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ABSTRACT

The objective of this program has been to devel op a predictive node
that describes the qualitative and quantitative weathering of spilled oil and
refined petroleum products in the presence of first-year and nulti-year ice
To achieve this objective and verify model predictions, cold-roomand field
experinents were perfornmed to provide suitable data for describing time-series
changes in the physical and chemical properties of oil spilled in the presence
of first-year and nulti-year ice in various configurations. For nodel i ng
purposes, fresh and weathered crude oil were characterized as distillable cut
fractions (i.e., pseudoconponents). In addition, specific mechanisns for
enhancing the transport of spilled oil conponents to the benthic environnent
were recognized during this program and additional studies were conpleted to
investigate these potentially significant dispersion/dissolution processes.
Results fromthese studies and the devel opment of the conputer nodel provide a
significant contribution toward OCSEAP'S goal of devel oping predictive
capabilities for defining the nagnitude of the inpacts from OCS oil and gas
activities to exposed Arctic and sub-Arctic biota.
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1.
| NTRCDUCTI ON

Beginning in 1979, Science Applications Inc., now Science Applications
I nternational Corporation (SAIC), undertook the devel opment of a computer-
driven nmodel for sinulating the weathering behavior of crude oil and refined
petrol eum products rel eased in open ocean environments (Payne et al., 1984a).
The weathering [Oodel included algorithnms describing evaporation, dissolution,
water-in-oil emulsification, spreading of oil on the sea surface, and predicted
percent oil remaining in a slick as a function of open ocean weathering condi -
tions. The nodel algorithnms are based on physical properties data and the
physi cal / chemi cal partitioning behavior of oil driven by dynamc equilibria and
mass transfer coefficients. Mdel verification was conpleted by outdoor sub-
arctic wave tank studies in which quantitative data on evaporation, dissolu-
tion, water-in-oil enulsification, mcrobial degradation, and adsorption onto
suspended particulate material were obtained and conpared with the model-
predicted values for the. first three processes. As a |ogical extension of that
program  SAIC undertook a modeling and experinental program to eval uate speci-
fic changes in the physical and chem cal properties of oil due to weathering in
arctic environnments in the presence of first-year and nulti-year sea ice.

This report contains the results of the oil-in-ice studies and
describes the nodel development or nodifications to the existing Qpen Qcean
O | -Weat hering Mdel Code that enable predictions to be made for oil weathering
behavior in the presence of first-year and nulti-year ice. The follow ng
section (2)is an Executive Summary which includes conclusions and inplications
from these studies that are relevant for OCSEAP’s purpose of analyzing OCS oil
and gas devel opment in the Arctic.

Background information is presented in Section 3 describing the struc-
ture and characteristics of first-year and nulti-year ice and their inter-
actions wth oil. Mich of this existing information on the behavior of oil in
ice 1s based on observations fromspills under sinulated bl owout conditions
(e.g., DOME, 1981; Nelson and Allen, 1981). Although results from such cited
studies are relevant to discussions of oil-in-ice behavior (and possible spill
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cleanup nmethods), no previous attenpts have been made to measure specific nass
transfer rates and the changes in physical and chemical properties of oil due
to weathering processes as are required for predictive nodeling.

Section 4 contains information on controlled coldroom wavetank experi-
ments that were undertaken to quantify changes in the physical and chem cal
properties of oil spilled in the presence of sinulated first-year and nulti
year ice. The experiments were designed to generate data necessary for predic-
ting rates of oil dispersion, dissolution, evaporation, and water-in-oil emul-
sification in arctic environments where sea ice is an inmportant, if not con-
trolling, factor in oil weathering. Descriptions are presented of not only
frazil and slush ice formation under turbulent conditions, but also how colum-
nar ice growh in less turbulent regimes will ultimately affect the qualitative
and quantitative behavior of whole crude oil released into “first-year” and
“nul ti-year” ice systems, The construction and utilization of the experinental
fl owthrough wave tank and the cold roomat the NOAA Kasitsna Bay | aboratory
are also discussed. " Specifically, the ability to simulate not only the
structure and behavior of first-year and nulti-year ice, but also the
interactions of spilled oil with sea ice in the scal ed-down wave tank (i.e.,
relative to natural spill conditions) was a major concern for the wave tank
studies. Consequently, a limted field data collection and observation program
was undertaken in the Chukechi Sea in February/March 1984 to provide additional
information on real and sinmulated “first-year” ice properties and also on
possi ble scaling problens. Inthis effort, first-year ice sanples were col -
lected in the Chukchi Sea to conpare crystal structure and salinity
characteristics of the field ice with those of simulated “first-year” wave tank
i ce. Conductivity (salinity) and tenperature nmeasurements were obtained for
the first-year ice and subsurface water in the field and conpared with
equi val ent values fromthe wave tank studies. The results of these and other
“scaling” field studies are presented in Section 4.

Section 5 contains information on a nore extensive field effort that
was undertaken in the Chukchi Sea in February/March 1985. Based on infornation
in the open literature as well as the results of the wave tank studies in
Section 4, this field effort was designed to investigate the possible transport
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of dissolved hydrocarbon conpounds froman oil spill in open, re- freezing |ead
systens to benthic environnments beneath surface ice fields. Descriptions of
the laboratory and field efforts as well as the experimental results and their
possi bl e environmental relevance are presented in this section.

Section 6 presents a discussion of the endproduct nunerical nodel that
has been generated to predict additional weathering behavior of oil in the pre-
sence of first-year and nulti-year sea ice. Analytical data and qualitative
(descriptive) information derived fromboth the Kasitsna Bay wave tank experi -
nments and the Chukchi Sea field programs were taken into account and incorpo-
rated into the on-going devel opment of NOAA's G| Wathering Mdel. [In addi-
tion to the wave tank and field efforts, controlled diffusion experiments were
performed in the laboratory to measure conponent-specific dissolution rates
froman oil slick into a well-stirred water colum at anbient (cold water) con-
ditions. The results were used to generate partition coefficients for individ-
ual true boiling point distillate oil cuts. These results are also presented
in Section 6, and they were taken into account for the oil-in-ice nodel

By virtue of this building process, the oil-in-ice model is simlar
to, and conpatible with, the previously devel oped open-ocean oil-weathering
nodel (CUTVP2). Both model s are based on a pseudo- conponent characterization
of the parent crude oil or refined product, and they calculate a materia
bal ance after specified periods of exposure. Additional nodifications to the
oil weathering code were made during the execution of this programto allow
predi ctions regarding changes in physical properties (e.g., theological) of the
oil using a “fractioned weathered” paraneter (as defined by Dr. Donald Mackay
of the University of Toronto). The algorithns required for devel oping the new
oil-in-first-year and oil-in-multi-year ice nodel code are described in this
section.

In addition to the discussion of the nodel, Section 6 also includes a
brief description of an application of the nodel to a real-world spill-of-
opportunity. On 21 January 1984 the MV Cepheus went aground on the west side
of Knik Arm al nbst due west of Carin Point near Anchorage, AK.  Approxinately
200,000 gallons of Jp-5 fuel were released into the water. SAIC collected and
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performed appropriate analyses of oil sanples from the Cepheus. These analyti-
cal results were then introduced into the code for the nodel, and the out put
was provi ded to NOAA HAZMAT in support of their spill response effort.

Section 7 describes the relevant Quality Assurance/ Quality Control
(Qa/qQcy procedures enployed and the results obtained during the conpletion of
this program It includes a description of instrument calibration frequency,
the levels of precision and accuracy obtained as reflected in replicate
anal yses, spike and recovery determnations, nethod and system blanks, and
results from analyses of interimreference materials supplied by the NOAA/NMF
QA lab in Seattle. Limts of detection and methods used to define themare
al so presented.

Section 8 contains the Bibliography for all cited references, and
Appendi ces A & B present FORTRAN code descriptions for conponent specific
dissolution fromoil slicks and dispersed oil droplets, respectively.

A User’'s Cuide for the oil-in-ice nodel is provided as a separate
docunent. This guide includes information on topics such as nodel access,
model pronpts and nodel output, and contains a conplete [isting of the NOAA/
SAIC O Ice-Wathering Code.
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2.
EXECUTI VE  SUMVARY- - CONCLUSI ONS AND | MPLI CATI ONS RELEVANT TO OCSEAP' S
ANALYSI S OF QUTER CONTI NENTAL SHELF O'L AND GAS DEVELOPMENT IN THE ARCTIC

The ultimte objective of this research effort was the devel opnent of
a conputer nodel that predicts the chem cal and physical weathering behavior of
oil released in the presence of first-year and multi-year sea ice. Several
different oil-ice configurations have been incorporated into the nodel, includ-
ing: 1) oil released on top of or under first-year or multi-year ice; 2) oi
released in nelting first-year or nulti-year ice; and 3) oil weathering in the
absence of ice. The third option represents the code fromthe previous NOAA
sponsored open-ocean oil weathering nodel. In addition, bounding cal cul ations
have been performed to estinmate dissolved conmponent-specific concentrations re-
sulting fromoil released in first-year or nulti-year ice |ead systens that are
subject to refreezing and thawing events. Additional nodel devel opment com
pleted during this programincluded the encoding of algorithms to use data from
the NOAA oil weathering nodel for generating bul k physical properties of oi
based on the Mackay “fraction weathered” fornulation. The nbdel uses a pseudo-
conponent approach based on distillate cut fractions to characterize and gener-
ate physical properties for the spilled product under environnental conditions
specified by the nodel user. Therefore, the model can consider any specified
whole crude oil or refined petrol eum product (e.g., fuel oil, gasoline, air-
craft fuel, Bunker C etc.).

Data were collected during both wave tank experinents and field sam
pling prograns in the Chukchi Sea to assist in the devel opment and verification
of the oil-in-ice weathering nodel. Data obtained from both wave tank experi-
ments and field observations yielded conparable results when the inherent sca-
ing differences between these two regines are considered. For exanple, the
simlarities in sea ice behavior and properties between waetank and field
studi es included the mechanisns for ice growth and decay sequences of ice types
(i.e., frazil, grease, and columar ice), ice crystal structures, general ice
mor phol ogy (e.g., snooth first-year ice versus ridge and keel systens in pack
and/or multi-year ice), and vertical salinity profiles in the ice and water
colum layers. These similarities between the wave tank and fiel d observations
suggest that data derived fromthe wave tank studies for oil-ice interactions
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are relevant to anticipated oil-ice interactions in field situations. output
fromthe nodel was used in support of a spill response effort by NOAA HAZMAT
for a spill-of-opportunity when the MV Cepheus went aground near Anchorage, AK
and rel eased approximately 200,000 gallons of JP-5 fuel oil into ice-covered
waters. Results fromthe model output helped to predict rates of oil loss in
the ice covered waters. However, time series sanples of the spilled product
coul d not be obtained because of the extremely dynam c nature of the ice and

the transient behavior of the easily dispersed and volatile fuel oil. Thus,
field verification of nodel predictions froman oil spill in ice-covered waters
still awaits a future opportunity.

The oil-in-ice wave tank studies provided several findings that are

important for predicting the weathering behavior of oil in the presence of
first-year and/or nulti-year sea ice. The significant findings are summarized
in the follow ng paragraphs

One of the nost inportant aspects of the oil-in-ice experiments was
the role of ice nmorphology in controlling the rate and extent of stable water-
in-oil enulsion formation. Melting first-year ice produced substantial anounts
of slush ice and a water-in-oil enulsion 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 nulti-year ice appeared to have a
much | ower tendency to produce a slush ice matrix during melting, and formation
of the stable water-in-oil emulsions occurred over a relatively longer period
of time. Therefore, data fromthe wave tank experinents suggest that the pres-
ence of a slush ice matrix and wave-generated turbul ence pronote the formation
of stable water-in-oil emulsions. Enulsification presumably is the result of
subjecting oil to microscale turbulence from the wave-induced grinding between
slush ice crystals. Rapid formation of stable water-in-oil enulsions is inpor-

tant to potential spill cleanup and containment approaches, and for in situ
burning from considerations of the |owered combustibility of water-in-oil emul-
si ons. Furthernore, it was observed that these water-in-oil emulsions had a

density (specific gravity) which was intermediate between slush ice and sea-
water, and that they tended to reside just below the surface of the slush ice
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fields. Therefore, under actual spill conditions, enulsified oil in the pres-
ence of relatively thick slush ice (e.g. , 10 cm may be extrenmely difficult to
| ocate or observe from helicopters or fixed-wind aircraft.

VWave-turbulent e induced conpression and punping of oil onto the sur-
face of pancake ice was also observed in the wave tank experinments. This sur-
faced oil can becone trapped by ridges of frozen slush ice that formaround the
edges of the pancake ice surfaces. At the sane tine, 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 colum due to enhanced dispersion. This resulted in significant in-
creases of dissol ved-conponent concentrations; however, in the presence of
slush ice, this dispersion (and concom tant dissolution) quickly became self-
limting with the rapid onset of stable water-in-oil emulsions that were char-
acterized by high in situ oil viscosities.

It is expected that the |ong-term dispersion behavior of oil under
simlar sea ice conditions in the field would be dependent on the nature and
conposition of the oil. For exanple, if a refined oil product was rel eased
into seawater in the presence of slush ice and mnor |evels of turbulence, then
di spersion of the refined product mght continue for |onger periods of tine
than woul d be expected for a crude oil. Refined products (as opposed to crude
oils) generally do not contain surface active conpounds that are inportant for
stabilizing water-in-oil enulsions. Thus, small scale turbul ence generated by
the grinding of ice crystals could actually enhance the dispersion of refined
oil products. In turn, this could lead to elevated water colum levels of dis-
persed oil droplets and al so dissol ved conpounds (e.g., nore water-soluble aro-
matic conpounds) due to high surface to volune ratios inherent to small oi
dropl ets.

The inportance of nodeling a well-stirred versus a diffusion con-
trolled oil slab (pool) has been considered froma theoretical standpoint
throughout the devel opment of the existing NOAA oil weathering nodels. Wave
tank experiments conpleted during this program have now denonstrated that the
diffusion controlled nmechani smmust be incorporated into future predictions of
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rates of evaporation fromenulsified slicks and from thicker pools of oi
stranded on floating ice surfaces. Diffusion controlled evaporation of |ower
mol ecul ar wei ght conponents fromoil pools was verified for the first tinme dur-
ing the oil on ice weathering experinents. Significant differences in the
retention of |ower nolecular weight conponents occured as a function of depth
in the oil pool. In wave tank experiments involving interactions between oi
and slush ice, water-in-oil enulsification occurred before significant evapora-
tive losses of lower nolecular weight conmponents could occur. This situation
is different from that encountered during open ocean oil weathering scenarios
where evaporative |osses of |ower nolecular wei ght conponents from surface oi
are not only relatively rapid but also inportant to the subsequent behavior of
the oil. Thus, once a stable emulsion has formed in the presence of first-year
ice and agitation, delayed evaporative |osses of |ower nolecular weight conpo-
nents would be expected because evaporation fromthese emulsions is a diffusion
control l ed process. Under such conditions, modeling the evaporation and dis-
sol ution behavior of conponents fromthe water-in-oil enulsion would require a
conbination of well-stir-red and diffusion controlled algorithns.

Evaporation of |ower nmolecular conmponents fromoil confined within
brine channels in sea ice was also observed during wave tank experinents.
Mgration of oil in brine channels is severely retarded due to high viscosities
of oils that are maintained at low (<O C) tenperatures. Furthermore, tenpera-
ture gradients can exist within thick ice systems between the upper ice surface
that is at or near the anbient tenperature of the overlying air and the | ower
ice surface that is wusually at thermal equilibriumwth the underlying sea-
water. Therefore, mgration rates for oil in brine channels may also vary as a

function of depth in the ice field. Nevertheless, dissolved gases can still be
rel eased fromthe oil, which results in a selective partitioning of |ower nole-
cular weight conponents while the oil is still trapped in the brine channels.

However, this phenomenon is probably not inmportant for nodeling oil weathering
in the presence of sea ice because selective conmponent evaporation would only
affect the upper-nost portions of oil in the brine channels. The actua
rel ease of the mjority of the volatile gases fromthe trapped oil would be
retarded until the bulk oil reached the surface of the ice or water.
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In addition to these studies of direct interactions between oil and
sea ice, a nechanismfor transporting dissolved hydrocarbons to bottom waters
in the presence of sea ice was investigated in this program During the ini-
tial stages of sea ice formation (i.e., frazil, grease and/or columar ice
growth), brine is extruded fromthe ice to the adjacent seawater, which results
in a localized increase in the salinity (and, thus, density) of this 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. Hydrocar-
bons froma surface oil spill that dissolve in the water mass (e.g. , water-
soluble, Iower nolecular weight aromatic conpounds) can be transported along
with the salt toward the bottom by such processes with mninmal dilution. Pre -
liminary fiel d studies performed during February/ March 1984in the Chukchi Sea,
and experinental wave tank studies, suggested a transport mechanism for dis-
solved oil conpounds. An experinental spill with a conbined aromatic conpound
cocktail was performed in an open but refreezing | ead system near Pt. Franklin
in the Chukchi Sea in February/ March 1985. Subsequent analyses of water sam
ples collected from beneath the surface ice yielded measurable concentrations
of both benzene and toluene at selected sanpling sites and depths. Further-
nore, the actual distributions of these concentrations could be explained by a
brine cabling scenario that was conpatible with acconpanying near bottom cur-
rent and hydrographic neasurements (i.e. , salinity, tenperature and density).
Therefore, results of this field effort denonstrated the transport of dissolved
hydr ocar bon conpounds to bottomwaters by brine cabling. This process has
inportant inplications for potential spills fromdrilling activities during
periods of ice-growth or fromaccidental oil or refined product releases from
tankers or barges in open |ead systens.
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3.
BACKGROUND | NFORVATI ON AND RELEVANCE TO 0CSEAP'S NEEDS

3.1 FORVMATI ON CHARACTERI STICS OF | CE | N SEAWATER

Formation of ice in seawater requires in situ tenperatures below the
freezing point of the water. However, the physical conditions of the water at
the time of the freezing will determine the nature of the ice formed.
Depending on these conditions, one or more of the following initial ice types
can result: 1) frazil ice, 2) slush ice and 3) columar ice (Martin, 1979).
Al'though each type of ice has unique characteristics, all three are
characterized by having high surface salinities due to the exclusion of sea

salts during the freezing process.

In general, the first type of sea ice forned is frazil ice. It is
generated directly from supercooled seawater that is subjected to turbul ence
(e.g., from w nd and/or wave action) at a sufficient level that direct, smooth
surface ice freezing at the air-sea interface does not occur, Studies of the
mor phol ogy of frazil crystals formed in saline solutions indicate that their
shapes can include either two-dimensional circular discs (Mrtin, 198la) or
three-dimensional configurations with thin fingers and plates protruding in
directions other than the nain crystal axis (Hanley and Tsang, 1984).
I ndi vidual saline frazil crystals are approximtely 1 x 10'3 meters in diameter
and 1-10 x 10'6 neters in thickness (Martin and Kauffman, 1981). They are also
surrounded by brine films that are generated in the freezing process. Due to
this salt rejection, the brine imediately surrounding the crystal has a higher
salinity than that of the surrounding water. This results in a |ower freezing
point for the water around the crystal, and inparts an inherent resistance to
continued growth of the crystal (Hanley and Tsang, 1984). Under appropriate
conditions, frazil crystals may be generated throughout a water colum. Once
formed, they will rise to the surface since their densities are |ess than that
of the anbient seawater.

Martin (198la) summarizes four situations that can produce the forma-

tion of frazil ice crystals in seawater. First, cold w nds blow ng across
regions of open water (e.g., polynyas adjacent to shorelines or |eads further
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out to sea) can result in frazil formation. [f the open water has sufficient
fetch, Langmuir circulation patterns can “herd” frazil ice into streaks
parallel to the direction of the wind and/or cause the frazil to accunul ate
agai nst some downwi nd, solid object (e.g., the edge of a lead or a shoreline).
Second, seawater adjacent to the face of an ice shelf or iceberg can generate
frazil crystals by either direct cooling of the water or upward novenent of a
cold, deep seawater nmss (parcel) to a depth where pressure effects (i.e.,
freezing point depression) result in the water being cooled below its freezing
poi nt . Third, frazil crystals my form between water masses of different
salinities (e.g., when a layer of fresh nelt water at its freezing point lies
over a layer of seawater at its freezing point). And, fourth, slow drainage of
cold dense brine fromsea ice can lead to the formation of frazil ice |ayers
beneath the ice.

Regardless of the nechanism responsible for the initiation of frazil
formation, frazil crystals frequently accumulate in nasses at the air-water
interface or under-ice surface. This can be due to either the inherent buoy-

ancy of the crystals thenselves (i.e., they rise to surfaces) or wind and
current advection phenonena. Such accumul ations of frazil crystals are known
as grease (or slush) ice. Armstrong et al. (1966) define grease ice as “a

later stage of freezing than frazil ice, where the spicules and plates of ice
have coagulated to forma thick soupy |layer on the surface of the water”.
Under the influence of wave or wind agitation, the original structure of the
source frazil crystals nmay be degraded in a grease ice field by turbul ent
grinding action. Martin (1981b) notes that grease ice consists of approxi-
mately 3parts ice to 7 parts seawater (by mass). In particular, grease ice
accumul ations are known to occur against the downw nd edges of |eads that are
perpendicular to the direction of the wind (see Figure 3-1; Bauer and Martin,
1983) and in convergence zones of Langmuir circulation patterns that are
parallel to the direction of the wind (Pollard, 1977). Areas of frazil and
grease ice formation as described in the preceding several paragraphs are
common in narginal seas such as the Bering and Chukchi Seas (Martin and
Kauffman, 1981) and the Weddell Sea (G|, 1973). Gease ice formation was
observed in open leads off Point Barrow, Al aska during the field efforts in
this NOAA program
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Figure 3-1. --Schematic Overview Depicting the Gowh and Downw nd Accunul ation
of Grease Ice in an Qpen Lead. The dead zone denotes area where ice thickness

danpens wave turbulence and internal circulation within ice. (Adapted from
Bauer and Martin, 1983.)
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The second type of ice that can be formed in seawater is slush ice.

Martin (1979) states that it is generated in surface waters when bl ow ng snow
acconpani eds  wind. If the anbient air and water tenperatures are sufficiently
low, the snow w |l persist in the water to forma mxture of snow crystals and
seawater. From a practical standpoint, however, it is difficult to distinguish
snow seawat er sl ush from accumul ati ons of frazil crystals (i.e. , grease ice) in
surface waters. Therefore, for the purposes of this report the terms slush ice
and grease ice will be used interchangeably for a common ice type.

Columar ice consists of long, individual crystals or platelets that
have a vertical orientation. Figure 3-2 shows a portion of an ice fragnent
containing columar ice that was collected fromice fields in the Chukchi Sea
during this program The conmon vertical planar orientation of the ice crys-
tals is illustrated in the figure. Columar ice growth may continue up to
depths of approxinmately 1-2 neters during the ice growi ng season (Mrtin, 1979;
Martin, 1984, personal communication). In typical ice cores the |ower 10-40 nm
of columar ice is called the skeletal layer. This layer characteristically is
highly porous and fragile, which will facilitate the adsorption or incorpora-
tion of any oil that mght be released or driven beneath the ice layer (Martin,
1979) .

A physical requirement for the formation of columar ice is the exist-
enc @ Of calmor quiescent conditions in the water colum. Thus, agitation of
the water due to wave or wind action nust be sufficiently small to allow for
the orderly, non-random vertical growh of columar ice crystals. Such condi-
tions my result from either an absence of both wave and wind action or an
induced “danping” of these turbulent forces by an overlying layer of a nore
viscous material such as grease or slush ice (or oil as described later in this
Study ) .

3.2 CHARACTERI STICS OF FIRST-YEAR | CE
By definition, first-year ice has existed only for the current growh

season. It may conprise any or all of the ice types described in Section 3.1
(i.e., congealed frazil ice and/or grease ice, slush ice, or columar ice).
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Figure 3-2. --Columar Ice in the Chukchi Sea.

182



First-year ice usually grows to a thickness of approximately 1-2 neters, with a
predominantly columar ice crystal structure beneath a near-surface |ayer of
congeal ed frazil or grease ice (Martin, 1979).

The salinity of sea ice varies with the age and degree of exposure to
changing thermal regines (Weks and Wl ler, 1984). As nentioned previously
one feature common to the formation of all first-year ice forns is the occur-
rence of high salt concentrations on the surface due to rejection of sea salts
during the freezing process. The resulting frozen surface brine can crystallize
into small (20-50 mm) salt “flowers” with salinities ranging from 45-95 ppt
(Martin, 1979). Salt ‘flowers” have been observed in field sanples of ice from
the Beaufort Sea (Martin, 1979) and the Chukchi Sea (this study, see Section
4.3), and they were also generated in the artificial “first-year” ice growh
wave tank experiments summarized in this report (Sections 4.2.1 and 4.4.1)
The high surface ice salinities due to brine rejection determne not only sub-
sequent surface properties of the ice but also contribute to the formation and
propagation of brine channels through the ice. As noted in Mirtin (1979),
brine channels form between crystal facies of the ice with channel dianeters up
to 10 mm  Smaller feeder channels run diagonally between platelet boundaries.
Devel opment of brine channels in first-year ice can occur throughout the growh
season, although the size and spatial frequency of the channels increases as
the ice warms. The nost extensive devel opment of brine channels occurs in the
spring when air and ice tenperatures increase toward the freezing point, The
presence of brine channels represents an inportant mechanism for the vertica
mgration of oil spilled underneath first-year ice, and was investigated during
the wave tank studies described in Section 4.2. 2.

Melting of first-year ice may occur in the follow ng sequence: 1) ice
warm- up and brine drainage; 2) formation of surface melt ponds with increasing
| evel s of solar radiation; and 3) deconposition into slush and broken ice
(Martin, 1979). As the surface layers of the ice are heated, the highly saline
surface ice nelts and fornms liquid brine pools. Brine drainage channels are
then formed in the surface ice layers with interior tenperatures greater than

183



-4°C. These brine channels eventual |y extend throughout the depth of the ice
floe, and represent a major nmechanismfor the vertical (downward) flux of salt
and the upward flux of entrapped oil if present (see Section 4.2.2)

In the nonths of June and July in the Arctic, sufficient solar radia-
tion is available to nelt the surface saline layer of first-year ice. As the
pond water absorbs nore heat, this ice melt tends to formlarge ponds that
gradual |y expand both horizontally and vertically in the ice. This tendency
toward radial expansion nay also be enhanced if oil lenses are present in the
ice. Once an oil lens is liberated fromthe ice, the oil floats to the surface
of the nelt pond. Thermal convection fromthe heating of this dark surface oi
pronotes even nore rapid nelting of the surrounding ice, with an acconpanying
expansion of the original pond size (Martin, 1979; NORCOR, 1975). Melting of
ice that has been advected to the marginal ice zone is also pronmoted by
interaction with warmer water, and nelting of ice along the northern coastal
zone in the Beaufort Sea can be pronmoted by river overflow in the late spring
and early sumrer.

3.3 CHARACTERI STICS OF MULTI - YEAR | CE

Mil ti-year ice describes ice that has survived for nmore than one
growth season. Since this ice may have been subjected to several partial thaw
and refreeze cycles, the brine rejection process wll have had multiple
opportunities to be expressed (\Weeks and Veller, 1984). Therefore, nulti-year
ice may be characterized by lower salinities, as well as |ower abundances of
internal brine channels than in first-year ice

Mul ti-year ice occurs primarily in offshore regions that are not
stabilized by attachnent to shorelines (see Section 3.4). Ice in offshore
regions normally is in constant notion, resulting in repeated breaking and
reworking of the ice and the formation of surface and bottomridge systens and
rubble fields surrounded by refrozen first-year ice |eads. Ther ef or e,
multi-year ice is usually characterized by much greater bottomrelief than
first-year ice (Kovacs, 1977; Ackley et al., 1974). Due to this greater bottom
relief, nulti-year ice is nore likely than first-year ice to “feel” water

184



currents noving beneath the ice. This will lead to a greater tendency for
nul ti-year ice to be set in motion by currents, wth an acconpanying increased
tendency for fracturing and breakup resulting in the formation of offshore open
| eads. First-year ice then forms when newly opened water |eads in the
multi-year ice field refreeze, Therefore, multi-year ice fields normally
consi st of a conbination of nulti-year and first-year ice. Since offshore open
wat er | eads can occur in nulti-year ice fields (as described here), the
phenomenon of brine cabling (see Section 3.5.2) is relevant to multi-year ice
fields as well as first-year ice fields. The higher bottomrelief of
nulti-year ice can also influence the character of the water currents beneath
the ice by causing increased eddy turbulence due to bottom ice roughness. This
can enhance the general mxing properties of the water, which will becone
inmportant in explaining hydrocarbon distributions observed in the field brine
cabling study in Section 5.3. Independent of the brine cabling phenonenon, the
higher relief on the underside of nulti-year ice can also be inportant for
direct entrapnent of oil released or driven beneath ice surfaces (see Section
3.5.1.3).

3.4 NATURAL | CE FORMATI ONS | N ALASKAN ARCTI C MARI NE REG ONS AND THEI R

RELATI ON TO BOTTOM MORPHOLOGY

Rel ative to the shoreline on the northern coast of Alaska, three zones
of ice cover occur: (1) the fast ice zone; (2) the pack ice zone; and (3) the
area of intersection between the two zones (Reimnitz et al., 1978). A
schematic representation of these zones is presented in Figure 3-3. Figure 3-4
illustrates the formation sequence for ice types that can occur in these
di fferent zones.

For the nost part, the fast ice zone includes floating and bottomfast
ice that has formed near the shore each year, although it may also include
occasional nulti-year ice floes and/or remants of grounded ridges. Fast ice
is subject to novenent and deformation by winds during the first few nonths of
its formation. Eventual |y, however, it beconmes immobilized and is usually
protected by the shore on one side and grounded fast ice ridges on the other.
The fast ice zone normally tends to be relatively flat and undeforned since the
initial novenent and deformation phases occur for only a relatively short tine
during its formation.
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SEA WATER

Figure 3-4. --Sea-ice Terminology in Cenetic Sequence (\Weeks,
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The zone of seasonal pack ice is further offshore fromthe fast ice
and can contain a substantial portion of nulti-year ice. Since the seasonal
pack ice is not directly attached to the shore, winds and water currents tend
to keep it in alnpst constant motion. Cracks frequently open in pack ice to
formleads that quickly freeze over with thin layers of first-year ice. The
| atter phenomenon is one reason that pack ice normally conprises some mxture
of first-year and multi-year ice (see Section 3.3). It is also possible to
have additional growh of columar ice (i.e., first-year ice) below nulti-year
ice structures (depending on their thickness). In any event, sone of the |eads
that open in pack ice will be closed by novenents of the ice, which breaks and
piles up both old and new ice to formridges and rubble fields. The result is

an ice field characterized by a relatively high degree of structural relief.

The area where the noving pack ice nmeets the stationary shore-fast ice
is a highly active shear zone. A great amount of ice deformation takes place
inthis area, which is characterized by heavy ice ridging and highly irregular
ice features. \Water depths are often in the range of 10-30 neters. Since many
of the ice ridge keels can be deeper than this, this active shear zone is often

characterized by bands of grounded ice ridges. These grounded sea-ice
formations formed as a result of “ice heaping” are known as "stamukhi" (Zubov,
1945) . Reimitz et al., (1978) refer to this area of ice ridges and hummcks

seaward of the fast-ice zone as the "stamukhi zone” (see Figure 3-3).

A fourth zone of very dynamic ice activity that also has great
i nportance for considerations of oil-ice interactions is the marginal ice zone

(MIZ) . The M1z includes the boundary region between ice and open water, and
the affected regions on each side of the boundary. The location of the MIZ can
vary seasonally and spatially relative to shorelines. However, a common

characteristic of all MIz areas is the conplex and rapidly changing interplay
between the atmosphere, the ice and the ocean on a variety of tenporal and
spatial scales. Processes that affect conditions in the MIZ include ocean
fronts and eddies, changes in the roughness of both the ice and associated open
water surfaces, and wi nd and atnospheric circulation patterns driven by |oca
surface tenperature gradients. Further, ocean convection or circulation

188



patterns are influenced by sea ice formation (brine generation) and ice
break-up and nelting (fresh-water generation at the surface) as controlled by
varying tenperature conditions and the effects of waves and ocean swells.

3.5 | NTERACTIONS OF OL AND ICE

The behavior and fate of oil spilled in regions of ice covered sea-
water will depend upon factors including not only the type of oil or distillate
product released but also where it is released (i.e., under the ice or in open
leads) and the state of the ice growth at the tinme of the spill. In general,
interactions between oil and sea ice can be divided into two types of proc-
esses: 1) those that “capture” oil and 2) those that “transport” oil.
“Capture” processes Wl include 1) entrainment of oil by grease or slush ice
and by rafted or ridged first-year and nulti-year ice, 2) interactions of oil
with smooth, unbroken first-year ice and 3) interactions between ocean waves,
oil and ice floes at the edge of the ice. “Transport” processes wll include
1) interactions of oil with Langmuir «circulation patterns in near-shore
polynyas (consistent open water regions along the |ee-sides of shorelines such
as the area south of St. Lawence Island and parts of the Chukchi Sea) or nore
transient offshore |eads where grease ice occurs, 2) general advection of oil
by large-scale ice novenents and 3) specific advection of oil associated with
ice bands that format the ice edge. Mre detailed background information
regarding these “capture” and “transport” processes wll be presented in
Sections 3.5.1 and 3.5.2, respectively.

3.5.1 “Capture” or Incorporation Processes Contributing to Ol-Sea Ice
I nteractions

Mechani snms for the incorporation of oil into a sea ice cover will vary
with both the norphology of the ice and the season. QI may be incorporated
into new ice formng in leads, it may seep upwards to the ice surface through
cracks or unconsolidated ridges in the ice cover, or it may be frozen into
existing ice by new ice growh.

189



3.5.1.1 Oil Release in a Grease lce Field

Martin and Kauffman (1981) described the general novement patterns of
ice inthe initial formation stages of grease or slush ice fields under the
influence of waves that propagate into an ice slurry (see Figure 3-1). Surface
waves can "herd" the grease ice against a solid object (e.g., the edge of a
| ead) where the radiation stress fromthe wave action will create a thickness
increase in the ice wedge with distance into the ice layer. Gease ice is an
excel | ent wave absorber because it has a nonlinear viscosity that increases as
the ice concentration increases and the shear rate decreases. As a result, the
wedge of grease ice will divide into separate regions approximting liquid and
solid behavior, and these regions will be separated by an abrupt transition
zone termed the “dead zone”. Ahead of the dead zone, the waves propagate as
heavi |y danped water waves; behind the dead zone, they propagate as elastic
waves. If oil is spilled in the wave field just in front of a grease ice
wedge, nost of the oil will end up on the surface of the ice beyond the dead
zone, W th sone oil droplets circulating in the grease ice field ahead of the

dead zone. The exact distribution of oil intrapped in the grease ice and on
the ice surface will be largely controlled by the oil’s inhearent density (and
degree of weathering or water-in-oil emulsification) . Gls with densities

hi gher than the grease ice (0,917 g/m) may be subject to greater encapsul ation
(Payne et al., 1984b and WIson and Mackay 1986). Simlar oil distributions
would be expected in grease ice accunulations that arise due to Langmuir
circulation patterns. Therefore, if oil were spilled in a polynya or open |ead
where grease ice was formng, then sone of the oil would be expected to
accunul ate in local dead zones and/or Langnuir convergence zones, and a smaller
fraction would be dispersed into oil droplets by breaking waves and woul d
circulate around both grease ice and Langnuir rotors.

