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Oil-weathering processes in ice-free subarctic and Arctic waters include spreading, evaporation, dissolution.
dispersion of whole-oil droplets into the water column, photochemical oxidation, water-in-oil emulsification,
microbial degradation, adsorption onto suspended particulate material, ingestion by organisms. sinking,
and sedimentation. While many of these processes also are important factors in ice-covered waters, the
various forms of sea ice (depending on the active state of ice growth, extent of coverage and/or decay)
impart drastic, if not controlling, changes to the rates and relative importance of different oil-weathering
mechanisms. Flow-through seawater wave-tank experiments in a cold room at —35°C and studies in the
Chukchi Sea in late winter provide data on oil fate and effects for a variety of potential oil spill scenarios
in the Arctic. Time-series chemical weathering data are presented for Prudhoe Bay crude oil released
under and encapsulated in growing first-year columnar ice through spring breakup.
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Introduction

This paper considers the results of NOAA-spon-
sored laboratory and field studies on the time-
dependent physical and chemical changes that
occur to oil released in open-ocean and ice-cov-
ered waters. Data from these studies were used
for the development and verification of computer
models to predict the behavior of crude oils and
refined petroleum products spilled into a variety
of subarctic and Arctic marine environments
(Payne et al. 1983, 1984, 1987a,b, 1989, and
1991a).

The following section briefly considers oil
characterization and discusses the physical and
chemical properties that are most affected by
weathering processes. Oil-weathering behavior of
Prudhoe Bay crude oil in open-ocean (ice-free)
conditions is reviewed briefly, and changes in
oil’s physical properties, oil-phase chemistry, and
water column concentrations of dissolved and
dispersed hydrocarbons are summarized. The
results of oil-weathering studies in ice-covered
waters are presented in detail and the effects of ice
dynamics on controlling oil-weathering behavior
are contrasted with open-ocean conditions. These
data are then used to call attention to a dissolved
aromatic hydrocarbon transport process that is
unique to Arctic environments.

* Present Address: Sound Environmental Services, Inc., 2236
Rutherford Rd.. Suite 103, Carlsbad, California 92008, USA.

Qil characterization

Oil companies use several bulk physical proper-
ties to characterize crude oils, including the API
Gravity (density), viscosity, pour point, asphal-
tene content, and the presence of trace con-
stituents (Table 1). The specific gravity of most
oils and refined products is less than one. Thus,
when such oil is released at sea, it will not sink
directly in the absence of incorporated sedi-
mentary material, additional weathering, and/or
ingestion of small droplets by zooplankton and
deposition as fecal pellets (NAS 1985). The tem-
perature-dependent properties of viscosity and
pour point also are important because they affect
the spreading of oil on the water surface and the
dispersion of whole-oil droplets into the water
column (Jordan & Payne 1980; Payne et al.
1987c). The viscosity of most fresh crude oils
ranges from 18-100 centipoise measured at 38°C.
Viscosity is higher at colder ocean-water tem-

- peratures (Gold 1969), and it will undergo rapid

changes during oil weathering. The pour point of
the oil is particularly important at the time of a
spill. If the ambient temperature is below the
pour point of the oil or refined product, it will not
flow readily and/or spread on the water surface.
This phenomenon occurred during the 1989 PRE-
SIDENTE RIVERA spill of No. 6 fuel oil (with a
pour point of 95°F) in the Delaware River and
the 1970 tanker ARROW oil spill off Chedabucto
Bay, Nova Scotia (Barber 1970). In these instan-
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Table 1. Gross characterizations of four selected whole crude oils (from Payne et al. 1984).

Specific  Viscosity (100°F)
APl gravity  Kinematic  Saybolt Pour pt®  Percent  Ni \Y S N¢
Crude Oil gravity gmi™! ST SUS °F Asphalt ppm ppm % %
Murban, Abu Dhabi 40.5 0.829 2.8 359 -20 7 30 99 09 0.10
Cook Inlet, Alaska 35.4 0.848 17 85 -15 12 13 047 009 0.11
Prudhoe Bay, Alaska  27.0 0.893 19 84 -10 23 13.5 283 098 0.25
Wilmington, California 19.4 0.938 100 470 <5 24 100 80.6 1.8 0.83
Sources:
2 Coleman et al. 1978
® Evaluation of Worlds Important Crudes, 1973
¢ Calculated from Conradson Carbon Value. Coleman et al. 1978
4Ni, V, S, and N: this study
ces, the oil moved like semisubmerged strands of 8001 .
thick rope or “icebergs”; the majority of the bulk S o
oil resided just below the water surface. Asphal- ,’ _ !
tene content is important because it affects the /.
potential for spilled oil to form a stable water-in- ,/ a
oil emulsion or mousse (Berridge et al. 1968a, b; N
Bridie et al, 1980a, b; Payne & Phillips 1985aand &
references therein). Traces of Ni and V contained g
in oil as metalloporphyrins also can be important g
in stabilizing emulsions and affecting weathering  §
behavior (Payne & Phillips 1985a; Canevari 1985; §
NAS 1985). a Murban
Oil companies also characterize crude oils by :‘; fr;“:“h:";_ I
distillation curves which represent the percentage  § Wilmingtony
of product distilied as a function of temperature & Non-Distilable Residuum
or boiling point (Fig. 1); however, there is a Murban 19%
considerable volume and weight percentage (30— ::“;';“',’:";" podeg
50%) of many crudes that is not readily distillable. Wilmington ~ 53%
The higher molecular weight waxes, asphaltenes,
and other materials in the so-called nondistillable
residuum (b.p. > 800°F) are not subject to any 100 —_—
significant weathering alterations (with the poss- © 10 20 30 4 S0 6 70 8 9% 100

ible exception of longer term microbial degra-
dation of the waxes; Bartha & Atlas 1987; Haines
& Alexander 1974), and they also play an impor-
tant role in the formation of stable water-in-oil
emulsions. Refined products (gasoline, diesel,
fuel oils, etc.) are produced by collecting distillate
cuts in different lower boiling-point ranges (Clark
& Brown 1977).

For environmental considerations, crude oils
and refined products are characterized by tech-
niques such as capillary gas chromatography to
assess specific component concentrations for eval-
uating volatility, water solubility, and toxicity.
The chromatograms of the aliphatic and aromatic
fractions of Prudhoe Bay crude oil (Fig. 2) illus-

% DISTILLED

Fig. 1. Boiling point distillation curves for four selected crude
oils (from Payne et al. 1984).

trate the complexity of the mixtures that con-
stitute fresh crude oils. The aliphatic fraction (Fig.
2A) is characterized by an evenly repeating series
of straight-chain n-alkanes from n-Cy (Kovats
Retention Index 800; Kovats 1958) through n-Cj;
along with branched and cyclic components at
lesser concentrations. The n-alkanes in Prudhoe
Bay crude oil actually predominate out to n-Cs,
or greater, although only the relatively lighter
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Fig. 2. Flame ionization
detector (FID) capillary
gas chromatograms
obtained on SiO,
fractionated Prudhoe Bay
crude oil. A. Aliphatic
fraction (F1). B. Aromatic
fraction (F2) (from Payne
et al. 1984).

ones are represented in the chromatogram
because of the temperature conditions under
which it was generated. The isoprenoid com-
ponents, pristane (Kovats Index 1710) and phy-
tane (Kovats Index 1815), also are important
because their relative resistance to bacterial
degradation (compared to n-alkanes) can help
differentiate between biological and abiotic
degradation processes over time (Pirnik 1977;
Bartha & Atlas 1987). The chromatogram of the
aromatic fraction (Fig. 2B) differs from its ali-
phatic counterpart, and it is characterized by
peaks representing one-, two-, three-, and four-
ring polynuclear aromatic hydrocarbons and their
alkyl-substituted homologues. In most crudes
these alkyl-substituted aromatics predominate
over the unsubstituted parent aromatic com-
ponents (Payne et al. 1984). Identities of many of
these components are presented in Table 2, which
lists the Kovats Retention Indices and con-
centrations of a variety of parent aromatic com-
ponents and their alkyl-substituted homologues
in fresh and partially weathered Prudhoe Bay
crude oil. As shown by the data in the table,
the most prominent aromatic component in fresh
Prudhoe Bay crude is 2-methylnaphthalene; how-
ever, in the weathered crude, only the dimethyl-
naphthalenes and higher molecular weight aro-
matics persist.

