specified refined distillate product (gasoline,
digsel, etc.} as well. These models are applicable to
open-ocean oil spills, spills in estuaries and [agoons
and spllls on land. The oil weathering processes in-
cluded in the model are evaporation, dispersion into
the water column, dissolution, water-in-oil emulsifica-
tion (mousse formation), and slick spreading. The
model is based on physical properties data, such as
oil/air interfacial surface tension, oil/water interfacial
.surface tension, and oil viscosity, as well as mass
transfer {rate) coefficients which were obtained either
from the open litetature or from measurements made
from simulated spEII'S in outdoor wave tanks.

In general, reasonable correlations between pre-
dicted oil weathering behavior and observed chemical
changes have been obtained.24' Changes in
predicted and observed chemical and physical pro-
perties of the oil slick also accompany changes in il
slick behaviar, especially during the early.weathering
_stages (from a freely flowing slick),: through the
- “mousse formation stage, to the subsequent stage of
. tarball formation. Models developed by Payne et al.,
are presently capable of predicting oil weathenng
behavior in real spill situations; however, it is ironic
“that investigations of oil weatheri ng at spills of oppor-
tunity have measured concentrations of specific com-
. ponents, whereas determinations of the overall mass
-balance using a pseudo-component approach are
'needed for model verification:

At present further work is needed to. vahdate ex-
isting oil weathering models under higher turbulence
regimes. The oif weathering models should also be ex-
panded to predict 6il/SPM interactions, the behavior
of oil in various stages of ice growth and decay, and
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the transport and deposition of oiled sedimtents from’
intertidal and near shore subtidal regimes. Such
models could then be an extremely powerful tool in
providing information for site-specific contingency
planning, estimating potential damage assessments
and preparing environmental impact reports for outer
continental shelf drilling activities.
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