Once grease ice begins to solidify, ice “pancakes” are observed to
formin the grease ice field. Martin (1981b) denonstrated that crude oil
rel eased beneath grease ice pancakes in a wave field appeared in cracks around
the pancakes. The oscillating notion of the pancakes then drove the oil later-
ally through the cracks and punped some of it onto the ice floes. However, the
grease ice did retard the rise of the oil to the ice surface and its |ateral

190



spreading within the cracks. Therefore, in the case of oil spilled beneath a
wind-agitated field of pancake ice, one would expect that a certain fraction of
the oil would be “punped” onto the surface of the ice, while the renainder
woul d be bound up in or below the grease ice/pancake ice system

35120 1| Released on Top of a Solid Ice Field

If oil were released onto the surface of solidified ice (first-year or
nul ti-year) by either direct spills or working its way up through formng ice,
the spreading properties of the oil would becone inportant to its eventual fate
and conposition. Snow cover or ice ridges would confine the oil and thus limt
the extent of its spreading. In contrast, strong wi nds and/or horizonta
seepage would tend to increase areal spreading (NORCOR, 1975). The weat hering
of oil on the ice surface during winter would be relatively slow due to cold
tenperatures, reduced solar radiation, and diffusion-controlled restriction of
conponent  evaporation resulting fromlimted surface area, greater oil |ayer
thickness and the lack of turbulent mxing. However, during the spring thaw,
melt pools would formrapidly on oil-covered ice surfaces due to increased
absorption of solar radiation (Martin, 1979). The subsequent thinning of the
oil slick would accelerate weathering processes. Mrtin (1979) concluded that
oil spread on the surface of ice would eventually be released into surface
waters after the oil either melted through the ice or flowed off its edges.

3.5.1.3 G| Released Underneath a Solid Ice Field

Consideration of the spreading properties of oil wll also be inpor-
tant for estimating the fate and composition of oil released under a solid ice
field. Factors affecting this spreading will include the density and viscosity
of the oil, the degree of under-ice roughness, the in situ water current
velocities and the “porosity” of the ice (e.g., brine channels and skeleta
| ayers of columar ice). All effect the capacity of the ice to contain
subsurface releases of oil
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Bott om Ice Roughness and Q| Contai nnment Potenti al

If newice forns in calmconditions, the underside of the ice is
usual ly relatively flat and snooth. Depending on abal ance between surface
tension, viscosity and density, oil can then spread beneath this ice to sone
equi | i brium thickness. Values for equilibrium slick thicknesses have been
reported to range from approximately 5-12 nmfor refined oils with densities in
the range of crude oils (Cox et al., 1980). Mninum stable drop thicknesses
for crude oil under ice have been reported to be approm mately 5-10 mm (Lew s,
1976) . Using these values for slick thicknesses and assunming a conpletely
smooth surface, Thomas (1984) has estinmated that approximtely 8000 niof oil
can spread beneath each knfof ice in the absence of currents or ice notion.

However, the underside of sea ice is generally not perfectly smooth.
Therefore, each km‘qof sea ice will actually be able to contain nore oil than
the above estimte. Furthermore, under-ice roughness will vary between fast
ice, pack ice and ice in” the stamukhi zone.

The nearshore areas of fast ice normally tend to be relatively flat
and undeformed.  The under-ice roughness in these areas is determned prinarily
by spatial variations in snow cover that cause differences in sub-surface ice

growmh rates. Barnes et al. (1979) reported that snow cover on surface ice
accurmul ates in drifts parallel to the prevailing wind direction, and that these
drifts are fairly stable throughout the ice season. The drifts in turn

insulate the ice fromthe much col der overlying anbient air, causing reduced
ice growmh beneath the drifts. Therefore, the underside of the surface ice
takes on an undulating appearance. As the ice continues to grow through the
winter, these subsurface undul ations become more pronounced,

An inpul se radar system has been used to nmap the under-ice relief of

fast ice zones at various places in Prudhoe Bay in the early spring (Kovacs,
1977, 1979; Kovacs et al., 1981) . Fromthe resulting contour maps, these
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authors estimated that the volune of under-ice voids |ying above the mean ice
draft (i.e., the oil containment potential) was 10, 000- 35, 000 anm'2 for areas
of undeformed fast ice. For areas of slightly deforned ice, the void vol ume

estimate was as high as 60,000 wkn 2,

In the pack ice zone, the degree of under-ice roughness increases
since the ice is in constant notion and subject to repeated breaking and
rewor ki ng processes. This region contains not only first-year ice floes and
pressure ridges but also variable anounts of multi-year ice and refrozen |eads.
Under nulti-year ice, there is a very substantial increase in void volune that
could contain oil. Kovacs (1977) profiled the underside of a multi-year ice
floe and estimated that 293,000 m?’km'2 of void space existed above the nmean
draft of approximately 4.3 meters. Qher investigators (Ackley et al., 1974)
have also reported greater relief under multi-year ice than under first-year
ice.

Under-ice Currents and G| Spreading

Under-ice currents can contribute to the spread of oil beneath sea
i ce. Until it is conpletely encapsulated by new ice growh, oil can be noved
beneath ice by differential currents of sufficient magnitude until either solid
objects are encountered or the currents cease.

Rel ationships between differential current speed, bottom roughness,
and the novenent of oil under ice have been evaluated in Cox et al. (1980).
These investigators concluded that the threshold differential current velocity
required for noving oil beneath an absolutely snooth ice surface was approxi-
mately 3-7 em/sec. For an ice roughnesses of 1 and 10 nm the threshold vel oc-
ities were 12-16 cm/sec and 22-25 cnisee, respectively. For current speeds
above these threshold velocities, oil would be noved at sone fraction of the
current  speed. G| trapped upstream of large obstructions could also be
“flushed out” at current velocities in the range of 15-25 cm/sec. |n general
ternms, Cox et al. (1980) concluded that oil spilled beneath an ice cover would
not be transported by currents until the relative current velocities were in
the range of 15-25 cm/sec. At velocities less than this critical value, a
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typical ice field would have substantial oil spill containment capacity.

Under-ice currents can range from2 to 5 cm/sec in parts of the nulti-year
Beaufort ice pack (Kawalik and Untersteiner, 1978), and Aagaard (1981) reported
simlar current speeds 10 mbelow the ice on the Beaufort inner-shelf in 30 to
40 neter depths north of Prudhoe Bay. It should be noted that these
measurements were not in the region of the Beaufort Sea extension of the
Al askan Coastal current where Aagaard (1981) has reported average under-ice
currents ranging from 25-30 cm/sec. Matt hews (1981) used sub-surface and
bottomdrifters to estimate currents in a wide variety of areas in the centra

Beaufort shelf. He reported under-ice currents in the range of 7 to 10 cm/sec
and near-bottom currents of 0.5 to 2 cm/sec. Near bottomcurrents (1 neter
above the sedinment) were neasured at 1 to 4 cm/sec under floating shore-fast
ice at depths of 20 min the Beaufort Sea northeast of Pt. Barrow and at 20 to
30 min the Chukchi Sea near Pt. Franklin as part of this program (see Table
5-7, Section 5.3).

It should be enphasized that the preceding velocity estimtes nust be
considered as current speeds relative to an under-ice surface. If the ice
field is also in notion, then the critical values for current speeds woul d have
to be adjusted to arrive at velocities relative to the under-ice surface

Effects of lce Gowh, Structural Characteristics and Brine Channels on O
Retenti on Under Sea |ce

Ol released into water beneath sea ice will rise through the water
colum and be trapped on the underside of the ice. If this oil becones
associated with the porous skeletal layer of columar ice during periods of
active ice growth, it will remain essentially static until the ice begins to
warm (Martin, 1979). During periods of ice growth, anice lip will also form
as horizontal platelets around subsurface pools of trapped oil (Mrtin, 1979).
Dependi ng on the seasonal conditions, an ice sheet could then continue to grow
under the oil and eventually conpletely trap the oil.

As noted in Section 3.2, first-year ice in particular is characterized
by the presence of brine channels that have their origin in the initial
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freezing process. The inportance of these brine channels to the mgration of
subsurface or encapsulated oil becomes especially inportant during warm ng
peri ods. Asthe ice begins to warm brine pools maintained as "salt flowers”
on the ice surface over winter as well as brine trapped between the col umar
ice crystals begins to drain down through the ice. By the time the air and ice
tenperature approach freezing point values, the brine channels normally extend
throughout the ice. Once the channel s connect the surface and bottom of the
ice, dense brines drain through the ice and escape from the under ice surface.
Ol that was initially trapped under or in the ice may then begin to appear on
the upper ice surface due to density-mediated mgration of the oil up through
the open brine channel pathways. GO that surfaces through these channels will
float in surface melt ponds, If such ponds do not exist, theysoon form as the
oi | darkens the surface of the ice and further enhances absorption of solar
radi ation.

3.5.2 “Transport” Processes Contributing to Gl-Sea lce Interactions

Once oil becones associated with ice by any of the processes discussed
in Section 3.5.1, it has the potential to be physically transported to areas
substantially renoved from the initial point of release. Some of these
transport processes can be of substantial magnitude, as evidenced byrates of
movenment for ice of up to 130 kniday along the cChukchi Sea coast follow ng an
ice breakout through the Bering Strait (Lewbel, 1984). More detailed
information on potential spatial transport of oil by ice can be found in
nunerous publications such as Martin and Bauer (1981), Martin (1981b), Pease
(1981), and Lewbel and Gallaway (1984).

QG her less direct nechanisns may also contribute to the spatial
transport of dissolved oil conponents. For exanple, the previously nentioned
expul sion of sea salts fromice during the initial freezing process may play a
role in hydrocarbon transport. In addition to the expulsion of brine to ice
surfaces, the freezing process also rejects salts to the water below the ice.
As discussed in Kozo (1983) and Schumacher et al. (1983), this can produce

water parcels that have higher salinities (and thus densities) than the
surrounding water. These water masses can sink in the surrounding water colum
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by a process known as brine cabling. If dissolved oil conpounds or neutra
density oil droplets becone incorporated into these denser saline water parcels
(i.e., in conjunction with the salts, that are excluded fromthe ice crysta
lattice during the freezing process), then this brine cabling nechani sm
provides a possible route for the transport of either dissolved or dispersed
0il conponents to benthic environnents. Thi s concept of transport of oi
compounds by brine cabling was evaluated in both wave tank and field studies
for this program and the results are presented in Sections 5.2 and 5.3,

respectively.

3.6 COMPUTER MODELING OF O L WEATHERI NG I N THE PRESENCE OF SEA | CE

Previous studies by Payne et al. (1984a) have measured and nodeled the
physical and chem cal properties of oil during weathering in an open-ocean
environnent. However, oil weathering in the presence of sea ice will be highly
dependent on the oil/ice configuration. Model ing oi | weathering processes
uncle r sea ice will be different in virtually all respects from oil weathering
on the open ocean, primarily because oil released under sea ice will not be
subjected to a similar weathering environment. Nevertheless, any approach to
modeling the oil/ice system nust be conpatible with existing open-ocean
weathering nodels (i.e., Payne et al., 1984a) because the oil eventually is
exposed to the sanme weathering processes when the oil migrates to the icelair
interface or the ice finally breaks up. In addition, if oil is released in
broken ice, or if escaping gas froma subsurface bl owout causes a bubble or
crack in relatively thinice (DOVE, 1981), then this oil would al so be subject
to a conbination of open-ocean and oil-in-ice weathering processes. In either
case the ice can refreeze and prevent further short-term evaporative |osses
(depending on the season and weather conditions). Eventual break-up of the ice
with the spring/sumrer thaw ultimately will release the oil, possibly at
appreci abl e distances from the initial point of oil release. Wen this occurs
evaporation, dissolution, dispersion, spreading, water-in-oil emulsification
and other weathering processes considered in the open-ocean nmodel will again
become inportant. The currently used True Boiling Point (TBP) or pseudo-
conponent oil-characterization for open-ocean weathering processes has been
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incorporated into SAIC's nodel for oil-ice interactions, and this approach is,
by design, entirely conpatible with the open-ocean oil-weathering nodel
(Section 6,4),

In nodeling oil under ice with the oil still in contact with water,
the nmass transfer processes considered are dispersion and dissolution. Dis-
persion will not be an inportant weathering nmechani smwhen under-ice turbul ence
levels are |ow and under-ice currents are sufficiently small such that the oil
Wil remain stationary against the ice (DOVE, 1981), Thus, in nost oil
releases below land-fast first-year ice, the only nmass transfer process
expected to be of inportance is dissolution. Dispersion may beconme inportant,
however, in the shear zone, in nmoving pack ice, or in areas with stronger tidal
currents. Furthermore, dispersion will certainly become an inportant process
when the ice breaks up and wave-induced turbulence in the broken ice field
punps oil onto the ice surface and into the water colum.
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4.
COLD ROOM WAVE TANK STUDI ES

Laboratory studies were conpleted during this programto nmeasure rates
of oil weathering in the presence of simulated first-year and multi-year sea
ice. Experiments were conducted using natural seawater in a flowthrough wave
tank system constructed in a specially designed cold room at the NOAA-Kasitsna
Bay Laboratory (Figures 4-1A and 4-1B). Artificially generated sea ice was
produced to sinulate actual arctic or sub-arctic ice conditions (as described
in Martin, 1981).

During the first-year sea ice experinents, fresh Prudhoe Bay crude oil
was added bel ow the grease- and columar-ice |layer to simulate a subsurface

rel ease. Results from these studies are described in detail in the Final
Report for RU640 (Payne et al., 1984b). The multi-year ice experinents
invol ved repeated simulated freeze/thaw cycles, ridge construction and several
oil/ice scenarios. The physical and chem cal weathering behavior of the oil

was evaluated through time series measurements of the oil during freezing and
thawi ng conditions.

4.1 DESCRI PTI ON OF THE COLD ROOM AND WAVE TANK SYSTEM

A flowthrough seawater wave tank constructed in the cold room of the
Kasitsna bay Laboratory is illustrated schematically in Figures 4-2A and 4-2B.
Seawater for the wave tank was punped through PVC pipe froma depth of 3 neters
bel ow | ower low tide in Kasitsna Bay. The PVC pipes were flushed for a mninum
of two weeks prior to the initiation of the tank tests to reduce potentials for
background (phthalate) contamnination. Seawater blanks were also collected and
anal yzed prior to each of the tank experiments. Several under ice differential
current regines were generated by varying the seawater flow rate into and out
of the tank. During the first-year ice experiments, seawater was introduced
into the tank at a flowrate of 1 liter/mnute (equivalent to a current speed
of 0.003 cnmsee), while the flowrate was -3 liters/mnute (0.01 cnsee) during
the nulti-year ice experinents. These seawater flow rates result in one tank
vol ume turnover (-1870 1) every 1.25 days in the oil in fist-year ice and every
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Figure 4-1A --CQutside View of the Conpressor Room and Cold Room Used for
Ql/lce Studies at Kasitsna Bay.

Figure 4-1B.--Wave Tank System and Five Blower Evaporator Unit Inside the Cold
Room at Kasitsna Bay. The paddle wheel systemat the far end of the tank was
|ater replaced by the hinged system described in the text and shown schematic-
ally in Figure 4-2A
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10 hours in the oil in multi-year ice experinents, respectively. In both
instances, the differential under-ice currents were intended to sinulate
advective removal of dissolved conponents and dispersed oil droplets. Higher
flow velocities woul d of course have been desirable to simulate a wider variety
of differential currents as would be expected under |andfast and pack ice.
However, flow rates were restricted by the cooling capacity of the evaporator
unit and 5 horse-power conpressor used to refrigerate the cold roomand | ower
the anbient water tenperature from +4°C (as encountered outside at Kasitsna Bay
during the winter nonths) to approximately -1.7°C for ice growh inside the
wave tank. If higher water flow velocities had been used, then the desired ice

regimes could not have been generated.
4.2 SI MULATED FI RST-YEAR | CE TANK STUDIES

4.2.1 Ceneration of First-Year |ce

A profile of the desired ice/oil configuration for a sinulated sub-
surface oil discharge under first year ice, shown schematically in Figure 4-3,
consists of an upper 5 cmlayer of frazil/frozen grease ice above a 4 cm|ayer

of columar ice. G|l would be added beneath the columar ice, and then
additional ice formation would be initiated to entrap the oil within the ice
bl ock.

The ice thicknesses were constrained both by the refrigeration
capabilities and flowthrough seawater systenms. The nmaximumice growth of the
tank system can be calculated using the differential form of the equation of
Anderson (1961):

(20 + 0.051) WD = 2.8 x 107> (T, - T )t (1)

wher e Dis the initial ice thickness in neters,
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WD is theice growth in time interval W,
T, is the water tenperature assuned at freezing point
-1.7°C),
T,is the air tenperature (-30°C),
and Wt is the tine interval in hours,

For an initial ice thickness of 10cm, ice growh over a one hour period is WD =
3.2 mm which equals the growth of ice necessary to cool seawater at the flow
rate of 2.4 liters/mnutes. Mninumwater flow rates in the tank are 1 liter/
mnute, thus oil could only be spilled in depths I ess than 10 cm (Martin, 1984;

personal conmunication during site visit at Kasitsna Bay).

During initial ice formation, the incom ng seawater was supercooled to
-1.8°c in the presence of wave turbul ence. Wve turbul ence then was reduced
allowing the formation of frazil ice crystals on the water surface. Frazil ice
growh occurred within 1 to 2 mnutes after the wave generator was turned off,
with a 3-5 knot wind and a roomtenperature of -30°c. Wave turbulence was re-
initiated to drive the frazil ice crystals into the water colum and encourage
the formation of grease ice and slush ice. Frazil ice crystals were observed
throughout the water colum, and grease ice accunulated to a depth of approxi-
mately 4 cm before the paddle system was turned off three hours later. Verti-

cal tenperature profiles during all ice experinents were nmonitored with a
thermstor array. Figure 4-4 shows the tine-series tenperature profiles of
air, ice, and seawater in the wave tank during growth of grease ice. A

chronol ogy of the ice formation and oil spill events is presented in Table 4-1.

Wthin three hours of the initial frazil ice formation, a 5 cmlayer
of grease ice covered 80% of the tank surface. A 4 cmlayer of columar ice
was then grown over the next 20-21 hours bel ow the grease ice layer prior to
initiating the subsurface oil spill (see Table 4-1). Additional columar ice
growth was allowed to occur below the spilled oil to simulate oil-in-ice
encapsul ation as illustrated in Figure 4-3. Figures 4-5 and 4-6 show an ice
core with the frozen grease ice on the surface and the columar ice inmediately
beneath it. This core was obtained during initial ice growth stages and, as
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Table 4-1---Chronol ogy of Tinmes and Dates of Significant Events Cccurring

During the G l/lce Wave Tank Experinent.

Date/Time  Flow Rate Significant Event Description
(I/rein)
2/7 2340 Initiation of cool down
2/8 0130 Grease ice over 2/3 of the tank
" 0220 - “ " 2" thick
" 0315 - Wave generation terminated
" 0330 2.4 Grease ice 3“ thick-surface skinforma
" 0600 1.1 Abundance of salt flowers
" 1300 : First appearance of columnarice
" 1500 1.1 3" grease ice + 1/2 “ columar ice
" 1830 .84 3" grease ice + 1" columar ice
2t9 0100 .88 3" grease ice + 2“ columnar ice
! 0500 5 liter spill of PB crude complete
" 1100 .80 3" grease ice + 2 1/2 *columnar ice-even with oil pools
" 1900 .94 3" greaseice + 3 1/2” columar ice-0il encapsulation complete
2/10 0900 .88 3 grease ice +4 1/2 “ columar ice
“ 1630 3" grease ice + 5 1/4" columnar ice-initial brine channeling
2/11 2100 .76 3" grease ices5 3/4 “ columnar ice
2/13 1200 - Initiation of thaw
“ 1800 .68 3" grease ice + 6 1/4 “ columnar ice-pools of brine
2/14 0430 First oil surfacing
" 0630 .67 3" grease ice + 6 3/4 “ columnar ice-maximum ice thickness
2/15 1930 .62 Open leads introduced
u 2315 .64 Ice 5 1/2 “ thick-90% columnar
2716 0130 67 10% of the oil has surfaced
" 1000 Oil removed for distillation
2/18 1730 17 Break-up (wave actioninitiated)
2/20 1200 1.8 4" grease ice
2/22 1100 1.8 Ice free
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Figure 4-5. --Side view of Ice Core Obtained from Wave Tank System Illustrating

the Discontinuity Between the Frozen Grease !Ce (top) and the Columar Ice
(bottony. Mbst of the 3-5 inches of grease ice which was on top of the

columar ice was |ost during sanpling.

Figure 4-6. --Same lce Sanple as Described in Figure 4-5 with Backlighting to
Better Illustrate the Crystal Structure of the Columar Ice.
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Table 4-2.--Salinities of Various Ice Types and Brines Obtained During the
Ql/Sea Ice Interaction Experinent.

Salinity (°/..) of sanples at--

Initial ice Solid Maxi mum i ce Thaw 8 hours 36 hours
Pre- formation ice t hi ckness initiation into thaw  after breakup
Sampl e type freeze-up (1/30/84 2100) (1/31/84 1230) (2/2/84 2200) (2/3/84 1100) (2/3/84 1900) (2/6/84 2100)
Seawat er 34.1 37.1 - 31.1 - - T 30.4
Gease ice - 29.2 " - - - - - - 10.5
Surface brine - — 85.0 76.4 0.5 12.0 47.0

Ice at:
surface

2 depth
4" depth
6" depth

(residing inside
pancake ice)

- -~ 27.7 17.5 -- 5.8 10.5
(rimof pancake ice)
- -- 13.3 - 5.5 -
—_— - - 12.5 - 9.5
- - - 14.2 -




Figure 4-7. --Q| Pooling in Under-lce Depressions Just After the Spill.

Approximately four days after the spilled oil was entrapped in the
lower ice layer, a thaw cycle was initiated. Water colum neasurements of
di ssol ved and di spersed hydrocarbons were conpleted over this period to insure
that the system (which was constantly being exposed to fresh seawater flow) had
returned to near “background” levels before initiation of the thaw. Just
before initiation of the thaw cycle a significant tenperature gradi ent was
observed in the frozen grease ice and columar ice (Figure 4-8), which at this
poi nt had reached a total thickness of 15-17 cm Wthin 48 hours of initiation
of the thaw cycle, the tenperature gradient in the ice began to break down,
which resulted in both nelting of the surface grease ice and formation of
standi ng pools of brine on top of the ice along with brine channel drainage.
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A 71 cmdianeter test floe was cut in the center of the ice to
facilitate brine channel drainage and oil mgration in a floating ice patch.
This test floe was left in place, but its buoyancy was not restrained by the
surrounding fast-ice layers which were held in place by the tank walls. Wth
this circular test floe, time-series brine channel drainage and oil nmigration
could be measured on ice behaving under natural buoyancy conditions. The
remaining ice in the tank which was fast against the tank walls was al so used
for nmonitoring oil mgration. However, slight changes in the water |evel due
to partial blockage of the drainage pipe may have affected the migration rates
in the fast ice, although this was not a factor in the central test floe.

A pool of oil trapped adjacent to the vertical viewport allowed
observation of oil migration during initial formation of brine channels.
Figure 4-9 shows the initiation of this brine channel nmigration, with a pocket
of dissolved gases (nethane, ethane, propane, and butane) |eading the oil
phase. Figure 4-10 shows the brine channels as outlined on the glass w ndow
and additional mgration of the oil with time. Wile this nigration was
subject to “wall effects”, the elapsed time for the oil to reach the surface
was approxinmately the sane as that observed for the floating ice floe.
Chromat ographic  measurements of oil sanples, obtained by penetrating the brine
channel from above with a syringe, showed that sone evaporation and | oss of |ow
mol ecul ar  wei ght conpounds occurred before the oil reached the ice surface

Such losses would be diffusion controlled, however, and would not affect the
bulk of the oil still residing in the trapped pool beneath the ice surface
Approximately four hours after the test floe had been cut out of the fast ice
surface the first oil surfaced through the circular test floe.

Estimates of oil flowrates through the brine channels were derived
fromthe anount of surface oil neasured (area x thickness) on the test floe
over tine. In addition, tine series photographs were used to docunent the

changes and arrive at the volume and rate estimates listed in Table 4-3. The
data in Table 4-3 were used to evaluate the brine channel mgration predictions
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Table 4-3. --Experinentally Determned Gl

Mgration Rates.

(2.5 cm,
§is the slick thickness and g is the gravitationa

Using these values to solve for dl indicates a mnimm brine channel
dianeter of 3.6 mm which seens reasonable in |ight of observations made in the
tank and published brine
conpleted in the field (Martin,

cm/secz).

L,is

channel

1979) .

The rise rate velocity is given by:

I‘z-

2
(LW-Lo)g éd

32 Ly

217

di aneters

fromoil

Elapsed Time(hrs) | Area (cm’) Thickness (cm) Volume (mls) Average
Rate (mls/hr)

4.3 9.1 .05 .45 o1l

10.2 1.4 .30 .87 *09

16. 8 52.8 2 11.9 71

25.0 279 .46 129 5.2

35.8 269 .83 224 6.2

88.0 1260 .30 378 4.3

Cox et a. (1980) . The expression, given by Cox et al. (1980), for the
m ni mum brine channel dianeter that will allowoil mgration (d) is:
bo . COS a
d, - — (2)
) (Lw-]"o)g
for the experinmental spill, 0w is the oil/water interracial tension

(24.2 g/secz), ais angle of contact (0), w is the under ice oil lens thickness
the water density (1.03 g/cm3),Lo IS the oil density (.92
constant (980

spill

(3)

st udi es



Figure 4-9. --Initial Mgration of Encapsulated Ol as Viewed Through Verti cal
Viewport. Note gas bubbles above mgrating oil surface due to the slow release
of volatile conponents during the brine channel mgration. Photograph was
taken at 1900 hours, 2/10/84.
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Figure 4-10. --Continued Brine Channel Mgration as GObserved Through Vertical

Viewport at 2245 Hours, 2/10/84. The location of brine channel drainage from
the surface is illustrated by outlining the brine pools wth Magic Marker.
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wher e Lw, P and § are as before, d is the brine channel dianeter _(136 cr{)
L is the ice thickness (5.7 cn), and g is the oil viscosity. (5.5 g cm ~sec ™),
Solving for By @ rise rate of .35 nmisee was determned. This value is |ower
by a factor of two than the rise rate of 0.7 mmisee deternmined experimentally
by Martin (1979). However, slight changes in in situ oil viscosity (while
still in the ice) or even aslight (1.4 fold) difference in brine channel

diameter could result in a factor of two change in B

Finally, the volune flowrate to the surface can be expressed by:

2
Iid
V- —— g N'A (4)

where d is as before, B, is the rise rate velocity (.035 cnsee), N is the
nunber of brine channels per area (.Ol/cmz) and Ais the area of the spill (209
cmL’S : Solving for V, with the experinentally determned data, indicates that
the volume of oil deposited on the surface as a function of time should be
approximtely 27 mls/hr. This value is somewhat high when conpared to the
experinentally determined values presented in Table 4-3. However, ot her
factors which may need to be taken into consideration to explain the differences
between calculated and observed flow rates include: 1) the depth of the oil
pool in the ice, 2)the rate of tenperature increase (totally controlled by
| aboratory conditions), 3) the fact that the laboratory ice was relatively thin
(< 10 cm), 4) the fact that the oil lens was initially trapped in columar ice
4 cm below a5 cmthick canopy of refrozen grease ice, 5) uncertainties in the
nunber of brine channels/unit area in the laboratory and field studies and 6)
the influence of the oil after it has surfaced with additional ice ablation and
nel ting. Qobviously, additional refinement of the modeling of oil mgration in
brine channels appears warranted; however, to our know edge this is the first
conmparison of nmeasured data with predictions based on cox's approach.
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Approxi mately 6 hours after the first brine channel oil mgration was
noted in the circular test floe, the oil had pooled in approximtely five
areas; the largest oil pool was approximately 1 cmin dianeter. Approximtely
24 hours later, several oil pools, the largest of which was estinmated to be 5
cm long, were noted in the test floe. Wth increased absorption of infrared
energy these pools then led to enhanced oil spreading and ice nelting as
reflected in the tenperature profiles shown in Figure 4-11. Approxinmately 3
days later an estimated 90% of the oil was present on the ice/water surface.
Gas chromatographic analysis of this surface oil pool illustrated that |ower
boiling distillate cuts up through TBP cut 7 (BP 282-304°F; Payne et al.,
1984a) had been renoved by evaporative weathering (see Figure 4-20; Section
4.2.4).

Three days after the thaw was initiated (Table 4-1), the ice wasquite
rotten and was rmanually broken up into 60-80 cm diameter floes. The paddle
system was then later turned back on to generate 6-8 cm waves to exam ne the
effects of light turbulence on oil weathering behavior in the presence of
grease ice and testice fl oes. The micro-scaeturbul ence introduced by the
grinding of the icefloes against one another, and the grinding action of the
frazil ice and grease ice crystals between the msjor floes, significantly
enhanced the formation of a stable water-in-oil enulsion. The 4-6 cm wave
oscillations in the grease ice also led to a punping action, as described by
Lee et al. (1974), causing the oil to collect on the ice floes and around the
rims. Subsurface observations and water sanpling (see Section 4.2.3)
illustrated that elevated levels of dispersed oil in the water columm al so
resulted from this small scale turbulence which causes oil droplets to
di sper se. Di spersion quickly became self-limting, however, due to the rapid
(within 4 hours) formation of a water-in-oil enulsion (nousse) and drastic
increases in oil viscosity.

A further observation wasthat the water-in-oil emulsion formed in the
tank was not neutrally buoyant and, in fact, had a density (0.982 g/nml) such
that nost of the larger enulsified oil patches resided i nmedi ately bel ow the
grease ice on the water surface. The |arger nousse balls were approximtely 5
to 8 cm in dianeter. Wth continued agitation and eventual nelting of the
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grease ice (Table 4-1), the enulsified water-in-oil mixture eventually surfaced
in the open water between the ice floes. Simlar observations have been
reported by WIson and Mackay (1986). In their experinents rotating-shaker
generated water-in-oil enulsions and Sudan Red dyed white oil (Bayol 35; SG
0.790) pl us tetrachloroethylene (SG 1.615) nmixtures were incorporated into
agitated fresh-water grease ice contained in 3500 m graduated beakers. These
waterin-oil enulsions and the oil/chlorinated solvent mxtures had densities
ranging from 0.92 to 0,98 g/m). The reported density of the fresh water
grease ice was 0.917 g/m. Thus, when WIlson and Mackay poured an artificially
generated water-in-oil enulsion (wth a density of 0.946 g/m) into the beaker
with the grease ice and stirred it, an estimated 80 to 90% of the oil was
i ncor por at ed. In the Kurdistan incident where No. 6 fuel oil was spilled in
ice covered waters in Cabot Strait, the neasured oil density was again qreater
than the grease ice density and only slightly less dense than the water
(G Core, 1975). As a result, it was reported that the oil often resided
beneath the grease ice, and as nuch as 50% of the oil was estimated to be
entrained in the brash ice to a depth of 1 neter.

Tables 4-4 through 4-6 present theol ogical properties data for the
enul sified oil generated in the cold roonfwave tank experiments conpleted at
Kasitsna Bay. The oil/water interracial surface tension in the enulsified oil
did not change throughout the duration of the experinent but remained at
approxi mtely 25-26 dynes per centineter. Like-w se, the oil/air interfacial
surface tension did not change during the enulsification process. Conparisons
between changes in the theol ogical properties of nousse generated under open

ocean/ice-free conditions (Payne, et al. 1984a) and those in nousse in the
presence of artificial first-year ice can be made by exanmining the data in
Tabl es 4-4 through 4-6 and Figure 4-12. A snooth decrease in oil/water

interracial surface tension from 27 to 13 dynes per centinmeter was observed
during open ocean oil weathering processes, with the oil/air interracial
surface tension showi ng values very simlar to those observed in the ice tank
system Thus, in the presence of ice a stable water-in-oil enulsion was
generated even without the change in oil/water interracial surface tension
noted under open-ocean weathering conditions.
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Tabl e 4-4.--Interfacial Tension (Ol /Water) and Surface Tension (QI/Air)
Obtained at Various Times During the Gl/Sea Ice Interaction Experiment.

Sample state2

O | /Wt er Interfacial
Tensi on (dynes/cm)

Gl/Ar Surface
Tensi on (dynes/am)

Fresh crude (pre-spill)
011 approaching the ice surface
thro brine channels (oi | temp.
g 10 - ambient measurement)
Pooled oil after surfacing
Mousse - 4 hrs after break- up
Musse - 12 hes after break-up

Mousse - 4 days after break-up

26.2

24.2
23.4
25.8
27.3
26.7

33.4

36. 8
34.7
35.9
35.2
36.7

3Except where N0t ed.  all measur ements were obtained after sample equili bration

at room temperature.

Table 4-5. --Water Content (7 by weight) in G| Wathered in the
Presence of Sea Ice.

Sample Description Sampling Timeand Dat e

WAt er Content3(s)

Resh Prudhoe Bay Crude

0il Encapsulated by Ice
Freshly Exposed 0il

Mousse - 4 hrsafter break-up

Mousse - 11 nhrs after Dr eak- up

Mousse - 3days after break-up

Mousse - 4 days after break-up

Pm spil |
0600 2/16/84
1100 2/16/84
1600 2/18/84
2230 /1¥&4
1330 2/21/84
2200 2/22/84

<.01
4.3
7.4

64

65

64

66

dater content determined by Karl Fischer titration or ASTM 17%
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Table 4-6---G | Viscosities at Various Times and Tenperatures Obtained During
the G l/Sea Ice Interaction Experinent.

Sanple State 0il Temperature ( ¥J'2 | viscosity (centipoise)
Fresh Crude (pre-spill) 20.0 50
0i1 apgroaching t he ice surface
through bri ne channel s 1.0 550
oll on ice surface (-10%
remaining in the ice) 2.1 500
Weathering oil =11 hrs after
break- up -2.0 25, 000
Weathering oil - 11 hrs after
break- up 38 1,100
Mousse - 36 hrs after break-up -2.5 30,000
Mousse - 36 hrs after break-up 3a 1,200
Mousse - 4 days after break-up 3.0 30,000
Mousse - 4 days after br eak- up 38 1, 400

‘Except for 38°C cases, Viscosities were taken at experinental anbient
temperatures.
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For conparison, water content in the nousse reached 64%within 4 hours
after ice break-up and initiation of wave turbul ence (Table 4-5), whereas water
build-up in a stable water-in-oil enulsion did not occur in open-ocean test
tank studies for 12 days, and then only in a snooth increasing pattern (see
Figure 4-12).

Large increases in viscosity were measured in the water-in-oil emul-
sion generated in the wave tank systems (Table 4-6). Fresh oil, as it surfaced
through the brine channels 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 cp at -2°c. Wen this sanple was warmed in the |laboratory to 38°C for
nore standard (100F) viscosity testing, a value of 1,100 centipoise was

obt ai ned. For conparison, the viscosities of mousse formed in open ocean oi
weat hering experinents approach 1,100 centipoise (at 38°C) only after 3-4 days
of weat hering under subarctic conditions (Payne et al. , 1984a). Maxi num oi

viscosities approached 30,000 centipoise at anbient (-2.5°C) tenperatures and
1,400 centipoise at 38°C after 4 days during the oil-in-ice experinents

4.2.3 Conpound Specific Partitioning and Wiwole Q| Droplet Dispersion

Aliquots Of fresh Prudhoe Bay crude oil and sanples of weathered oil
and water fromthe wave tank were collected before spill initiation and at
regular intervals during the experinent, respectively, for subsequent chem ca
anal yses. The aliphatic and aromatic fractions of each of these sanples as
wel |l as true boiling point (TBP) distillate cuts, were characterized for chenm -
cal and theol ogi cal properties by methods described in Payne et al. (1984a).

Concentrations of specific dissolved aromatic hydrocarbons in the
water colum are presented in Tables 4-7A and 4-7B for post-spill and post-ice
break-up cycles, respectively. Time series profiles of dissolved aromatic
hydrocarbon concentrations, shown in Figure 4-13 illustrate the slight increase
in dissolved hydrocarbon concentrations in the water colum immediately after
subsurface oil release with a decrease in hydrocarbon concentrations after oi
encapsulation in the ice during Day 3 to Day 4. Wth the initiation of wave
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Table 4-7A. --Tine Series Dissolved Hydrocarbon Concentrations (ug/liter) in the Presence of Sea Ice Before
and During Encapsulization. Note: Open |eads refers to the presence of several snall open water |eads
resulting fromcutting a 71-cmdiameter test floe in the center of the tank. Tenperature regines during the
experiment can be seen in Figures 4-4, 4-8, and 4-11.