When oil is released into an aqueous environ-

ment, the water-soluble components reside prin-
cipally in the aromatic fraction (Clark & MacLeod
1977 and references therein). Thus, chromato-
grams from extracts of dissolved components
from water column samples obtained immediately
after an oil spill will be very similar to the one
shown in Fig. 2B, particularly for the lower mol-
ecular weight one- and two-ring components. The
higher molecular weight components, with Kovat
indices > 1413 (dimethylnaphthalene), would not
be as prevalent in the water column samples
because of their more limited water solubilities
(see below). In this instance the chromatogram
was obtained by chemical separation of the ali-
phatic and aromatic components by silica gel
(8iO,) column chromatography using a four-sol-
vent fractionation scheme (Payne & Floyd 1990).
While the relative concentrations (peak heights)
of the aliphatic and aromatic components appear
similar in these chromatograms, it should be
noted that the aliphatics are present in the starting
crude oil at concentrations almost 10 times higher
than the aromatics. Thus, a chromatogram of
fresh unfractionated Prudhoe Bay crude oil or
dispersed oil droplets from water column samples
would more closely resemble the one shown in
Fig. 2A. The absolute ratio of aliphatics to aro-
matics varies significantly among different crude
oils, but the aliphatics generally predominate
(NAS 1985).
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Table 2. Typical aromatic hydrocarbon concentrations in fresh ard weathered Prudhoe Bay crude oil.

Aromatic component (Kovats Retention Index)

Concentration (ug g~} oil)

Weathered
(on water under a 7-knot wind at 19°C)
Fresh 9 days 20 days

Ethylbenezene (856) 30 0 0
1,4- &1,3-dimethylbenzene (867) 120 0 0
1.2-dimethylbenzene (893) 110 0 0
Propylbenzene (951) 16 0 0
1-ethyl-2-methylbenzene (959) 140 0 0
1-methylethylbenzene (977) 80 0 0
1.2.4-trimethylbenzene (991) 320 0 0
1.2 X-trimethylbenzene (1019) 280 0 0
1.2.3.5-tetramethylbenzene (1148) 130 0 0
1,2.3.4-tetramethylbenzene (1156) 150 0 0
Naphthalene (1179) 520 0 0
2-methylnaphthalene (1288) 1,500 17 0
1-methylnaphthalene (1304) 990 20 0
1.1-biphenyl (1375) 160 17 0
2-ethylnaphthalene (1387) 220 40 0
1.5-dimethylnaphthalene (1398) 860 185 60
2.3-dimethylnaphthalene (1413) 230 70 50
Fluorene (1589) 83 — —

Dibenzothiophene (1744) 330 210 400
Phenanthrene (1771) 270 240 350
4-methyldibenzothiophene (1845) 250 240 360
2-methylphenanthrene (1887) 160 160 200
X-methylphenanthrene (1911) 210 150 270
2.3-dimethylphenanthrene (2027) 270 250 380
Fluoranthene (2070) 50 — —

Pyrene (2120) 63 — —

Chrysene or benzo(a)anthracene (2468) 30 — —

Oil weathering in open-ocean
subarctic and Arctic waters

To evaluate temporal changes in the physical and
chemical properties of crude oil in ice-free sub-
arctic marine environments, a series of summer
and winter outdoor flow-through seawater wave-
tank experiments were conducted at the NOAA
field laboratory at Kasitsna Bay (Homer), Alaska.

The results of the summer outdoor oil weath-
ering experiments have been presented previously
(Payne et al. 1983, 1984, Payne & McNabb 1984),
and most recently they have been compared with
oil weathering behavior observed in Prince Wil-
liam Sound after the release of 11 million gallons
of North Slope crude oil from the EXXON VALDEZ
(Payne et al. 1991a).

Oil phase physical and chemical properties
changes during open-ocean oil weathering

During the summer wave tank experiments, the
water content of the oil remained at less than 5%

for the first 24 hours, increasing to 50-60% over
the next six to 10 days. During this weathering
process, the density increased from 0.88 to
0.98gml™! due to the evaporation of lighter
hydrocarbons and water incorporation; however,
this density increase was insufficient for the emul-
sified oil to sink. If water contains adequate
suspended particulate material (SPM), the inter-
action of dispersed oil droplets with SPM can
enhance sedimentation; but this is not a significant
factor unless SPM concentrations exceed
100mg!~! in the water column (Boehm 1987;
Payne et al. 1987b, c).

The oil/water interfacial surface tension also
changed over time, decreasing from 27 dynes
cm™! to 10-14 dynes cm ™! with the incorporation
of water and the formation of photo-oxidation
(Payne & Phillips 1985b) and possibly microbial
degradation products. However, the oil/air
interfacial surface tension essentially remained
unchanged.

The viscosity (38°C) increased from 16 centi-
poise to 2,800 centipoise over the first 12 days of
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Table 3. Viscosity measurements at ambient temperatures in
wave tanks.
A. Observed® vs. model-predicted data from the summer wave-

tank spills.

Viscosity® Water incorporation
(centipoise) (percent by weight)
Time (hours) Observed Predicted Observed Predicted

1 68 160 <0.10 0.96
2 130 190 <0.10 1.9
4 220 240 0.15 3.7
8 340 320 <0.10 7.4
12 620 410 0.22 10.0
24 690 630 18.0 19.0
43 1,080 1,300 34.0 33.0
72 2,350 2,000 49.0 44.0
144 5,400 6,500 50.0 58.01
216 6,200 8,450 51.0 60.17

2 Based on the average values from three wave tanks.

® Observed viscosity data were obtained at ambient tem-
perature (averaging 58°F; predicted values were calculated
using a temperature of 55°F).
B. Observed® vs. model-predicted data from the fall/winter
wave-tank spills.

Viscosity (centipoise)®

Time (hours) Observed Predicted
1 210 730
2 280 830
4 580 980
8 2,200 1,200
12 2,900 1,300
24 5,600 1,800
75 8,700 3,400
144 9,800 6,400
288 11,500 16,000

* Based on a single wave tank experiment.

® Observed viscosity data were obtained at ambient tem-
perature (averaging 30-32°F; predicted values were calculated
using a temperature of 30°F).

the experiment due both to evaporation weath-
ering and water-in-oil emulsion formation. These
values were obtained at a laboratory-controlled
temperature of 38°C to provide maximum repro-
ducibility, and as noted earlier, viscosity is tem-
perature dependent. When measured at the
ambient temperatures in the wave tanks, viscosity
increases are more apparent (Table 3). During the
summer experiments (i.e., ambient temperature
12-14°C), viscosity increased from around 68 to
2,300 centipoise after only three days. For the
fall/winter ice-free experiments at 2-4°C, the vis-
cosity increases were more significant, with
initial values increasing from 270 to 5,600 centi-
poise after only 24 hours.
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Viscosity probably is the most important physi-
cal property considered because of its effect on
various oil spill countermeasures and cleanup
options. QOils with viscosities greater than 2,000
centipoise are difficult to disperse chemically
(NAS 1989), and it is evident that response actions
using dispersants must be initiated almost
immediately after a spill in order to be effective.
In addition, viscosity affects the ability to pump
oil after it is collected.

The water content of oil also limits response
options by increasing the volume of material that
must be handled and stored. For heavier crude
oils, water content above 20-30% makes in situ
combustion essentially impossible (Twardus
1980).

Spilled oil undergoes rapid evaporation/
dissolution weathering. Under the spring/
summer conditions simulated in the wave-tank
systems, all compounds with vapor pressures
greater than n-C;, (b.p. < 400°F ) were lost within
the first nine days (Payne et al. 1984, 1991a).
Between the period from two weeks and seven
months, there was an additional loss of com-
pounds between n-C,; and n-C;; (b.p. 450°F);
however, under subarctic winter conditions, there
was little evidence of microbial degradation.
Ratios of n-Ci;/pristane and n-C,3/phytane were
essentially unchanged over that period. Between
late spring and the following summer/fall, how-
ever, there was a significant change in the straight-
chain/branched-chain hydrocarbon ratios due to
selective bacterial degradation of the n-alkanes in
preference to the isoprenoid components. When
weathered material was sloughed off the tarball
surfaces, undegraded material appeared, which
slowly degraded until the tarballs were frag-
mented into flakes and droplets small enough to
be assimilated into the water column by gentle
wave turbulence. Under such conditions, bac-
terial processes in the water column also become
an important, if not critical, factor in the ultimate
removal of the oil from the ecosystem.