FOST SPILL TIME Open Loads
Compound KOVAT 2 4 6 9 B| v 28 | 36 2| 3| 4 sJ 1| 9
Prespill| tHouwrs | Hows| Howrs| Howrs | Bows| Houwrs| Howrs| Hourg| Days| Deys| Damys| Day Days| Days
Ethylbenzene 854 A | 635 | 690 | .799 | 1.29 455 | .907 | .48 | 926 | .126 | .0583| .0308| .08% .695 | 3.01
n, p-aylene 856 460 [253 279 |340 |4.40 [200 |3.32 |2.88 |345 | .86 | 453 | o362 | 751|276 |10.9
o-xylene 891 246 (111|122 | 150 |1.97 868 | 146 [107 |154 |.341 | .16 | 247 | 293]122 | 512
1sopropylbenzene o2 D 0594 | .0661| .0757| 212 | .0504| .0874| .0694| .0941] .0253] m | .0227| w0 .0784] .281
N-propylbenzene 950 ) 0753 | .oma| .0944| 145 | o0618| .108 | .0030| .127 | 0284] | w 106 | .663
-benzene so N 206 | 322 | .3 | 524 | 233 | 393 | 340 | 446 | 111 | .o736| oss7| O ]| 405 | 163
-berzens %6 D 0965 | 0978 .116 | .163 | .070s| eKU | .102 | .146 |.0313 | 0226| WD | .034d .139 | 553
1;3,5-trimathylbenzene 978 T) 130 | 154 | 176 | 226 | .108 | .179 | .163 | .205 | .0497] .0270]| .0258]| .0531] .180 | .647
g,-bemm 992 N 358 | 397 | 502 | 603 | 201 | .e4@ | 436 | o567 | 131 | o0ema| .0685] .284| 519 | 2.02
4 -benzene 1020 N 214 | 238 | 223 | 365 | .63 | .266 | .178 | .240 | .134 | .0568| 0575 | 164 | .38 | 113
Tetramethylbenzene 1107 M 0972 | 107 | 146 | 135 | a0 | a2z | .0ess]| .150 | 0252] m w| w| .2m
Naphthalens 11w N 235 | o289 | 368 | 502 | .245 | 360 | .329 | .520 | .aese@| .0518| .0376 | .0mA .s18 | 1.15
2-methy lnaghthal ens 1250 M 103 | 129 | 230 | .2a | .07 | 214 | 195 | .348 | .0611] .0405| .0285] 0704 .400 | 1.08
1-methylnaphthalene 1307 ND 0952 | 122 | 158 | 209 | .14 | 151 | .148 | .256 | .0476| .03 | 0316 | .0554 .296 | .869
1,1'biphenyl 1375 ) N ) w | .0266 w | .0204 m | .0426] m | .0263] m | .0323] .0336] o
2,6-dimethylnaphthalene 1399 N 0630 | 0852 | .11 w | .0668| .0899 | .0893| .103 | .0358| .0384 | .0238| .046¢] .0278] .&9
—naphthal ene 1414 ™ ) ) w | .0313 o | 0232 W | 064 m m m w| .051| .14
—naghthalense 1433 ) .00 | 0549 | .0747| .0809 | 0254 | .0532 w | .08%| o m| m| e | 257
—naphthal ene 1448 T 1) %) %) ) [ D m 4} ND | | | | =
23,5t rimethylnaphthalene | 1558 N 0255 | .0340 | .o414 w | 0274 .0326 | 0595| m ND | | 0576]
Dibenzothiophens 1766 T N | .0465| 0571| .0507 | .0389 | .0423 | 0475 w |.022]| w | | 0338] .142
Fhenanthrense 173 ND W | .0334 W | 0532 | .024¢9 ND | 068 m | 0283] | m| .15 o
Total Resolved Oompounds - 277 |860 [9.42 p6.8 p4a.o 6.25 |57 3.6 85 ko2 k71 B.69 B.99 |26 [66.0
Unresal ved Compounds 0 827 [7.92 98 140 6.8 |6.83 |4.50 r4.0 |o D D D 25 |o7

&0 indicates *not detected”®.
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Table 4-78.--Time Series Dissolved Hydrocarbon Concentrations (ug/liter) in the presence of Sea Ice After

I ce Breakup and Initiation of Wave Turbul ence.

(see also Figure 4-13).

Wave action was initiated at O mnutes on day 9 post spill

Compound KOVAT
15min| 1hr |2hrs |4hes |8hrs |12 hrs | 24 hes |48 hrs |3 gays |4 Gays |5 days |6 days

Ethylbenzene 854 13.6 15.2 17.5 26.7 - 12*0 3.45 1.61 476 . 104 NA ND
m, p-xylene 866 47.4 54.4 62.9 98.3 58.6 47,2 15.8 9.80 4*27 1.36 . 262 .108
o-xylene 891 22.9 27.8 32.5 52.0 34.3 27%9 10*1 5%87 2.54 . 956 . 209 ND
Isopropylbenzene 921 1.63 2.28 2. 47 4.00 3.23 2.62 1. 04 . 145 . 378 104 | 0] m
N-propylbenzene 950 2.48 3.32 4,25 7.38 5.89 4.8 2.14 1.71 907 . 292 m ND

-benzene %0 9.27 112.3 15.8 25.7 21.7 17.8 8,11 6.49 3.34 1.26 . 385 173
C3-benzene 966 3.38 4,42 5.92 9.74 8.50 7409 3.38 2*R2 1.55 . 601 . 204 ND
15,3,5-trimethylbenzene 978 4,11 5.63 7.46 | 12.1 1008 8.87 4.77 3.47 1.82 .89 . 255 124
aﬁm 992 11.9 16. 4 21.6 34.5 32.4 27.1 13.8 11.8 6.46 2.67 . 918 475

-benzene 1020 6. 84 9.88 | 13.8 207 21.6 17.9 9.55 8.20 4,73 2.10 . 749 .534
Tetramethylbenzene 1107 2.18 | 2.14 2.40 2.18 1.80 1.17 . 340 133 N ND ND ND
2~methylnaphthalene 1290 8.19 |12.4 19.8 27.8 36. 4 34*4 27.3 33.2 28.2 18.7 9.14 6.67
1-methylnaphthalene 1307 6.24 9-87 | 15.6 21.9 29.5 27%9 22.5 25.1 23*5 14.8 7.43 5.59
1,1-biphenyl 1375 8571 1.41 2.24 3.32 4,68 4,48 3.54 4,06 3. 64 2.66 1.48 1.23
2 ,6-dimethylnaphthalene 1399 1.33 1.97 3.16 4,50 6.06 6. 35 5.50 6.49 5.67 4,25 2.07 1.70
Cy-naphthalene 1414 1.34 1.89 2.92 4.00 5.35 5.00 4,83 5.66 4,98 3.38 1.50 1.39

-naphthalene 1433 . 391 .530 .807] 1.17 1.69 1.48 1.25 1.60 1.43 .88 . 363 . 366

~naphthalene 1448 420 513 1.1l 1.50 | 2.12 2.14 1.57 1,96 1.77 1.42 619 591
2,3,5trimethylnaphthalene] 1558 .635 . 106 .946] 1,11 1.31 1.28 1.02 1.26 1.12 . 851 433 «431
Dibenzothioghene ' 1746 . 220 28 . 350 .534 579 . 159 . 595 . 8% . 870 . 769 . 2% . 350
Fhenanthrene m 2190 232 «340 .508 68 . 650 . 660 951 -860 144 . 333 -804
Total Resolved Compounds 306.0 [363.0 |441.0 |632.0 |502.0 |444.0 246.0 222.0 160.0 88.0 39.0 26.9
Unresol ved Compounds 104.0 |148.0 ]136.0 ]213.0 249.0 |197.0 115.0 78.6 49. 6 22.3 0 0

2D indicates "not detected".
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Figure 4-13. --Time Series Dissolved Hydrocarbon Concentrations with Sea Ice
Present. (A) o-xylene and |, 3,5-trimethyl benzene; (B) naphthal ene and
1,1"-biphenyl; and (C) total resolved compounds and UCM
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Figure 4-13.--(Continued)
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turbulence after ice break-up on Day 9, however, an approxinmate 50-fold
i ncrease in dissolved hydrocarbon concentrations was observed for the conpounds

ortho-xylene, trimethylbenz ene, naphthalene, and 1,1-biphenyl. The total
resol ved conponents and unresolved conplex mxtures, as determned by FID-GC
analyses, increased by factors of 700 and 300, respectively, after wave

turbul ence was introduced. The inmmediate spike in the total resolved conponent
concentrations, due to the initiation of wave turbul ence, was followed by a
gradual decline (over 6 days) in water colum concentrations due to the
conbi ned effects of subsurface advection and evaporative |oss fromthe water
surface.

Flame ionization detector gas chromatograms are presented in Figure
4-14 for methylene chloride extracts of: (a) a pre-spill seawater blank; (b) a
water sample collected 9 hours after the subsurface release; and (c) a water
sanple collected five days after the initiation of the spill but before ice
br eak- up. The chromatogram in Figure 4-14B for the 9 hour sanple shows the
presence of dissolved “lower nolecul ar weight aromatic hydrocarbons in the
al kyl -substituted benzene through alkyl-substituted naphthalene range. After
oil encapsulation and continued under-ice water colum flushing of one
tank-vol une every 1.25 days (sinulating 0.006 cm sec subsurface currents), the
water colum was significantly cleaner after 5 days, as shown in the
chromatogram in Figure 4-14C. AT higher under ice currents in the field, this
process would obviously occur over a shorter tine frame.

The thaw cycle in the tank systemwas initiated after the water colum
concentrations of dissolved aromatic hydrocarbons had returned to near pre-
spill levels (see Figure 4-13). Imrediately after ice break-up and initiation
of wave turbulence, water colum sanples were again collected. Figure 4-15
presents the FID/GC profiles of the dissolved aromatic hydrocarbons in the
water colum wth sea ice present: chromatogram A corresponds to a sanple
collected 8 hours after initial break-up, chromatogram B is froma water colum
sanple collected 4 days after ice break-up, and chromatogram C shows the
hydrocarbon conponents present in a sanple collected after 6 days. Many of the
| ower ol ecul ar wei ght conmponents were lost within six days due to evaporation
and advective renmoval of the water from the wave tank system
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Figure 4-15.--FID-GC Chromatographic Profiles Depicting Hydrocarbons Dissol ved
Colum with Sea Ice Present.

in the Water
days after ice breakup.
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Water sanples collected throughout the post spill and post break-up
phases were also filtered for anal yses of dispersed oil fractions, as described
in Payne et. al. (1984a). Time series concentrations of dispersed oil concen-
trations in the tank are presented in Table 4-8. Concentrations of total
resol ved and unresol ved conplex m xture (UCM) aliphatic hydrocarbons (repre-
senting the dispersed oil phase) remained |ow (generally less than 10 pg/liter)
throughout the post-spill period, with only relatively small changes fromthe
pre-spill to the post-spill levels, |In contrast, levels of dispersed total
resol ved and UCM hydrocarbons increased by two to three orders of magnitude
following the break-up of the ice and onset of 4-6 cm wave turbul ence. Maxinum
resol ved and unresol ved concentrations were neasured 12 hours after ice break-
u, although levels subsequently decreased to approximte pre-spill conditions
at six days after break-up. Time series concentrations of total resolved and
unresol ved conponents in the dispersed oil phase are shown in Figures 4-16A and
4-16B, respectively. These data indicate that very little of the oil is dis-
persed into the water colum during encapsulation by the ice, which occurred
approximately 24 hours after the spill.

Detectabl e I evel s of sone of the nedium nol ecul ar wei ght al kanes (from
«q1p to nczo) were apparent 13 to 17 hours after the spill. This weak pul se of
di spersed oil suggests a delayed mxing of oil micelles down to the depth of
the sanpling port, approximately 50 cm bel ow the bottom of the ice layer. By

24 hours after the spill, all of the oil had been encapsulated by the ice; how
ever, the concentration of the total resolved conmponents continued to increase
up to 36 hours post-spill, Beyond 36 hours, concentrations of individual

alkanes and the UCM dropped to pre-spill levels. Chromatograns of the dis-
persed oil extracts are shown in Figure 4-17. The presence of sone of the
intermediate nolecular weight alkanes, as well as a small UCM “hunp” , are
apparent in the chromatogram of the 13 hour sanple (Figure 4-17B) relative to
the clean baseline and general absence of a series of n-alkane peaks for the
chromat ograns of pre-spill and 24 hour filter extract sanples.
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Table 4-8. --Time Series Dispersed GOl

Concentrations (ug/liter) in the Presence of Sea Ice.
Turbulence was initiated 9 days after the spill.

Compound rost SPILL Tive FOST BREAR-UP TIME (9 DAYS +)
Prespill 4 hes 6 hrs I3 s 17 hrs 36 hes 2 days 9 day: Ihr 4 nhe S ms 120S 24 tes 2 days 4 days O days

N-Cg w? DN ND ND L ND 336 41 929 1Lo4 D ND ND D
NG N N N ND No T ND [ 2.03 3.89 6.1l 192 1% 21 . 226 w
N-C15 ND DN 00686 .00875 ~ ND  ND w [122 184 250 2.9 159 156 2.15 ND
N-C4 ND N N 0108  .026) L w | 172 221 300 36.7 235 231 3.8 N
N-C)q N D .05m 0233 NN W | 126 156 229 247 175 178 367 265
istane No ND M 00971 0122 D N w | 6.87 8.11 10.9 11.9 s.e0 893 248 451
N-Cig ) o .0860 .0s40 .0268 w o | 113 137 19.0 26 161 15,8 3.45 232

Phytane ND N WD 0197 0293 W w | 6,63 7.5 9.99  10.7 8.40 7.95 247 L0330
N-Cyq D ® o 00935 .0131 LN ) @ | 803 10 156 15.5 12.1 11.1 3.35 0419

Total

Resol ved 123 114225 475 421 6.76 2.09 2.54 | 310 402 507 592 403 37T 9.0 3.2
ua® 0 0 0 3.4 5.41 0 0 0 1050 1480 1990 2120 1860 1510 309 0

a - NO indicates ‘not detected!
b - “Unresol ved cmplex mxture'
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Foll owing the break-up of ice in the tank, concentrations of nost of
the individual n-alkanes increased with time up to 12 hours. Concentration
subsequently decreased over the next six days to approxi mate pre-break-up
levels with the formation of high viscosity water-in-oil enulsions which
inhibited further dispersion. The presence of |ower nmolecular weight n-alkanes
(n09 t hr ough nc14) was not detectable in the water colum after six days. A
series of peaks corresponding to the internediate and higher molecul ar weight
n-al kanes are apparent in the chromatogramof the filter extracts of the one
hour and four day post-break-up sanples (Figures 4-18A and B, respectively).
Most, if not all of the |ower nolecular weight n-alkanes bel ow Gy (TBP Cut 7)
are not as promnent in either the one hour or four day sanples, suggesting a
rapid loss due to evaporation and dissolution. The significantly reduced
nub e r of resolved intermediate and higher nolecular weight conpounds in the
filter extract fromthe six day sanple reflects the nearly conplete inhibition
of dispersed oil droplets in the water due to the formation of the high
viscosity, water-in-oil enulsion (see Tables 4-5 and 4-6 and Figure 4-12).

4.2.4 O | Phase Chenistry

Q| sanples were also obtained fromice cores during the thaw ng cycle
and anal yzed by FID/6GC. Chromatogranms of the oil both imediately after it was
rel eased from ice encapsulation and after it had been exposed at the water
surface for 3 hours are shown in Figure 4-19, Qualitatively, the chromato-
graphic profiles appear identical, indicating little, if any, evaporative |o0ss.
However, other chromatograms obtained fromoil in the brine channels showed
some evaporative losses of |ower nolecular weight alkanes in the methane
through heptane range. Due to the extrenely high viscosity (550 centipoise) of
oil at the ice tenperatures during brine channel migration, the evaporative
behavior is believed to be diffusion-controlled, producing a gradient of nore
hi ghly evaporated oil nearer to the surface. Thus, in the bulk oil sanple
shown in Figure 4-19¢, there appears to be little evaporative |oss
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In other cases, however, there was evidence of |oss of |ower nolecular
wei ght conponents fromthe oil even as it was migrating through the brine chan-
nels. Figure 4-9 (in Section 4.2.2) illustrated the presence of a gas pocket
above the upwardly migrating oil. In several other ice floes, it was possible
to sanple the oil before it had mgrated through the brine channel and reached
the surface. G was renoved with a syringe tip froma depth of approxi mately
5 cm below the ice/air interface through a brine channel having a dianeter of
approximately 3 mllineters. Figure 4-20 presents chromatograms obtained on:
(A) encapsulated oil, (B) an oil sanple obtained fromthe brine channel bel ow
the ice/air interface, and (C) a sanple froma 5 nm deep oil pool which had
mgrated through a brine channel and flowed over the ice surface. Even at a
depth of approximately 5 cminto the brine channel, sone evaporative |oss of
| ower nol ecul ar wei ght conponents bel ow nC, had occurred. After this oil
surfaced and had been exposed at the surface for 48 hours, the thicker whole
oil mass showed | o0ss of compounds bel ow nC, and nLCL' (Figure 4-206). This is
equivalent to evaporative loss of nost if not nearly all [ower boiling
conponents contained in ‘TBP distillate cuts up through cut 7 (BP 282-304°F;
Payne, et al. 1984a) . Wth the oil in a thicker pool on the ice surface,
diffusion-controlled evaporation is believed to predom nate sinultaneous
weat hering processes.

The possibility of diffusion-controlled evaporative weathering has
been considered during earlier oil weathering investigations (Payne et al. |,
1981, 1984a) . This process was investigated during these cold roomwave tank
experiments . An overflow of oil, which occurred during a tenporary bl ockage of
the seawater drain line, spread to varying thicknesses on the ice surface
allowing the investigation of the diffusion controlled process. The oil spread
out in a wedge fromthe point of originto a final filmthickness of |ess than
1 mmon the ice surface. This entire oilmasswasthen exposed to a 5 knot
w nd at an anbient average tenperatue of -20°c. After 12 hours of exposure,
sanples of the less than 1 nmthick oil on the ice were obtained by carefully
scraping the ice surface, nelting the shavings, and then extracting the water
for petrol eum hydrocarbon measurenents. Depth profiles in the thicker portion
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of the wedged shape oil were also obtained to investigate differential evapora-
tion with depth into the sanple. Figure 4-21 presents the gas chromatograms
obtai ned on the sanples. As the chromatogram in Figure 4-21A illustrates
conpounds wth nolecular weights less than nC,, (B.P. ~480°F) were conpletely
removed within the 12 hour period fromthe 1 nmthick film An oil sanple
obtained with a 2 mmthick film showed | oss of conpounds only bel ow nC,,; B.P.
-420°F (Figure 4-21B) . The oil sanples at deeper intervals of 4 and 5 mm
yi el ded the chromatograms shown in Figure 4-21C and &4-21D, respectively. In
these sanples, only conponents wth boiling points bel ow 300-350°F are m Ssing.
Cearly, the differential residence time of the |ower nolecular weight
conponents at depth in the filmis established. Thus, in thicker oil pools
stranded on ice surfaces, evaporation of the conplete mass of oil wll be
diffusion controll ed. The differences in evaporation rates due to different
film thicknesses must be considered in the weathering nodel algorithns. The
approach to nodeling evaporation froma diffusion controlled slab was presented
in the Open GOcean O Wathering Final Report (Payne et al., 1984a). A
model i ng approach of the anal ogous dissolution froma diffusion controlled slab
Is described in Section 6.0 of this report. To our know edge, however, these
are the first data that actually denonstrate the diffusion controlled process
and verify its inportance in accurately modeling oil weathering behavior.

There currently is only a mathematical nodel which describes the
diffusive transport of specific nolecular species through a stagnant slab of
oil wth evaporation at the oil-air interface. This nodel is not useable for
an entire (whole) crude because of two reasons: First the diffusivities of
pseudoconponents (used to described whole oil) have never been neasured, and
second, the actual diffusion-evaporation process results in a moving boundary
that has never been incorporated into anmodel that describes concentration as a
function of position. The primary reason for concluding that a
di ffusion-control |l ed weathering phenomenon was observed in the experinents
described here is that the oil was not uniformin concentration as a function
of depth. Therefore, species were transporting due to diffusion to the oil-air
interface (no conplete mxing)
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Figure 4-21. --FID~GC Chromatograms Oof Q| Stranded on the Ice Surface with O
Thi ckness of (A) 1 mm (B) 2 mm (C) 4 mm and (D) 5 nm  hese sanples had
been exposed to evaporative weathering under a 5-knot wind at -20°C for
approxi mately 12 hours.
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The tine-series changes in hydrocarbon conposition with the formation
of stable water-in-oil emulsions were nonitored by collecting and anal yzing
(FID-GC) bulk oil sanples fromthe oil/water enulsion. Some evaporative
weat hering of the enulsion had occurred, although nost of the |ower nolecul ar
components were still present in this nmixture (Figure 4-22). Conparisons
between the aliphatic concentrations in fresh oil, encapsulated oil, exposed
oil, and nousse are shown in Table 4-9. Relative to concentrations in fresh
oil, significant |osses of n-alkanes bel ow nC., were observed in exposed and

were particularly apparent in

12

0
the nousse sanples. During open ocean oil weathering with Prudhoe Bay Crude

emul sified oil, and |osses of nCq t hr ough nC,

oil, conparable stable water-in-oil enulsion formation was not observed until
evaporative weathering resulted in nuch greater losses of the | ower nolecul ar
wei ght conponents (Payne et al., 1984a).

Whol e Prudhoe Bay crude oil contains 36% non-distilled residuum which
partially conprises surfactants that are inportant for formation of stable
water-in-oil emul sions; Surfactant naterials such as asphaltenes, hi gher
nmol ecul ar wei ght waxes (n-alkanes), and metalloporphyrin conpounds serve to
stablize whole water-in-oil enulsions and coat water droplets (Payne and
Phillips, 1985). This prevents water/water droplet coal escence and phase
separation (for additional data on the chemcal and physical properties of
fresh and artificially weathered Prudhoe Bay crude please refer to Payne et al;
1984a) .

Wth the rapid onset of mousse formation due to the mcro-scale turbu-
|l ence of grinding grease ice and the ice floes, experinents were undertaken to
attenpt to quantify the percent asphaltenes and waxes in this enulsified nass.
As noted earlier, stable water-in-oil emulsion formation was not observed in
the outdoor (ice free) wave tank experinents until significant evaporation
and/or generation of surface active materials, by a conbination of photochemi-
cal and mcrobial degradation processes, had occurred.
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Figure 4-22.--FID-GC Chromatograms of Emulsified 0il Weathering in the Presence
of Sea Ice: (A) oil exposed for 32 hours, (B) oil exposed for 57 hours, and
(C) subsurface mousse obtained two days after ice breakup.
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Table 4-9. --Aliphatic Hydrocarbon Concentrations (ug/g) in Crude QO

Presence of Sea ice.

as it Weathers in the

G| sanple description

Exposed Exposed Mousse--2 days
Conpound Fresh Encapsul at ed 32 hours 57 hours® after br eakupa
N-08 3,670 2,590 432 228 ND’
N Cg 5,160 4,520 3,570 2,520 426
N-C, 5,680 5,500 3,760 3, 640 1,540
N—C11 4,520 4,520 3,550 3,840 2,270
N—C12 4,960 4,950 4,140 4,760 3,280
N-C 15 4,490 3,820 3,670 4,460 3, 350
N-C 3,630 3,210 3,210 3,820 3, 060
Pri &fane 1,790 1, 630 1,660 2,140 1, 650
N-Cog 2,960 2,610 2,620 2,980 2,490
Phytane 1,540 1, 490 1, 470 1,530 1,410
N'CZO 2,240 2,130 2,160 2,220 1,950
2'.c'25 1,800 1,420 1,690 1,140 1,400
Total resolved
conpounds 144,000 127,000 112, 000 184,000 70,900
Unresol ved
conpounds 412,000 297,000 309,000 240, 000 309,000

“Concentrations corrected for water content.

b

Not detected.



A sanple of the stable nousse from the wave tank ice chamber was re-
mve d and subjected to deasphaltization and dewaxing using the procedures of
Bridie et al. (1980) . Essentially, dewaxing was conpleted by dissolving the
mousse into a six-fold dilution of methylethylketone :dichloromethane (1:1) at a
tenperature of -10" to -20°c. On standing for approximtely 3 hours the waxes
precipitate and can be filtered fromthe whole crude oil. Asphalts are renoved
by taking the dewaxed oil and conpleting a 30-fold dilution in n-pentane at the

-10° to -20°C tenperature. Wth this procedure, the percent wax in the
weat hered nousse fromthe wave tank was determned to be 4.6% and the asphalts
were 7.4% (by weight). In fresh Prudhoe Bay crude oil the wax and asphalt

content were neasured at 3,9 and 3.7% respectively. Thus, wth evaporative
| osses of the lower nolecular weight conmponents, the relative percent of wax
and asphalt in the nousse (compared with the fresh oil) is observed to
increase. However, this increase is not believed to be |arge enough to account
for the observed nousse stability, and the rapid onset of a stable enulsion
must instead be attributed to the water tenperature (-1.7°C) and the
mcro-scale turbulence introduced by the grinding action of the grease ice
crystals.

4.3 CHUKCHI SEA Fl| ELD OBSERVATI ONS AND COVPARI SONS W TH FI RST- YEAR | CE

DURING TANK EXPERI MENTS

During February and March, 1984, the 0il Weat hering Program was
expanded to include a limted survey of ice structure and behavior in the
Chukchi Sea. Helicopter overflights and observations of ice floe behavior and
ice growth in open cracks and |eads, as well as ice coring for ice salinity
determinations and conductivity, tenperature, depth (CTD) casts in the Chukchi
sea, were perfornmed. The purpose of the field observations and neasurements was
to facilitate conparisons of ice structure and tenperature/salinity profiles
observed 1in the wave tank experiments with actual conditions in first year ice
fields. Results from these activities are described in this section.
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Three station transects (B, C and D) west of Point Barrow were
occupi ed during this field program (Figure 4-23). The sea ice encountered in
the Chukchi Sea was characterized as a mixture of first-year and nulti-year ice
with fractured ice blocks (rubble fields) and nunerous ice ridges (Figures 4-24
and 4-25). In addition, salt flowers simlar to those formed in the wave tank
at Kasitsna Bay were observed on the ice surface in the Chukchi Sea, and these
are also characteristic of the rejection/exudation of brine in newy formed ice
(Martin, 1979). Extremely sporadic (intermttent) nulti-year ice ridges were
characterized (as best as possible) by smoothed surface relief of elevated
ridges (>3 m), excessive snow accunul ation conpared to adjacent floes and pans,
and extrenely low salinities (-3-5 ppt) where ice sanples could be collected.
In general, it was not easy to differentiate between first and nulti-year ice
in the study area, and the characterization was qualitative at best.

During the field observations in March 1984, the anbient air tenpera-
ture was -38°C. Under these conditions, grease ice and frazil ice formation
was observed in numerous open |ead systems, along with accunul ations of grease
ice in both the dead zone and against the ice floes. The presence of the
grease ice attenuated the snmall w nd-induced chop within the open |eads, and
the ice formation sequence was simlar to that observed during the previous
first-year ice wave tank experinments at Kasitsna Bay (Section 4.2). In
addition to the grease ice, hundreds of ice chunks ranging from15 to 20 cmin
thickness were piled up along the leads. These ice chunks were believed to
represent one to two days of ice growth, which occurred after the lead first
opened. The chunks were then pushed onto the adjacent ice when the |ead closed
due to differential notion of adjacent pans.

Several ice cores were collected near the open |ead system near
Station D2 to conpare the crystal structure with that of the ice formed in the
Kasitsna Bay wave tank. A columar ice fragnent fromfirst year ice growth is
shown in Figure 3-2 (Section 3.1). The parallel alignment of the vertically
oriented ice crystals is simlar to the structure of the columar ice grown in
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Figure 4-23.--Map of the Study Area and Stations Cccupied in February/ March 1984
for Surface Ice Collection and Coring, CID Casts and Seawater Sanmpling to
Characterize Formation and Transport of Brine During Nearshore Lead Refreezing.




Figure 4-24. --Rubble Field of Fractured lIce Observed in the Chukchi Sea
During February 1984.

Figure 4-25. --1ce Ridge Adjacent to Large Snooth Pan Studied During
I ce Measurements in the Chukchi Sea in February/March 1984,
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the wave tank (Figures 4-5 and 4-6 in Section 4.2.1). In the field, however,
columar ice may formto depths from1 to 2 neters during the grow ng season
(Martin, personal conmunication).

At many of the station locations CID casts were taken for tracing
subsurface water masses. In addition, ice sanples were collected for salinity
determ nations for comparison with ice surface salinity nmeasurements during the
wave tank experinents. Tabl e 4-10 presents salinity data obtained fromice
sanples collected near Point Barrow in the Chukchi Sea. Ice salinities ranged
from3.5 Qoo in a columar ice sanple to 45 Qoo in a thin brine-coated sur-
face ice sample froma new |ead. Water sanples associated with the ice cores
had salinities of approximately 29 O oo whereas a sanple of surface brine had a
salinity of 62%00. These salinities were sinilar to the corresponding meas-
urements obtained fromice, seawater, and surface brine sanples collected
during wave tank experiments (see Table 4-2).

Sea water salinity and tenperature nmeasurenents were made at a series
of stations from approximately 5 kmto 50 km offshore (see Figure 4-23 for
Station |ocations). Salinity data from CTD casts along a transect off
Vainwight are plotted in Figure 4-26. The profiles suggest that relatively
high salinity waters (>33 °/oo) are generated from the brine produced during
nearshore ice formation. During periods of ice growth in the Chukchi Sea,
particularly in nearshore polynyas, salt extruded during frazil ice and grease
ice formation may be responsible for |ocalized increases in sea water
salinities (Bauer and Martin, 1983; Kozo, 1983). The denser and nore saline
waters that accompany ice formation subsequently sink to the bottomand result
in the near-bottom increases in sea water salinity shown in Figure 4-27. The
denser bottom waters eventually my be transported by gravity flowin an
of fshore direction and accumulate in topographic basins or valleys. A simlar
brine transport mechani sm has been suggested previously by MPhee (1980).
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Table 4-10.--Salinities of Various Ice Types Obtained During Chukchi Sea

I ce Investigations.

Field Site #* Depth or Description salinity (o/oo)
C-1 10* 11.s
* 12° 7.5
c=2 10° 16.1
° 18 15.0
. Water 28.7
C-3 Surface Brine 61.9
® 3" 14.3
. 12% 1s.4
C-4 24° 12.s
c-5 Water 29.1
c-6 2° 21.5
24" 8.0
C-6? 12% 8.3
. 16° 12.5
c-? 6*® 11.0
. 8® 8.3
. 12° 9.0
. 24" 10.2
D-2 overflow 1€ 18.0
m Cvarflow 2 17.5
D=3 Columar Ios - 10° 3.5
D=6 Surface Ics 21.0
New Leadb Thin New Ics 45*%3
@ . Thick New Ice 14.1
. Columar Ice 4.7

3site § designated by field study according to Lon Hachmeister

Dot an official field aite

Coverflow ics smmples cbtained at two different locations at site D-2
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4.4 LABCRATCRY SI MULATED MULTI - YEAR | CE TANK STUDI ES

4.4.1 Ceneration of Milti-Year |ce

The experinental studies designed to investigate and verify the
nmodel ed behavior of oil spilled in or under first-year and/or nulti-year ice
required careful control of a wide variety of environmental parameters. These
include the following: cooling and heating tenperature conditions (including
infrared radiation) to control ice growh and decay; the structure (macro and
mcro) of the sinulated first- and multi-year sea ice; the rates of under ice
currents to remove extruded brine generated during ice growth and di spersed oi
droplets and dissolved aronatic conponents resulting froma spill; and the
energy regime necessary to generate wave turbul ence, which is crucial to both
realistic initial formation of frazil and grease ice crystals and the sub-
sequent deterioration of first- and nmulti-year ice floes/pans during nelting
and break-up. In the following section, the results of wave tank studies wth
oil in “pseudo multi-year” ice are considered

A slightly nodified or “pseudo nulti-year” ice growh approach was
utilized to sinulate nulti-year ice that has undergone nore extensive brine
channel drainage. A nethodol ogy was designed wherein sinulated first-year ice
was grown to a depth of 10 to 18 cm (including columar ice) and then subjected
to a partial thaw to induce brine channel drainage. The solid ice sheet was
then mechanically broken into 50 cmby 75 cm bl ocks and subjected to additiona
wave turbulence for periods of up to 2-4 hrs, which allowed for further renova
of salt brine fromice surfaces. Wth continued wave turbul ence, the air
tenperature was intentionally reduced to -30°C to allow refreezing, with
ridging and rubble field formation occurring during ice growth in the new

| eads. This process was repeated several tines, creating a snall scale
sinulation of the broken rubble fields, ice ridges, and nulti-year floes that
were observed in the Chukchi Sea (Section 4.3). Ice and seawater sanples were

collected for salinity determinations and for conparisons with field
observations. The followi ng section describes the processes and events and the
data collected during the pseudo multi-year ice experinent. Table 4-11
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presents a chronology of the tines and dates of significant events that
occurred during this experinment. Table 4-12 presents values for salinities of
sinulated first-year and nulti-year ice, brine and seawater neasured during the
experiment as described in the following sections and outlined in Table 4-11.

The cold room and wave tank were basically configured as described in
Section 4.1 for oil/first-year ice experiments, with the exception that a heat
exchanger was installed on the tank discharge and inconming seawater |ines so
that flowthrough seawater conditions could be maintained at higher flow rates
without excessive strain on the cooling systemand/or undesirable heating of
the seawater in the wave tank. A nominal flow of 2.5 to 3 liters/rein of -0.5
to -0.8°C seawater was supplied to the tank to sinulate desired under-ice
currents of 0.01 em/sec. This flowrate resulted in one tank vol ume turnover
(1870 liters) approxinmately every ten hours.

Following an initial cooling of the seawater tenperature to -1.8°C,
frazil platelets ranging from1 to 5 nmacross and 0.1 nm thick formed uni-
formy throughout the tank to a depth of 1 m After an additional 1.5 hrs,
S lush ice had accunul ated over the entire tank surface. Three and one-hal f
hours after the first frazil ice was noted, the slush ice was approximtely 10
cm thick over nmost of the tank, and three 20 cm di aneter pieces of pancake ice
formed near the dead zone at the quiet end of the tank. \Wave generation was
termnated at that time, and the surface ice was allowed to congeal and freeze
in place.

Later, the entire ice surface was conpletely frozen, with the excep-
tion of several brine pools (several mmdeep) with salinities of 56 O oo (Table
4-12) . These pools eventually evaporated and were replaced by salt flowers
there and elsewhere in the tank. Approxi mately 24 hours after the first
appearance of frazil ice, the solid slush ice surface was 14 cm at the vertical
viewng wndow, and the first growth of columar ice was noted. The air, ice,
and water tenperature profile was similar to that shown in Figure 4-4 for
first-year ice.
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Tabl e 4-11.--Chronol ogy of Tines and Dates of Significant Events Cccurring
During the Ql/Milti-Year Ice Wave Tank Experinents

Jate Time Flow Rate (I/rein) Significant Event Description
3/15 1720 - Initiation of cool down
" 2250 3.2 Frazil ice throughout tank
3416 0020 2.8 Grease ice 3" thick
0225 2.4 Wave generation terminated
" 1915 3.5 Appearance of salt flowers
" 2300 3.2 First appearance of columnar ice
3/17 1315 3.0 4* grease ice + 1 1/2" columnar ice
" 2230 2.8 Initiation of thaw
3/18 0930 4 grease ice + 2" columnar ice - brine pools
" 2000 Initial brine channel formation
3/19 1410 Wave turbulence initiated - ridge system established
" 1440 - Turbulence terminated - cool down iInitiated
3/21 1100 2.5 Open leads and pressure ridge formed
" 1720 - Open leads refrozen 1/4 to 1/2”
3/22 1440 2.4 700 ml PB Crude Oil Spill
3/23 0240 3.0 1/2" columnar ice under O |
" 1440 2.5 11/2 - 2 columnar ice under oil
3/24 0030 2.5 Initiation of thaw
3/25 1215 2.6 Initiation of turbulence
3/26 0210 Brine channel oil migration
" 1500 Emulsification of o0il - degradation of multi-year ice
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Table 4-12. --Salinities During an Q| Spill in Mlti-Year

| ce Chanber Experinent.

Sanpl i ng Ti ne

Dat e Time Sanmpling Description Salinity (%
3/ 15/ 85 2200 Tank Seawat er 30.9
" 2250 Frazil Ice 21.9
3/16/85 0040 G ease Ice 17.7
" 1030 Top 1 cmlce Surface 56.0
31171135 1600 Tank Seawat er 30.5
" " Top 1 cmlce Surface 59.3
" 2300 Salt Flowers 100.0
3/ 18/ 85 1045 Tank Seawat er 30.2
" n Pool ed Surface Brine 57.5
" 1930 Col ummar Ice Under Ridge 10.1
3/19/85 2200 Tank Seawat er 29.1
" " G ease Ice from Qpen Lead 24. 4
3/20/85 1200 Surface of Refrozen Lead |ce 60. 3
3/ 21/ 85 1300 Tank Seawat er 30.4
" " R dge Frozen into Lead 4.3
" " Col umar Ilce from Ridge System 1.8
3/ 22/ 85 2030 Tank Seawater 6 hrs Post Spill 31.6
3/23/85 0240 Tank Seawater 12 hrs Post Spill 31.1
" 1440 Tank Seawater 24 hrs Post Spill 31.0
3/25/85 1100 Tank Seawater 3 days Pose Spill 30.3
" " Col umar Ice from R dge System 8.5
" 1630 Tank Seawater 4 hrs Post Break-up 31.0
1/26/85 0100 Tank Seawater 12 hrs Post Break-up 29.2
1/28/85 1200 Tank Seawater 3 days Post Break-up 29.7
" 9

Mul ti-Year Ice




Twenty-four hours of additional columar ice growth was allowed unti
a 5 em layer had accunul ated beneath 10 cm of frozen slush ice at the vertica
wi ndow. At that time, the cold roomwas allowed to stand open overnight at -5
to -2°C to initiate the first rspring* thaw (Table 4-11). Later, a quartz
infrared heater was installed 1 mabove the tank and the ice was illum nated
for several hours while the room tenperature was maintained at -5 to -10"C to
initiate brine channel formation and drainage

A 15 cm by 45 cm chunk of ice was physically cut fromthe center of
the tank and two simlar sized pieces were pryed fromthe tank walls to create
a 45 cmw de “lead” across the entire width of the tank. The remaining slush/
columar ice in front of the paddle was |oosened. Two |arge bl ocks of ice,
whi ch had been renmoved from the surface, were forced by hand under the |eading
edge of the remaining fast ice in the tank to forma ridge systemat that end

of the tank.

A subsequent “freeze and ice breakup cycle was performed to build up
the sinulated “nulti-year” ice ridge keel system In so doing, surface- and
under-ice relief was generated with blocks of ol der ice which had now undergone
two and one-half freeze/thaw cycles providing appropriate ice conditions for
the oil release experiment. The surface ice relief exceeded 20 cm where
ridging occurred, and the under-ice relief enconpassed a range of 8-35 cm  The
newy opened |ead systemwas refrozen to a depth of 4-6 cmin preparation for
the spill event. Most of the ridge surfaces and keels were fairly snoothed
over due to the various freeze/thaw cycles. The newice in the lead was 4 cm
thick and no longer plastic. Salt flowers were abundant in the newy refrozen
lead, but did not occur elsewhere because the renmainder of the ice field had
undergone nunerous freeze/thaw cycles and surface rinses which |owered salini-
ties considerably (Table 4-12). A 0.3 neter wide |ead, approximtely one neter
long, was cut fromside-to-side at the paddl e end of the wave tank, and a |arge
chunk of refrozen grease ice was left in the center of the intended experimen-
tal |ead.
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4.4.2 Ol/Milti-Year lce Interactions

A neasured volume of 750 nmls of fresh Prudhoe Bay crude oil was added
to the experimental |ead using a funnel and Teflon tubing to prevent inadvert-
ent spillage onto adjacent ice surfaces. Ol was released at a depth of
approximately 2.5 cm below the water surface in the open lead, and little of
the oil was injected underneath the ice surface. The oil spread to form pools
in small patches, approximately 4-5 cmin dianeter on the quesant, open water
inthe lead system and the total volume introduced was neasured by difference.
After the initial addition, no oil was visible on the under-ice surface and,
l'i kewi se, no oil was observed on the under-ice ridges. The seawat er
temperature was -1.7°C at the time of the spill, and the cold roomtenperature
was maintained at -3 to -8°C.

Water sanples were obtained by punping 20 liter volumes through a
small hole drilled in the ridge system between the nearshore rubble field and
end of the tank ridge zone through a 293 mmdianmeter glass fiber filter in a
Millipore stainless steel filter unit. This procedures allowed differentiation
of dispersed and dissolved aromatic hydrocarbon conmponents in the water colum.
Water sanples were collected at O 1, 3, 6, 10, 12, 24, 48 and 72 hours
following the initial spill event. After three days a break-up event was
initiated and additional water sanples were collected at 1, 4, 8, 12, and 24
hours and then again at 3 days and 5 days post-break-up. As in the oil/first-
year ice experinents, oil sanples were collected at various intervals to
measure theological properties, including oil/air and oil/water interracial
surface tension, oil viscosity, and percent water uptake due to water-in-oil
emul sification.

Approxi mately 50 minutes after the spill, the paddle was turned on in
very short bursts to sinulate the punping action of a closing lead system
Wth the first 3-4 cm wave, the oil was observed to wash onto the ice surface
adj acent to the lead where it was trapped in the 3-5 cmice rubble, chips of
columar ice, and around the base of snmall (5-8 cm) ridges in the upper ice
surface, such that an estimated 3-5% of the oil was prevented fromreturning to
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t he | ead. As the paddle went through a conplete revolution and seawater was
al so deposited on the upper ice surface, oil was observed to spread out in a
col ored sheen on top of the ice floe adjacent to the paddle. \Were standing
water was present, the oil flowed evenly over the ice. Wth a conplete paddle
revolution, oil was also observed to wash over the nearshore ice in the fast
ice zone and pool in areas adjacent to the vertical w ndow and in ridge and
rubble ice structures approximately 50 cm from the open lead. At this tine,
additional oil droplets were noted inpinging on the under-ice surface of the
ridge sys terns adjacent to the vertical window O that was not trapped in
surface ice depressions flushed slowy backwards towards the open lead system
The horizontal extent of the oil flowing over the ice was limted to the 50 cm
closest to the |ead opening by the presence of a 5-10 cmridge system of blocks
which prevented further spreading. The ice edge adjacent to the paddle was
then positioned to trap the oil in the |ead system and prevent it from running
back to the paddle area and behind it. As a result of the several “ice push”
incidents, there was a considerable amunt of oil forced up onto the near |ead
refrozen ice. Mst of this pooled in areas up to approximately 3 mmthick.

On the underside of the smoth ice and ridge keels adjacent to the
experinental |ead, several very small oil drops could be observed on the ridge
side closest to the paddle turbulence. These inpinged as small droplets
ranging in size frombarely visible to up to 2 mllineters. The average size
of most droplets was about 1 millimeter in diameter or slightly smaller. In an
effort to drive a slightly larger quantity of oil under the ice ridge system
the paddl e turbul ence was again initiated and pul ses approaching 1/2 cycle were
used. These pul ses caused a consi derable volume of oil to be washed over the
ice surface, and a small volune of the oil (estinmated 5-10% was observed to
di sperse under the ice surface and inpinge on the under-ice ridge system
Consi derabl e anounts of the oil were washed on the upper ice surface nearly to
the first ridge system 50 cm from the experinmental lead. However, considerable
amounts of oil still drained back into the open lead system

264



Approximately 1-1/2 hours after the initiation of the spill, most of

the oil, which had been in the swash zone on the fast ice imediately next to
the | ead had been washed off and returned to the oil pool in the open |ead.
There was still approxinmately 200 or 250 mls of oil stranded on the ice sur-

face, which was not subject to drainage into the |ead system and these pools
were allowed to remain to nonitor evaporation weathering. Approximtely 2
hours after the initiation of the spill, the conpressor unit was turned back on
to initiate a partial re-freeze. An estimated 90% of the open |ead was covered
by a thin filmof oil.

During collection of the 3 hour water sanple, the oil in the refrozen
| ead systemwas on a thin layer of freshly growing ice, estimted by
penetration with a syringe to be about 1 or 2 mllimeters thick. Under these
conditions wth limted direct water contact, the potential for addition
di ssolution of hydrocarbons was clearly mnimzed. Gl covered 80-90% of the

experimental |ead system and in areas where oil did not coat the l|ead system
ice formed to a depth of approximately 1-3 mllimeters. Freezing under the
oil, was allowed to continue for at |east another three hour period. At that
tinme, ice thicknesses directly under the oil and in the open areas adjacent to

the oil were examned to see if the oil inparted sone differential rate of ice
growh inthis system As suggested by Ross, et al. (1977), Wlker (1975) and
Wl son and Mackay (1986), any difference, if noted, was not significant under
the calm test conditions examned in this experiment.

Six hours after initiation of the spill, most of the thicker oil in
the | ead system had been undergrown by 3-7 mllineters of columar ice. The
oil itself set wup as a viscous filmwhich pooled on the ice surface, and the

oil thickness was neasured to be 1 to 3 mmthick. Deeper pools of oil were
observed on the stranded ice floe of grease and columar ice intentionally
frozen in the center of the |ead. Elsewhere, oil which had been stranded in
pools on the fast ice adjacent to the vertical w ndow and ridge system appeared
unchanged, although it had weathered by evaporation over the 6-hour period
since all turbulence had been term nated.
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In certain areas, stranded oil pooled to an estimted depth of 1 to 2
nm and chips of broken ice, which had been generated during the breakout
events and deposited in the "swash zone”, had collected oil coatings over 90%
of their surface. Larger 8 to 10 cm pieces of ice were unstained although they
were coated with oil around the base. Several pools of oil formed higher on
the fast-ice surface, on the lee side of several ridge systems. These pools
whi ch had been driven onto the ice surface during the wave turbul ence
approached 1 cmin thickness in several places. The washing effect of waves
caused oil on the snoother areas to be renoved al nost conpletely with each wave
pulse. During water flooding the oil tended to float off the ice into the open
| ead system and was only later caught by the capillary systens of the ice after
water had drained through. Surprisingly, the stranded oil was very fluid to
the touch despite the -23°C tenperature conditions, and it did not exhibit a
crust or nore viscous surface |ayer.

Based on observations of oil behavior during the first 12 hours after
the spill, it was noted that the oil floating on the water surface behaved very
much like slush ice. It was herded by the wind fromthe refrigeration system
into quiet zones against ice floes. Then under varying conditions of |ight
wind, the oil spread out to some uniformthickness (I-5 m) controlled by the
volume spilled, the viscosity of the oil, and the area of the |ead system
avai | abl e. Once this spreading occurred, the oil then cooled rapidly and with
wave danpening due to the higher oil viscosities at ice formation tenperatures,
columar ice growth then occurred beneath it. Modeling such conditions shoul d
be possible in that the oil could be considered as a diffusioncontrolled Sl ab
W th no turbulence or diffusive mxing allowed. The only paraneters required
to nodel such a systemwould be the area of the |lead and the volunme of the oil
spilled.

At this point in the experiment, it was apparent that three separate
oi | -weathering scenarios could be examined. The first was oil spilled into a
refreezing | ead system under cal mconditions where grease and col utmar ice soon
formed beneath the oil surface. In this instance, the oil weathers by evapora-
tion only as a diffusion controlled slab, as if it were spilled on top of solid
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i ce. The second case was oil spilled beneath the ice surface, where it was
subject only to dissolution weathering before being encapsul ated by additional
ice growh (as considered during the oil in first-year ice spill scenarios in
Section 4.2 of this report). Finally, although it was not occurring at the
time, it was clear that the experinment could be nodified by initiating a
gradual thaw to evaluate conditions where oil was spilled into a decaying ol der
pack-ice or nulti-year ice field in which ice would break-up and decay due to
wave turbulence and warmng (air and water) conditions.

Very little additional change or activity was noted in the pooled oil
after the lead froze over, so to investigate oil weathering behavior during the
break up of ol der pack ice, a break-up event was initiated 3 days after the oil
spill. The first paddle surge resulted in a water wash over the oil-covered
refrozen lead system Sonme of the oil on that |ead systemimediately started
flowng fromthe edges of the refrozen lead. G| then was washed fromthe
refrozen |ead system onto the swash zone of the fast ice where the thicker
portions of oil remained fairly intact. The oil was still amazingly fluid and
was observed to flow smoothly over the ice surface, spreading out in bands that
were dark brown in color; no colored sheen was observed at the initiation of
br eak- up. G eater than 98%of the oil which had been on the refrozen | ead was
eventual |y washed fromits surface within five to seven nmnutes of the start of
wave turbulence. Al of this oil was observed to flow back and forth with each
passing 3-5 cmwave onto the adjacent fast ice front. Wth continued paddl e
turbulence, oil droplets were forced beneath the fast ice surface where they
i npinged on the skeletal layer of the columar ice under the ice surface. Mich
of the oil washed off the upper swash zone of the fast ice and into the
backwater area immediately adjacent to the vertical windows. G floated on
the stranded water surface as the seawater filled in and ran among the ridge
systens frozen in the blocks of columar ice associated with the sinulated
“mul ti-year” ridge buildup.

After the majority of oil was removed fromthe refrozen |ead, where it

was originally released, pockets of oil droplets (up to one cmin diameter)
could be observed still frozen in the ice. Evidently these small volunes of
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oil were trapped in columar ice during the downward ice growh phase. The
contribution of these trapped oil droplets was estinated to be nuch |ess than
1% of the total volume added to the tank.

Wthin 20 minutes of the onset of surface wave turbul ence, the oil
which had previously been stranded in the swash zone eventual |y was washed
clear and onto the water surface. There was evidence of small pockets of oil
that had frozen into deeper cracks in the swash zone, but these were not yet

af fect ed. The entire under-ice surface was coated with mllimeter to 5.5 cm
diameter oil droplets (Figure 4-28) within one hour of the onset of 4-6 cm wave
t urbul ence. Q| which washed fromthe | ead area accunulated in small pools in

the ridge zone and on the under surface of the ice. Some oil mgrated up
through the columar ice system Al'so present under the ice were chips of
grease and colummar ice blocks of 2-8 cm dianeter, which broke away from the
main stationary ice body and were forced under the fast ice by the action of
the wave turbul ence. Wth each passing wave, oil appeared to be forced into
and through the under-ice capillary systemto the point that it had penetrated
the brine channels and the skeletal |ayer by as nmuch as 3 or 4 mllineters.

Over 90% of the oil released in the tank eventually inpinged on the

bottom of the ice. It is possible that this behavior could also occur with
waves breaking against |arger pack- or nmulti-year ice pans, not just on
shorefast ice. That is, larger pans with dianmeters greater than 10 neters

woul d have sufficient size and nonentum associated with them that wave and
current turbulence could tend to wash slightly over and under their edges if
surface and subsurface relief was not too extensive. Such wind and current

i nduced under ice oiling was noted in the Bouchard #65 spill in Buzzards Bay
(Arctec Inc., 1977, and Deslauriers et al., 1979) under pack ice during the
Kurdistan spill in Cabot Straight (C-Core, 1975) and in a spill of No. 6 fuel

oil inthe Gulf of the St. Lawence River, Canada near Matane, Quebec where the
slick was driven by w nds across open water only to become intrained within a
shoreline field of grease and pancake ice (WIson and Mackey 1986). Smaller
floes on the other hand may tend to ride over waves or swells with |ess
turbulent interaction such that less oil may be trapped beneath then. Wth
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Figure 4-28. --Underwater Photograph of Dispersed G| Droplets Entrained in the
Under-1ce Ridge Keel System Nearest the Newy Opened Lead (Vertical Wndow) 5
Mnutes after the Introduction of Quarter-cycle Paddle Pulsed Turbul ence During

the Breakup Event.
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such turbul ence under 1larger floes, any subnerged oil (if present) could be
subject to dissolution and not evaporation weathering.

Ti me-series measurements showed that oil deposited earlier beneath the
ice (inmediately after the spill) had mgrated 3 or 4 mllineters into the
columar ice structure. Later arriving oil was deposited as enulsified drop-
lets with higher viscosities. . Wth continued thawing these oil droplets then
mve d through the columar ice until they reached the angular ridge systens
i mhedded in the ice earlier during the ridge formation and multiple re-freezing
process. At this point, the oil was subject to differential entrapnent and
mgration at different angles into the ridge system where columar ice direc-
tions were no longer vertical. Wth continued thaw, this naterial would be
released to the water colum, although it would be delayed for sonme tinme when
the migrating oil interacts with columar ice with a different crystal struc-
ture orientation due to freezing of blocks and chunks of ice in a random
orientation during nulti- year ice ridge formation.

4.4.3 Conpound- Specific Partitioning, Wwole Ol Droplet Dispersion and QG|
Phase Chemstry

Figure 4-29 presents flame ionization detector gas chromatograns
obtai ned on representative oil sanmples fromthe surface of the refrozen |ead
and oil pooled on the nulti-year ice floes as a function of time. Figure 4-29A
is the time zero starting crude oil, which is characterized by even and odd
n-alkanes from nC, t hr ough nC,, along with a wide variety of other resol ved
conmponents in the KovaT | NDEX range of 700 to 3200. Evaporative |osses of com
pounds below nC,, represented the major weathering process during the 48 hours
followng the spill (Figure 4-29B). Break-up of the refrozen |ead containing
most of the oil, then re-injected the partially weathered oil into the water
col um. It should be noted that although many of the |ower nolecular weight
conpounds appear to be lost by evaporation, there were still sufficient concen-
trations of many mono-cyclic aromatics such as tol uene, o,m,p-xylene and ethyl-
benzene that dissolved hydrocarbon levels in the water colum were el evated one
hour post-break-up (e.g. see Table 4-13). The final chromatogram Shown in
Figure 4-29c is of a surface oil sanple obtained 4 days post-break-up. At this
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Figure 4-29. --GC-FID Chromatograms Depi cting Prudhoe Bay Crude Q|
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point the oil had weathered considerably; it had undergone noderate water-in-oil
enul sification (to be discussed later) and a combination of evaporation and dis-

solution | osses had renoved all conpounds bel ow nCyqn

Figure 4-30 presents FID gas chromatograms for the filtered (dis-
solved) whole seawater extracts obtained at several time points throughout the
experiment. Chromatogram 4-30A presents a time zero pre-spill blank, and is
characterized by a few low | evel conpounds intrinsic to the seawater system of
Kasitsna Bay plus an internal standard. Chromatogram 4-30B shows those dis-
solved aromatic hydrocarbons present 3 hours after the spill. At this tineg,
many | ower and internediate nol ecul ar wei ght conpounds through the alkyl-
substituted naphthalenes are present in the seawater, despite the fact col umar
ice was already fornming under the oil pooled in the refreezing lead. Several
wave pulses imrediately after the spill distributed dispersed hydrocarbons
beneath the ridge system but subsequent columar ice formation effectively
separated the surface oil fromthe water colum. The continued tank vol ume
turnover every 10 hours cleansed the water colum of these |ower nolecul ar
wei ght aromatics, such that concentrations of all contam nants had been reduced
significantly 3 days post-spill (Figure 4-30C). Figure 4-30D shows the
chromatographic profile of dissolved aromatics neasured in the water colum one
hour post-break-up; at this point the oil had undergone significant diffusion-
control | ed evaporation weathering while stranded in above-ice pools in the |ead
system  Nevertheless, dissolved aromatics were released when oil droplets
dispersed into the water colum and inpinged on the under-ice surface. This
significant dissolved aromatic hydrocarbon pul se presunably reflects the
increased surface area due to the 6-10 cmwave induced formation of less than 1
mcron to 1 millineter sized oil droplets which coated the entire under-ice
surf ace. Thus , even though many |ower nol ecul ar weight conpounds had been
renmoved by evaporation, significant concentrations remained to allow for an
el evated concentration of these aromatics imediately after the break-up event.
Finally, chromatogram 4-30E shows the residual higher nolecular weight com
pounds still remaining in the water colum five days after the break-up.
Notably, the chromatogram is characterized by naphthal ene, 1- and 2-methyl-
napht hal ene, and al kyl -substituted naphthalenes and phenant hrenes.
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Sunmary concentration profiles of individual and total aromatic hydro-
carbons in the water colum are presented in Figure 4-31. Specifically, Figure
4-31A shows the sum of the total resolved and unresol ved conplex mxture (UCM)
compounds in the dissolved fraction versus time during the spill event. The
total resolved conpounds, and several |ower nolecular weight aromatics includ-
ing toluene, o,m,p-xylene, and ethylbenzene (i.e., Figure 4-31B and Figure
4-31D), displayed el evated concentrations in the water colum inmediately after
the spill event. The total resolved plus unresolved conplex nixture conpounds
in the first to second hour after the spill reached concentrations of approxi-
mately 40 micrograns per liter. Not surprisingly, the majority of these com
pounds were |ower nolecul ar weight nmono- and dicyclic aromaticS. Toluene Was
present at the highest concentration, approaching 12 nicrograms per liter with-
in 2 hours of the spill.

Wthin 3 to 6 hours after the spill event (Figure 4-31) concentrations
of these conpounds declined rapidly with the onset of columar ice formation,
under the surface oil slick, which effectively decoupled or renmoved the source
of hydrocarbons from the water colum. Thus, by 24 hours after the spill, nost
of the | ower nolecul ar wei ght conmpounds had been renmoved fromthe water colum
by subsurface advection. \Wen the break-up event occurred, the concentrations
of several |ower nolecular weight aromatics remaining in the oil (such as the
xyl enes, C,-benzenes, and 2- et hyl napht hal enes) were still high enough in the
oil such that concomitant water colum concentrations still exceeded the
initial concentrations of these conpounds in the water colum by a factor of 3
to 5. The concentrations of dissolved toluene at |east equalled the initia
spike levels neasured imediately after the spill. The dicyclic, hi gher
nol ecul ar wei ght aromatics, napht hal ene, | - met hyl napht hal ene, and
2, 6-di net hyl napht hal ene, with their higher m-values were not present in the
water colum imediately following the spill event. It was only after the
break-up event and the introduction of wave turbul ence that concentrations of
these conmpounds reached substantial levels. Table 4-13 presents timne-series
concentrations of each of the resolved aromatic hydrocarbons in the water
colum following the spill and break-up events. The data follow the sane
general pattern exhibited in Figure 4-31; with the formation of columar ice
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Table 4-13.--Dissolved Hydrocarbons froman Gl Spill in Milti-Year

Corcentration {ug/T)
Time Post Spill Tine Post Break-up

Compound 1 3 hours 10 howrs 48 hours | 3days|| 1 hour| 4 hows| 8 hows 24hows | 3days | 5days
Toluene 12. 12.3 6.07 228 654 ||14.0 9.97 10.3 151 525 0577
Fthylbenzene 1 1%8 073 03 | .omo|l 3.13 | 202 2.9 .0l 22 1w
mp-Xylene 3. 4, 21 0687 | 218 ||10.9 753 |10.6 1.§9 g9 1w
o-xylene 1 1.9 .93 Q90 | 100 - 4.8 5.%? 1.0 S | W
Isopropyltenzene A5 065 N). [ ® L7 Y, 638 240 %6 | N
n-propyl ben2ene 186 981 N 0150|| 1.0% 613 1.10 S05 21 | KO
Cy-benzene .642 333 0145 058 357 | 2.35 4.% .83 B2 | .0ax
C3-tmm &5 A% N 0174 || 1.% 905 1.62 99 415 | O
1,3,5-trimethylbenzene 286 146 (1] 0212|] 1.73 | 116 2.11 1.19 451 | D
Cytenzme . 312 02% | .ose|l 507 | 3.43 6.44 2.% 1.53
Cq-benzene 227 0309 0493|| 340 | 231 4.41 3.35 1.13
Tetramethyl benzene .0376 [ o X0 .188 0374 N )]
Naphthalene 343 o | .0397|| 7.73 6.00 11.7 1.09 520
2-methynaghthalene 202 0177 036|| 6.76 5.49 11.1 8.13 6.9
1-methylnaphthalene 168 m 243|| 5.44 | 4.40 9.00 8.41 541
1,1'-biphenyl m N N 909 690 1.42 2.0 1.10
2,6~dimethyInaphthalene LOX0 m 0 N 1.61 1.23 2.50 2.49 2.3

ahthalene 0352 m m N 1.91 1.65 3.49 155 3.14

aphthalene m m m ) 436 334 685 718 650

aphthalene m )] m m .35 .78 50 .600 .469
2,3,5-trimethyinaphthalene m L) m m 322 245 468 .700 548
Dibenzoth iophene N N m m 237 .155 332 633 453
Phenant hrene )] N m m 25 179 357 633 456
Total Resolved Compounds 3.1 13.2 2.0 .27 ERY | ) S 6...5 |1H 77.0 %5
Uhresolved Compounds 8.79 1.3 Ln 6.49 3.5 |[s.4 |138 47.7 45.5 2.4

a - "N indicates “not detected”




beneath the oil, many of the higher molecul ar weight compounds were rapidly
renmoved fromthe water colum. Al so, concentrations of the |ower molecul ar
wei ght conpounds (toluene, et hyl benzene, and xylene) decreased by severa

orders of mgnitude wthin 3 days. Nevertheless, the concentrations after
break-up were still sufficient to reach levels at |east equal to those observed
in the first hours after the spill. Furthernore, the higher nolecul ar weight
conpounds, which were not renoved by evaporation dispersed and dissolved into
the water at concentrations approaching 1 ppb (see Table 4-13).

Wave turbulence is critical for dispersion of whole oil droplets into
the water colum. Data from dispersed whole oil droplet concentrations in the
water colum are presented in Table 4-14. Dispersed oil concentrations were
only noderate during the first 1 to 3 hours following the spill. The dispersed
oil concentrations, as represented by n-alkanes, then decreased rapidly in the
water colum after columar ice formation. After break-up and resunption of
6-10 cm wave turbul ence, however, concentrations increased by over two orders
of magnitude; at 8 hours post-break-up the total dispersed hydrocarbons
concentrations were in excess of 800 ppb. After 12 hours, with water-in-oi
enul sification, higher oil viscosities, and the inpingement of most dispersed
oil droplets onto the under-ice surface, the spike in the dispersed hydrocarbon
concentrations decreased. However, the large nunber of dispersed oil droplets
trapped on the underside of the ice surface still provided a significant sur-
face area for interphase nmass transfer and, therefore, dissolution of |ower and
intermedi ate nolecular weight conpounds.

Tabl e 4-15 presents the chem cal and physical characteristics of the
oil spilled in the pseudo “multi-year” ice, The interracial surface tension
and viscosity were not effected as drastically as during the oil in first-year
ice experinents (Section 4.2). This is primarily due to differences in the ice
behavi or during the breakup event. Specifically, the nulti-year ice floe was
degraded by nelting in the warmer (-1.0 to -1.5°C) water and wave radiation
(ablation) interactions, as discussed in Pease (1981) and Martin et al. (1983)
The first-year ice, on the other hand, was observed to breakup into slush ice
with the onset of 6-10 wave turbul ence during the spring thaw.  Thus, the high
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Table 4-14.--

Di spersed QO

Concentrations froman Q|

in Milti-Year Ice.

Spi | |

Time

Concentration (ug/1)

Resolved Compounds

Unresolved Compounds

Total Hydrocarbons

1 hour Post Spill
3 hours *
6 hous " "
lo hours” **
12 hours " "
26 hours 11 v
1 hour Post Break-up
4 hours

8 hours

12 hours “

24 hours “

19.4

22.4

17.6
3.74
5.88
1.99
2.73
3.60

220.

3.89
4.47

18.7
18.4
7.82
4.32
7.41
5.87
11.7
9.29
589.
13.2
14.9

38.1
40.8
25.4
8.06
13.3
7.86
14.4
12.9
am.
17.1
19.4
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Tabl e 4-15. --Chemi cal and Physical Characteristics of G| Spilled in Mlti-Year Ice.

Hydrocarbon Concentration (mg/g) ‘ Surface Tension (dynes/cm)
liscosity © 38° C Water Content
Time otal Resolved | Unresolved Compounds Oil/Water 0il1/Air (centipoise) (% by weight)
Starting Crude 119 229 24.6 31.8 30 .03
1/2 hr Post Spill 98.2 182 -2 99
3 hrs Post Spilil 67.6 161
12 hrs Post Spill 91.8 206
24 hrs Post Spill 77.1 238
9 hrs Post Break-up 20.8 55.2 13.6
24 hrs Post Break-up 28.8 134
3 days Post Break-up 19.3 88.5
6 days Post Break-up 14.9 98.4 17.4 35.3 2000 28.1

8 - limited sample volumes precluded measurements




concentrations of slush ice observed during first-year ice decay created |ocal-
i zed microscale turbulence wunder the influence of the surface waves,and this

was inportant for the generation of stable water-in-oil emulsions. In the
nulti-year ice case, the ice structure appeared to be ablated and worn down
nore s lowy. Thus, a gradual thaw of the ice, rather than physical break-up

into grease ice, occurred. As such, localized turbulence was nmuch |ower than
in the oil/first-year ice Sudy, which resulted in the delayed viscosity
increase to 2,000 centipoise (measured on an aliquet in the lab at 38°c) (6
days post breakup) and the minimal water incorporation. The water content in
the emulsified crude was 13.6% 9 hours after the break-up event. During
oil/first-year ice studies, the water content was60% just 4hours after the
initiation of wave turbulence. The grinding of slush ice resulted in the
increased microscale turbul ence responsible for rapid enulsification. Six days
after the final break-up eventinthe multi-year ice study, water content in
the oil was still only 28% by weight while the viscosity was simlar to that in
the first-year iceexperinent (e, 2,000 centipoise a38°C). In contrast,
wat er content for Prudhoe Bay crude oil weathering in the presence of firstyear
ice was 64% at the same time. QOpen-ocean wave tank simulations of waterin-oil
emul sification w th Prudhoe Bay crude oil are sonewhat dependent on the
formation of surface active agents to stabilize the emulsion and prevent water/
water droplet coalescence. Thus, it was only after a longer period of 6-9 days
that simlar water content and viscosities were observed in sub-arctic open
ocean sinulations (Payne etal. , 1984a),

4.5 SIMILARITIES AND DI FFERENCES 1IN WAVE TANK SI MULATIONS OF AL
VEATHERI NG BEHAVI OR | N FI RST- AND MULTI - YEAR | CE

The simlarities and differences between oil weathering behavior in
first- and pseudo-multi-year ice are considered in the follow ng discussion.
First of all, the inportance of nolecular weight inconpound specific aromatic
hydrocarbon dissolution, in oil weathering with both first- and nulti- year
ice, cannot be overenphasized. There was an initial concentration spike of 40
ug/l of |ower nolecular weight conponents (toluene, o0-, m-, and p-xylene,
et hyl benzene and C,-benzenes) imedi ately after the oil release in the multi-
year ice experiment; however, after freezeup occurred (columar ice forned
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under the oil), water colum concentrations returned to near background |evels
within a 24 hour period. Followng columar ice formation the surface slick
weat hered by evaporation only. After break-up, there were still sufficent
| oner nol ecul ar weight aromatic hydrocarbon concentrations in the slick to a
| east equal the earlier concentration spike in the water colum. Nevertheless,
columar ice growh under oil in calmconditions is extremely inportant because
it decouples oil fromthe water colum. However, this probably will be a
factor only under very calm conditions in the field.

In the oil/first-year ice experinents, the initial concentration spike
of dissolved aromatics in the water colum (before encapsulation in the ice)
was al so about 40pg/l. Theseconcentrationsdecl i ned over a 24 hour peri od,
except that the seawater-exchange flow rate was three times slower (1 liter/
mnute). This slower water flow rate and the greater volune of oil released
(5,000 m vs 750 mysuggest that aromatic hydrocarbon dissolution was approxi-
mately 18 times slower in the oil under first-year ice release. However, the
slick was contained in larger, thicker pools on the under-ice surface before
encapsul ation.  Thus, the surface area for interphase mass transfer was greatly
reduced. In both experiments the seawater tenperature was neasured at -1.7 t

1.8°C.

Wth ice break-up and waveturbul ence in both studies, significantly
hi gher dissolved concentrations were again observed, and nuch higher concentra-
tions of di ssol ved conponents on _a per m of oil spilled basis were measured in
the multi-year ice case. Specifically, the maximumtota di ssol ved (resol ved
plus UCM conponents three to four hours after break-up were 0.23 and 0.20(in
units of total dissolved aromatics in pg/liter of seawater per m of oi
spilled) for the oil in nulti-year and first-year ice cases, respectively.
However, the seawater flowrate was three tines higher in the multi-year ice
case, which suggests that the relative oil droplet surface area to vol une
ratios were approximtely three times higher when turbul ence was introduced in
the nulti-year ice break-up event. That is, to reach and naintain a simlar
di ssol ved aromatic hydrocarbon concentration on a per gramof oil-spilled
basis, when different volumes were spilled and different seawater flushing
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rates were encountered, significantly different surface to volume ratios nust
have been gener at ed. In the first-year ice study, 6.6 times nore oil was
released at one-third the flushing (seawater turnover) rate, and yet, the total
di ssol ved concentration was only 5.8timeshigher on br eak-up. Thus, there may
have been a three fold higher surface area to volume ratio for interphase nass
transfer in the nulti-year ice case after break-up. Again, in the multi-year
ice study there was little droplet dispersion wthout wave punping. Then, with
just 30 mnutes of 6-10cmwave turbulence, over 80%of the oil was trapped
uncle r the fast ice as <1 pm to 1 cmdroplets. Alternatively, the very rapid
onset of a stable water-in-oil enulsion and the concomtant increase in oil
viscosity in the first-year ice study may have slowed or prevented dispersion
of smaller oil droplets into the water colum.

The coldroom wave tank experiments also suggested that oil nmay be
forced by waves under fast (or stationary) ice to a greater degree than first-
year pancakes. Wave- i nduced punping can force oil both directions, on top of
and beneath smaller, floating ice pans. |In fast ice (and presumably |arger
mul ti-year floes with stabilizing ridges, etc.) the waves interacting with the
ice will also cause the oil to be distributed on top of and underneath the floe
(depending on freeboard). That oil which ends up under the floe tends to stay
there (as denonstrated in the wave tank with both first- and nulti-year ice).
It is trapped in under-ice depressions, ridges, and even in the skeletal [ayer
of columar ice (if present). Gl wll tend to remain in place even in the
presence of ice/water differential current velocities of up to 15 to 25 cm/sec
(Cox et al., 1980). The oil deposited ont he upper surface of |larger multi-
year floes, on the other hand, is subject to repeated washings. Sonme of the
oil (e.g., approximately 10-20% was washed further back onto the surface
| ayers of ridges, cracks, and rubble (8-12 cm above the water surface), but the
majority of the oil, which was initially deposited on the ice “beach face”, did
not stay there. Small waves (6-10cmhigh), which are equivalent to localized
wind chop, quickly rinsed the oil back into the water (i.e. , the oil did not
stick to the smooth multi-year ice surface). Wthin hours, approximtely 90%
of the oil ended up in the open water or was deposited on the under side of the
ice. This was particularly true if the ice “beach face” sloped down at the ice
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water interface. |f there was an abrupt verticle face and a surface depression
on the ice behind the edge then some oil was splashed up onto the ice, but only
if the freeboard was not greater than 10 to 15 cm If it was, then the oi

went under or around the floe. First year pancakes in the wave tank, on the
other hand, tended to be smaller and, as such, had less inertia and nore
bouyancy. Thus, they tended to float higher in the waves, and small waves-did
not wash oil off. Instead, the smaller pans tended to get pushed along, with
oil contained within their rins, by the wind and waves in a |ess turbul ent

manner .