Water column chemistry

To assess water-column oil concentrations fol-
lowing the spill, 20-liter subsurface seawater
samples were filtered through a 0.4-um pore-
sized, 293-mm diameter glass-fibre filter for
analysis of the dissolved components and
dispersed- and/or particulate-bound oil drop-
lets. Chromatograms of dissolved components
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D

(dissolved components)
from summer wave-tank
experiments at (A) pre-
spill blank, (B) five
minutes, (C) eight hours,
and (D) 48 hours after a
spill of 16 liters of

measured in time-series filtered seawater samples
from the flow-through wave-tank systems are
shown in Figs. 3 and 4. Dissolution of lower
molecular weight aromatic components occurs
after as little as five minutes (Payne et al. 1983).
The chromatograms from filtered seawater
samples collected during the early stages of the
spill show very similar profiles for the lower mol-
ecular weight aromatics (Kovats Index values

Prudhoe Bay crude oil.

< 1400) when compared to the chromatogram of
the aromatic fraction obtained from silica gel
fractionation of whole fresh Prudhoe Bay crude
oil (Fig. 2B). Dissolved-phase chromatograms are
characterized only by the individual aromatic
components, not by the evenly repeating series
of n-alkanes that predominate in the whole
(unfractionated) oil samples. The major dissolved
components include benzene, toluene, xylenes,
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Fig. 4. FID gas
chromatograms of filtered
seawater extracts
(dissolved components)
from summer wave-tank
experiments at (A) 12
days, (B) four months,
and (C) 12 months after a
spill of 16 liters of
Prudhoe Bay crude oil.

ethyl-benzene, C;-substituted benzenes, naph-
thalene, methyl-naphthalene, C,- and C;-sub-
stituted naphthalene, phenanthrene, and C;- and
C,-substituted phenanthrene. Kovats Retention
Indices for many of these components are shown
on the chromatograms, and identifications are
presented in Table 2.

Maximum dissolved-component concentra-
tions are observed after approximately 48 hours.
Subsequent water column concentrations de-
crease from a combination of evaporative losses
rrom the water surface and advective processes
that ultimately result in mixing with other water
masses and dilution. Concomitant {and orders of
magnitude greater) evaporative losses of these
same components also occur from the surface
slick over the same time frame. However, the
higher molecular weight aromatics are persistent
in the oil, and continued dissolution of C,-sub-
stituted naphthalene and alkyl-substituted phen-

2.0y 307

—

anthrenes from the surface oil occurs for periods
of up to four to seven months. There was no
evidence of significant aromatic hydrocarbon dis-
solution into the water column after 13 months in
the wave-tank systems. Presumably, this reflects
the diffusion-controlled mass transfer from the oil
phase, the limited surface-to-volume ratio of the
larger tarballs remaining in the wave-tank system,
and the significantly lower water solubilities of
the higher molecular weight aromatics that per-
sisted in the tarballs.

Chromatograms from the dispersed- and/or
particulate-bound oil phase in the water column
are shown in Fig. 5. A time-dependent increase
in dispersed oil droplet concentrations appears in
the water column. Initial chromatograms of the
dispersed oil appeared identical to those from the
surface oil samples collected at the same time. As
the experiment progressed, however, there was
evidence of slightly enhanced evaporation/dis-
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Fig. 5. FID gas
chromatograms of water
column filter extracts
(dispersed oil droplets)
from summer wave-tank
experiments at (A) prespill
blank, (B) one hour. (C)
eight hours, (D) 48 hours,
and (E) 12 days after a
spill of 16 liters of
Prudhoe Bay crudc oil.
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solution loss of lighter molecular weight com-
ponents in the dispersed phase compared to the
surface oil slick, particularly in the dispersed oil
samples collected between eight and 48 hours.
Presumably, this loss resulted from the increased
surface-to-volume ratio of the smaller dispersed
oil droplets compared to the more continuous
surface oil slick. With the increase in viscosity of
the surface slick due to the formation of a stable
water-in-oil emulsion, the dispersion of oil drop-
lets into the water column became self-limiting
after about six to seven days. At the 12-day point
(under conditions of constant turbulent mixing in
the wave-tank system), there was little evidence
of physically dispersed oil droplets in the water
column.

Oil-weathering behavior in
ice-covered waters

Oil-weathering in the presence of sea ice is sig-
nificantly different from that in ice-free waters
(Payne et al. 1987a). While many of the same
factors (e.g., evaporation, dissolution, dispersion
of whole-oil droplets, and water-in-oil emul-
sification) are important, the presence of the ice
itself can inhibit or alter the relative importance
of these concomitant, and often competing, pro-
cesses (NORCOR 1975; Thomas 1980).

Cold room wave-tank experiments

Laboratory studies measured rates of oil-weath-
ering in the presence of simulated first-year and
multiyear sea ice (Payne et al. 1987a). The results
of the first-year sea ice studies from laboratory
simulations and field observations in the Chukchi
Sea are presented here. For these experiments,
fresh Prudhoe Bay crude oil was released below a
grease-ice and columnar-ice layer under carefully
controlled laboratory conditions to simulate a
subsurface pipeline release beneath a continuous
canopy of first-year ice. Oil-weathering studies
were conducted on oil encapsulated in the ice,
followed by a simulated “spring thaw” to evaluate
surfacing of encapsulated oil through brine chan-
nels (Martin 1979). The experiment then studied
oil behavior on isolated ice floes and in a slush
ice field, and finally through eventual ice breakup
and melting into open-ocean conditions. All
experiments utilised natural seawater in a 1,870-
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liter flow-through wave-tank system constructed
in a specially designed cold room at the NOAA
Kasitsna Bay laboratory. Artificially generated
sea ice simulated Arctic ice conditions (Martin
1979, 1981a, b; Martin & Kauffman 1981; Weeks
& Weller 1984). The similarities in sea ice
between wave-tank simulations and Chukchi Sea
field conditions included:

® the temperatures and turbulence conditions for
first-year ice growth and type (i.e., frazil,
grease, and columnar ice),

® orientation of ice crystal structures (in grease
ice and columnar ice) and general ice mor-
phology,

¢ the salinity profiles in the ice and water column
during ice crystal growth and decay, and

® the ambient temperature regimes and infrared
solar irradiation characteristic of late spring and
early summer conditions for sea ice melting and
decay (Payne et al. 1987a).

To simulate under-ice currents and remove
excess brine generated during the first-year ice
experiments, precooled seawater was introduced
into the tank at a flow rate of 11 min~!, resulting
in one tank-volume turnover every 1.25 days.

A vertical thermistor array attached to a digital
display in an adjacent control room was used to
monitor temperatures in the cold room. Fig. 6
shows the time-series temperature profiles of the
air, ice and seawater in the wave tank throughout
the duration of the oil encapsulation experiment.
With continued columnar ice growth under non-
turbulent conditions, a significant and stable tem-
perature gradient is generated within the ice. The
upper ice surface is at thermal equilibrium with
the air temperature, and the lower surface is
at equilibrium with the underlying seawater. A
chronology of ice formation and oil spill events is
presented in Table 4. Salinity data collected dur-
ing the ice formation experiments are summarized
in Table 5. As discussed below, the timing and
sequence of ice formation events as well as sal-
inities of seawater, frazil and columnar ice, salt
flowers, and brine in the cold room experiments
were identical to measurements made on first-
year ice in the Chukchi Sea.

During initial ice formation, the cold room
temperature was lowered to —30°C, and the
incoming seawater was supercooled to —1.8°Cin
the presence of wave turbulence generated by a
hinged, subsurface paddle at one end of the tank.
To initiate frazil ice crystal growth on the water
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Table 4. Chronology of times and dates of significant events occurring during the oil/ice wave-tank experiment.