Qoviously, the laboratory scale by virtue of the tank size and water
depth cannot duplicate field conditions. In actual arctic environments higher
freeboards would inhibit ice surface contam nation, and the oil would be nore
likely to be confined to dispersion around and under the floes. Nevertheless
in actual oil spills in the presence of active sea ice (e.g. the Bouchard #65

oil spill in Buzzard's Bay, MA in January 1977) as much as 29% of the oil was
estimated to ultimately reside in deep oil pools in rafted ice (Baxter et al.
1978). The ultimate fate of the oil (on or under the ice) will be controlled

by the stochastic nature of the spill event and environnental conditions. The
experinents discribed herein were not intended to sinulate all possible spil
scenarios; but rather to exanmi ne the chem cal and physical changes that occur-
red to the oil and its distribution (on the ice and in the water as dissol ved
and di spersed entities) under conditions that could be controlled and carefully
noni t or ed

Once the break-up of nulti-year ice in the coldroom wavetank was ini-
tiated with full-cycle paddle turbulence, the landfast and nulti-year ice
tended to break up into larger pieces which were not ground into slush ice.
Instead, after breaking off of the “fast ice shelf”, the pseudo-multi-year ice
floes and ridges were subject to in situ nelting simlar to the decay described
for first-year ice bands in the marginal ice zone (Pease, 1981). Presunably,
the nulti-year ice floe's resistance to degradation into slush ice in the wave
tank reflects the lower salinities resulting from previous brine drainage
during earlier freeze/thaw cycles and ridge formation. This behavior (i.e.
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lack of grinding into slush) may have inplications for inhibited water-in-oi
ermul sification during the release of oil trapped in nulti-year ice ridges.
Wien oil was finally released fromunder the nulti-year ice ridges in the wave-
tank system it did not forma stable water-in-oil enulsion as quickly as the
oil released in first-year ice because of the absence of slush-ice induced
mcro-scale turbulence. This was denonstrated by slower increases in both oi
viscosity and final water content in the water-in-oil enulsion.

Al'so, during the nelting/break-up phase of the nulti-year ice wavetank
experiments, the oil on upper ice surfaces tended to readily wash off the
melting ice. Pool ed oil on the ice surface remained remarkably fluid despite
the cold ice/room tenperature. As described in Payne et al. (1984a), viscosity
increases in oil due to evaporation alone are not sufficient to affect oil be-
havi or when stranded as pools on ice surfaces. Mxing and water-in-oil emulsi-
fication with melt water fromice or snow (or seawater from wave swash and
overflooding) would be required to pernmanently increase spilled oil viscosity
while still stranded on upper ice surfaces. Some of the oil did becone trapped
(frozen during the initial spill event) in cracks on the ice-floe surface or in
the capillary channels of broken chips of rafted columar ice on the upper ice
surface; this trapped oil resisted washing and remained |longer on initial wave
washing. Nevertheless, wth continued wave turbul ence and washing, trapped oi
was also released in a matter of hours as the ice gradually melted

During the execution of the oil-in-ice experiments we also endeavored
to examne the effect that spilled oil had on ice behavior itself. It can
speed up nelting when trapped within the ice, but if the oil remains on the ice
surface, it will only initially enhance nelting by [owering the albedo of the
i ce. Then, one of two things can happen. First, if the pan is small and
nmobil e and subject to waewashing and erosion, the oil quickly will be washed
off theice. O, if the anbient tenperature drops after nmelting in a |ocalized
spot , then the oil can float on the nelt-water and be partially refrozen in
place. However, during a subsequent thaw event, this oil can be washed off the
ice and end up under the ice or in the open water.

285



5.
| NVESTI GATIONS OF LEAD REFREEZING BRI NE | NJECTI ON
AND DI SSOLUTI ON OF AROVATI CS | NTO SI NKI NG BRI NE

5.1 | NTRCDUCTI ON

An inportant concern for nmarine pollution research is the potentia
transport of spilled oil or dissolved hydrocarbon conponents to benthic envi -
ronnents and prol onged exposure of benthic organisms to the nore toxic frac-
tions of oil. However, experience fromlaboratory and field studies conducted
uncle r  tenperate (ice-free) open-ocean conditions indicates that soluble aro-
mati ¢ hydrocarbons do not reach deep bottomwaters or ocean sedinents in
concentrations that mght produce long-term inpacts (MAuliffe et al., 1975
Payne et al., 1980a and b; Boehm and Fiest, 1982, McAuliffe et al., 1980; and
Gearing et al., 1979). Al though hydrocarbons can spread onto and disperse into
near-surface water, oil droplets are wusually less dense than sea water and
return to the surface. Likew se, dissolved compounds are usually confined to
the upper mixed layer (generally above the thermocline Or pycnocline, if
present). As such, they are subject to gradual evaporative removal fromthe
water  col um. Fiel d measurenents at several najor open ocean oil spills (the
IXTOC | blowout in the Bay of Campeche, Gulf of Mxico being the nost notable)
have indicated few significant increases in hydrocarbon levels in sedinents or
bottomdwel [ing organisms, even after many nmonths of continuous oil input to
the water colum (National Acadeny Press, 1985). There general ly appears to
be very limted effect fromopen water oil spills to the benthos, except in the
narrow band of shallow coastal waters and in regions of direct vertical mxing
of oil wth nearshore sediments (e.g., AMCO Cadiz spill; Gundlach et al.
1983) .

Hydrocarbons released in or under ice in arctic waters can be rapidly
incorporated into the ice cover, which inplies little opportunity for dissolu-
tion, advection, or transport of hydrocarbons to the bottom \Weeks and \eéller
(1984) stated that “ice (would) assist in confining the oil to a relatively
small area. . . under the ice and in the absence of high ice/water relative
currents the oil wll stay in place.”
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However, the ice formation processes that occur during arctic wnter
conditions in the nearshore regions of the Beaufort and Chukchi Seas provide a
previously undescribed mechanismfor the potential transport of oil conponents
to bottom water environments. During periods of ice growh, particularly in
nearshore |eads and polynyas in the Chukchi Sea, salt is exuded into surface
waters during frazil and slush ice formation (Bauer and Martin, 1983; Kozo,
1983) . CTD neasurenents in the Chukchi Sea indicate that the exuded brine
sinks (due to its higher density) and flows by gravity to the bottomwhere it
can spread laterally and forma highly stable bottom boundary |ayer that can be
1-2 mthick (Hachneister and Vinelli, 1985). A salinity cross section (Figure
5-1) obtained from CID data collected in February 1984 along transect B-1 to
B-7 (shown in Figure 4-23 in Section 4.3.1) illustrates the presence of a

hi gher density bottom |ayer.

Brine formation and sinking can occur in both multi-year and first-
year ice areas when open-water |eads form (due to ice novenent, wind stress, or
subsurface currents) and air and water tenmperatures are suitable for active ice
formati on (Bauer and Martin, 1983; Kozo, 1983; Martin and Kauffman, 1981;
McPhee,  1980) . In many areas in the arctic, frazil and grease ice growh can
occur during extended periods of the year. For exanple, satellite inagery
shows frequent polynyas and |eads in this area, which inplies that sea ice for-
mation (if rapid enough) in these open waters may result in continued produc-
tion of high-salinity waters beyond the initial fall freezeup period (Bauer and
Martin, 1983). If an open lead is in shallow water, the extent of the |ead and
rate of freezing do not have to be as great to produce bottomwater with a com
parably elevated salinity because dilution of the water nass will be reduced.
Aagaard (as cited by MPhee, 1980) reported high salinity bottomwaters off
Cape Lisburne in the Chukchi Sea, which could have originated from brine ex-
clusion processes during ice formation. Brine |ayers also have been observed
as pools in depressions in shallow and nearshore lagoons in the Beaufort Sea.
These layers at times remain through winter and into summer nonths when the
hi ghest seasonal biological production occurs. For exanple, in Prudhoe Bay in
the summrers of 1984, 1985, and 1986 a bottomlayer with salinities up to 70
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Figure 5-1. --Salinity Profile from Station Transect Line in Northeast Chukchi
Sea (see Figure 4-23) During February 1984.
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Qoo remained fromthe winter season into md-August before being flushed from
the area by intense summer storm events (Hachneister et al., 1986).

If crude oil or refined petroleum (distillate) products were spilled
in an open lead during ice growh and brine formation, the nore water sol uble
| ower nol ecul ar wei ght aromatic hydrocarbons (McAuliffe, 1966 and 1969; Mackay
and shiu, 1976; Sutton and cCalder, 1974, 1975a, 1975b; Clark and MaclLeod, 1977;
Payne et al., 1984a; and Payne and McNabb, 1984) could be readily incorporated
into the sinking brine, where they could then behave as conservative species
(simlar to salt) and be advected to the bottomwith the denser water. Sonme
dilution would be expected due to entrainment of surrounding water during the
sinking process; however, this would be minimzed in shallower nearshore
waters. Once present in the bottom waters, these dissolved aromatics woul d not
be subject to rapid release to the surface and removal by evaporation
processes.

Inplicit in the hypothesis that soluble aromatics will be transported
with sinking brine is that the dissolved conponents will behave as conservative
vari abl es. Conservative behavior is expected based on the fact that virtually
all nolecular and atomc species (with the exception of helium and hydrogen)
have similar diffusion constants (usually around 10°cnf/see) in aqueous
environments (Reid et al., 1977, Lymen et al., 1982).

This mechanism for the potential transport of hydrocarbons by a dense
(brine excluded) water mass was investigated during three areas of study
included in the oil in multi-year ice program Theoretical calculations of
potential aromatic hydrocarbon dissolution and transport were conpleted based
on nmeasured oil/seawater partition coefficients and cal culated rates of brine
generation during frazil/slush i ce formation. This topic is discussed in
Section 6.9 of this report. Simulated brine generation and sinking experiments
were then conpleted in a laboratory test-tank (Section 5.2 below). Finally, a
chem cal and physical oceanographic field program was conpleted in the Chukchi
Sea near Pt. Franklin in which an aromatic hydrocarbon m xture was rel eased
into a refreezing near-shore lead. Water sanples subsequently were collected
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from beneath the ice and anal yzed chemcally to nonitor transport of dissolved
hydrocarbons in the bottom waters (Section 5.3).

5.2 LABORATORY STUDI ES OF BOTTOM WATER GENERATI ON PHENOVENA

5.2.1 Backgr ound

To dermonstrate the phenonenon of surface brine fornmation, sinking and
gravity induced flow along the bottom a series of |aboratory experinents were
conducted to nodel two sets of environmental conditions typically encountered
in arctic coastal waters during the winter. The first experiment nodel ed the
fall freeze-up; the initial conditions include a vertically mxed (typical of
late Fall conditions in shallow water) water colum with no ice present at the
start of the freeze-up process. The second experinment nodeled the deep wi nter
wi th 10/10ths ice coverage and a newy opened |ead |ocated approximately 15 km
of f shore. This lead remains open for several days in the nodel and then
closes, thus termnating the rapid freezing process and the generation of
brine. Data collected during the |aboratory experiment included photographs of
the phenonenon, water sanples collected fromthe experinental tank, and in situ
measurenments of the water’s conductivity and tenperature. Photographic data
provided information on depth and “offshore” position of the brine |ayer and
upper convective layer. In addition, information on the velocity field was ob-
tained by using vertical dye lines as a tracer elenent. Analysis of water sam
ple data produced information on vertical density profiles and water novenent
from the nearshore to offshore regions

5.2.2 Scal i ng Paraneters

The | aboratory experinments were intended sinply as a denonstration
that the phenonena described in Section 5.1 can occur. A secondary goal was to
evaluate the entrainment (dilution) of the brine and estimate water velocities

induced by the freeze-up process. In the field, the region to be nodel ed
consists of the coastal boundary fromthe shoreline to approximately 50 km
of f shore. In the laboratory experiment, it was desirable to keep tank-end and
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side-wal | boundary effects to a mnimum Therefore a scal e model as large as
can be accommodated is preferred. For this experinent side-wall effects were
limted to within 1-2 em of the wall; therefore, in our two-di nensional experi-
mental 50-cmw de tank, only 4-8 percent of the water colum was affected by
the wall boundary |ayers. Previous experinents, with a noving salt intrusion
formng a slowmy advancing front, were used to guide the selection of the
proper tank dinensions. Therefore, 5.7 mof an available 15 m test tank were
used for the experinent, nodeling the 50-km wide slope by 5 min the tank
(Figure 5-2). Turbul ence was not nodeled in the tank, and initial conditions
of vertical stratification were assumed to be typical of late-fall early-wnter
shal | ow-water conditions (i.e., non-stratified). These factors were not con-
sidered to be critical for the denonstration of the phenonena.

To insure proper scaling of |aboratory results to the field case, the
Ri chardson nunber given by

R, . 2P trcosfs (1)
i 87% U2

nust be preserved in the laboratory nodel. W begin the scaling analysis by
first defining nondimensional variables (primed):

X = P.xx‘ horizontal distance us= guu' horizontal velocity

z = zzz’ vertical distance Ap = zApAp' density differences
= g.t' i = !

t ¢ t1 me cos® lcosecos 8 slope

For the purpose of this nodeling effort we were partially constrained by the
di mensi ons of the tank (which was designed for horizontal intrusion studies),
and our desire to limit the vertical to horizontal exaggeration to no nore than
100:1. Therefore we assunmed that

Ly model 1 L

1 [}
Ex field 10,000 * % ’

2 model _ 1 “cosémodel . , (2)
z field 190 iocafield
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Figure 5-2. --SAIC/ Nort hwest Experimental Tow Tank with Slope and Brine
Delivery Channels Installed.
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Ri chardson number scaling requires that

R
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Scaling laws t herefore becone

L (9)
*m 5m 1
1‘;‘ * 50,000 m _ 10,000
f
2 (lo)
m_0.5m, 1
[ sOm 100
¢
. (11)
e 0.005 g
4y, 0-0005 gin/%g -10
f
]
[} ) 12
L I e )
R [
uf Apf
] 2 2
t u X
LT e 36 x 107 (13
t L §
f m f

Tabl e 5-1 gives exanples of corresponding basic unit scaling parameters for the
model i ng program

Table 5-1---Scaling Paraneters for Tow Tank Mdel Studies.

Par anet er Field Scale Model Scal e
X 1 km 10 cm
z lm 1 cm
Ap 0.0005 gi n/ cc 0.005 gi n/ cc
u 1 cm/sec 0.32 cm/sec
t 1 day 27.3 sec
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To cal cul ate the anmount of brine produced during the fall freeze-up
process, we started with the assunption that 2.2 gmof salt are released per
square cm for each 1 neter of ice formed (assumng 32 ppt seawater and O ppt
ice; Mrtin, 1985 ; personal communication). If we assume -20°C tenperature
during freeze-up and allow -0.65 mof ice to formover 20 days we will produce
2 m of 40 Qoo brine per square neter of ocean (Martin, 1985; personal
communi cation) , In the laboratory this will scale to 2 cc of 40 Qoo brine
introduced into each square centimeter of surface over a period of -10 m nutes.

For the winter |ead experinent, nodel scaling is slightly different.

W assuned that a mdw nter |ead opens to a uniformw dth of 500 m under condi -

tions of -30°c and 10-knot along-axis winds. To sinplify the nodeling effort,

this lead is assumed to remain open for a total of four days and then close.

We also assunmed that ice is being formed at a uniformrate such that 24 cm of
ice results over the 96 hour period. Also, newy formed ice is assunmed to be
advected along the axis of the lead out of the study section. This will, in
turn, produce a 0.72 mlayer of 40 Qoo brine over each square neter of the
| ead which will be nodeled by 0.72 cmin the |aboratory. Approxinmately 50 cc
of 40 Qo0 brine wll then be added per nodel day (27 see) to the 5 x 50 cm
model | ead. Again, it is inportant to recognize that we were only attenpting
to denonstrate the phenomena of brine cabeling in shallow, near-shore waters.

5.2.3 Experinents

Laboratory experinments were conducted to nodel brine formation during
two conditions: (1) fall freeze-up when considerable open water is present and
¢2) refreezing of a newy opened |ead. These two cases will be called the
open-water freeze-up and |ead refreezing experinents, respectively.

5.2.3.1 Cener al Descri ption
Initial stratification conditions in the nbdel ed nearshore waters were

i ntended to be both horizontally and vertically honbgeneous in tenperature,
salinity and density, thus sinmulating the conditions which occur during rapid
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surface cooling and vertical convection but prior to the actual formation of
i ce. Freezing was assumed to occur uniformy throughout the nearshore region
as nodel ed by the uniforminput of brine over the entire water surface. In
order to achieve a spatially uniformaddition of dense brine to the surface
while preventing the brine fromimediately sinking to the bottom the brine
was initially heated to a tenmperature where its density is less than the am
bient density of the underlying water. The decreased density of the upper
brine layer is sustained only by its elevated tenperature and as surface cool -
ing occurs, the brine layer gradually achieves a density greater than that of
the fluid below it and sinking occurs. Dilution of the brine tenperature and
salinity begins during its addition to the surface of the tank through m xing
salt finger formation, and heat loss to the air. These effects resulted in
surface water dilution such that surface waters rapidly achieved an excess
density of -0.004-0.006 gin/cc over anbient water. This range enconpasses the
0.005 gin/cc desired for the start of the brine-formation sinulations (see
Section 5.2.2). PVC t ubi ng suspended near the water surface down the entire
length of the tank conprised a brine delivery systemthat proved to be quite
efficient in depositing the brine into a 1.0-1.5 cmthick layer with very
little initial mxing. The experinment start tinme was defined as the time that
the first warm water began to spread along the water surface.

5.2.3.2 Qpen-Vater Freeze-up Sinulation

Two open-water simulations were conducted during the series of experi-
nments. The first was intended to study the formation of the upper-ocean therm-
ohal ine convective layer and the vertical transport of brine into the water
col um. The second was intended to study the bottom boundary-layer flow and
hori zontal velocity profile induced by the dense brine flow Table 5-2 gives
the initial conditions present for each of the two open-water freeze-up experi-

ment s.
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Table 5-2.--Cpen-Vater Freeze-up Initial Conditions (Laboratory Mbdel).

Total S S T T p p p)
Experinent Depth ocean brine ocean brine ocean brine brine
(20°C) (20°C) at T.

(cm (ppt)  (ppry (¢) (") (ot) (at) (at) *-
Run | 52.8 345  40.9 20,5  57.0 23.5 28. 1 15.5
Run |1 5.7 3.3 40.0  20.0  62.5 22.0 27.5 14.5

Tests were conducted in a 7.5 msection of a 15 mstratified tow tank.
A 10% sl ope, 5 mlong, was constructed at one end of the tank which term nated
in a flat plane 2 mlong (Figure 5-2). At the start of the experinent, brine
at 40.9 °/oo and 54.0°C was added to the entire surface of the experinent al

section over a 2.5-rein period, through fill channels suspended at the water
surface as shown in Figure 5-3.

Measurements taken during the experinent included conductivity, tem
perature and depth (CTD) profiles, water sanples, and visual recordings. The
visual records consisted of 35 nmslides and VCR videotapes. Both rhodani ne
and fluorescein dyes were used to aid in the collection of visual records.
Ver bal observations were recorded on VCR audio tracks and handhel d magnetic
tape recorders.

A subsequent open water freeze-up simulation was performed under sim -
lar conditions (Table 5-2). Pre- and post-experinmental neasurenents were nade
of the tenperature, salinity and density fields as in the previous experinent.
Ti me- | apse photographs of initially vertical dye Iines were made to deduce ver-
tical profiles of the horizontal velocity field.
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Figure 5-3. --Fill Channels Wile Dyed Brine is Put into Surface of Water.
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5.2.3.3 Lead Freeze-up Sinulation

A single lead freeze-up experiment was conducted. For this experinent
a5 x 50 cm*“lead” was constructed at the location of the 15 cmdepth (1.5 m
from the nodeled coastline). This lead was intended to be two-dinensional and
to simulate a 500 meter wide opening of the ice at the shear zone during off-
ice winds. The initial conditions for this experiment are given in Table 5-3.

Table 5-3. --Lead Freeze-up Initial Conditions (Laboratory Mbdel).

Total S S T T P P
Experi ment Depth  ocean brine ocean brine ocean brine
(20°C) (20°C)
(e (°00) (700) (“c) (“c) (ot) (at)

Run |1 51.5 31.7 38.2 20. 3 20.1 21.5 26.5

For this experinent a 5 x 50 cmbox was floated at the water surface
to contain the added brine (Figure 5-4). At the start of the experiment, brine
was added uniformly across the lead at a rate of 100 cc/rein. For the first
mnute, brine marked with fluorescein dye was added to the tank. For the next
30 seconds, brine marked with rhodam ne dye was added at the same rate. For
the final mnute, fluorescein-marked brine was again added. Horizontal veloc-
ity profiles were determned fromtine-lapse photographs of initially vertical
dye lines.

5.2.4 Resul ts
Experimental results for the two sets of environmental conditions are

di scussed below in separate sections. Results for both of the open-water

freeze-up experiments are given together because the environnental paraneters
were very simlar.
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Figure 5-4. --Experinental 5 x 50 cm Lead Mbdel with Brine Fill
Channel in Place.
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524.1 Open-Water Freeze-up Results

Figures 5-5A and 5-5B show the initial tenperature, salinity and
density profiles in the experinental section of the tank for the two open-water

freeze-up experinents. Note that the conductivity cell displays anonal ous
behavi or near the water surface and readings for the first 1-2 cmshould be
i gnor ed. There is also a slight cooling effect observed near the tank surface

which may |ower the surface tenperature by as much as a degree prior to the
begi nning of the experiment. This surface cooling is relied upon later during
the experinent to rapidly cool the heated surface brine to a tenperature where
its density is greater than the underlying water density. Figures 5-6A and
5-6B show the tenperature, salinity and density profiles in the tank 5.5 nin
(BW2) and 5.0 mn (BW12) after the warm brine has been added to the surface
water in each experinment. Both casts were taken at the end of the slope at a
distance 5 m from the nodeled coastline. Note that, in the cast of BW, mxing
of the heated brine occurred down to a depth of 20 cm whereas in the case of
BW12 m xi ng has occurred down to a depth of 40 cmand a distinct bottom |ayer
with salinities greater than 35 °/o0 was observed. This layer of brine is
confined to the lower 2 cmof the water colum (Figure 5-7).

A third cast was taken at 50 min (BW4) and 49 min (BW13) into each ex-
perinent, Data from these profiles are shown in Figures 5-8A and 5-8B. Note
that considerably nore heat and salt are retained in the upper layers of the
water colum in BW than in BW13. However, in both cases, the bottom brine
| ayer devel oped very simlarly with respect to its thickness and the increased
salinity and density relative to the ambient water. The mininal tenperature
deviation between the two experinents indicated simlar mxing processes.

A final CTD cast (BW5) was taken 127 minutes into Run I (Figure 5-9).
A bottom layer of approximately 10 cmthickness had devel oped in the tank at
this time. This layer was observed as a region of increased dye concentration
at the time of the cast.
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at base of slope, 5 m from the modeled coastline.)
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Figure 5-7. --Dyed Brine Mxed to Approximtely 20 cm Depth.
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The velocity data show simlar down slope speeds for each of the open-
water freeze-up experiments. Measurenents of the advancing bottom brine |ayer
give the sane value (0.53 cmsee) for fronts near the 5 mmark at 16 mnutes
and near the 2 mmark at 5 mnutes into the experinents. Figures 5-10A and
5-10B show velocity profiles at the 2 mmrk for the two experinents at 5
m nut es. Al though the shape of the profiles varies considerably, the maxinum
bottom | ayer speed is approximately 0.53 cm/sec in both profiles. This maxinum
value is consistent with the observed speed for the advance of the bottom
boundary |ayer front given above. Figure 5-10C shows the velocity profile at
the 3 mmark, 19 mnutes into Run No 2. By this time an off-slope flowis seen
in the upper 6 cmof the water colum. Down-slope flow in the bottom boundary
| ayer, however, remains nearly 0.53 cm/sec.

Tinme series tenperature and salinity measurenents of the bottom brine
layer front at the 5.0 mmark are shown in Figure 5-11. There is a rapid in-
crease in tenperature observed as the front passes. Assumng the neasured
frontal speed of 0.53 cnisee, water would have traveled fromas far as 2.38 m
up the slope to the site of the CID probe during the 7.5 mn recording period.
G ven the average speed of the front, the water fornming the |eading edge began
its descent down the slope about 5 mnutes into the experiment. This is con-
sistent wth observations which indicated that an upper-layer flow toward the
coastline was present at 3.5 mnutes into the experinment and the upper convec-
tive layer had mxed wl1l0cmat the 2.0 mmark and to 15 cm (i.e., to the bot-
tom) at the 1.5 mmrk by 4.5 mnutes into the experinent. Presumably this
denser fluid, now at the bottomin the region between the coastline and 1.5 m
of fshore, would begin to flow down the slope. A bottombrine |ayer was clearly
visible at 7.8 mnutes between the 1.5 and 2.0 m marks, as was an upper-layer-
onshore/l ower-|ayer-offshore flow field.

Dilution or entrainment of ambient water into the falling brine can be

cal cul ated by know edge of the initial brine concentration, the anbient salin-
ity of the water, and the final salinity at the bottom brine layer. For a
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particular mlliliter volume of brine introduced at the surface, the nininum
dilution can be expressed in terns of the nmaxi mum observed salinity as

(shrine) (1 ml) + (S ) (x ml) = (Sbtmlayer max) (xv1 M) (14)

ambient

Tabl e 5-4 gives conputed values for the mninmmdilution for several bottom
sanples taken during the two open water freeze-up experinents.

Table 5-4. --Calculated Brine-Dilution Ratios for Open-Water Experinents.

s s s M ni mum Di | ution El apsed Tine
Experi ment brine algb i ent bgm max

(°/00) (7 100) (7/00) (x41) /x (rein)
Run | 40,9 34,5 35.2 9.1 84
Run Il 40.0 31.3 33.8 3.5 22
Run II 40.0 31.3 33.3 4.4 57

Al though el apsed tinme is shown in this table, tinme should not be
inferred as the domnant variable in determnation of the dilution factor. To
put these factors in perspective, if 1.0 cmof 40.9 Qo0 brine were added to
the surface of 34.5 Qoo brine and uniformy mxed to a depth of 7.5 c¢cm 35.25
Qoo brine would result (see Run | case in Table 5-4 for conparison). \ater
sanples collected at 2.5 cm (35.5 ®/o0), 5.0 cm (35.3 ®/00), and 7.5 cm (34.8
°/00) depths at 65 minutes after the start of Run | show an average salinity of
35.2 /oo for the upper 7.5 cm  \Water below that upper 7.5 cmlayer renains at
the pre-run value of 34.8 %o to a depth of 50 cm where an increase to 35.2
OlooisObserved for the bottom 2.5 cmof water (Run I).
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5.2.4.2 Lead Freeze-up Results

Figure 5-12A shows the initial tenperature, salinity and density pro-
files (Bw6) for the |lead freeze-up experinment. Sonme difficulty was encountered
during the tank-filling process for this experinent and a density junp was
created at the 40 cmdepth. This accident provided some interesting observa-
tions which will be presented later. As discussed in the previous section, the
conductivity cell displays anomal ous behavior near the surface and both salin-
ity and density readings for the upper 1-2 cm should be disregarded. Tenpera-
ture neasurements in this region also indicate a 3 cmthick cool er surface
layer (-19 C') due to overnight surface cooling.

Observations of dyed brine discharge fromthe nodeled |ead indicated
that sinking occurred rapidly (the brine was at ambient tenperature) and in a
relatively uniform manner across the 5 x 50 cmlead. Downslope flow began
almost  inmmediately and, at 8 minutes into the experiment, a 1 cm bottom bound-
ary layer was fully established at the 2.0 m nark. The leading edge of the
front was observed to reach the 3.5 mmark at 12:35 into the experinent, yield-
ing a rate of advance of 0.26 em/sec. QO her observations of the advancing
front at the 1.25 mand 2.5 mmarks yielded simlar velocities of 0.24 and 0. 26
cm see, respectively, at elapsed times of 1:50 and 6:35 nin. The front contin-
ued to advance downslope toward the 4.0 mmark where the density step at the
-35.0 cmdepth was encountered (see Figure 5-12A). The downsl ope flow sl owed
consi derably and eventually stopped near 4.0 mwhere it began to “pool” in
front of the lens of denser water.

Figure 5-12B shows tenperature, salinity and density profiles at the
3.0 mmark, 33 minutes into the experinment, well after the bottom boundary
layer front had reached the position of the cast and had begun to “pool”.
Vi sual observations indicated that the downslope flow had accumul ated dyed
fluid to a depth of approximately 5 cmat this position. This observation is
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consistent with data collected in the cast (see Figure 5-12B) which shows an
increase in the salinity and density data from the pre-experinment values
bet ween the depths of 30 and 37 cm  The maxinumsalinity observed in this
|l ayer was 32 /oo, which is an increase fromthe originally measured salinity
of 31.6 Qoo at that depth. At an elapsed time of 79:25 a third profile
(Figure 5-12¢) was taken at the 4.2 m nark over the layer of pooled brine. The
forns of the lower portion of the salinity and density profiles are al npst
exactly the same as those observed at 3.9 m displayed |ower in the water
colum when adjusted for the difference in water depth of 3.0 cm Wth further
elapsed tinme, the pooled brine at 4.0 mslowy spread horizontally along a
depth of equilibrium density (approximately 35 cm in the original density
profile (see Figure 5-12A). The mixed brine did not have sufficient density to
continue its advance down the slope along the bottomand was starting to spread
laterally along the density interface. This process can be likened to an
observed Chukchi Sea situation where dense brine, forned in the nearshore
region, flows into Barrow Canyon and then northward al ong the canyon axis until
it reaches the layers of dense Atlantic and intermediate water (Figure 5-13)
where it spreads laterally into the Beaufort Sea. Dilution of the original
brine (38.2 ®/oo) introduced into the lead was 22:1 (Table 5-5). This is
considerably greater than the dilution observed for the open-water cases (Table
5-4) where an average dilution of 6:1 was observed.

Table 5-5. --Calculated Brine-Dilution Ratios for the Lead Experinment
(Laboratory Model).

s s s M ninum Di lution El apsed Tinme
Experi ment brine  ambient bt m max

(°rooy  (°rooy (°/ 00) (x+1)/x (rein)
Run |11 38.2 31.7 32.0 21.6 33
Run 111 38.2 31.7 32.0 21.6 79
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This apparent higher dilution rate is a consequence of water depth at
the point of brine introduction. In the “refreezing |ead” experinent, the
brine was introduced and mxed into 15 cmof water. In the “open-water” case,
a considerable portion of brine (i.e. that volume introduced inshore of 150 cm
vertically mxed wth less than 15 cmof water and produced |ess dilution and
therefore higher salinities. A sinple calculation using the 250 m of brine
(equivalent to 1 cmof height in the 5 x 50 cmlead) at 38.2 O oo added to the
| ead and conpletely mxed with the underlying 15 cmof water at 31.7 Qo0 (15:1
dilution) yields water at 32.1 /oo, which is sinilar to the observed maximum
salinity of 32.0 Qoo pooled athe 4.0 m mark.

Velocity profiles for the |ead freeze-up experinment are shown in
Figures 5-14A and 5-14B for the 2 mand 3.5 mnarks at 7.6 and 12.0 m nutes
into the experinment. Note that the maxinmum bottom layer velocity (-0.1 cm see)
in the fluid behind the front is considerably Iess than that observed for the
advance of the front itself, which was neasured at -0.25 cm/sec. Al though
tenperature and salinity time-series data simlar to Figure 5-11 were not taken
for this advancing front, it nust be assumed that the density of this layer is
| ess than that of the initial front. The majority of the relatively undiluted
brine (entering at the |ead) proceeded downslope (at 0.25 cmisee) as a “parcel”
of fluid, which was followed by the more dilute and | ess dense water noving
with a slower downslope velocity.

5.2.5 Di scussi on

The series of experinents conducted to denonstrate the process of
dense brine formation in arctic nearshore waters have been extrenely informa-
t ive inillustrating the basic physical phenomena active during fall freeze-up
and winter refreezing periods. Inportant observations relative to the near-
shore exchange of water during fall freeze-up can be extrapolated from the
| aboratory data to field conditions as: (1) the formation of a slow (0.3-0.9
cmsec ) near-surface (<10 m) onshore flow balancing (2) a nore rapid (1.5-1.7
cnisee) offshore flowin a2 to 5 mthick bottom layer. (These current esti-
mtes are consistent with the observed field values described in Section 5.3.3

315



91¢€

8.5 0 VELOCITY (TS s.5

. 0™ / ? . il o VEOCITY @ve 8%
10+ 10
_20- 5 20
¥ g
z L a
#30-

a0 40-

93 qs |

CHUKCHI SER BOTTOH WATER L1Vi CHUXCHI SEA BOTTOM MATER Live-3

Figure 5-14. --Velocity Profile Taken During the Laboratory-Scale Lead Refreezing Experiments: (A) 7.6
mnutes, 2.0 mfromthe nodeled coastline, and (B) 12.0 ninutes, 3.5 m from the nodel ed coastline.



on Field Studies.) In the case of a nearshore oil spill this general circula-
tion pattern would tend to concentrate (in the absence of wind effects) surface
spilled oil products in the nearshore region. |If winds are present they woul d
dom nate surface oil novenent. Onshore wi nds would tend to conpound such be-
havior, whereas offshore winds mght tend to disrupt the pattern. Wnds m ght
also tend to herd surface oil to one end of an open lead system However, wnd
effects nust be nodeled as a stochastic process, so further discussion of per-
turbations caused by surface winds is unwarranted as the |aboratory experinents
were not designed to include them

In nearshore areas, dissolved lighter fractions of the oil would be
incorporated into the formng brine and be transported with the brine. In
deeper waters the brine (and any associated hydrocarbons) would of course be
diluted as the brine is exuded and sinks. These |aboratory observations indi-
cate that nuch of the dense brine formation occurs in water depth |ess than 20
neters (typically within 15 to 20 km of shore) although scaling-up of the
experinmental |aboratory results relative to vertical entrainment of the surface
brine nust be done very cautiously. Existing field data do support these
| aboratory observations that brine formation occurs in this region. Aagaard
(1984) observed a thin (<2 m layer of brine (33-36.5 Qo0 which forned at
depths less than 25 mat Pt. Lay. Sinmilar brine layers were observed in his
Pt. Franklin and Pt. Barrow salinity sections. Hstorical data repoted by
Garrison (1977) also suggest the near shore formation of dense brine in the
Chukchi Sea at depth less than 20 m  The salinity profile shown in Figure 5-1
(from Hachm ester and Vinelli, 1985) also very clearly support the observations
from these earlier studies.

A very sinplistic nodel of the freeze-up process for open water is
shown in Figure 5-15. Starting with ambient water at 31.6 O oo and allow ng
(per Section 5.2.2) 0.65 mof ice to formover 20 days, 2 niof 40 O oo brine
wll be input uniformy across the nearshore surface waters. The resulting
salinity field (Figure 5-15B) is obtained if no horizontal mxing is allowed.
As observed in the |aboratory experinents, the bottom brine shows maximm of f-
shore bottom salinity which is characteristic of the water formed at 5-10 km
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of fshore (Table 5-4) or 33.3-34.0 ®/oo. Gven the downsl ope speeds predicted

by the open-water freeze-up experinents, in the absence of other external
forces, this brine should reach a 20 km offshore position within 20 days of
formation. A 1.5t0 2.0 mbottom layer flowing at 1.5-1.7 cm/sec woul d renove

a volune of water equal to that in the 0-10 kmregion in approxinately the same
time (17-25 days), thus inplying an onshore flow of surface water of equal
magni tude and additional dilution to perhaps 33.5 ®/oo. Measurements nade in
February 1984, (see Figure 5-1) under anbient salinities of 32.1 Qoo and con-
siderably reduced brine formation rates, showed bottomsalinities of 33.1 Qoo
in a2 mthick lower layer. Wth all other processes remaining the same, this
woul d inmply a 70% reduction in the brine-formation rate in the nearshore where
the 33.1 Qoo water was formed, or additional dilution of the nearshore water
as described above through onshore flow, or both. The inportant fact renains,
however, that dilution in both the fall freeze-up and the |ead refreezing cases
is sufficiently lowin the nearshore region to allow for the possibility that
significant concentrations of dissolved hydrocarbons froma hypothetical spill
m ght persist in the sinking brine.