Flow rate
Date/Time (17! min) Significant event description
2/7/84 2340 — Initiation of cool down
2/8/84 0130 _— Grease ice over 2/3 of the tank
0220 — Grease ice 5 cm thick
0315 — Wave generation terminated
0330 2.4 Grease ice 7.6 cm thick—surface skin formed
0600 1.1 Abundance of salt flowers
1300 — First apperance of columnar ice
1500 1.1 7.6 cm grease ice + 1.3 cm columnar ice
1830 0.84 7.6 cm grease ice + 2.5 cm columnar ice
2/9/84 0100 0.88 7.6 cm grease ice + 5.0 cm columnar ice
0500 — S-liter spil of PB crude complete
1100 0.80 7.6 cm grease ice + 6.4 cm columnar ice—even with oil pools
1900 0.94 7.6 cm grease ice + 8.9 cm columnar ice—oil encapsulation complete
2/10/84 0900 0.88 7.6 cm grease ice + 11.4 cm columnar ice
1630 — 7.6 cm grease ice + 13.3 cm columnar ice—initial brine channeling
2/11/84 2100 0.76 7.6 cm grease ice + 14.6 cm columnar ice
2/13/84 1200 — Initiation of thaw
1800 0.68 7.6 cm grease ice + 15.9 cm columnar ice—pools of brine
2/14/84 0430 — First oil surfacing
0630 0.67 7.6 cm grease ice + 17.1 cm columnar ice—maximum ice thickness
2/15/84 1930 0.62 Open leads introduced
2315 0.64 Ice 14.0 cm thick—90% columnar
2/16/84 0130 0.67 10% of the oil has surfaced
1000 — Oil removed for distillation
2/18/84 1730 1.7 Breakup (wave action initiated)
2/20/84 1200 1.8 10.2 cm grease ice
2/22/84 1100 1.8 Ice free

Table 5. Salinities of various ice types and brines obtained during the oil/sea ice interaction experiment.

Salinity (ppt)
Sampling scenario and date/time

Initial ice Maximum ice 36 hrs after
formation Solid ice thickness 8 hr into thaw breakup
Sample type Prefreezeup  1/30/84:2100 1/31/84:1230 2/2/84:2200 2/3/84:1900 2/6/84:2100
Seawater 4.1 371 — 31.1 — 30.4
Grease Ice — 29.2 — — — 10.5
Surface Brine —_ — 85.0 76.4 120 47.0

(residing inside
pancake ice)

Ice @ Surface — — 21.7 17.5 5.8 10.5
(rim of pancake
ice)

2-in depth — — — 13.3 5.5 —_

4-in depth — — — 12.5 9.5 —_

6-in depth — — —_ 14.2 — —

Fig. 6. Temperature/depth profiles obtained during oil encapsulation experiment (see Table 4 for chronology of events in cold
room experiments).
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surface, wave turbulence was temporarily
stopped, and under the influence of a 3-5-knot
wind, frazil ice crystal growth appeared within 1-
2 minutes. Wave turbulence was reintroduced to
drive the frazil ice crystals into the water column
and encourage the formation of grease ice and
slush ice (Armstrong et al. 1966; Martin 1981b).
Frazil ice crystals were observed throughout the
90-cm water column, and within three hours of
the initial frazil ice formation, a 5-cm layer of
grease ice covered 80% of the tank surface. When
the slush/grease ice layer became so thick that
almost complete wave dampening occurred (Mar-
tin 1981b; Bauer & Martin 1983), the subsurface
paddle was stopped. In the absence of wave tur-
bulence, a 4-cm layer of columnar ice (Martin
1979) grew over the next 20-21 hours below the
grease ice layer. Observations of ice growth and
columnar ice crystal structure orientation were
obtained throughout this period via windows
installed on both sides of the wave tank.

Table 6. Salinities of various ice types obtained during Chukchi
Sea ice investigations.

Field site no.* Depth or description Salinity (ppt)
C-1 25.4¢m 11.5
C-1 30.5 em 7.5
C-2 25.4 cm 16.1
C-2 45.7 cm 15.0
C-2 Water 28.7
C-3 Surface brine 61.9
C-3 7.6 cm 14.3
C-3 30.5¢cm 15.4
C-4 61.0 cm 12.5
C-5 Water 29.1
C-6 5.0cm 21.5
C-6 61.0 cm 8.0
C-6 30.5cm 8.3
C-6 91.4 cm 12.5
C-7 152 em 11.0
C-7 20.3 cm 8.3
C-7 30.5 em 9.0
C-7 61.0 cm 10.2
D-2 Overflow 1P 18.0
D-2 Overflow 2 17.5
D-3 Columnar ice—25.4cm 35
D-6 Surface ice 2140
New lead* Thin new ice 453
New lead* Thick new ice 14.1
New lead* Columnar ice 4.7

“ Site no. designated by field study according to Hachmeister
et al. (1985).

® Overflow ice samples obtained at two different locations at
site D-2.

¢ Not an official field site.

As the ice surface congealed, a slight upward
bowing of the ice canopy appeared due to pressure
from the sides of the tank. Similar bowing and
deformation of congelation ice due to pressure
from adjacent ice floes and ridges were observed
in refrozen leads studied in the Chukchi Sea.
Also, as the ice canopy in the wave tank solidified,
1-2-cm salt flowers formed from brine exuded
from the freezing ice as described by Martin
(1979). Salt flowers almost identical to these (in

SALT FLOWERS

COLD AIR

I\

FRA2IL ICE
\\\
Gcm
COLUMNAR ICE
9cm
10.6 cm
COLUMNAR ICE
12 cm
SEAWATER

Fig. 7. Schematic diagram of desired ice-oil configuration after
encapsulation.
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Fig. 8. Subsurface photograph of oil pooling in under-ice depressions just after the spill (note the thermistor array in the background
of the figure).

Fig. 9. Subsurface photograph of oil pool trapped under ice surface after partial encapsulation by 5-6 mm of columnar icc. Note
limited horizontal ice platelet growth on underside of oil surface in the foreground.
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size, salt content, and surface distribution) were
observed in the Chukchi Sea. The field salinity
measurements of sea ice, brine pools, salt flowers
and columnar ice agree closely with data obtained
from the cold room and wave-tank system (Tables
5 and 6). Prefreeze water column salinities in the
wave tank were 34 parts per thousand ( ppt), and
an increase in salinity up to 37 ppt was observed
initially after freezing. Surface brine and salt
flowers had salinities of 85 ppt in the wave tank,
whereas the ice had salinities in the 12-14 ppt
range. After the thaw cycle and brine channel
drainage, wave tank ice salinities were lower,
ranging from 5-10 ppt. Salinities of samples col-
lected in the Chukchi Sea were in the same range,
with surface brine having a salinity of 65 ppt,
congelation ice ranging from 12-15 ppt, and col-
umnar ice exhibiting values from 5-8 ppt.

In Fig. 7, a profile of the experimental ice/
oil configuration for the simulated subsurface oil
discharge under first-year ice is shown sche-
matically. When the ice layer in the tank consisted
of 5-6 cm of congealed surface grease ice over 4
6 cm of columnar ice, 5 liters of fresh Prudhoe
Bay crude oil were introduced below the ice layer
through a Teflon tube. Oil droplets congealed
immediately underneath the ice, and some oil
pooling was observed in under-ice depressions
(generated by placing styrofoam blocks on the
upper ice surface to simulate insulation from snow
drifts, Barnes et al. 1979). Fig. 8 shows one such
pool of oil adjacent to the underwater thermistor
array; the figure also illustrates the formation of
1-2-cm oil droplets under the ice layer. Within 4-
5 hours, a 1-2-mm layer of horizontal ice platelets
had begun to cover the lower oil surface. After
23 hours, the spilled oil was almost totally encap-
sulated by a 5-mm layer of vertical columnar ice
crystals growing below (Fig. 9). An additional
12cm of columnar ice was allowed to grow
beneath the oil lens over a 4-day period, and the
spill remained entrapped within the columnar ice
until a thaw cycle was initiated. Ice thicknesses
were constrained both by the refrigeration capa-
bilities of the cold room (minimum temperature
~38°C) and the flow-through seawater system
(Payne et al. 1987a).

During and after oil encapsulation within the
ice, the flow-through seawater system removed

all dissolved components and any dispersed oil
droplets. Water column measurements of dis-
solved and dispersed hydrocarbons were com-
pleted over this four-day period to ensure that
the system had returned to near “background”
levels before initiation of the thaw.

To simulate spring thaw conditions (Martin
1979), the cold room temperature was maintained
at —8 to —12°C, and two banks of infrared quartz
heaters (set on the lowest settings) were directed
at the ice surface from a distance of 1meter,
simulating low-angle solar infrared radiation. A
significant temperature gradient was observed in
the frozen grease ice and columnar ice canopy,
and this was particularly apparent just before
initiation of the thaw cycle when the ice was
15-17 cm thick (Fig. 10). Within 48 hours after
initiation of the thaw cycle, the ice temperature
gradient began to break down. This resulted in
partial melting of the surface grease ice layer and
the formation of standing pools of brine (from
dissolution of salt flowers) on top of the ice. Some
drainage of these pools was noted through brine
channels (introduced into the ice canopy during
the freezing cycle), and upward density-mediated
oil migration through the drained brine channels
could be observed both from the ice surface and
from encapsulated oil lenses adjacent to the tank
windows. Brine drainage through the ice canopy
also led to advective transport of dense, cold brine
to the bottom of the tank as manifest by the near-
bottom decrease in seawater temperatures (to
<-3°C) before the introduction of wave tur-
bulence and water column mixing (Fig. 10A-D).

Quantitation of rates of brine channel drainage
and oil migration

To study brine channel drainage and oil density-
mediated migration in a floating ice patch, a 71-
cm test floe was cut in the center of the ice at the
initiation of the thawing period. This test floe was
left in place, but its buoyancy was not restrained
by the surrounding fast-ice layers held in place by
the tank walls. With this circular test floe, brine
channel drainage and upward oil migration rates
could be measured on ice behaving under natural
buoyancy conditions.

Fig. 10. Temperature/depth profiles obtained during thaw cycle and ice breakup after oil encapsulation (see Table 4 for chronology

of events in cold room experiments).
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Table 7. Experimentally determined oil migration rates.

Elapsed Time Area Thickness Volume Average rate
(hr) {cm?) {cm) (ml) (ml hr')
43 9.1 0.05 0.45 0.11
10.2 1.4 0.30 0.87 0.09
16.8 52.8 0.22 11.9 0.71
25.0 279 0.46 129 5.2
35.8 269 0.83 224 6.2
88.0 1,260 0.30 378 4.3

Within four hours after the test floe had been
cut out of the fast-ice surface, the oil began to
surface through the circular test floe. Estimates
of oil flow rates through the brine channels were
derived from the amount of surface oil measured
(area X thickness) on the test floe over time.
Time-series photographs documented the flow-
rate changes to provide the volume and rate esti-
mates listed in Table 7. The data in Table 7
were used to evaluate the brine channel migration
predictions by Cox et al. (1981), where the mini-
mum brine channel diameter that would allow oil
migration (d;) was given by

40, CcOS &
d (pw —Po )g

di = (1)

where, for the experimental spill, o,,, is the oil/
water interfacial tension (24.2 gs™2), « is angle of
contact (0), & is the oil lens thickness (2.5 cm)
under the ice, p, is the water density
(1.03gem™), p, is the oil density (0.92 gcm™3),
and g is the gravitational constant (980 cms™3).
Using these values to solve for d; indicates a
minimum brine channe! diameter of 3.6 mm,
which agrees with observations made in the wave
tank and brine channel diameters from published
oil spill studies (Martin 1979).
The rise rate velocity is given by

_ (pw—po)g§d2
e Ly

where p,,, p,,. g. and & are as before, d is the brine
channel diameter (0.36 cm), L is the ice thickness
(5.7 cm). and u is the oil viscosity (5.5 gcms™}).
Solving for u,, a rise rate of 0.35mms™! was
determined. This value is lower by a factor of
two than the rise rate of 0.7 mm s~} determined
experimentally by Martin (1979). However, slight
changes in in situ oil viscosity (while still in the
ice) or even a slight (1.4-fold) difference in brine

2

channel diameter could result in a factor of two
change in p,. Viscosity limitations to flow may
be particularly important in this regard because
viscosity is temperature dependent. No con-
siderations for the temperature gradients
measured within the ice have been incorporated
in existing models.

Finally, the volume flow rate to the surface can
be expressed by

nd?

V= TMZN'A (3)

where d is as before, p, is the rise rate velocity
(0.035 cm s™!), N’ is the number of brine channels
per area (0.01 cm™2) and A is the area of the spill
(209 cm?). The value of V (using experimental
data) indicates that the volume of oil deposited
on the surface as a function of time should be
approximately 27 ml hr™!, This value is high com-
pared to the experimental values (Table 7). Other
factors that may affect the differences between
calculated and observed flow rates include

—— the temperature gradient within the ice,

— the depth of the oil pool in the ice,

— the rate of temperature increase in the labora-
tory,

— the relative thinness (< 10 cm) of the labora-
tory ice,

— the initial trapping of the oil lens in columnar
ice 4cm below a S-cm canopy of refrozen
grease ice,

— indeterminate number of brine channels/unit
area in the laboratory and field studies,

— the influence of entrapped oil on changes in
the ice albedo immediately above,

— the influence of the oil after it has surfaced
with additional ice ablation and melting.

Additional model refinement of the oil
migration in brine channels is warranted sub-
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Fig. 11. FID-capillary
chromatograms of oil-
weathering in the presence
of sea ice. A. Fresh
Prudhoe Bay crude oil. B.
Encapsulated oil. C. Bulk
oil from a 5-mm deep pool
exposed for three hours.

sequent to this first comparison of measured data
with predictions based on Cox’s approach.

Oil phase physical and chemical properties
changes during weathering in the presence of
decaying first-year ice

Approximately six hours after the first brine
channel oil migration was noted in the circular
test floe, the oil had pooled in approximately five
areas. The largest oil pool was approximately
1cm in diameter. Within 24 hours, several oil
pools up to 5 cm long were noted on the test floe.
With increased absorption of infrared energy,
these pools enhanced oil spreading and ice
melting, which is indicated by the temperature
profiles (Fig. 10). Within three more days an

1300

X

" 1500

-
ev

- -
-.re
@

t
i1
<

3
3
e -3
Vo © e T
ARSI S SO

estimated 90% of the oil was present on the ice/
water surface. Chromatograms of the oil, both
immediately after it was released from ice encap-
sulation and after it had been exposed at the water
surface for three hours, are shown in Fig. 11.
Qualitatively, the chromatographic profiles
appear identical, indicating little (if any) evap-
orative loss.

In oil sampled from several other locations,
however, there was evidence of selective loss of
lower molecular weight components as the oil
migrated through the brine channels. Fig. 12 pre-
sents chromatograms obtained on encapsulated
oil, an oil sample obtained from a 3-mm diameter
brine channel below the ice/air interface, and a
sample from a 5-mm deep oil pool that had
migrated through a brine channel and flowed out
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over the ice surface. Even at a depth of 3-5cm
into the brine channel, some evaporation loss of
lower molecular weight components below n-C
occurred (Fig. 12B). After surfacing and being
exposed for 48 hours, the thicker whole-oil mass
showed loss of compounds below n-C;; (BP
304°F) (Fig. 12C). Such evaporative loss has
significant implications for attempted in situ com-
bustion of oil on ice; these more volatile com-
ponents are important for ignition and flame
propagation. With the oil in a thicker pool on the
ice surface, diffusion-controlled evaporation is
believed to predominate over other simuitaneous
weathering processes (see discussion below).
The apparent loss of volatile lower molecular
weight alkanes from the oil that is still trapped in
brine channels is not believed to significantly
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Fig. 12. FID-capillary gas
chromatograms of wave
ice tank oil samples. A.
Fully encapsulated by ice.
B. During upward brine
channel migration. C.
Exposed on the ice surface
for 48 hours.

affect the overall mass balance of a spill. Evap-
oration behavior is believed to be diffusion-con-
trolled in the oil phase due to the lack of physical
mixing in the oil phase and the high viscosity (550
centipoise) of oil at the ice temperatures during
brine channel migration. Therefore, selective
component evaporation would affect only the
uppermost portions of oil in the brine channels.
The release of the majority of the volatile com-
ponents from the trapped oil would be retarded
until the bulk of the oil reached the surface of
the ice or water. Thus, little evaporative loss
appeared in the bulk oil sample collected from
the ice surface (Fig. 11).

To examine the effects of turbulence on oil
weathering in the presence of grease ice and test
ice floes, rotten ice was cut and broken physically
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into 60~-80-cm diameter floes three days after the
induced ‘thaw’ was initiated (Table 4). The paddle
system then was activated to generate 6-10-cm
waves in the broken ice field. The grinding of
the larger ice floes against one another and the
microscale turbulence (effected by the pumping
grease and slush ice crystals between the major
floes) significantly enhanced the formation of a
stable water-in-oil emulsion. The pumping action
created by the wave oscillations in the slush ice
field also caused the oil to collect on the ice
- floes and around the rims on the pans (due to
accumulating slush ice) as described by Martin
(1981a). Subsurface observations and water sam-
pling revealed elevated levels of dispersed oil in
the water column resulting from this small-scale
turbulence. Oil droplet dispersion into the water
column quickly became self-limiting, however,
due to the rapid (within four hours) formation of
a stable water-in-oil emulsion and increase in oil
viscosity.