5.3 FI ELD PROGRAM TO STUDY DI SSCLUTI ON AND TRANSPORT OF SPILLED AROVATI C
HYDROCARBON COVMPONENTS DURI NG OPEN LEAD REFREEZI NG AND BRI NE GENERA-
TION PROCESSES |N THE CHUKCHI SEA

5.3.1 oj ectives of the Field Program

The field programtested the hypothesis that the dissolved fraction of
an oil spill in the upper water layer of a refreezing lead could be incorpo-
rated into a denser brine mass that is transported to the bottomas the brine
sinks under the influence of gravity. Specific objectives of the field experi-
ments were the follow ng:

1) demonstrate brine production and its association with the |ead
system northeast of Pt. Franklin,
2) denonstrate incorporation of hydrocarbons (froma 38 liter

aromatic “cocktail” spilled into the |ead surface waters) by
brine produced during the refreezing process, and
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3) track any such brine (and acconpanying dissolved hydrocarbons)
over tinme and distance by using acoustic transnitting bottom
drifters to aidin station/site selection and collecting water
sanples for neasurements of aromatic hydrocarbon concentrations.

5.3.2 Field Methods and Materials

The field program was conducted in early March 1985 at a nearshore
| ocation northeast of Pt. Franklin, Alaska (Figures 5-16 and 5-17). Selection
of this test site wasbased on 1) its proximty to |ogistics support at Barrow,
2) year-to-year persistence of an open-water |ead systemin shallow water in
the area, 3) anticipated |ow water current velocities in the area, and 4)
previoulsy observed brine formation events during freezing in the area (i.e. |,
February/ March of 1982 and 1984; Hachmeister and Vinelli, 1985).

Cockt ai | Deployment--10 March 1985

For the field oil-spill experinment, an aromatic hydrocarbon “cocktail”
mx ture (Table 5-6), not whole crude oil, was used. A total of 38 liters was
rel eased on 10 March 1985 in the open water of an extensive |ead system north-
east of Pt. Franklin, Alaska (see Figures 5-16 and 5-17). The spill occurred
at site 10 (71° 1.4'N, 158° 12.1'W, Figure 4-25) in an open refreezing | ead
that was approximately 30 m wide. \Water depth at the spill site was 29 m
which was slightly greater than the desired depth (15-20 n). However, the
solid ice on both the north and south sides of the |ead provided stable plat-
forms fromwhich the spill was initiated and from which subsequent sanpling of
near-surface and bottom waters could be performed. CTD neasurenents were
obtained at selected sites and tines through holes in the ice cover to nonitor
rel evant water mass properties before and after the spill event.

Conditions at the tine of the spill were favorable for the occurrence
of brine formation: air tenperature was -24°C, and frazil and grease ice were
being actively formed. CTD and current neter data collected in the region on 9
March (i.e., the day before the spill) indicated that higher salinity water
existing uncler the lead was sinking and noving in an onshore direction.
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Tabl e 5.6--Individual Conponents and Amounts in
t he Chukchi Sea Aromatic Cocktail M xture.

Conpound

Amount

Toluene

Benzene

p~Xylene

o~Xylene

Et hyl benzene
Naphthalene

2- Met hyl napht hal ene

Urani ne dye

18.9 liters (5.0 gallons)
9.5 liters (2.5 gallons)
3.8 liters (1.0 gallons)
3.8 liters (1.0 gallons)

500 grans
1,000 grams
500 grans

500 grans
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I mmedi ately before the cocktail release, a CID cast was conpleted, and prespill
surface and bottom water sanmples were obtained with Nansen bottles depl oyed
through a 25 cmdianeter hol e augered through the ice. An Inter Ccean $4
current meter was deployed directly into the lead at the site approximtely 15
m nutes before the spill to neasure current speed and direction (5 minute
vector averages). This nmeter indicated a bottomcurrent with a speed of 1.5
cm/sec and a heading of 25°-35° (i.e., NNE) at the time of the spill.

At 1405 hrs, the spill mixture (Table 5-6) was rel eased over a 10
mnute period into the mddle of the lead at a depth of 2-4 cm bel ow the water
surface. After release of the mxture, two transponders were deployed into the
| ead. A 27.0 kHz acoustic seabed drifter was deployed with a drogue flotation
collar (to impart neutral density in 33-38 %/oo, -1.8°C seawater) to track the
bottom water novenent, and a 37.0 kHz transponder, with no flotation, was
rel eased to mark the deploynment site.

The cocktail “had approximtely 20-25 minutes to mix with the formng
Slush ice and associated brine. The uranine dye in the mxture very clearly
allowed differentiation between the cocktail that was floating on accunul ating
Slush ice and associated pieces of broken ice chunks and that which was
actually mxed into the surface waters. Specifically, the cocktail that was
spilled or pooled on top of existing or freshly formed ice was still in the oil
(toluene) phase, and the uranine dye retained a dark red color. Wen the
cocktail mxed with the water the uranine turned a bright yellow green.

Five to ten mnutes after the release of the cocktail, additional
|-liter near bottom and surface (1 m below the bottom of the ice cover) water
sanples were obtained with a Niskin bottle through a 25 cm di aneter hole
augered in a smll ice floe approximately 15 m from the release site. (This
| ocation (sanmple) was identified as Station 10.)
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Between 20 and 30 minutes after the experinental spill was initiated,
it becane apparent that the lead was closing. At first, it appeared that the
lead was only filling up with excessive slush and grease-ice covered pans, but
t hen observations of the ice in the rubble field on the northern side of the
lead clearly indicated that the entire rubble field was nmoving slowy towards
the pan from which the cocktail had been released. Eventually, the rubble
field fromthe other side of the |ead pushed grease ice and larger ice chunks
in front of it as it approached. Larger chunks (1-2 m were up-ended and
forced against, under and on top of the edge of the southern floe that sup-
ported the scientific party and all field equipment. After slightly nore than
an hour (1512 hrs or 68 mn post-spill) the noving rubble field had conpletely
closed the lead, and some of the dye-stained (red, yellow and green) ice had
actually been subducted and forced beneath the rubble field and (presumably)
uncle r  the pan from which the observations were being nmade. Approximately half
of the dye-stained ice ended up ridged against the stationary observation pan,
and the rest was ground up or incorporated into or under the rubble field that
now occupied the |ead where the experimental spill had been initiated an hour
earlier. Schematic plan views of the experinental spill site and |ead system
before and after closing are presented in Figure 5-18

In designing the experinment, we had hoped to work in a |ead system
that remained open with active ice formation for 2-3 hours after the spill
rel ease. Therefore, as a result of the lead closing, there was sone
uncertainty as to how nuch of the hydrocarbon cocktail actually dissolved into
the sinking brine at the time. This confounded subsequent attenpts to estimte
the rate of initial mxing or dilution of the aromatic cocktail.

The S4 current meter was retrieved at 1450 hrs, and the scientific
party retreated fromthe observation pan (Station 10) and occupi ed an adjacent
nore stable ice floe (100 mby 200 m) which had been used as a staging area
where the helicopter had |anded prior to the experiment. This |ocation was
approximately 50 neters to the south of the spill site (see Figure 5-18B).
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Wiile it could not be observed fromthe original pan at Station 10 or
the adjacent floe by the helicopter, there was a large new lead (100 to 150 m
wde ) opening up approximately 30 mnorth of the rubble field that resulted
fromthe closure of the initial experinmental lead. This new |ead (Figure 5-18B
plan view) was discovered during the helicopter flight to Station 11, which was
300 to 400 mto the west of the initial spill release point.

After conpleting a CID cast and deploying the current neter at Station
11 at 1655hrs, a directional EFCOM sonar receiver system was used to obtain
direction headings on the two transponders that had been released at site 10.
The receiver system was assenbled by attaching the sonar head to six |-neter
long, 7.5 cmdiameter PVC extensions for under-ice depth and directional
control.  The electrical leads for the sonar head were contained within the PVC
tub ing, and these were attached to an EFCOM sonar receiver system that was
contained in an Igl ooT'vI
battery and heater that naintained the unit at a necessary tenperature |evel
such that the liquid crystal frequency display could be used to tune to the
27.0 and 37.0 kHz transponders.

cooler. The cool er was equi pped with an automobile

At 1720 hrs the ice pan at Station 10 was still intact, so it was
reoccupied (identified as Station 10A) and another sanpling hole drilled. Two
additional |-liter water sanples (at 26 mbottomand 14 = internedi ate depths)
were collected with a Nansen bottle. The sonar receiver systemwas then
reassenbl ed and an additional fix on the 37.0 and 27.0 kHz pingers obtained.
At 1740 hrs the two deployed transponder units were separated by approxinately
15 degrees, but an exact distance separation between the two could not be
obt ai ned because the sonar receiver systemwas |ocated al nost directly over the
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t ransponders. Open water to the north of the spill site and safety considera-
tions prevented occupation of additional stations on 10 March. Therefore, we
returned to Station 11 to retrieve the S4 current meter at 1835 hrs, and the
scientific party returned to base at UIC/NARL.

VWater Colum Sanpling--n March 1985

The general area of the spill site was surveyed, and Station 12 (see
Table 5-7 and Figure 5-17) was occupied inmediately to the southeast of a 500
meter wide rubble field and ridge system approximately 2 mles south/southeast
of the spill site. CID and current neter data were collected from 1225-1445
hrs, and a near bottom current was detected with a velocity of 1.1 cm/sec and a
direction of 161 degrees True (toward the south/southeast). Surface (just
bel ow the ice), and near bottom (0.5-1m above the botton) water sanples were
collected for hydrocarbon analyses, and the EFCOM sonar receiver system was
assenbled to locate the positions of the fixed 37 kHz and seabed drifting 27
kHz transponder units. No sonar signal could be detected fromeither trans-
ponder . Presumably, this was because of the vertical dimensions of the rubble
field and ice ridge sys terns to the northwest of the area (i.e., ridges had
el evations in excess of 3 mand estimated keel depths of 15 to 20 m.

At 1520 hrs Station 13 was occupied 1.9 km to the north/northwest of
Station 12 (see Figure 5-17). Station 13 was characterized by nuch snoot her
ice, and directional readings for the two transponders were successfully
obtained. \Water sanples were again obtained at the surface and bottom dept hs.

Station 14 was |ocated on snooth ice approximately 300 m southeast of
the original spill site. Surface (just below the ice) and bottom water sanples
were collected, and sonar fixes were obtained for the two transponder units.
From the position-fix obtained for the helicopter and triangulation of the
sonar readings at Stations 13 and 14, it was apparent that the surface ice had
not noved relative to the 37 kHz transponder beneath the spill site. The
seabed drifting transponder (27 kHz) had travelled approximately 500 to 1000 m
in a direction of 25-30" True fromthe original release site. Because of
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Table 5-7. --Station Locations and Bottom Current

Meter Readings for 1985 Field Program

Bottom Near bottom current
Station Latitude Longi t ude depth Speed Direction Dept h

Dat e nunb e r (“N (“w (m CTD (cm's) (" True) Ti me (m
(North of Pt. Barrow, equipment checks)
3/8/85 001 71°31. 3 155°22. 7’ 22 X 3.2 275 1150-1430 21

3.9 91 1440-1530 21
3/8/85 002 71°28.3 155°19. 5’ 20 X
3/ 8/ 85 003 71°24. 4 155°15. 1’ 18 X
3/8/85 004 71°19. 3 1557 11. 1’ - - X
3/ 8/ 85 005 71°33. 5’ 155" 30. 3’ 120 X
(Pre-spill)
3/9/85 006 70°50. 9’ 158°16. 0’ 11 X
3/9/85 007 70°58. 7’ 158°19. 0’ 21 X 3.0 154 1335- 1545 21
3/9/85 008 71° 0.1 158°19. 3 26 X
3/9/85 009 70°56. 9’ 158°17. 1’ 20 X
Spill event: 1405-1415 hours 3/10/85, Station 010
3/ 10/ 85 010 71° 1.4 158°12. 1’ 29 X 1.5 35 1455 28
3/ 10/ 85 011 71° 1.4' 158"12. 4 28 X 1.6 25 1655- 1835 27
3/ 11/ 85 012 70°59. 8 158°10. 2’ 24 X 1.1 161 1225- 1445 23
3/ 11/ 85 013 71° 1.0 158°10. 7’ 27 X
3/ 11/ 85 014 71° 1.4 158°12. 1’ 29 X
3/ 11/ 85 015 71° 1.4 158°12. 1’ 26
3/ 10/ 85 Ol6a 71° 1.6 158°12. 0’ 29 X 3.0 284 1255- 1355 27
3/ 10/ 85 016b 71° 1.6 158°12. 0’ 26 3.1 272 1405- 1455 25
3/ 12/ 85 016¢ 71° 1.6 158°12. 0’ 26 3.9 265 1505- 1545 25
3/ 12/ 85 017 71° 1.6 158°12. 0’ 26
3/ 12/ 85 018 71° 1.6 158°12. 0’ 26
3/ 12/ 85 019 71° 1.6 158°12. 0’ 25
3/ 12/ 85 020 71° 1.6’ 158°12. 0’ 25
3112/ 85 021 71° 1.6 158°12. 0’ 26




extrenely thin ice to the north of the original spill site, however, no
stations could be occupied in this direction (i.e., where the 27 kHz seabed
drifting transponder was detected).

The spill site itself was then reoccupi ed now designated as (Station
15), and the original experinental |ead was observed to be conpletely covered
by a partially frozen rubble field. The broad expanse of open water that had
opened to the north of Site 10 just after the spill event (see Figure 5-18B)
had begun to refreeze, but neither it or the rubble field over the initial
spill site were explored further due to uncertainties regarding their stabi-
lity. At 1730 hrs (26-27 hours post-spill) two additional water sanples (sub-
surface and botton) were obtained through a freshly drilled auger hole at
Station 15, which was located 7 mfromthe original spill site.

Wat er Col utm Sampling--12 March 1985

(bservations during the flight fromBarrowto Pt. Franklin indicated
that considerable refreezing of the offshore |ead system had occurred over the
previous 48 hours. Therefore, the original spill site location (Station 10/15)

was reoccupi ed. Figure 5-19 presents a schematic plan view of the original
spill location as well as Stations 16 through 21 which were occupied on 12
March 1985. Al'l of the latter stations were |ocated on the freshly refrozen

| ead that had opened to the north of the original spill site (Figure 5-18B)
within one to two hours of the start of the experiment 48 hrs earlier. The ice
thickness at these stations was now 12 to 18 cm and open pools of fresh
seawater or cracks in the ice were occasionally encountered in the area.
Station 16 was occupied, and the seabed drifting transponder (27 kHz) was
| ocated by triangulation using the EFCOM sonar receiver system at Site 16C and
auger boring Site X further to the west (see Figure 5-19). The transponder was
approximately 500 to 750 mfromthe original spill release point, and appeared
to be trapped in the under-ice ridge system between Stations 16 and 17. The
| ocation of the seabed drifting transponder at this time was consistent with
bottom current directions that had been neasured during the first two hours
following the spill. However, the estimated distance fromthe spill site
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Figure 5-19. --Station Area Overview on 11-12 March 1985.
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indicated that the transponder may have becone trapped in the subsurface ice
ridge systern in the first 1 to 2 hours after its release. This ridge system
was quite extensive, with upper surface relief up ©w3-4 mand estinated under-
ice relief of 15 to 23 m It was possible that portions of this under-ice
relief extended all the way to the bottom sedi ment, although this could not be
determned from the surface. At certain locations on the northern slope of the
ice ridge system(i.e., near Station 16), the ice was sufficiently thick
i mredi ately adjacent to the ridge to support the helicopter and thereby
expedite sanpling operations.

A series of water sanmples were obtained near the |ocation of the
seabed drifting transponder for an east-west transect of auger holes at
Stations 16A, B and C and from Station 17. An ice thickness of 5-6 m prevented
boring of a sanpling hole imediately over the transponder. Four 1.3 neter
long auger bits were connected in the attenpt to drill in this area, and open
water beneath the ice was never reached. Therefore, Station 17 was |ocated as
close as possible to the transponder on a direct line between it and the
original spill site (Figure 5-19). Surface and near bottom water sanples for
hydr ocarbon anal yses were collected at Stations 17 through 21, which were
| ocated on a direct line between the seabed drifting transponder and the spill
site. A single CTD cast was taken at site 16A

During the later sanpling events on 12 March, the wire angles on the
hydrowire for water sanpling casts indicated currents with directions of 268°
True at Station 20 and 254° at Station 21. Al field sanpling efforts con-
cluded with Station 21.

5.3.3 Sanpl e Analyses for Aromatic Hydrocarbons
At the tinme of «collection, all water sanples were placed in 580 m
plastic-jacketed screw cap containers to prevent freezing. These containers

had been pre-cleaned and rinsed prior to use. Each container was filled
conpletely with seawater to mninmize headspace, and while in the field, the
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filled containers were stored in Igloo coolers as a further precaution against
freezing and sanple loss due to container breakage.

Subsets of selected water sanples were used for calibration of the CID
data. Upon receipt in the laboratory, all renmaining sanples were stored at 4°C
until analysis for hydrocarbons by Gc/MS. Hydrocarbon spiked control sanples
as well as field and nethod bl anks were anal yzed to insure against sanple
degradation (by either volatilization or mcrobial activity) and/or contam na-
tion during handling and analysis. No evidence of either of these analytical
probl ens was encountered.

For analysis, water sanples for hydrocarbon measurenents were allowed
to come to room tenperature before the sanple container was opened. The entire
sampl e (580 mls) was transferred to a cleaned and kiln-fired, two-neck, 1000 m

roundbottom fl ask. To recover hydrocarbons of interest, the flask was fitted
for gas purging wth an attachment for in-series, back to back TenaxR traps,
R

Before exposure to a water sanple, the Tenax " traps were first “blanked” with
the sanple extraction and analysis procedure (see procedure below for Gc/MS
wth Selected lon Mnitoring nmode). For a sanple, water in the round bottom
flask was purged for two hours with Utra-pure heliumgas at a flow rate of 30
mls/min.  After this purge cycle, the front and back TenaxR traps were inmedi-
ately capped with stainless steel Swage-LokR fittings. The entire purging
process was conducted in a laminar flow hood to mnimze sanple contam nation

from | aboratory sources of volatile organic conpounds.

The GC/MS anal yses of Tenax® trap sanples were conducted within 30
mnutes of their renoval from the purging apparatus. Both front and back traps
were analyzed separately to determine if any sample analyte breakthrough from
the front trap had occurred during the gas purging process. For GC/MS anal y-
sis, each trap was attached to a Tekmar LSC-2 Liquid Sanple Concentrator R and
backflushed while being rapidly heated to 180°c to thermally desorb any trapped
volatile aromatic conpounds. The conpounds were then transferred directly into
the inlet of a Finnigan 4021 gas chromatography, where they were subsequently
separated on a 2.8 neter x 2 nm1.D. glass colum packed with 1% SP-1000 on

333



Carbopak 3, 60/80 mesh. Compound identification and quantitation was
acconplished in the Selected lon Mnitoring Mde in a Finnigan 4021 quadruple

GC/MS . Absol ute amounts of benzene and tol uene were determined by conparing
specific ion area counts for each conpound (78 and 91 nfz, respectively)
agai nst 500 pg standard of each. Met hod detection linmts for benzene and

toluene were 0.01 rig/l.

5.3.4 Results and Di scussi on

Field | ocations for the water sanples, CID neasurements and current
speed/direction estimates are summarized in Table 5-7 and Figure 5-17. Data
fromthe CID casts (Table 5-8) and current speed/direction neasurenents are
particularly inmportant in explaining the measured |evels of benzene and toluene
in bottom and near-surface water sanmples from selected field |ocations.

5,3.4.1 Anal yses of Seawater Sanples for Dissolved Aromatic Hydrocarbons

Table 5-9 presents the results of the “purge and trap” GC/MS anal yses
of the seawater sanples. Benzene and toluene were detected at |ow part per
trillion levels in a nunber of sanples, while other sanples had undetectable
level s (below the part per quadrillion level). Those sanples having undetecta-
ble levels for benzene and toluene al so serve as additional defacto field/
met hod bl anks. It should be noted that the other higher nolecular weight
compounds in the original field spike mxture (i.e., Table 5-6) were not
detected in any of the water samples. The latter absence presumably derives
froma conbination of: 1) |ower water solubilities for these conpounds (see
Sections 6.8 and 6.9 for a conplete discussion of partitioning behavior and
estimated ampunts of water-soluble conponents contained in crude oil in

general, and Prudhoe Bay crude in particular), 2) and the fact that not all of
the initial spill “cocktail” was effectively introduced into the refreezing
lead as originally planned. It is also significant that of these other

components, o- and p-xylene were only introduced in limted (3.8 1) amounts,
and only 0.5 to 1.0 kg quantities of the other conmponents were in the original
mxture (see Table 5-6). Nevertheless, absence of the higher nolecul ar weight
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Table 5-8. --ctD Data from Stations 7 to 16 for 1985 Field Program

CONS. CAST o 7 DATE 3/8%/ ® LATITUDE  70-38 M S0TTOM DEPTH: 21
CRUISE 1D: TINE: 21:20 OMT LONGITUDE 1358-19. 0N CAST DEPTH: 0.
LOCATION:

PRESS TEMNP SAL @I6-T 8-VEL DYN-DEP PREES TERP BAL 810-T 68-VEL DYN-DEP
06 4. 476 31.314 a3 18% 144s.0 O 000 12.2 =1. 796 3a. 933 24.522 1438 2 0.021
20 -1.235 32.133 29. 861 1439 ¢ 0.003 13.2 -1 #®1 33.003 269579 143s. 3 0.023
3.2 -1.423 32. 426 26.103 1439. & 0.006 14,2 -1. 803 33.030 26.601 1430.4 0.024
4,3 -1.760 3a. 477 26. 1% 1437.6 0. co@ 19.3 =1. @083 3. 047 24. 638 143s. 4 0 oze
9.4 -1.770 32.$79 26.231 1437.7 0.010 16.6 ~-1. 807 33.129 26.681 143s. § 0.027
6.9 -1.779 32.700 36.332 1437.9 0.012 17. 2 -1. sol 33.344 26.095 143s. 9 0.029
7.9 =3.786 32. 7S2 @6. 37S 1437.9 0.014 |l ee -1. s20 33. 670 27.120 1439.3 0. 030
8.6 =1. 7SS 32.779 26.397 143%.0 0.019 19 -1 8228 33.697 27.142 1439.3 0 031
®.7 -1.790 32. S06 ab.419 143s.0 0.017 20.9 ~1. 830 33 4699 27.143 1439 3 0.032
11.1 -1.792 3@ S4S 24. 4S3 1438.1  0.019

CONS. CAST o: ] DATE  3/8%/ 9 LATITUDE 71- 0. iR B0TTOM DEPTH: 26.
CRUISE ID: TIME: 33: 0 6&mT LONGITUDE 138~19. 30 CAST DEPTH: 0.
LOCATION:

PRESS TeEme SAL  818-T S-VEL DYN-DEP PRESS TENP SAA 81@-T S-VEL DYN-DEP
3.1 -1.660 32.073 26.470 143@. & 0. 009 1s.9 =1.83% 33.704 27. 148 1439 2 0 oat
4.4 1.792 232.94s 26.9%38 1430.1 0. 007 17.2 =-1. 83 33.719 27.160 1439 a 0 022
s. 7 -1.794 32. 97S 2&. 9% 1430.2 0. 009 18. a =1. B3s 33. 725 27.147 1439.3 0 023
7.0 -1.794 3a 9s4 2e.%3 143s. 2 0.011 19. 9 =~1. 83 33. 73 27.37% 1439 3 0 024
8.1 -1.796 33.021 24.993 1438 3 0.012 21.0 =3. 836 33.742 27.179 1439.3 0 o2%
94 -1.805 33.309 26.827 1438.7 0 014 22.3 -1. 83 33.748 27. 1s4 1439.3 0 027
10.7 -1, 82% 33. S07 24.980 1438.9 0.016 23.8 -31.83% 33.790 a7. 192 1439.4 0 o8
121 -1. g2¢ 33. %83 27.0s0 1439.0 0.017 24.9 -1 B3 33.740 27.193 1439.4 0.029
1.5 -1.831 33. 633 @7.0s4 1439.% 0.018 2.1 2 102 33.627 26.887 1497.3 0. 030
14.6 -1, s33 33 #%7 27.110 1439.1 0. 020

CONS CAST : 9 DATE 3783710 LATITUDE 70-96. 9% JOTTOM DEPTH: 20
CRU SE 10: TIRE: O 10 oNT LONG! TUDE 138-37. 14 CAST DEPTH: 0
LOCATION:

PRESS TEMP SAL S10-T 8s«vgL DYM=-DEP PRESS TEMP AL 810-T S-VEL DYN-DEP
02 -1.442 31. a3® 2s. 6420 1430 2 (.000 11.s -1.794 232.%3: 26.%e 1838 2 0.024
1.6 -1. 368 31.744 as. 349 1428 4 0.003 13. 1 =1. 803 33. 086 26.646 143s. 4 0. 028
29 -1.409 31. e87 29. 470 1437. S 0. 004 14, 2 =1. 897 33.141 26.09 1438 % 0 O2a
41 -1.732 31. 948 29.722 1437.0 0©.00%9 193 ~-1. 809 33.304 @2b. 74a 1438 & 0.029
8.3 -1.734 31.960 2s. 73a 1437. ¢ 0.012 1.9 -3 807 233.266 26. m 1438 7 0.031
6.3 -1.734 31.974 29.743 :4372. 1t 0. o014 17.6 -1.801 33 208 a6. 793 1430. 8 0“032
7.5 =1.736 3a. 046 25.802 14837 2 0.017 18. 7 =3. 796 33. 283 26. SO06 1438. € 0 “034
9.9 -1.733 32. %48 24.209 1437. @ 0.020 9.8 -1.790 23.283 26.807 1438. 9 0 039

10.4 =1. 777 3a. 836 @6.443 143a 1 0. 022
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Table 5-8.--(Continued)

CONS. CAST 9. 10 DATE  3/8%/10 LATITUDE 71- 1. 4N BOTTOM DEPTH. 29
CRVISE | D: TI ME: 23: 1% OnT LONGITUDE 138-12. 1¥W CAST DEPTH. 0
LOCATION:

PRESS TEMP SAL §16-T 8S-VEL DYN-DEP PRESS TEMP® SAL SI10-T S-VEL DYN-DEP
1.5 -1.697 33.064 2. 627 1438.7 0.002 19 8 -1 838 33.292 27.297 1439.4 0.010
2% =-1.773 33.023 26.9%9%4 142s. 3 0.004 17.8 -1 S40 33. %7 27.305 1439. 8 o©.019
4% -1.790 33. 22% 26 762 1430. % 0.006 le. 7 -1 838 33. 893 27.301 1439. s o 020
&3 -1.792 33.314 6. 232 1438. 7 0. 00s 20.3 -1. e 33 @99 27 303 14395 0 oa2
7.2 -1794 33 326 26. 840 1438. 7 0.010 21.4 -1, e4d 33. SW 27 e 1439.3 0 022
0.3 =1.803 33.332 26.249 1432.7 0.011 22.8 -1. 8640 33.903 27.309 1439.6 0.023
9.% -1. s09 33.46% 26 950 1438.9% 0.012 24,1 =«3. 838 33.900 27.307 1439.6 0.024
10.7 -1. S20 33.$94 @7. 0ss 1439.0 0.014 25 2 -1.040 33.902 27.309 1439.6 0 o029
12 0 -1. 827 33.743 27.179 1439.2 0.01%3 26 3 -1.040 33.901 27. 30S 1439 & o0 026
13.1 =1.527 33.83@ 27. 2% 1439.4 0.016 27.6 =1.83@ 33.903 27.309 11439 & O 027
14 2 -1. 831 33.073 27. 2s9 1439. 4 0.017 20.9 =1.840 33.904 27.310 1439.7 0.020

CONS. CAST o : 11 DATE 3/$s/11 LATI TUDE 71- 3. 48 BOTTOM DEPTH: 28
CRUISE 10: TIME: 2.30 OMT LONGITUDE 158-11. 8% CAST DEPTH: 0
LOCATION:

e RESS TEMmP SAL 810=T 8§-VEL DYN-DEP PRESS TEMP B84l 818-T S-VEL DYN-DEP
2.6 -1.833 33 254 26.807 143s. 4 0.003 17.0 -1.036 33 €71 27 2s3 1439.4 0 o1s
4.1 -1. S03 33. 1s3 26.729 143@. 4 0. 009 1. 2 -1, S3S 33. av¢ 7. 28% 1439. 3 o 019
5.2 -1. s03 33.210 26. 793 143s. 5 0. 007 19.2 -1 8% 33.877 27.2ss 1439 8 o 020
6.6 -1. 809 33. 243 26. 773 1438. % 0. 00s 20.3 -1. 83 33 877 27. 208 1439.3 0 021
7.9 -1. s09 33.299 2#¢19 143s. &« 0.010 21.4 -1. s3s 33. @81 27.291 1439. % 0 022
9.3 -1. 812 33.443 26 936 1438 6 0.012 22.5 -1. 838 3a. 880 27.291 1439.5 0 023
10. a =~1.833 33.751 27.186 1439.2 0.013 23. & -1. s3s 33. @0 27.291 1439. s 0 024
12.2 =-1.8386 33.773 27.204 31439.a 0.014 24.7 =3.838 2 879 27 290 1439 & 0 024
13.7 -1.831 233.8% 27.273 1439.4 0.016 2s.7 =1.S40 23 &8y 27 292 1439. &4 O 02%
14. e =1.636 33.073 27.28% 1439.4 0.017 24.7 =-1.840 32 8839 27.295 1439 & 0 026
19.9 -1.830 33. 879 27.207 1439.4 0.017 27.8 -1. 638 33 M2 27.292 1439.6 0 027

CONS. CAST 9: 12 DATE  3#as/11 LATITUDE  70-39. 8N sorron DEPTH. 2a
CRUISE 1D: TIME: 20: 0 &omMT LONQITUDE 1SS-10. aw CAST DEPTH: 0
LOCATION’

PRESS TemMp SAL 816=-T 8S~VEL DYN-DEP PRESS TEMP SAL 818-T S-VEL DYN-DEP
2.3 1.703 32. 357 26.07? 1437.7 0.004 14 0 -1. 831 33.736 27.174 1439.2 0 023
3.6 =1.7%7 32.410 26.097 1437. % 0.007 19.2 ~-1.831 33. 791 27. 186 1439.3 0 024
4 0 =1.7s7 32.460 2é.138 1437.4 0. 009 14.3 -1. 831 33. 769 27.197 1439.3 0 02%
$.8 -1.762 32. S4S 26.207 1437.7 0.011 17.s =1.82® 33.767 27.199 1439.3 0 024
& 9 -1 76s 32.612 Qb.26% 1437. s 0.013 18. 6 =1.S27 33.749 27.200 1439 4 0 027
83 -1 773 32 4846 26.321 1437.9 0.014 19.7 =1.92s 33.771 27.202 1439 4 0 028
9 &6 =1.796 32.927 26.%17 143a.2 0. 0ls 20.8 -1.S2s 33.770 27.201 1439 4 0 029
10.7 =%.794 33. 068 26.631 143@.4 0.019 21.s -1, 822 33.767 27.199 1439.4 0 030
11 7 -1 808 33.439 26.932 142€.9 0.021 22 s =-1.S2s 33.774 27 204 1439 4 0031
128 -1.822 33.646 @7.101 1439.1% 0. 022 264.0 -$. @09 33.764 27 19s 1439 0 032
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Tabl e 5-8. --(Continued)

CONS. CASBT e : 13 DATE 3/8%/12 LATITUDE 71-1.0M 30TTOM DEPTH: 27
CRUISE 1D: TIME: 0:20 emT LONGITUDE 1 *-so. 7 CABT DEPTH: 0.
LOCATION:

e RESS TEMmP SAL 810=T B8=VEL DYN-DEP PRESS TEI® SAl. 810-T 8-VEL DVYN-DEP
3.6 -1.639 32.740 26. 36s 143s. & 0.006 19.86 -1. @31 33.719 27. 197 1439. 8 o 021
4.7 -1.777 3a.870 26.470 1438. 1 0. 000 17.1 =1.83) 33.724 27. 164 1439.3 0 022
6.0 =1.7s3 32.902 24 .49 1438 1 0.010 18.4 -1. 829 33 736 27.166 1439.3 0.023
7.1 =1.78@ 32.962 24.949 1432.2 0.011 19.6 -1. 3% 33.739 @7. 17a 1439.3 002s
8.4 -1.78@ 33.077 26.63@ 143s. 4 0.013 20.8 -1. 838 33.742 27.179 1439.3 0 oz2e
9.4 =i.sol 33.187 26.720 1438 s 0.015 22. 1 =1.8@9 33.739 @7.17& 1439.4 0. 027
109 -1.616 33.624 27.083 1439.1 0.016 23.3 -1.927 33.741 27.170 1 439.4 0. 02s
12.1 -1.927 33.666 27.1$7 1439.1 0. 018 24.4 =3.S27 23.740 27. §77 1439 4  ©.029
13.1 -1. 829 33.609 27.136 143%. 2 0.019 29. 6 -1.227 33.739 27.174 1439.4 0. 030
14.4 -1, 8@%® 33.703 @7.147 1439.2 0.020 6.6 =1.82%9 33. 741 27. 178 1439. % o 031

CONS. CAST & 14 DATE 3/8%/12 LATITUDE 7i= 1.4M 30TTOM DEPTH: 29
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Table 5-9. --Concentration of Aromatic Spike Conponents in Chukchi Sea
Seawat er Sanples and CTD Infornation.

CTD
Station Sanpling® Sanple Concentrationsb(ggﬂl Temp Salinity
No.  Depth(m Dept h(m Depth Benzene  Toluene ('C) ¢~ /00y t
10 29 3 Subsur f ace NA NA -1.77 33.02 26.63
28 Bottom NA NA -1.84 33.90 27.31
10A 28 14 Subsur f ace .5 ND -1.83 33.28 26.81
27 Bott om 3 ND -1.84 33.88 27.30
12 24 2 Subsur f ace 6.9 2.8 -1.70 32.39 26.08
23 Bot t om 76 13 -1.82 33.77 27.20
13 27 4 Subsur f ace .6 .04 -1.64  32.75 26,37
26 Bot t om 2.1 2 -1.82 33.74 27.18
14 29 2 Subsur f ace 2 ND -1.79 33.34 26.85
28 Bot t om ND ND -1.84 33.91 27.31
15 26 2 Subsur f ace 1.6 2 NA NA NA
25 Bottom 9 .02 NA NA NA
16A 29 2 Subsur f ace 16 5 -1.74  32.48 26.15
28 Bo etom 1.9 , 2 -1.83 33.80 27,22
16B 26 2 Subsur f ace 1.1 ND NA NA NA
25 Bott om 1.7 .06 NA NA NA
16C 26 2 Subsur f ace 13 ND NA NA NA
25 Bottom 1.8 ND NA NA NA
17 26 2 Subsur f ace 2.4 1 NA NA NA
25 Bottom A , 02 NA NA NA
18 26 1 Subsur f ace 1 ND NA NA NA
25 Bottom 1.0 .07 NA NA NA
19 25 1 Subsur f ace .5 .09 NA NA NA
24 Bottom 1.9 2 NA NA NA
20 25 1 Subsur f ace A .03 NA NA NA
24 Bottom 1.0 2 NA NA NA
21 26 1 Subsur f ace 2 ND NA NA NA
25 Bottom 15 5.5 NA NA NA

Bottom sanpling depth nominally 0.5-1.0 m above the bottom
No detectable anounts of ethylbenzene, 0 ,m-xylenes, naphthalene or
2-net hyl napht hal ene were found in any sanples.

ND Not detected at nethod detection limt of 0.01 rig/l.

NA Not avail abl e.

338



conpounds in the water sanples indicates that sanple contamination due to
handling in the field was not a problem

Conparison of the neasured concentrations for the detectable hydro-
carbons (i.e., benzene and toluene) and the salinity data allow for a rational
hypothesis to be devel oped for the hydrocarbon distributions observed in the
field (Table 5-9). For exanple, the highest benzene and toluene concentrations
were measured in bottom water sanples associated with the largest salinity/
density gradients in the water colum (e.g., Station 12; Figure 5-20A and Table
5-8). This situation was in contrast to the |ow or undetectabl e hydrocarbon
level s at stations with [ittle or no density stratification (e.g., Station 14;
Figure 5-208 and Table 5-8). Furthernore, benzene and toluene concentrations
general |y were higher in bottomwater conpared to surface water (e.g., Stations
12, 13, 16b, 18, 19, 20, and 21). Exceptions to these trends can be explained
when ice formation sequences, extensive ridge structures and current neasure-
nment data are considered.

Seawater sanmples collected three hours after the spill at Station 10A
contained low (<1 rig/l) but detectable concentrations of benzene and non-
detectable (<0.01 rig/l) concentrations of toluene. Based on S4 current neter
data collected at the tinme of the spill, this site was upcurrent fromthe spill
site. Therefore, mnimal transport/mxing of water that had been in direct
contact with the original surface spill could be expected. The neasurable
benzene concentrations may sinply represent background contamination due to the
close (7-10 m) proximity to the spill site.

Bottom water sanples collected at Site 12 (23 hours post-spill)
contained the highest concentrations of aromatic hydrocarbons of any |ocation
exam ned. These concentrations for benzene and toluene Were 76 and 13 rig/l,
respectively. The surface water sanple (1 mbelow the ice canopy) at Site 12
contai ned concentrations of benzene and toluene of 7 and 3 rig/l, respectively.
These concentrations 1likely reflect limted vertical mxing of deeper water
toward the surface due to the presence of the extensive ridge/keel system
i mredi ately northwest of Station 12. The ice keel associated with this ridge

339



0ve

24 M, DENSITY (SIGMA-T) 8.8

30.0 = SALINITY (8/00) 4.0

-2.0 0  TEMPERATURE (©) -8.5

LG

DEPTH

20

A

Figure 5-20.--CTD Data from the 1985 Field Program for (A) Stationm 12 and (B) Station 1l4.

24.0 [, DENSITY (SIGMA-T) 28.9
30.0 A SALINITY (2/00) 34.0
-2.0 ©  TEMPERATURE (© -0.5

10 -

DEPTH (M)




could pronote turbulence around the keel, and thus mx the benzene-enriched
bottom water into near surface under-ice waters. Station 12 was 3.2 km
southeast of the spill site. Bottomcurrent measurenents taken at this site
(Table 5-7) indicated a southeasterly flow of bottom water with a velocity of
1.1 cm/sec. Al though this current direction could explain the presence of
hydrocarbons derived fromthe initial spill site, the magnitude of the current
velocity should have been slightly higher (ca.3.8 cnmsee) to transport the
hydrocarbons to Site 12 by the time of sampling. It is possible, however, that
hi gher current speeds with a southeasterly direction could have occurred while
the leads north of Station 10 were open during the 24 hour period between the
initial spill and the sanple collections at Site 12.

Such sout heasterly transport of 33.7 Qoo salinity bottomwater at 3.0
em/sec Was in fact, neasured the day before the experimental spill at Station 7
on 9 March 1985, when active ice formation was occurring in extensive offshore
open-leads in the vicinity of Station 8 which was |ocated on a 50 mdi aneter
stable pan in those |eads to the north of Stations 7 and 9 (see Figure 5-17 and
Tabl e 5-8). Al'so, the rather uniformsalinity values (up to 32.9 °/co at the
surface and 33.7 Qoo at the bottom) at Station 8 suggested the formation and
act ive sinking of brine at that site conpared to surface and bottomsalinities
at Sites 7 and 9 (Table 5-8).

At Station 13, higher concentrations of both benzene and toluene were
measured in the bottom water sample (2.1 rig/l and 0.2 rig/l, respectively) as
conpared to the near-surface sanple (0.6 rig/l and 0.04 rig/l, respectively).
However, the concentrations of benzene and toluene in the bottom water sanple
at Station 13 were substantially less than those in the bottomwater at Station
12. Because Station 13 was in a region with a relatively smooth surface ice
cove r about 1.6 km southeast of the initial spill release point, the data
suggest that the majority of the dissolved aromatic hydrocarbon plume had been
transported past or adjacent to this site by the time the station was occupied
(i.e., approximtely 26 hours after the spill). That is, the spill released at
Site 10 served as a short-term point source (versus a |longer term “continuous”
source) to the water colum due to the initial lead closure shortly after the
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spill event. Thus , hydrocarbons reaching the bottomat Station 10 could advect
along a line fromthe release site toward Station 12 and largely miss Station
13.

Benzene and tolueme were not detected in the bottom water atStation
14. However, CTD data (Figure 5-20B and Table 5-8) from the area around
Stations 14 and 15 suggest that the water colum was only weakly stratified
(i.e., the surface water salinity of 33.34"/00 wassimlar to the bottom water
salinity of 33.910/00). Under weakly stratified conditions, the aromatic
hydrocarbons that were dissolved in the water (e.g., benzene) could have been
m xed vertically and diluted (below detection limts) nmore effectively than at
stations with nmore pronounced water colum stratification (e.g., Station 12).

Benzene and toluene were both present at concentrations of <2 rig/l in
water sanples from Station 15 (26-27 hrs post-spill). The concentrations at
this site were slightly higher in the surface versus the bottom sanple. How-
eve r, the possibility of accidental sanmple contanination at this site cannot be
di scounted conpletely, even though a new auger hole was drilled in the ice for
sanpl i ng. Al ternatively, col d-room wave-tank studies (Sections 4.4.2 and
4.4.3) have denonstrated that with only minor wave turbul ence, dispersed oil
dropl ets can inpinge on under-ice surfaces adjacent to | eads where the hydro-
carbons have been introduced. Entrapnent of hydrocarbons on the under-ice
surface adjacent tothe experinmental spill stedue to turbul ence acconpanying
the initial lead closure could easily explain the detectable benzene and
toluene concentrations in the near surface waters at Site 15.

Stations 16 A, B, and C were on a transect that ran parallel to but 30
mnorth of a ridge system approxi mately 500-700 m north-northeast of the spill
site (see Figure 5-19). Sanples fromthese three stations contained | ow con-
centrations (< 0.5 rig/l) of tolueme, but variable concentrations (i.e, up to 16
rig/l) of benzene. At Station 16B the benzene and toluene concentrations in the
bottom water were 2 rig/l and 0.06 rig/l, respectively, whereas surface water
concentrations of benzene were 1 rig/l and toluene concentrations were bel ow
detection. However, at Stations 16A and C, the surface water concentrations of
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benzene were elevated conpared to those in the bottomwater. A possible
explanation for this variation in concentrations at Station 16 could be the
exi stence of turbulent flow on the downcurrent (northern) side of the ridge
system Such turbulent flow could have m xed benzene-enriched bottomwater into
the near-surface zone. Al'ternatively, mcro-scale ridge/keel nelting could
have introduced fresher, |ower-density water near the bottom of the water
colum, and thereby induced an upward mxing of bottom water toward the sur-
face.

Bottom water between Stations 17 and 21 (Figure 5-19) contained rela-
tively uniform concentrations of benzene and toluene. However, the concentra-
tions in the bottom water sanples were relatively higher at those stations
closest to the original spill site. Surface water concentrations at these
stations were uniformy low, except Station 17 inmediately adjacent to the
northern-nmost ridge system where the 27kHzbottomdrifting transponder was
eventual Iy located. Again, it is conceivable that the nearby 4-6 mice keel
structure produced an irregular flow pattern that resulted in mxing of bottom
water toward the surface at Site 17. This could account for the higher aro-
matic concentrations in the surface water (2 rig/l benzene, 0.1 rig/l toluene) VS
the bottom water at that station.

There appeared to be a strong correlation between the relative bottom
Vs surface water concentrations of dissolved aromatics and the degree of
stratification (i.e., vertical density gradient) in the water colum. \here
the water columm was weakly stratified, aromatic hydrocarbon concentrations in
both surface and bottom water sanples were generally |ow or undetectable
(Tables 5-8 and 5-9 and Figure 5-20). Slightly higher aromatic concentrations
were noted in surface waters near ice ridge systens, which could have induced
irregular and turbulent flows in the subsurface waters near the ice ridge
keel s. These results fromthe field experiment agree with processes observed
in smaller scale |laboratory studies of brine generation and associated near-
bottom flows (Section 5.2) as well as nodel predictions on the rates and
magni tude of aromatic hydrocarbon dissolution into surface brine generated
during frazil and grease ice growh (Section 6.9).
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5.3.4.2 Transport Scenario for Dissolved Hydrocarbons fromthe Initial Spill
M xture

Salinity sections (Figures 5-21 and 5-22) derived from CTD and current
measurenments conpleted on 9 and 11 March (Tables 5-7 and 5-8) suggest an on-
shore (i.e., generally southeasterly) flow of brine along the bottom during the
initial 48 hours follow ng the spill event. Between 9 and 11 March, the in-
shore salinity increased from 32.8 to 33.3"/00. A calculation estimating the
total volune of water inshore of a location at 15 km (approximately 20 m water
depth) indicates that an onshore current velocity of 3 ecm/sec in the lower 10 m
of the water colum and an acconpanying of fshore current velocity of 3 cnsec
in the upper 10 mof the water colum could yield the observed change in
salinity. Onshore (southeasterly) bottomwater velocities of 1-3 cnmlsec were
observed on 9 and 11 March (Table 5-7) and an average current velocity in this
range could transport benzene and toluene in a brine generated bottom | ayer
from Station 10 to Station 12 in a period of 24-28 hours as observed. An
apparent anomaly, however, is the net under-ice movenent of the 27 kHz seabed
drifting transponder to the north-northeast and measured benzene and toluene
level s at Stations 16 through 21.

These findings can be explained if the rearrangement of the ice canopy
and experinental |ead system are considered in context with the timng of the
cocktail release. At the time of the spill, a 1.5 cnfsec near-bottom current
to the north-northeast was neasured immediately beneath the experinental |ead
(Station 10, Figure 5-18 and Table 5-7).

This current could transport dissolved hydrocarbons in the brine and
the 27 kHz bottom drifting transponder toward the north- northeast during the
first 1-2 hours after the spill. Wth the closing of the exprimental | ead and
the opening of the broad (several 100 neter) expanse of open water to the north
of the experinmental site, however, a different flow pattern (more closely
approxi mating that observed on 9 and 11 March) m ght be anticipated. A simlar
pattern was suggested by the tank experiments in Section 5.2.3.2, Open Water

Freeze- up.
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Figure 5-21. --Salinity Section on 9 March 1985 and Average Bottom Velocity
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Figure 5-23 presents idealized vertical cross-sections for flow
regines and ice structures along an approxi mate northwest-southeast transect
line in the study area (al so examne Figure 5-17 for station |ocations). The
illustrated current flow patterns are extrapolated fromcurrent neter data
(Table 5-7), vertical salinity profiles and cross-sections from CTD data for
9-11 March (Table 5-8 and Figures 5-21 and 5-22), and ice nmovenment observa-
tions.

As shown in Figure 5-23A, brine appeared to be generated in the
experinental |ead systemat the time of the initial cocktail release (Site 10),
while ice fields to the south of this region were continuous. This would tend
to generate a weak northerly flow as measured in the field at the initiation of
the experiment (shown in Figure 5-23A). After the opening of the larger off-
shore lead systemto the north of the spill site (Figure 5-23B), water currents
under the continuous ice field to the south could have reversed and have a
predom nantly horizontal conponent to their flow direction for the next 20-24
hour period following the spill. In contrast, water flow patterns directly
uncle r  the new offshore |ead systemto the north woul d have a greater vertica
conponent during this period due to extensive brine generation and the proxi-
mty of a deep ridge keel in this direction (Figure 5-23B). Such currents woul d
serve to further dilute any benzene or toluenme introduced into the area ini-
tially after the spill, as observed by the |ow concentrations neasured on 12
March 1985 after the freezing in the vicinity of Stations 17 through 21.

Kozo (1983) predicted conparable directional flow regines using an
initial model for arctic mxed layer circulation under a refreezing lead. This
nodel represents idealized circulation under a refreezing lead in the Arctic
Ocean and presents mathematical calculations that determne the salt flux to
the bottom The nodel considers conditions including zero geostrophic current
superinposed over the lead circulation system and also geostrophic currents
running parallel and perpendicular to the lead system Wth a geostrophic
current of 2.5 cmisec perpendicular to the lead axis, a circulation pattern
woul d be established that mmcs the distributions of currents and water
masses, the tenperature and salinity profiles, and the benzene/tol uene
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concentrations that were measured during this study near the lead at Stations
14 and 15. Kozo's nodel for mixed layer circulation under a refreezing lead in
the absence of geostrophic influence predicts a maxi num horizontal flow from
brine generation in the range of 2 to 5 cm/sec. These current estimates agree
with val ues neasured in this programin March 1985.

In sunmary, at the tine of the hydrocarbon spill for this field study,
act ive freezing occurred in the open |lead systemw th an acconpanying produc-
tion of downward advecting brine. The |ead was only open for approxinately one
hour after the spill, At the beginning of this period the neasured bottom
current (i.e., 5-mnute vector average) was northerly (approximately 25 to
35°T) at a speed of 1.5 cm/sec. The seabed drifter (27 kHz) deployed to track
bottom water novenent was transported to the north-northeast, until it became
trapped in the ridge system0.5 to 1 kmnorth of Station 10 (see Figure 5-23B).

Bottom topography in the imediate vicinity of the spill site was
quite uniform Therefore, current shifts due to the in situ water colum
dens i ty structures or tidal fluctuations would have been prinarily responsible
for determining flowdirections for the bottombrine |ayer and any associ ated
di ssol ved aromatic hydrocarbons. Thus ,  with the subsequent opening of the
larger lead to the north of the spill site, the bottom current woul d have
likely shifted to an approximte southerly direction at the inmediate spill
site due to brine-nediated flow processes illustrated in Figure 5-238. The
latter flowregime would explain the higher concentrations of aromatics
observed in the bottom water sanples at Sites 12 and 13 within approxi mtely
the first 24-26 hours after the spill event.

Such flow reversals due to brine rejection during refreezing of
polynyas have al so been reported by Schumacher et al. (1983) . These authors
suggested that ice formation and acconpanying brine rejection affected bottom
water flowin the vicinity of the polynya south of St. Lawence Island. Eleven
flow reversals were detected in the regional circulation patterns that could be
expl ai ned by conbinations of brine rejection processes and of fshore w nd
stress. Scaling of a sinplified equation of nmotion yielded results suggesting
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density induced quasi-geostrophic flow resulting frombrine rejection that was
an inportant element for the circulation patterns. During the study, approxi-
mately 5 mof ice fornmed in the polynya. The estinated increases in water
salinities in the northern Bering Sea shelf polynas suggest that this process
is conparable in effect, but opposite in phase, to that of runoff. Therefore,
brine rejection is an inportant part of the seasonal salt budget in these
wat ers.

In the case of the present study in the Chukchi Sea, the offshore
devel opnent of open |eads and concomtant brine rejection provide conditions
required to generate the observed (l-3 cmsee) onshore flow patterns of higher
salinity bottom water. Under these conditions, the dissolved aromatic hydro-
carbons (benzene and toluene) detected in bottom waters are clearly consistent
with the source of those water masses from formation of brine in the refreezing
| ead at the experinental spill site and the neasured bottomwater flows. The
observation of (only) benzene and toluene transport to the bottom does not
exclude the possibility of the transport of other conpounds, including other
aromatics, and (to a |lesser extent) paraffins and naphthas, to the bottom
Wi | e benzene and toluene do have water/oil partition coefficients that are
| arger than other conpounds present in crude oil, finite partition coefficients
wll result in transport of other |ess soluble conponents. Only benzene and
toluene Were detected in the field experiments; however, other parameters that
nmust be specified include the quantity of each conpound in the spill itself.
In the case of the Chukchi Sea field experinents, these quantities were
extrenely small conpared to the carrier solvent, toluene, and benzene (Table
5-6). Fromice chanber wave tank experiments presented in Sections 4.2.3 and
4.4.3, it is clearly evident that there are nunerous other water-soluble,
| ower - nol ecul ar wei ght aromatic hydrocarbons which partition from Prudhoe Bay
crude oil into the water colume (see also Sections 6.8 and 6.9). Once present
as truly dissolved species in solutions of brine generated during ice growh,
these other conpounds would be subject to the same transport nechanisns
demonstrated in the Chukchi Sea field experinment for benzene and toluene.
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The low velocities (1 to 5 cmsee) associated with both the sinking
brine and the horizontal advection of this brine away fromthe |ead systemin
the lower layers of the water colum may result in the motion of the brine
being driven by localized currents or tidal novements. Nevertheless, wth
time, a nean down-slope, offshore movenment of brine is expected (especially
after closure or conplete refreezing of the offshore |eads).

The extreme difficulty of field sanpling due to weather and the
dynam c nature of the ice fields (and experinental lead) in this study limted
t he synopticity of sanpling. Additional water sanples and current measurenents
could have provided further information for tracking the cocktail plune,
estimating dilution rates, and evaluating the |onger termfate of the soluble
hydrocar bons, Nevertheless, dissolution and transport of aromatic hydrocarbons
from the surface to the bottom of the water colum (and up to 3 kmfromthe
spill site) are demonstrated by the results of the field program  The [ow flow
period encountered during this study may not be typical of all conditions in
the area. In fact, given the limted size of the spill (38 liters) and |oca-
tion (further offshore and in deeper water than desired), the benzene and
toluene conponents may not have been recoverabl e under higher flow conditions.

Neverthel ess, the observations of aromatic hydrocarbon dissolution
suggest a mechanism by which a spill of crude oil or refined products in a
refreezing lead systemcould result in elevated concentrations of aromatics in
bottom wat ers. Once incorporated into a bottombrine |layer, these aromatic
conpounds woul d persist depending on rates of mxing and dilution. Potential
problems with extrapolating results fromthis experinent to an actual oil spill
woul d involve consideration of the type and volune of oil (or petroleum
product) spilled, the degree of weathering of the oil prior to mxing with
brine, the duration of the ice (brine) formation process, and the degree of
water colum density stratification and depth.
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6.
OCEAN-1 CE O L- WEATHERI NG MCDEL DEVELOPMENT

6.1 | NTRODUCTI ON

The objectives for a mathematical nodel of oil weathering in the pre-
sence of first and multi-year sea ice are to tenporally predict both the mass
of oil remaining in the slick and the chem cal conposition and physical proper-
ties of the oil slick. These two objectives require that oil conposition be
described in terms of both specific conponents and |unped-conponent categories,

or “pseudoconpounds”. Pseudoconponent classification has been widely used in
the petroleum industry to describe crude oil because of the inherent interest
in bulk oil characteristics and accounting for total Mass. A

specific-conponent  description is of interest in describing spilled oil as a
changing source of foreign chemicals to an aquatic ecosystem but the
conplexity of oil composition makes it inpractical to keep track of bulk oi
mass in terns of individual conponents

The Ccean-lce Q-Wathering Mdel presented in this report has been
devel oped over the last thirty-six nmonths. The basis for this model is the
Open-Ccean G | -Weat hering code that was devel oped between 1979 and 1984.  Dur -
ing this time, additional stand-alone nodels have been derived and used to
guide experimental and devel opnent work. Some of these, as well as the open-
ocean code itself, are described in detail in Payne et al. (1984a). OQhers
will be presented here

The nost devel oped nodel s are mass transport nodel s which describe e-
vaporation and dissolution processes. These two processes describe nolecul ar
transport, in contrast to the dispersion/oil-weathering process which describes
the transport of discrete oil drops into the water colum due to wi nd/wave ac-
tion and other physical processes.

These nodel s incorporate the concepts of interracial mass transfer
the considerations of both nechanically well-stirred and stagnant oil phases
the effects of slick spreading, and the boundary conditions inposed on the oi
by the environnent. |In addition, these nodels include descriptive predictions
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of specific conmpound concentrations in the air and water colum in contact wth
a slick or other spilled oil phase

Both portions of the nodel require distinct and independent mathemati-
cal formulations. In order to predict the mass of oil remaining in a slick as
a function of tine, a method of characterizing the bulk oil with respect to the
various transport processes that alter and dissipate oil must be utilized. The
total oil mass cannot be characterized by its individual conponents because of
both their large nunber and conplexity and the limtations of analysis. To
conpensate for these limtations, the pseudo-conponent approach “cuts” oil into
a nunber of fractions, assigning appropriate physical properties to each.

In attenpting to predict the mass of oil remaining in a slick, the two
most inportant mass transport processes to consider are evaporation and disper-
si on. O these two, evaporation appears to have the greater influence, cer-
tainly over short time scales, naking vapor pressure an especially inportant
oil characteristic. Adequat e description of the dissolution process, on the
other hand, requires water volubility information. The pseudo-conponent ap-
proach to describe these processes is to cut the oil into a nunber of fractions
based on properties of distillation fractions (Payne et al., 1984a).

The pseudo- conponent approach, enployed in virtually all previous ef-
forts to nodel oil weathering, is singularly useful for providing a total ma-
terial balance versus time for spilled oil (especially for slicks). However
this approach does not predict the time-dependent material balance for specific
chemcal  conponents. In order to obtain conponent-specific information
conponent - speci fic physical properties (e.g. , solubilities, vapor pressures and
other phase partitioning paranmeters) nust be used. No ot her functiona
conponent -speci fic nodel s have been developed to date. Ironically, nost of the
data generated when an actual oil spill has occurred have been component- spe-
cific concentrations across phase boundaries, and virtually no pseudo- conpo-
nent concentration data have been reported

Al'though evaporation and dispersion are the oil-weathering processes
of greatest inportance during the initial stages of a spill, other |onger-term
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weat hering processes also destroy and produce conpounds that are inportant to
any conponent-specific nodel. In the case of photo- or autoxidation, a com
pound nay chemcally react to becone an al dehyde, ketone, alcohol or acid, all
of which are nore soluble in water than the precursor hydrocarbon conpounds
Simlarly, netabolizes of mcrobial degradation have physical properties
markedly different fromtheir corresponding parent conpounds. These secondary
or long-term processes are typically nore conplex than the evaporation and dis-
persion processes, thus increasing the conplexity of the mathematical descrip-
tions.

In discussing the segnents of the nodel which follow, three basic
aspects have been considered for each oil weathering process

(1) physical properties (of bulk oil and specific conponents)

(2) mass bal ance equations (for specific conponents and pseudo- com
ponent s)

(3 environnmental parameters (which the oil encounters upon being
spi |l ed)

Physi cal properties include the thernodynam c and transport characteristics re-
quired to describe a particular process. In the cases of evaporation and dis-
solution, thernmodynanmic properties are the vapor pressures, Henry's Law coeffi-
cients, oil/water partition coefficients, and mxing rules, while the transport
properties include diffusivities, viscosities and, again, mxing rules

6.2 MODEL APPROACH

In considering the nost useful approach for nmodeling oil-weathering in
the presence of sea ice, a “scenario” approach was selected to provide clarity
to the user with maxinum flexibility. In this approach, the user is given the
freedomto choose a series of environnental conditions and physical |ocations
for the oil to weather. Then, since sea and ice conditions change (for a real
or conceptualized situation) , they can be changed by the user also. 1In other
words, the user can alter environmental and physical paraneters in order to
create a “scenario” that best fits the situation for the desired weathering
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prediction. Flexibility has been provided in the follow ng manner. Using the
open-ocean oil-weathering code as a basis, the nodel has been conpartnentalized
into four basic oil-ice configurations: oil in pools on top of ice, oil trap-
ped under (and encapsulated in) a growing ice field, oil on the ocean surface
in a broken-ice field, and oil on the open-ocean (no ice). Each of these con-
figurations is offered to the user chronologically but none is required. \Wen
a configuration is chosen, the specific environmental paraneters required to
predict weathering in that configuration are then requested fromthe user. Af-
ter this information is supplied the oil is_re-characterized S0 that the user
can track the progress of the various pseudo-conponents and |earn about the
physi cal processes that occur during oil weathering. After re- characteriza-
tion, the user s then offered the next oil-ice configuration. In this way

the user has a large amount of freedomto subject the oil to specific
(user-defined) weathering conditions.

In order to introduce users to the operation of the nodel, a stand-
al one users manual has been prepared as a separate vol une.

6.3 PHYSI CAL PROCESSES CONSI DERED

Predicting the quantity of oil in the slick as a function of tine re-
quires that a total mass bal ance approach be used. It is not possible to wite
a total mterial balance for crude oil by using conponent-specific information.
If one tries to use conponent specific information, it soon becomes apparent
that all the conponents in crude oil Will never be identified, thus precluding
an accounting of the total mass of the oil. No predictive equations have ever
been successful ly devel oped based on specific conponents for the purpose of
predictions a total mass balance for oil

The question then is raised as to how one uses bul k properties of the
oil to make specific predictions? The petroleumindustry refers to these bulk
properties of oil as "characterization paraneters” - Tpe characterization of an
oi | must be done with respect to a specific prediction (process design or nath-
ematical nodel) as the objective. For exanple, when the predictionis a pro-
cess that involves wvapor-liquid transport, the characteristic parameters are
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vapor pressures or partial pressures. \Wen the prediction is the performance
of a catalytic reformer where naphthas are converted to aromatics, the charac-
teristics required on the catalytic refornmer feedstock are conbined contents of
par af fins-ol efi ns-napht has-aromatics, referred to as PONA. Kinetic equations
use PONA values as starting concentrations along with kinetic constants to pre-
dict the product fromthe catalytic reformng process. Both of these exanples
illustrate a pseudo-conponent nodel, sonetinmes referred to as a “lunped” nodel

In predicting the mass of oil remaining in an oil slick as a function
of time as evaporation proceeds, the oil nust be characterized with respect to
vapor pressure. An overall nmass balance utilizes the vapor pressure and envi-
ronnental paraneters to predict |oss of oil and, therefore, mass of oil renain-
ing in the slick. The follow ng discussion considers: 1) the procedure for
characterizing crude oils with respect to pseudo-conponent vapor pressures; and
2) the pertinent equations for describing the overall mass bal ance as they
apply to the oil weathering nodel

6.4 PSEUDO- COVPONENT CHARACTERI ZATI ON OF CRUDE O L

The standard inspections on a crude oil include distillation, density
of the distillate cuts, and viscosity of the distillate cuts. Virtually no
conmponent - specific data can be obtained which will allow adequate prediction of
the bulk properties of the oil. The standard distillation data cone from
either a true boiling point (TBP) distillation or an ASTM (American Society for
Test and Materials) D-86 distillation; both are usually carried out at one at-
nosphere total pressure. Each of these distillations can also be carried out
at 40 mmHg total pressure to obtain information on the less volatile fractions
of the oil

Either distillation is conducted in a manner such that the distillate
fractions are collected separately (i.e., the fraction distilling at 50 to 75°C
I's physically separated from the fraction distilling at 75 to 100"C). The to-
tal nunber of fractions collected is usually five to seven, but can be as many
as 20. Characteristic data for the distillate fractions include the tenpera-
tures at the beginning and end of each fraction (or “cut”), sonetimes in the
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form of a continuous tune of tenperature vs percent distilled. The API (Amer-
ican Petroleum Institute) gravity and, occasionally, the viscosity of each cut

are then neasured.

Gven the boiling point (1 atm) and APl gravity of each cut (or
pseudo-conponent ), the vapor pressure of the cut can be calculated as a func-
tion of tenperature. First, the nolecular weight and critical temperature of
the cut are calculated according to the following correlation (Fallen and Wat-
sen, 1944):

2 2
Y = cl + c2xl + c3x2 + °4X1x2 + csx1 " o5 %9 (1)

wher e 1 is the boiling point (*F) at one atnosphere, X,is the APl gravity,
and the constants ¢ to C have the values indicated in Table 6-1. Simlarly,
the critical tenperature can be calculated fromthe same equation form using
the i ndicated constant values in Table 6-1.

Next the equivalent paraffin carbon nunber if calculated according to
(Gamson and WAt son, 1944):

L =0 - 2)/14 (2)
The critical volume is then cal cul ated according to:
V,= (1.88 + 2.44N_)/0.044 (3)

and the critical pressure is calculated from

20.8T__ o'

P. = c (4)

¢ c

where P’ = 10 to correct the critical pressure correlation froma strictly
paraffinic mixture to a naphtha-aromatic-paraffin mxture. Next a paraneter
(b) is calculated according to

b-b’ - 0,02 (5)
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8c€

Table 6-1. --Correlation Equation Constants for the Characterization of Narrow Boiling

Petrol eum Fractions (see text for equation form.

PROPERTY Cl Cz C. c 4 CS C6
Molecular weight 6.24)E+0) -4.595E-02 -2.836E-0) 3.256E-03 4. SIBE-04 5.279t -4
t < S00“F

b~

Molecular weight 4.268E+02 -1.007 -7.491 1. 380E-02 1.047€-03 2.62VE-02
t > 50

b

Critical temperature 4.055£+02 1.337 -2.662 -2.169E-03 -4.943€-04 1.454£-02
t, < 50

b3

Critical temperature 4.122€+02 1.276 -2.865 -2.888E-0) -3.707€-04 2.286¢ -02
t > 500

b

b* 1.237e-02 2.516E-01 4.039€-02 -4.024£-02 2 ----- = -
Kinematic vis, -4.488E-0) -9.344E-04 1.583E-02 -5.219£-05 5.2688-06 1.536L -4
cs @ 122°F

API < 35

Kinematic vis, -6.019£-01 1.793€-03 -3.159£-03 -5.1£-06 .9.067€-07 3.522[-05

cs @ 122°F
APl > 35



wher e

2 . on®

b - C) vepng v egng  GN, Q)

and the values of the constants C1 to Cz; are indicated in Table 6-1.

A final parameter designated as Ais then calculated according to:

Trb 2 (7)
A= T-r-b—_-r ]Oglo(Prb) + exp [—20( Tr‘b-b) ]
wher e Trb and Prb are the reduced tenperature and reduced pressure at the nor-

mal boiling point.

The vapor pressure equation which can be used down to 10 mm Hg is:

-A(l-Tr) 2
]oglo Pr = ——r;-— - ¢ Xp [. 20( Tr-b) (8)
where A, b, T. and P,were deternined fromthe normal boiling point and API
gravity of the cut. The tenperature at which the vapor pressure is 10 nm Hg
can be obtained by the root-finding algorithm of Newt on-Raphson.

Bel ow 10 nm Hg, the vapor pressure is calculated according to the
Clausius-Clapeyron equation as follows (Gamson and Watson, 1944):

X (1.1 038 9
. T dt,
'RT; r

i r

in

.—-_G‘ N

and is based on the law which states the ratio of the heat of vaporization, i,
to (1 - T]:)0.38
zation is calculated fromthe slope of the natural log of the vapor pressure e-

is a constant at any tenperature. The |atent heat of vapori-
quation with respect to tenperature at the tenperature where the vapor pressure

is 10 mmHg. Thus, in the above equation, P,is the 10 nm Hg vapor pressure at

the tenperature, Tr’ previously determ ned.
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A sanple calculation for the characterization of Prudhoe Bay crude oil
is presented in Tables 6-2 and 6-3. Table 6-2 presents the standard inspec-
tions ( Col eman, 1978; PPC, 1973) for the crude and provides the starting point
for the characterization calculations. Note that the distillation in Table 6-2
was conducted at 40 mmHg for cuts 11 to 15. Thus, these cut tenperatures nust
be corrected to one atmosphere (API, 1976). Table 6-3 presents the conputer
generated output along with the corrected cut tenperatures.

6.5 PSEUDO- COVPONENT EVAPORATI ON MODEL ON THE OCEAN SURFACE

The evaporation nodel that predicts the oil remaining in a slick is
derived from the physical properties of the oil cuts and a total material ba-
lance. Fromthe previous discussion a nunber of pseudo-conponents are defined.
For each pseudo-conponent the vapor pressure, nmolecular weight and initial
quantity are known, and a material balance can be witten to include each:

dM.
_a% = -K; A P¥ fori=12..Total number (lo)
of components

where it is assumed that the oil slick is well stirred and a pseudo-Raoult’s
law applies as the mxing rule. In this rate equation, Mis the nunmber of
nol es of pseudo-conponent i in the oil slick, Pi* is the vapor pressure athe
prevailing environnental tenperature, A is the area of the slick, Kis an
overal | mass-transfer coefficient based on partial pressure driving forces, and
Xq is the mole fraction of pseudo-conponent iinthe slick. The differential
equations are all coupled through the mole fraction termwhere the total nunber

of nol es appears in the denom nator.

The over-all mass-transfer coefficient can be calculated using two
different nethods. One nethod is the approach of Mckay and Matsugu (1976).

K = 00292 p0-78 x-0-11 ¢ -0.67 (11)

where U is the wind velocity in m/hr, X is the slick dianeter (assunes circular
slickk , and Se is the Schmidt number (2.7). This expression is a correlation
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Table 6-2.--Standard I|nspections for

Prudhoe Bay Crude Q|

(Col eman et al., 1978).
Prudhoe Boy field
Sodlerochit, Triauic my
8,890 - 9,008 feat e
GENERAL  cHARACTERSTCS
Girsvity, specifie, 0.893 Gravity, *API, .. 27,0
Sulfur. pereens, 0.a - i:‘ll:p”m&wnish blgg{
Viscomty, Savholt Universai av 770 Fo 111 50¢; 100° F, 84 30¢ Nitrogen, pereont, . 0.230
DISTILLATION, BUREAL OF MINES ROUTINE METHOD
Svaas | =Dinidigtmn st llmn-nhc-nﬁ r’“‘"’ 74‘ mm g
Firat dep
wa | Ct o " .  Refrsriee « v “oud
—".":f" ;.-l-:n‘r lhl'm-n.u | :m--q l E,':".'.- m‘.'}'_ v "‘,‘,::"::. du':::.:. l:*:*l ﬁ "o":'
§ 122 :
2 w21 21 |0 i oma7 o - haasvll 127.4 :
3 22} 2.6 4.7 .72 6.2 23 . 1.40312 0 139.0
‘. nr 3.5 8.2 TJR O, 567 27 1.41922 ¢ 1419
s } S 3.4 11,8 T3 5160 X 1.43082 | 147.0
s s} A7 155 .70 4.6 i N 143922, 49,6
? w | 35 190 .80l | 452 | 0 | Led&es| 121
n ar 4.3 3.3 .818 | 41.§ kx| 1455281 1.7
2 "3 4.8 28,1 .836 37.8 5 " 1.44565 | 152.0
n 27 5.0 33.1 .851 M.8 ' 38 V.47467 160.5
81ane T—1nstiitation eontinued ot 40 tan Nig
" 12 | 2.8 359 TOET i TX0.6 |45 1428 §61.51 40 T 1§
12 37 | 6.5 42,4 .88 29 45 " 1.484650 l 168. 6 45 30
" e 6.8  49.2 897 1 282 1 49 149477 1494 | S8 S0
1" s37 | 4.0 $5.2 910 4.0 + 22 t 9 70
s sm 7.4 &6 0 99 | 2.5 0 8 ! | 176 | 96
Re-cdniem 36.3 98.9 990 1.4 ' !
Carhon ree idus, Conradenn Re oduum 11,8 nereent; crude 4.7 pereent. Reasdnnm:
APPROXIMATE SUMMARY Sulfur, percent,
Nitrogen, percent,
_— Vereenr | So gr T APL _Viseomty
b anne - 7 Lo | 9y |
Total gesoling IN nmmn 9. O i 0:7& 3 . 2
Keraune distvligle 4.2 .818 | ‘ 1. 5
G ol 18.4 ' 860 B Qi
N on megus lubrieating Amiiitate 11.0 .887-.91128,0-23, 9 6100
\adium luhmesting disnillale 8.1 '.?1-. 922‘ 23.9-22.@ 108.300
\ nenus fuhricating distillste 1.8 . 922- 024(22.0-21, Abeve 200
Reasdiinm 36- 3 . 990 l 1.4 i
Prtiilatunn lnes 11 '
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Table 6-3. --1llustration of Qutput from Q| -Wathering Cal cul ati ons;

Crude Q| Characterization.

Fresh Prudhoe Bay

4314

SUMMNARY OF TBP C U TS CHARACTFRIZATION FUOR: PRUDHOE BAY , ALASKA
CODE VERSION IS CUTICA OF BAY 84.