The water-in-oil emulsion formed in the tank
was not neutrally buoyant compared to the ice;
its density (0.982 g mi~!) enabled the larger emul-
sified oil patches to reside below the surface
grease ice. (In the field, aerial tracking of such
tarballs (5-8 cm) thus would be difficult.) With

continued agitation and eventual melting of the
grease ice (Table 4), the water-in-o0il mixture
eventually surfaced in the open water between
the ice floes. Similar observations made during
the KURDISTAN oil spill (No. 6 fuel oil spilled on
ice-covered waters in Cabot Strait) revealed an
oil density greater than the grease ice density and
only slightly less dense than the water (C-Core
1975). As a result, the oil often resided beneath
the grease ice, similar to the behavior observed
in our studies. In the KURDISTAN spill as much as
50% of the oil was estimated to be entrained in
the brash ice to a depth of one metre.

The rheological properties data (Tables 8-10)
for the emulsified oil generated in the cold room/

"wave-tank experiments indicated that the oil/

water interfacial surface tension in the emulsified
oil remained at approximately 25-26 dynes cm ™!
during the experiment. The oil/air interfacial sur-
face tension also did not change during the emul-
sification process. Comparisons between changes
in the rheological properties of mousse generated
under open ocean/ice-free conditions and those
in mousse in the presence of artificial first-year
ice can be made by examining the data in Fig. 13.
A smooth decrease in oil/water interfacial surface
tension (from 27 to 13 dynes cm™!) was observed

Table 8. Interfacial tension (oil/water) and surface tension (oil/air) obtained at various times during the oil/sea ice interaction

experiment.

Sample state®

Oil/air surface
tension (dynes cm™')

Oil/water interfacial
tension (dynes cm™")

Fresh crude (prespill)

Oil approaching the ice surface through brine channels (oil temp. @1.8°C) —

ambient measurement
Pooled oil after surfacing
Mousse—4 hours after breakup
Mousse—12 hours after breakup
Mousse—4 days after breakup

26.2 334
242 36.8
23.4 347
25.8 359
273 35.2
26.7 36.7

® Except where noted, all measurements were obtained after sample equilibration at room temperature.

Table 9. Water content (percent by weight) in oil weathered in the presence of sea ice.

Sample description

Sampling time/date

Water content® ( percent)

Fresh Prudhoe Bay crude Prespill <0.01
Oil encapsulated by ice 0600 2/16/84 4.3
Freshly exposed oil 1100 2/16/84 7.4
Mousse—4 hours after breakup 1600 2/18/84 64
Mousse—11 hours after breakup 2230 2/18/84 65
Mousse—3 days after breakup 1330 2/21/84 64
Mousse—4 days after breakup 2200 2/22/84 66

* Water content determined by Karl Fischer titration or ASTM 1796.
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Table 10. Oil viscosities at various times and temperatures obtained during the oil/sea ice interaction experiment.

Oil temperature Viscosity
Sample state ccy (centipoise)
Fresh crude (prespill) 20.0 50
Oil approaching the ice surface through brine channels 1.0 550
Oil on ice surface (~10% remaining in the ice) 2.1 500
Weathering oil—11 hours after breakup =20 25.000
Weathering oil—11 hours after breakup 38 1,100
Mousse—36 hours after breakup -2.5 30,000
Mousse—36 hours after breakup 38 1,200
Mousse—4 days after breakup 1.0 30,000
Mousse—4 days after breakup 38 1.400

* Except for 38°C cases. viscositics were taken at experimental ambicent temperatures,
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Fig. 13. Comparison of weathered oil rheological properties
between open-ocean conditions and with sea ice present A.
Interfacial tension. B. Water incorporation. C. Viscosity (at
38°C).

during open-ocean weathering, whereas this value
was constant for mousse formation in the presence
of the slush ice field in the decaying first-year ice.

* The oil/air interfacial surface tension remained

relatively constant for both open-ocean and oil/
ice weathering conditions. Thus, in the presence
of an undulating slush ice field, a stable water-in-
oil emulsion was generated without the formation
of oxidation products (Payne & Phillips 1985b)
and the change in oil/water interfacial surface
tension noted under open-ocean weathering
(Payne et al. 1984).

For comparison, water content in mousse after
ice breakup and initiation of wave turbulence
reached 64 % within four hours (Table 9), whereas
water buildup in mousse did not occur in open-
ocean test tank studies for eight to 12 days under
summer conditions. Also, in the open-ocean con-
ditions the increase in water content followed a
smooth curve rather than the rapid buildup noted
in the presence of the decaying first-year ice. In
contrast, rotting multiyear ice in cold room wave-
tank experiments had less tendency to produce a
slush ice matrix during breakup and melting, and
formation of a stable water-in-oil emulsion
occurred over a relatively longer time period,
approaching that of ice-free winter conditions
(Payne et al. 1984, 1987a).

Large increases in viscosity were measured in
the laboratory-generated water-in-oil emulsions
(Table 10). As it surfaced through the brine chan-
nels, fresh oil had a viscosity of 550 centipoise at
1°C; whereas mousse formed four hours after the
onset of turbulence exhibited a viscosity of 25,000
centipoise at —2°C. When this sample was
warmed in the laboratory to 38°C (100°F) for
standard viscosity testing, a value of 1,100
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centipoise was obtained. For comparison, the vis-
cosities of mousse formed in open-ocean oil-
weathering experiments approached 1,100 centi-
poise (at 38°C) only after 34 days in summer
subarctic conditions (Payne et al. 1984). Maxi-
mum oil viscosities in the oil/ice experiments
approached 30,000 centipoise at ambient
(—2.5°C) temperatures and 1,400 centipoise at
38°C after four days.

Water content and viscosity of water-in-oil
emulsions generated in ice-covered waters impact
the efficiency of cleanup strategies. In situ com-
bustion is adversely affected by the presence of
water-in-oil emulsions. The maximum water con-
tent for effective burning of emulsions is ~ 70%
by volume for lighter and medium crudes and
30% by volume for heavy crudes (Twardus 1980).
Thus, if in situ combustion is planned for com-
bating oil spills in ice-covered waters, ignition

-
.

.o
C

Fig. 14. FID-capillary gas
chromatograms of
emulsified oil weathering
in a broken ice field (A)
1-cm deep oil pool
exposed on ice surface for
32 hours, (B) 1-cm deep
oil pool exposed on ice
surface for 57 hours, and
(C) subsurface mousse
obtained two days after ice
breakup.

should be attempted soon after encapsulated oil
has reached the ice surface before wave-induced
turbulence in the presence of broken ice floes and
grease ice can lead to water-in-oil emulsification.
Likewise, pumping emulsified oils with in situ
viscosities of 20,000-30,000 centipoise would be
impossible without warming, and oil spill dis-
persants would be completely ineffective (NAS
1989).

Very few time-series changes in hydrocarbon
composition occurred with the formation of stable
water-in-oil emulsions in the cold room wave-
tank experiments. Some evaporative weathering
of the emulsion occurred; however, unlike oil
trapped on top of the ice floes by lead-matrix
pumping, the water-in-oil emulsions contained
most of the lower molecular weight components
of fresher crudes (Fig. 14). The rapid generation
of stable water-in-oil emulsions occurred before
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evaporation and dissolution weathering removed
lower molecular weight components from oil in
the water column. Under these conditions. the
resultant mousse contained many of the more
toxic lower molecular weight alkyl-substituted
one- and two-ring aromatic compounds. Given
the emulsion’s high in situ viscosity, subsequent

loss of these components would only be by slow,
oil-phase diffusion-controlled evaporation and
dissolution processes. Relative to concentrations
in fresh oil, losses of n-alkanes below n-Cq
occurred in exposed and emulsified oil. However,
during open-ocean oil weathering with Prudhoe
Bay crude oil. comparable stable water-in-oil
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Fig. 15. FID-capillary gas
chromatograms of oil
stranded on the ice surface
with oil thickness of (A)

1 mm, (B) 2mm, (C)

4 mm. and (D) Smm.
These samples had been
exposed to evaporative
weathering under a 5-knot
wind at —20°C for
approximately 12 hours.
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emulsion formation did not occur until evap-
orative weathering resulted in much greater losses
of the lower molecular weight (less than n-C;;)
components (Payne et al. 1984).

Diffusion-controlled evaporation from oil on ice
surfaces

The possibility of diffusion-controlled evapor-
ative weathering was considered by Payne et al.
(1984); however, problems with obtaining dis-
crete depth-dependent samples of oil from pan
evaporation experiments prevented experimental
verification. Successful investigation of this pro-
cess was conducted for the first time during these
cold room wave-tank experiments. An overflow
of fresh oil spread to varying thicknesses on the
ice surface, allowing the investigation of the diff-
usion-controlled process. Because of the ex-
tremely cold temperature relative to the oil pour
point, the fresh oil spread in a horizontal wedge
with a thickness of 1 cm at the point of origin to
a film (< 1mm thick) at the farthest distance,
30 cm away. The oil mass was then exposed to a
5-knot wind at an ambient average temperature
of —20°C. After 12 hours, samples of the 1-mm-
thick oil were obtained by scraping the ice surface,
melting the shavings, and extracting the water for
petroleum hydrocarbon measurements. Depth
profiles of the thicker portion of the wedge-
shaped oil also were obtained to investigate the
relationship of evaporation with depth. The gas
chromatogram of the 1-mm oil sample (Fig. 15A)
indicated that compounds with molecular weights
less than n-C,, (b.p. 480°F ) were removed within
the 12-hour period. An oil sample from the 2-
mm-thick film showed loss of compounds only
below n-Cy, (b.p. 420°F; Fig. 15B). The chro-
matograms of 4- and 5-mm-thick oil samples
(Figs. 15C and 15D, respectively) indicated that
only components with boiling points below 300~
350°F (n-C, and n-C,y) were removed. All of the
oil in this wedge was exposed to evaporation
weathering for exactly the same time; however,
the persistence of the lower molecular weight
components in the thicker films indicated that
their loss is diffusion-controlled in the oil phase.
Thus, a differential residence time of the lower
molecular weight components at greater depth in
the film would be expected. In thicker oil pools
stranded on ice surfaces, evaporation of the com-
plete mass of oil would be diffusion-controlled.

The differences in evaporation rates due to dif-
ferent film thicknesses must be considered in any
future weathering model algorithms. A theor-
etical approach to modeling evaporation from a
diffusion-controlled slab was presented in Payne
et al. (1984); however, these are the first data that
demonstrate the diffusion-controlled process and
verify its importance in a model of oil weathering.

Water column concentrations of dissolved
aromatic hydrocarbons and whole-oil droplet
dispersion

Concentrations of specific dissolved aromatic
hydrocarbons in the water column are presented
in Tables 11 and 12 for postspill and post-ice-
breakup cycles, respectively. Chromatographic
profiles of filtered seawater extracts were quali-
tatively similar to those from the open-ocean
wave-tank experiments (Fig. 3) except the absol-
ute concentrations in the water column were
controlled by ice dynamics and morphology.
Time-series profiles of total dissolved aromatic
hydrocarbon concentrations (Fig. 16) illustrate
the slight increase in dissolved hydrocarbon con-
centrations in the water column following sub-
surface oil release as well as a decrease in
hydrocarbon concentrations due to advective

700
00| © TOTAL RESOLVED COMPOUNDS
S UNRESOLVED COMPOUNDS
= 500 -
ks
g 00 |-
-
&
% 300 -
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200 WAVE ACTION INITIATION
OIL COMPLETELY
100 | ENCAPSULATED BY I1cE

1 2 3 4 6 6 7 8 9 10 11 12 13 14 15
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Fig. 16. Time-series dissolved hydrocarbon concentrations
(total resolved compounds and UCM) with sea ice present.
Note: the 71-cm circular test floe for brine channel oil migration
studies was installed on Day § and additional leads were cut in
the ice canopy on Day 7 (see Table 4). Some dispersion of oil
droplets resulting in enhanced dissolution inadvertently
occurred during these activities.
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Table 13. Time-series dispersed oil concentrations (g 17') in the presence of sea ice. Turbulence was initiated 9 days after the spill (see Figs. 17 and 18).

Postbreakup time (9 days+)

Postspill time

1t hour 4 hours 8hours 12hours 24 hours 2days 4days 6 days

9 days

2 days

17 hours 36 hours

4 hours 6 hours 13 hours

Prespill

Compound

ND
0.226 ND

ND

ND

ND

1.54
7.92

0.929
6.11

0.427
3.89

0.336
2.03

ND
ND

ND
ND

ND
ND

ND
ND

ND
ND

ND
ND
ND

ND
ND

ND*
ND

N-Gy

N-Cyo
N-C,,
N-Cy,
N-C,

2.11

1.95

et al.

ND
0.265
0.451)

2.15 ND

3.67
2.48
3.45
2.47

15.9 15.6
23.5 3.
17.5 17.8

299
36.7
24.7

25.0
30.0
219

18.4
221
15.6

12.2
17.2
12.6

ND
ND
ND

ND
ND
ND

ND
ND
ND

0.00875
0.0280
0.0233
0.0122
0.0540
0.0293
0.0131

0.00686
0.0108
0.0580
0.00971
0.0860
0.0197

ND
ND
ND
ND
ND
ND

ND
ND
ND
2.25

D
ND
ND

93

8.
15.8

8.80
15.1

11.9

10.9

8.11

6.87
11.3

ND
ND
ND
ND

ND
ND
ND
ND
2.9

ND

ND
ND
ND
ND

ND
ND
ND
ND
1.23

Pristane

N-Cis

0.232

19.0

13.7

0.0268
ND
ND

0.0330

335 0.0419

95

7.

8.40

10.7

9.99
15.6
507

1990

7.56
10.1
402

1480

6.63
8.03

Phytane
N-Cy

1.1

12.7

403

15.5

0.00935
4.75
3.81

93

309

387
1510

592
2120

310
1050

2.84
0

6.76

4.21
5.41

1.14

Total resolved

UCM®

1860

* ND indicates “not detected*

* “Unresolved complex mixture*

removal processes after oil encapsulation in the
ice (Day 3 to Day 4 of the experiment). With the
initiation of wave turbulence after ice breakup on
Day 9, however, an approximate 50-fold increase
in individual dissolved hydrocarbon concen-
trations was observed for the compounds o-
xylene, trimethylbenzene, naphthalene, and 1,1'-
biphenyl. The total resolved components and
unresolved complex mixtures (determined by
FID-GC analyses) increased, respectively, by fac-
tors of 700 and 300 following introduction of wave
turbulence. This spike in resolved component
concentrations then declined gradually (over six
days) due to the combined effects of subsurface
advection and surface evaporation.

Water samples collected throughout the post-
spill and postbreakup phases were filtered for
FID-GC analyses of dispersed oil droplets. Time-
series concentrations of dispersed oil in the wave-
tank system are presented in Table 13. Fig. 17
illustrates the time-series concentrations of total
resolved and unresolved components in the dis-
persed-oil phase. Concentrations of total resolved
and unresolved complex mixture (UCM) aliphatic
hydrocarbons  remained low  (generally
< 10ug 1Y) throughout the postspill and oil-
encapsulation periods, with only relatively small
changes from the prespill to the postspill levels.
In contrast, levels of dispersed total resolved and
UCM hydrocarbons increased by two to three
orders of magnitude following the breakup of the
ice and the onset of turbulence from a 6-10-
cm-amplitude wave train. Maximum dispersed
hydrocarbon concentrations were measured 12
hours after ice breakup. Concentrations then
decreased over the next six days, approximating
prebreakup levels. High-viscosity water-in-oil
emulsions inhibited further dispersion. Com-
positionally, the dispersed oil in the water column
showed significant evidence of evaporation and
dissolution weathering soon after ice breakup.
The FID gas chromatograms of the dispersed oil
(Fig. 18) show that most of the lower molecular
weight n-alkanes below n-Cy, are lost. Compared
to open-ocean findings, this more rapid (within
one hour of the onset of turbulence) loss of lighter
molecular weight components is believed to be
due to one or both of the following: significant
evaporation of lower molecular weight com-
ponents while some of the oil was trapped on the
ice surface, and/or increased surface-to-volume
ratio of the small (< 1-mm diameter) droplets
that were dispersed by the ice matrix compared
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to the larger (3-8-mm diameter) droplets obs-
erved in the open-ocean wave-tank simulations.

Transport of dissolved aromatic hydrocarbons
to benthic bottom boundary layers characteristic
of ice covered waters in the Chukchi and
Barents Seas

The dissolution of the lower molecular weight
aromatics into the water column during both

4 5 6 7 8 9 10 1" 12 13 14 15
TIME (DAYS POST SPiLL}

the outdoor open-ocean wave-tank studies and
the cold room ice growth and oil encapsula-
tion experiments led to the investigation of
another phenomenon that is unique to Arctic
environments.  Specifically, a mechanism
for brine-mediated transport of dissolved aro-
matic hydrocarbons to benthic waters in the
presence of sea ice also was investigated during
these NOAA-sponsored programs (Payne et al.
1987a, 1991b).
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During the initial stages of sea ice growth (i.e.,
frazil, grease, and/or columnar ice formation),
brine extruded from the ice to the adjacent sea-
water results in a localized increase in the salinity
(and, thus, density) of the water. In the absence of
turbulent mixing and dilution, the higher density
water can sink as a relatively discrete mass in a
process known as brine cabling (Aagaard 1984).
Such behavior leads to the formation of stable
benthic bottom boundary layers in portions of the
Chukchi Sea. the Barents Sea, and within the
barrier lagoons of the Beaufort Sea (Garrison
1977, Hachmeister and Vinelli 1985; Hachmeister

Fig. 18. FID-capillary gas
chromatograms of 0.45 um
glass fiber filter extracts
depicting dispersed oil
droplets in the water
column (A) one hour, (B)
four days, and (C) six days
after ice breakup.

et al. 1986). If an oil spill occurred during periods
of such ice growth, dissolved aromatic hydro-
carbons could be transported as conservative
components along with the brine toward the bot-
tom with minimal dilution, where they could per-
sist without evaporation for up to several months.

Preliminary field studies performed during
February/March 1984 in the Chukchi Sea and
experimental wave-tank studies conducted in Jan-
uary 1985 confirmed that this transport mech-
anism for dissolved-oil components appeared
viable, and an experimental spill with a combined
aromatic hydrocarbon compound cocktail was
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performed in an open, but refreezing, lead system
near Pt. Franklin in the Chukchi Sea (February/
March 1985). Analyses of water samples collected
beneath the surface ice yielded measurable con-
centrations of both benzene and toluene at selec-
ted sampling sites and depths. The distribution of
these compounds and their concentrations were
explained by a brine-cabling scenario compatible
with existing near-bottom currents and sim-
ultaneous hydrographic measurements (i.e., sal-
inity, temperature, and density). Therefore, the
results of this field effort (Payne et al. 1987a,
1991b), demonstrated the transport of dissolved
aromatic hydrocarbon compounds to bottom wat-
ers by brine cabling. This process has important
biological implications for potential spills from
drilling activities during periods of ice growth or
from accidental release of oil or refined petroleum
products from subsurface pipeline or barge acci-
dents in open lead systems.

Summary and conclusions

When crude oil or refined petroleum products
are released to ice-free marine environments, oil
weathering processes occur. These processes

include spreading, evaporation, dissolution, dis- -

persion of whole-oil droplets into the water
column, photochemical oxidation, water-in-oil
emulsification, microbial degradation, adsorption
onto suspended particulate material, ingestion by
organisms, sinking, and sedimentation. The out-
door flow-through seawater wave-tank studies
summarized herein have focused on the changes
in oil-phase and water column chemistry to pro-
vide compound-specific concentration data that
can assist in predicting impacts from open-ocean
oil spills. Estimates of advection and dispersion
of discrete oil droplets and dissolved aromatic
hydrocarbons suggest that significantly lower con-
centrations of “water-accommodated oil” may be
warranted in designing toxicological experiments
and in assessing potential environmental impacts
from open-ocean oil spills. The wave-tank data
also have been used for development and veri-
fication of computerized mathematical models to
predict oil-weathering behavior. In most cases,
very good agreement has been obtained between
predicted and observed weathering behavior
(Payne et al. 1991a). The model predictions for
material balance and weathered-oil composition
also have provided useful information during real
spill events for estimating potential damage

assessments, for contingency planning, and for
preparing environmental impact reports for outer
continental shelf drilling activities.

When oil is released into ice-covered waters,
many of the same weathering processes are in
effect; however, the various forms of sea ice
impart drastic, if not controlling, changes to the
rates and relative importance of these processes.
Oil released into a growing slush ice field during
late fall or early winter may be subject to stranding
on upper ice pan surfaces and rapid water-in-
oil emulsification, followed by partial density-
mediated submersion and incorporation into the
ice canopy. For the oil on the upper-ice surface
of pans and smaller floes (if present), diffusion-
controlled evaporation weathering predominates;
however, for that portion of the oil that remains in
the ice/water matrix, the emulsification processes
may be rapid enough to occur before significant
evaporation and dissolution weathering can
reduce the oil toxicity and affect the overall mass
balance of the slick. Likewise, oil from a sub-
surface release under an existing ice canopy is
subject to encapsulation before evaporation
weathering, although dissolution of aromatics has
been demonstrated (and the potential exists for
aromatic hydrocarbon transport to the benthos
with rejected brine generated during ice growth).

Once encapsulated in the ice, the oil is not
subject to further weathering until the spring thaw
and ice breakup. The presence of brine channels,
which have their origin in the initial freezing
process, then becomes especially important dur-
ing warming periods. As the ice begins to warm,
pools maintained as “salt flowers” on the ice sur-
face over winter, as well as brine trapped between
the ice crystals, begins to drain through the ice.
Qil, initially trapped under or in the ice, then may
appear on the upper ice surface due to density-
mediated migration up through the open brine-
channel pathways. If the oil is emulsified prior to
encapsulation, this migration process is retarded
significantly, and the presence of temperature
gradients within the ice also inhibits such flow.
Thus, migration rates for oil in brine channels
during the spring thaw may vary as a function of
oil chemistry and viscosity (as controlled by water
content due to previous emulsification and tem-
perature gradients within the ice), as well as depth
in the ice canopy. Rates for brine channel
migration of oil trapped in melting first-year ice
were presented and contrasted with model pre-
dicted behavior.
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Implications for oil released in multiyear ice
also were considered. For example, one of the
most important aspects of oil weathering in the
presence of ice is the role of ice morphology in
controlling the rate and extent of stable water-
in-oil emulsion formation. Melting first-year ice
produced substantial amounts of slush ice, and a
stable water-in-oil emulsion of Prudhoe Bay crude
oil containing up to 60% water was formed within
four hours of the onset of wave agitation in this
slush ice field. In contrast, rotting muitiyear ice
appeared to have a much lower tendency to pro-
duce a slush ice matrix during melting, and the
formation of stable water-in-0oil emulsions
occurred over a relatively longer period of time.
In ice-free waters, such emulsion formation was
delayed up to three to five days. Rapid formation
of stable water-in-oil emulsions is important to
potential spill cleanup and containment
approaches as well as for in situ burning based on
considerations of the lowered combustibility of
the emulsions. Such emulsions also would be
impossible to disperse chemically. This more
rapid emulsion formation also inhibits further
evaporation and dissolution weathering, and the
more toxic lower and intermediate molecular
weight aromatic components are retained in the
oil.

Wave-turbulence-induced compression and
pumping of oil onto the surface of pancake ice
also was observed in the wave-tank experiments.
Once the oil was removed from the water surface,
evaporation weathering predominated and
became diffusion-controlied in the oil phase. At
the same time, wave turbulence in the broken ice
fields simulated in the cold-room wave tanks was
responsible for rapid and appreciable increases in
concentrations of dispersed oil droplets in the
water column compared to simulated open-ocean
conditions. This resulted in significant increases
of dissolved component concentrations; however,
in the presence of slush ice, this dispersion (and
concomitant dissolution) quickly became self-hm-
iting with the rapid onset of stable water-in-oil
emulsions that were characterized by high in situ
oil viscosities.

Finally, specific mechanisms for brine-induced
transport of dissolved aromatic hydrocarbons to
benthic ecosystems in actively freezing Arctic
waters were recognized during these studies. If
ottis released into water under freezing conditions
of active ice growth, lower molecular weight aro-
matic components can be advected with the sink-

ing brine generated during frazil ice formation
to the stable bottom boundary layer where, as
conservative dissolved compounds, they can per-
sist without evaporation for periods of up to sev-
eral months.
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