1TEM 9, SAMPLE 71011
™ API SPCR VOl Mw ¢ PC

I 1.50E+02  7.27F+01 6.81FE-01 2 _12E+00 B.05E+01 9. 14E+02  3.95K+01
2 1 9UE02  6.42E+01  T.HIEO1  2.060E400 9 _U9Et01 9 63 E102  1.791+01
3 2.45E402  5.6TE101 7. 39E-01 4.54E+00 1.00E+02 ) 0ZE+03 3. 641+0)
4 S_HOET0Z . 16E+81 7.00E-01 3.64E+00 1. 19E+02  1.07E+04 1. 48E+04
5 #.25F+02 4.76E+01 T.77E-0) 3.74E+00 1. R4E+02 | . 12E+08  3.3921¢0)
6 .7OE+02  4.52E+01 7.87E-01 3.534E+00 L.S51E+02 | 16E+0d 4. 16E+04
7 4151402 4. (58401 8.63K-01 4.35E+08 1.6TE+02 1. 215008 3. 0UE+0)
8 4.600t02 B.70E+01  B.22E-01 4.85E400 1. 0SE+02  1.26E+00 2 _91E+0)
9 5051402 B.48E+01  §.36E-01 5.06E+00 2. 00E+02 | .31E+08 2. 041+0)
10 5.53E+02  4.06E+01 §.50F-01 2.08E+08 2 21E+02 | ASE+08 2. 741+01
1t .09 +02 ,; . 9,’£sz| . 6601 6.57E+00 2 _521+42 | .40E+03 2. .5841+01
12 6.621402 2-62R+01 g4 gop @1 o BHE+08 2.81E+02 1 _.45E+03  2.47L+01
13 T.I2E402 2.30K401  §.93E-01 6.87E+00 3. 13E+02 | . 49E+03 2 . JoE+0)
19 T.64K+02 2.325E+01 9, 04E-01 7 _48E+60 3.51E+02 | .54E+04 2. 25E+0)
15 8.50R+02 1.14E+01 9.74E-01 8.67E+61 6.00E+02 ©.00E+00 0.06L+00

yor K GORRELATION INDEX

§ 1.24E+01 1.16E+01
2§ 22E+0) 1.66E+01
& 1.LeK01 2.12E+01
4 ).I9ED) 2.32K+01
3 1.J9K+01L 2.44E+014
6 1.19E+01 2.02K+01
7 1.19E+01 2.56E+01
8 .18E01 2.90E+0)
9 1.10E+0) B 15E+01
10 1.17E+0I 3.70E+01
11 b IBETO) d.606E101
12 (.16l 4.02E+0
13 1. 10K 4.27E+01
[EN Y AL ]] 4 .0K+0)
15 ). 12E+00 T.21E+01
BULK API GRAVITY = 28.9

TH = NORMAL BOLLING TEMVERATURE, pEC F

API = AFI CRAVITY

VOL = VOLUME PER CENT OF ‘TOVAL CRUDE

MW = MOLECULAR WEICHT

TE = CHITICAL TEMPERATURE, DEC RANKINE

PC = CRITICAL PRESSURE, ATMOSPHERES

VE = CHITIGAL VOLUNE, CC/MOLE

A AND B ARE PARARETERS IN THE VAPOR PRESSURE FUUATION

T10 1S THE TEMPERATURE IN DEC N WHERE THE VAPOR PRESSURE IS5 16 MM HC
VIS IS FHE KINEMATIC VISCOSITY [N CENPISTOKES AT 122 DEC F

VOPEL S THE u 0. I'. K CHARACTER | ZAT | ON FACTOR

CORKEL AT | ONINDEX | SDEF | NED | N (GO LENAN . | 971)

NC = FHROIR CODE | SHOULD BE LESS THAN 20

NS = FHHOR CODE. SHOULD BE Fub AL TO |

TCNORE TIE ERBOR COLES F OR CONPONENT NUMBER 1 S i FITIS A RES J buuM

MEAN MOLECULAR WE (G oF VHE cRubk - 2 398kvoel

- ——SENOCACS B

ve

L 66E+H2
LOTEFO2
. 94b+02
L0702
LO3E 02
U202

QBLE+O2
O7E+O2

L20E+02
LO9E+02
MR H]

K]

I G+

RS AL R
UG +00

€.
4.
i
4.
3.
.
HN
it
.O6E+00
22K +00
. 9K+ 00
L THEHO0
-O0E+00
ASE+00
0.

[REL R

A

175,400
2415+00
J1E+00
41E+00
S2E+00
67E+00
BoOK+00
P44 +00

vol+04

.T4E-0)
-B2E-0)
2,92k -by
L99F-01
.06k -01
. k-0
. WOE 00

CLOEENNCCRRAGRSS

TiO

ATE4+O2
L70E+O2
S 13E+02
.49E+02
.HOE+02
L28E4+02
6O +02
SOHE+O2
6k +02
ATE4AO2
L26E402
LTUET02

19E+02

. H8E 02
. QUL +00

vIis

3.80K-01
4.40E-01
5.44)-01
6.7AE-01
8.46E-01
1 .07E+00
1 .38E+00
1.81E+08
i .73E+00
2.48E+00
4., 00E+00
7.180E+00
1.36E+01
2.01E+91
1. 81E+02



and is the proper mass transfer coefficient to multiply by the partial pressure
to obtain the rate. Here K is specific to a particular cut i through the

Schm dt nunber.

Implicit in the rate equation for the i-th pseudo-conponent is the as-
sunption that the partial pressure in the bulk atmosphere is zero. The mass
transfer coefficient above takes into account (through the X term an averaging
effect whereby the evaporation rate on the downwind portion of the slick is
lower than the upwind portion due to the fact that Pi becones finite in the air
i mredi ately over the oil slick in the down-wi nd direction

Anot her approach to calculating overall mass transfer coefficients is
that of Treybal (1955) and Liss (1974)

1 1 H*

k“‘E; E—l (12)

where kg is the individual gas-phase mass-transfer coefficient, Kis the indi-
vidual |iquid-phase nmass-transfer coefficient and H* is the Henry's | aw coeffi -
cient which is defined by:

pi = H*X, (13)

The units on kg for a partial pressure driving force are typically moles/(m2 hr

atm) , the units on kg for a nole fraction driving force are moles/(m2 hr), and

the units on H* are atm  The individual nmass transfer coefficients, K and kg,
must then be obtained fromactual data in a manner simlar to that used to de-

duce K

The other bulk property of interest for the oil slick is its viscos-
ity. Wien oil is spilled on the ocean surface, the viscosity is |ow enough so
that mxing into the water colum occurs, and the well-mxed oil-phase assunp-
tion is valid, However, as evaporation occurs the bulk viscosity increases be-
cause the lowviscosity fractions are removed. The viscosity “blending” rela-
tionship used to predict the bulk viscosity as a function of conposition is:
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wher e B Is the viscosity of the unweathered oil at 25°C, F is the fraction
weat hered (i.e., how much has evaporated and dissol ved), and K, is an oil- de-

pendent constant (Tebeau, et al., 1982).

The bulk viscosity predicted fromequation (14) is scaled with respect
to tenperature according to the Andrade equation (Gold, 1969) which is

" 1
n — = B TI - 0.00335 (15)

]
wher e B, is the viscosity of the bulk oil at 25°c, and B is an oil-dependent
constant. None of the above viscosity equations take into account water-in-oil

enmul si on (nmousse) formation (Mackay, 1980).

The area for nmss transfer in equation (10) is calculated fromthe
rate at which the oil spreads on the water surface. Considerable research has
been devoted to the spreading of oil on calm water surfaces; however, many of

the resulting nodels are still relatively elementary. The nodel of Elliott
(1986) was evaluated for these considerations. The major assunption of this
spreading nodel is . . . ... “oil was modelled as a distribution of droplets whose
i ndi vi dual buoyanci es depended on droplet size...... ", The maj or concept ual

problemw th this assunption is the connection between the oil slick itself and
the oil droplets in the water colum. This concept was not discussed. In or-
der to integrate the defining partial differential equation (page 121 of refer-

ence) a source of oil droplets nust be available. Instead, the nodel is “car-
ried out” by injecting “mathematically” 1000 droplets and calculating the spa-
tial positions. This nmodel is not plausible because it assumes the oil slick

exists as droplets and spreads as droplets. There is no discussion presented
on how much of an oil slick exists as droplets and how nuch exists as oil on

the surface.

The type of data needed for a spreading nodel such as Elliott’s to be
mechani stically plausible is the rate of production of oil droplets (fromthe
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slick) , their size distribution, and the rate of return to (or loss from the
slick, The Mackay et al. (1980) spreading nodel was selected for our purposes
because this nodel is based on observations.

Using argunents based on observations the area of the slick is cal cu-

| ated according to the differential equation

g_é - Z1.33/‘('.).33 (16)
where Ais the slick area, Z is the thickness, Ryisa constant, and K, is the
factor by which spreading is inhibited in a broken-ice field. This equation,
Wi t hout K2’ is sometimes referred to as the thick-slick area (Mackay, et al.,
1980) Qther spreading equations, such as those based on gravity-surface ten-
sion theories have been found to be inadequate on the open sea surface and
woul d be of even less use in predicting spreading in the presence of ice.
predicting spreading in the presence of ice,

The prediction of water-in-oil enulsification (nousse) is inportant in
oi | -weathering material bal ances because of the viscosity change due to the in-
corporation of water into oil. Descriptions of water-in-oil emulsification
formation are based on three equations from Mackay, et a.(1980) andafourth
whi ch describes the increase in nousse formation rate due to broken-ice (see
Section 4.2.2).

-2, 5M
1-K2N) ex{@ exp (-K3K4T) (17a)

where Wis the weight fraction water in the oil-water mxture, Igis a constant
in a viscosity equation (Money, 1951), K,is a coal escing-tendency constant,
K, is a lunped water-incorporation rate constant and K, is the broken-ice field

3 4
mul tiplier. The viscosity equation from Money (1951) is:
- 2. 50
e T
o °*P TK, (17b)

wher e By is the parent oil viscosity and K is usually around 0.62 to 0.65 and
apparently does not change nuch with respect to different types of oils. The
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constant ., above must satisfy the relation KW<1 in order for the water in-
corporation rate term (right-hand side of equation 17a) to be >0. Thus, K is
the inverse of the maxinum weight fraction of water in the mxture. K, is the
wat er incorporation rate constant and is a function of the w nd speed.

The dispersion (oil into water) weathering process is described by two
equations (Mackay et al., 1980). These equation are
- 2
F = KaKC(V +1)
(17¢)
(174)

where F is the fraction of oil on the sea surface subject to dispersions per
second, Vis the wind speed in nisee and K is a constant. Fy is the fraction
of droplets of oil belowa critical size which do not return to the slick, Ky
is a constant, pis the oil viscosity in centipoise, X is the slick thickness
in meters, §is the oil/water interracial surface tension in dynes/cm and Kc
is the factor by which dispersion is increased in a broken-ice field due to en-
hanced |ead matrix punping, The mass fraction that |eaves the slick as dis-
persed droplets is F,/F; this fraction applies to each cut of oil sinultan-

1
Fao(1 + Kou/“sx)-1

eous 1ly.
6.6 O L-1 CE CONFI GURATI ONS

The interaction of oil with first and nulti-year ice in the Arctic en-
vironnent can be described with varying degrees of conplexity. A very detailed
description would include discussions of a variety of ice types (grease, fra-
zil, etc.) and formations (brine channels, leads, etc.) , the dependence of ice
growth (or nmelt) on environmental conditions, and many other considerations. A
nore general description of oil-ice interactions, however, would seek to dis-
cuss only the nost inportant variables and conditions that affect oil-ice be-
havi or phenomena. I n devel oping a conputer nodel to predict such interactions,
a nore generalized approach nust (at first) be undertaken for nany reasons.
First, in constructing and testing a nodel, the processes that will be dom nant
shoul d be added first. After these processes are adequately described, other
nore mnor effects can be added. Second, many of the nore detailed effects
(such as brine channel mgration, variation of ice type, etc.) are stochastic
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in nature and thus difficult to predict. Third, a generalized nodel can be
used nore effectively to identify further required experinental efforts and to
utilize the results of those efforts

Because of the above, and in order to make the nost use of the exist-
ing open-ocean oil-weathering nmodel, the ocean-ice oil-weathering code has been
devel oped so that generalized oil-ice configurations are considered. The con-
figurations chosen are currently considered to be the major |ogical sets of
conditions that determine oil-weathering. Wth time, and a continued inprove-
ment in our understanding of the Arctic, nore configurations can be added and
existing configurations can be inproved. Belowis a discussion of the three
existing oil-ice configurations, preceded by a discussion of why a fourth one
was not included in the conputer code except as a separate stand-al one nodel to
predi ct pseudo-conponent |oss due to dissolution alone. As will be noted, this
mechani sm effects such a small percentage of the overall oil mass, that it is
not factored into mass bal ance cal cul ati ons embodied in the main oil weathering
code.

6.6.1 Under -1 ce Weathering

Wien oil is spilled under sea ice, nost of the weathering processes
that occur in the open-ocean are not operative. Evaporation is prevented by
the ice cover, dispersion and nousse formation are inhibited by the lack of
strong turbulence, and the oil does not spread significantly under ice. While
it is known that spreading of oil under ice does occur and is current depend-
ent, the macroscopic configuration of the oil will not have an effect onits
weat hering. In addition, the dissolution of aromatic hydrocarbons into the
water columm is slow enough (as evidenced by Sections 4.2.3 of this report),
that the oil will be encapsulated before a significant amount of oil can
dissolve. Furthermore, even if all of the 1-2%of the oil that is soluble were
to dissolve, this would not inpact the APl gravities and volunme percents of the
TBP cuts that are utilized as input to each section of the oil-weathering code.
Thus ,  since oil under ice is limted to a very small weathering effect, it has
not been included as an oil-ice configuration in the ocean-ice oil-weathering
nodel at this tine.
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6.6.2 Gl in Pools on ToP of |ce

In spring when the tenperature rises, the encapsulated oil travels to
the ice surface through brine channels or because the ice above nelts away.
Evapor ation begins when the oil is exposed to the atmosphere. For the cases
when oil is released over a long period of tinme, the evaporation nust be
nodel ed by considering incremental releases of oil on the ice surface. This
technical approach was used to nodel the continuous release of oil on ocean
surface where discrete “patches” of oil are identified (B.E. Kirstein, 1984).
Varying ampunts of water will be present in the on-ice pools, but spreading,
nmousse formation, and dispersion will certainly be nuch |less inportant than in
the open-ocean or later as the ice breaks up (see Broken Ice Field). Thus, for
this section of the ocean-ice nopdel, evaporation is the only nass-transfer
process considered. The user is pronpted for the environnental tenperature
(the ice tenperature ), the number of hours for weathering to occur, and other
paraneters relating te evaporation. The nodel then perforns the integration
required to “weather” the oil and re-characterizes the oil in the same manner
described in Section 6.4. This allows each pseudo-conponent of the oil to be
tracked through the course of the weathering scenario, enables the user to
monitor the bulk properties of the oil, and provides intermediate results that
can be conmpared with real data from field experinents (pseudo-conponents |ost
as determned by TBP distillation or sinmulated by FID-GC anal yses).

The results of the internediate characterization of the oil are subse-
quently used as input for any weathering specified later in the weathering
scenario (such as broken ice and ultimately, open ocean conditions).

6.6.3 Broken-1ce Field

After further ice nelting takes place, the oil can reach the ocean
surface and weather in the broken-ice field. Because the oil is in contact
with water it is inportant to consider the spreading, mousse formation, and
di spersion processes. The effect of varying ice cover on the rates of these
processes, however, is not well known. For this reason the code has been
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witten such that constants that describe the dependence of these processes on
ice cover are required nodel input.

Data from the wave tank experiments at Kasitsna Bay (See Section 4)
indicate that the nousse formation rate (K3) in broken ice is increased by
about an order of nagnitude. It nust be enphasized that this observation
cannot be scaled easily to natural sea-ice conditions because very little is
quantitatively known about this process. Dispersion without sea ice is still a
research topic. Therefore, field observations with simlar situations is
hi ghly desirabl e. A value of 10 is used in the mousse equations to take the
previously nentioned increase into account. This value can be changed by the
user as nore data are collected. For exanple, in wave tank experiments
examining oil weathering behavior in “pseudo nulti-year ice” where slush ice
and grinding ice flows were not present, nousse fornation rates appeared
intermedi ate between open ocean and broken floe/slush ice conditions.

The data for oil droplet dispersion are even less indicative of an ice
cover dependence. However, a constant (Kc) of 10 has been chosen to describe
the increase of (initial) dispersion in broken ice. As emulsified oil wviscos-
ity increases limting continued dispersion, the constant can once again be
changed as the data-base increases.

For the oil spreading rate a |inear dependence with ice cover has been
assumed; thus a 50%ice cover wll decrease the spreading rate (area) 50%and a
75% ice cover will decrease the spreading rate (area) 75% etc. The assunption
of a linear spreading function for ice cover may not be true since theoretical
predictions are not possible. As data becones available, possibly fromthe
State of Aaska Tier Il work, a nore realistic algorithmor correlation can be
used.

6.6.4 Qpen Ccean

When all of the ice has nelted, the oil undergoes open-ocean weat her-
ing. Thus all of the weathering processes are in effect as described in the
open-ocean oil-weathering users manual (Payne et al., 1984a).
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Figure 6-1 presents an abbreviated flow chart of the cal culation per-
formed in the Ccean-lce oil-weathering code. The mmjority of the coding cal cu-
| ates the required physical properties and kinetic constants. The actual inte-

gration routine is relatively snall

Tables 6-4 through 6-6 present exanples of abbreviated numerical out-
put (80-colum) for the weathering of Prudhoe Bay crude. The cut information
whi ch nunbers 1-15 presents the physical properties of the cuts: nmolecular
wei ght, vapor pressures, density and boiling point. The kinetic paraneters are
contained in the mass-transfer coefficient code (2 in this case), w nd speed
and tenperature. The integrated material balance presents the vol une remaining
in the slick, the density, area, thickness, weight %water-in-oil, evaporation
rate, mass per unit area and conpositional information. Note that the user has
chosen three different weathering conpartnents (pools on ice, Table 6-4; then
oil in broken ice, Table 6-5; then open ocean conditions, Table 6-6) and out put
Is presented for each conpartnent with an oil characterization at the beginning
of each. A nore detailed output was also generated but it is quite lengthy; an
exanmple of this output is presented in the User’s Manual which is a stand-alone

conpani on docunment to this report.

In summary the open-ocean oil-weathering code considers the follow ng

processes:
. evapor ation

. di spersion

. spreadi ng

+ physical property changes
. mousse formation

The Ccean-lce oil-weathering code User’s Manual (a separate docunent)

presents detailed input-output information along with a code listing. It is
inperative that the user understands the common terns used to describe oil in
the environment. Thus, the User’s Manual and the code itself were witten to

aid the user in gaining the necessary know edge. Al that is required to use
the code is the User's Manual and an installed copy of the conmputer code.
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Table 6-4. --Illustration of 80-Colum Qutput from Ccean-Ice
O | -Weat hering Code; Prudhoe Bay Crude O I; Wathering of Gl in
Pools on Top of lce at 32°F.

WEATHERING OF OIL INPOOLS ON TOP OF ICE

O L: PRupHOE BAY. ALASKA

TEMPERATURE= 32.0 DEG F, WIND SPEED= 10.0 KNOTS
SPI LL StZE= t.000E+84 BA S

MASS-TRANSFER COEFFICIENT CODE= 2

FOR THE OUTPUT TEAT FOLLOWS ,MOLES=GRAM MOLES
GMS=CRAMS , VP=VAPOR PRESSURE IN ATMOSPHERES
BP=BOILING POINT [N DEG F. API=GRAVITY
MW=MOLECULAR WEIGHT

CUT  MOLES cMS vp BP AP] MW
2.74E+05 2.29E+07 4.99E-02 1.50E+92 7.27VE+0t g3
3.15E+05 2.96E+07 1.35E-02 [.90E+02 6.42E+01 93
3.91E+83 4.14E+07 3.25E-03 2.33E+02 35.67E+01 1053
R.67E+05 4.37E+07 7.03E-04 2 BOE+02 3.16E+0( (19
3.43E+03 4.60E+07 {.40E-04 3.25E+92 4.76E+0! 133
2.92E+035 4.41E+087 2.44E-03 3.79E+02 4.32E+0L 150
3.30E+03 3.353E+07 3.98E-06 4.13E+02 4.I3E+81 167
3.41E+05 6.31E+07 5.86E-07 4.60E+92 3.7BE+61 184
3.34C+83 6.69E+67 8.22E-68 3.935E+02 3.48E+0! 200
1.74E+03 3.84E+07 8.24E-09 5.354E+02 3.06E+01 220
1 3.358E+05 9.01E+07 4. 12E-10 6.09E+82 2.91E+8t 251
12 3.41E+03 9.359E+07 2.02E-11 6.62E+02 2.62E+01 281
19 2.75E+03 8.59E+07 B8.60E-13 7.12E+02 2.40E+01 312
{4 3.04E+93 1.07E+08 |.96E-14 ?7.64E+02 2.25E+061 351
15 9.42E+03 3.63E+08 ©@.00E+00 8.30E+02 1.14E+01 600

..
QOONO NRWK—

MOUSSE CONSTANTS: MOONEY= 0.00E+00. MAX H20=-1 .00, WINDx*x2= 8.00E+06
DISPERSION CONSTANTS: KA=1.08E-01, KB= 3.00E+@l ,S~TENSION=1.00E+0®
VIS CONSTANTS: VIS25C=3.30E+01, ANDRADE = 9.00E+03.FRACT = 1.05E+01

FOR THE.OUTPUT THAT FOLLOWS. TIME=HOURS
BBL=BARRELS, SPGR=SPECIFIC GRAVITY, AREA=M%M
THICKNESS=CM, W=PERCENTWATERIN OIL' (MOUSSE)
DISP=DISPERSION RATE | N GMS/M*M/HR
ERATE=EVAPORTION RATE IN CMS/M*M/HR

M/A=MASS PER M*M OF OIL IN THE SLICK

[=FIRST CUT WITH GREATER THAN 1% (MASS) REMAINING
J=FIRST CUT WITH GREATER THAN 58% (MASSJ) REMAINING
DISPERSION WAS TURNED OFF

SPREADING WAS TURNED OFF

TIME BBL SPCR AREA THICKNESS W DISP ERATE M/A 1 J
(@] 1 .0E+04 0.88 7.9E+84 2.0E+00 O 0.0E+06 0.VE+00 1.8E+04 1 1
1 9.8E+83 0.88 7.9E+04 2 ,0E+00 0 0.0E+00 1 .7TE+02 1 .TE+04 1 1
2 9.7E+63 6.88 7.9E+04 | .9E+00 O 0.0E+00 1 .3E+62 | .7E+04 1 2
3 9.7E+063 0.88 7.9E+04 1 .9E+006 0 0.0E+00 9.3E+01 | .TE+04 | 2
4 9.6E+63 .88 7.9E+94 1 .9E+00 O 6.0E+00 7.5E+01 1| .7E+04 | 3
5 9.6E+93 6.89 7.9E+04 1 .9E+60 O 0.90E+00 6.2E+91 -1 .TE+94 1| 3
6 9.5E+03 6.89 7.9E+04 { .9E+60 O ©0.0E+00 3 .2E+061 1 . 7E+04 1 3
7 9.5E+03 .89 7.9E+04 | .9E+00 0 0.0E+00 4 ,5E+01 1| . TE+04 1 3
a 9.4E+03 0.89 7.9E+04 1 .9E+00 0 0.0L+006 4.0E+0( | .7E+04 2 3
9 9.4E+083 0.89 7.9E+04 1.9E+96 ® 0.0E+00 3.6E+01 |.TE+64 2 3
16 9.4E+68 0.89 7.9E+04 1.9E+00 O 06.9E+90 3.3E+8t | .TE+04 2 3
119.4E+03 0.89 7.9E+04 1.9E+00 O 0.0E+00 3.0E+01 1 .TE+94 2 3
!2 9.4E+68 0.89 7.9E+9041.9E+00 o 0.0E+00 2 gE+01 1 .7E+04 2 3
13 9.3E+03 0.89 7.9E+04 1 .9E+00 9 0.0E+00 2 . 6E+01 1| .7TE+84 2 J
14 9.3E+93 0.89 7.9E+04 1 .9E+00 O 0.0E+900 2.4E+01 1.7E+04 2 3
15 9.3E+863 6.89 7.9%E+04 | . 9E+60 o 0.0E+00 2 2E+01 1 . 7E+864 2 3
16 9. 3JE+03 0.89 7.9E+04 | .9E+60 O 0.0E+00 2 1E+01 | .7E+04 2 4
17 9.3E+063 6.89 7.9E+04 1 .9E+00 O 0.0E+00 2 .0E+01 1.7E+04 2 4
18 9 .3E+03 0.89 7.9E+04 1.9E+00 @ 0.0E+00 | ,9E+6| 1 .6E+64 2 4

19 9.2E+03 60.89 7.9E+04 1 .8E+00 O 0.0E+00 1 .BE+01 1 .6E+04 2 4
20 9, °E+0‘l 0.89 7.9E+064 1.8E+00 O O0.0E+60 1 ,7E+01 1| .6E+04 2 4
21 9.2E+03 0.89 7.9E+04 |.8E+00 O 6.0E+00 1.6E+01 1.6E+04 2 4
22 9,2E+63 6.89 7.9E+64 1 .8E+00 0O ©0.0E+00 | .6E+081 | .6E+04 2 4
23 9.2E+63 0.89 7.9E+964 { .BE+00 o 0.0E+00 | . 3E+01 1.6E+04 2 4
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Table 6-5.--1llustration of 80-Colum CQutput; Prudhoe Bay Crude QG I;
Broken Ice Field Wathering at 32°F Following Weathering in Pools on Top
of Ice.

WEATHERI NG OF O L 1N A BROKEN ICE FIELD
AFTERICE POOL WEATHERING FOR 2.486E+0t HOURS

OIL: PRUDHOE BAY, ALASKA

TEMPERATURE= 32.0 DEG F, WIND SPEED= 12.8KNOTS
SPILL SI1ZE= 9.193E+@63BARRELS

MASS-TRANSFER COEFFICIENT CODE=2

FOR THE OUTPUT THAT FOLLOA5, MOLES=GRAMMOLES
GMS=CRAMS,VP=VAPOR PRESSURE IN ATMOSPHERES
BP=BOILING POINT IN DEG F, API=CRAVITY
MW=MOLECULAR WEIGHT

cuT MOLES cMSs VP BP API MW
.87E-90t | .37E+01 5.99E-02 1.50E+02 7.27E+61 83
-HE+03 2.92E+03 2,96E-02 1.90E+02 6.42E+01 93
.31E+03 { .38E+07 3.42E-03 2.33E+02 5.67E+61 1 0 5
.99E+83 3.46E+07 1.29E-93 2.8BO0E+025.16E+061 119
.28E+03 4.39E+07 2.359E-064 3.25E+02 4.76E+01 133
2.96E+035 4.37E+07 4.81E-03 3.70E+02 4.32E+081 130
3.36E+05 5.352E+67 8.33E-06 4.15E+02 4.15E+0t 1 6 7
3.41E+63 6.31E+07 | .31E-06 4.60E+02 3.78E+01 1 8 4
3.34E+03 6.69E+07 1| .93E-07 §$.03E+62 3J.48E+91 2600
1.74E+065 3.84E+07 2.12E-08 35.34E+02 J3.06E+0t 220
3.58E+05 9.01E+87 1.17E-09 6.09E+082 2.91E+01 2 5 1
3.41E+65 9.39E+07 6.39E-11 6.62E+92 2.62E+01 2381
2.73E+63 8.59E+67 3.63E-12 7.12E+02 2.46E+01 3 1 2
3
9

W L=

Whh-doPNouhLiv—

I

.W4E+03 | .O7E+08 7.87E-14 7.64E+62 2.25E+01 3351
.32E+03 5.65E+08 ©0.00E+00 8.50E+02 1.14E+01 600

P e
al

MOUSSE CONSTANTE: MOONEY=6.20E-08t, MAX H2@= 0.70, WIND**2=1 .00E-02
4=1,000E+01
DISPERS1ION CONSTANTS: KA=1.08E-0(, KB= 3.00E+81,.S-TENSION=3.00E+01
KC=1 .9000E+01
FRACTION OF ICE COVER=6.600E-01
VI'S CONSTANTS: vIsS235C= 3.50E+81, ANDRADE = 9.90E+03 ,FRACT =1 .05E+01

FOR THE OUTPUT THAT FOLLOWS. TIME=HOURS

BBL=BARRELS , SPGR=SPECIFIC GRAVITY, AREA=M*M

THICKNESS=CM, Ww=PERCENT WATER IN OIL (MOUSSE)

DiISP=DISPERSION RATE IN GMS/M*M/HR

ERATE=EVAPORT 10N RATE IN GMS~-MxM/HR

M/A=MASS PER M*M OF OIL IN THE SLICK

1=FIARST CUT WITH GREATER THAN 1% (MASS)REMAINING

J=FI RST CUT wiTH GREATFR THAN 30% (MASS) REMAINING

CUT 1GOES AWAY [N MINUTES, THEREFORE |IT WAS DELETED AND TEE CUTS RENUMBERED

TIME BBL SPGR AREA THICKNESS w D[SP ERATE M/A I
9.2E+03 06.89 7.9E+04 1.8E+00 ® 7.6E+61 0.0L+80 | .6E+04 1
9.1E+83 8.89 1.1E+835 1.3E+00 29 7 .3E+01 2.5E+01 1 .2E+04 1|
9.0E+063 0.89 | .4E+65 1.1E+06 48 4.4E+01 2.3E+01 9.5E+03 1

8.5E+03
8.35E+03 6.96
8.4E+03 0.96
8.4E+03 6.990

.9E+03
.OE+05

. 1E+085
.ZE+05

.6E-01 70 1.1E+0t 7.3E+00 4.2E+03
.S3E-01 70 1.1E+0t 6.8E+00 4.06E+03
.3E-0t1 70 1.0E+dt 6.3E+00 3.9E+03
.2E-0L 70 1.0E+0l 5.9E+00 3.8E+93

ARBADPWRLIWWLBWNNN~-PC

1
9.0E+03 0.89 1.6E+63 9.2FE-01 60 2$8E+61 2.1E+01 8.2E+03 1
8.9E+03 0.89 1.7E+05 B.2E-01 66 t.9E+01 1.9E+01 7.3E+03 1
8.9E+03 0.89 1.9E+63 7.4LE-61 69 1.5E+01 1.7E+0l 6.7FE+03 |
8.8E+03 0.89 2.0E+085 6.9E-01 70 1.3E+81 1.5E+01 6.1E+063 1
8.8E+€3 0.89 2.2E+063 6.4E-61 <70 1.3E+01 1.3E+01 3.7E+93 2
8.7E+03 ©6.90 2.3E+03 5.9E-61 76 1.2E+01 1.2E+01 3.3F+03 2
8.7E+03 ©.98 2.3E+03 5.6E-01 70 1 2E+0t 1.1E+08t1 3.8E+03 2
8.6E+03 0.90 2.6E+03 3.3E-01 76 1 2E+01 9.6E+00 4.BE+063 2
8.6E+03 0.90 2.7E+03 5.1E-01 7?0 {.1E+01 8.7E+00 4.3E+03 2
8.5E+03 6.90 2.8E+03 4.8E-0t 70 1.1E+0t 7.9E+09® 4.3E+063 2
4 2
4 2
4 2
4 2

PR -
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®

b

®
WwWoNNY

373



Tabl e 6-5.--(Continued)

18 8.3E+03 0.90 3.3E+035 4.1E-01 70 9.8E+00 5. 5E+00 3.6E+03
19 8.3E+83 0.90 3.4E+063 3.9E~61 70 9.6E+00 3.2E+00 3.3E+03
20 8.3E+03 0.90 3.4E+03 3.8E-01 70 9.4E+00 4.9E+00 3.4E+03
21 8.2E+903 ©.90 3 ,3E+05 3.7E-01 70 9.2E+00 4.6K+00 3.3C+63
22 8.2E+03 6.90 3.6E+03 3.6E-91 70 9.0E+00 4 .3E+00 3.3E+03
23 8.1E+03 6.90 3 ,.7E+05 3.3E-0t 7@ 8.8E+00 4. |E+00 3.2E+63
24 B.1E+903 6.90 3 .7E+03 3.3E-0t 70 8.6E+060 3.9E+00 3.1E+63
25 §.1E+93 6.90 3 .8E+035 3.4E-0t 70 8.4E+00 3.7E+00 3.0E+63
26 8.9E+03 6.90 3.9E+05 3.3E-01 70 8.2E+00 3.3E+00 3.0E+03
27 8.0E+03 0.90 3.9F+05 3.2E-01 70 8.0E+00 3,.3E+00 2.9LK+03
28 8.0E+03 0.990 4.0E+05 3,2E-91 76 7.8E+00 3.1E+00 2.9E+88
29 T.9E+03 0.990 4.1E+03 3.1E~01 70 7.6E+00 2 ,9E+00 2.8E+03
31 7.9E+03 0.90 4.1E+05 3.0E-901 70 7.4E+00 2,.8E+00 2.7E+03
32 7.9L+03 0.90 4.2E+085 3.0E-0t 70 7.3E+00 2.6E+00 2.7E+03
33 7.8E+03 0.90 4.3E+063 2.9E-01 79 7.1E+00 2,3E+00 2.6E+03
34 7.8E+03 0.90 4.4E+05 2.8E-01 70 6.9E+00 2 4E+00 2.6E+83
33 7.7E+03 0.90 4.4E+03 2.8E-01 70 6.8E+00 2.3E+00 2,5E+03
37 7.7E+93 0.990 4.3E+03 2.7E-@1 70 6.6E+00 2.2E+99 2.3E+03
38 7.7E+03 0.90 4.5E+05 2.7E-01 70 6.3E+00 2.1E+00 2.4E+03
39 7.7E+93 0.90 4.6E+03 2.7E-01 706 6.3E+00 2.0E+00 2.4E+03
40 7.6E+03 0.990 4.6E+03 2.6E-91 70 6.2E+00 | .9E+00 2.4E+63
41 7.6E+03 0.90 4.7E+0%3 2.6E~01 70 6.1E+00 | .8E+00 2.3E+03
42 7.6E+63 0.90 4.7E+03 2.5E-01 79 6.0E+00 | .8E+00 2.3E+03
43 7.3E+93 0.99 4.8E+03 2.3E-901 70 3.8E+00 1.7E+00 2. 3E+03
44 7T.5E+03 .90 4.8E+05 2.5E-61 70 3.7E+00 | ,7E+00 2.2E+03
45 7.3E+03 0.90 4.9E+03 2.4E-01 70 5.6E+00 | .6E+00 2.2E+03
46 7.3E+03 0.90 4.9E+05 2.4E-01 70 3.5E+00 |L.6E+00 2.2FE+03
47 T.4E+03 6.90 5.0E+05 2.4E-01 70 5.4E+00 | .5E+00 2.1E+063
48 7.4E+93 0.90 5.90E+03 2.3E-01 70 5.3E+00 | .3E+00 2.(E+03
49 7.4E+03 0.90 5. 1E+03 2.3E-01 70 5.2E+00 { ,4E+00 2. |1E+83
50 7.4E+03 0.90 5.1E+03 2.3E-61 70 5.1E+00 1| .4E+00 2.1E+83
51 T.3E+03 0.90 5.2E+05 2.3E-61 70 5.0E+00 | ,4E+00 2.0E+63
61 T.1E+03 0.90 5.6E+03 2.0F-01 70 4.2E+00 {.(E+00 1.8E+83
71 6.9E+93 0.90 5.9E+051.8E-61 70 3.3E+00 8.4E-011.7FE+03
81 6.7E+03 0.91 6.3E+053 { .7E-61 70 31.0E+00 6 .8E-61.1.35E+03
91 6.6E+03 9.91 6.6E+03 1.6E-01 70 2.6E+00 5.6E-0611.4£+03
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Table 6-6. --80-Colum Qutput; Prudhoe Bay Crude G I; Open-Ccean
Weat hering Following Wathering in Pools on Top of Ice and Broken
lce Field Weathering.

OPEN OCEAN WEATHERING

AFTER :
ICE POOL WEATHERING FOR 2.460E+81 HOURS
BROKEN ICE FIELD WEATHERING FOR 1 .860E+82 HOURS

OIL: PRUDHOE BAY. ALASKA

TEMPFRATURE= 40.@0DEG F, WIND SPEED= 20.0 KNOTS
SPILL SIZE= _6.428E+863 BARRELS

MASS- TRANSFER COEFFI Cl ENT CobE= 2

FOR THE OUTPUT THAT FOLLOWS. MOLES=GRAMMOLES
CMS=GRAMS, VP=VAPOR PRESSURE IN ATMOSPHERES
BP=BOILING POINT IN DEG F, API[=GRAVITY
Mw=MOLECULAR WEIGHT

CUT MOLES cMS VP BP API MW

1 4.40E-02 S5.235E+00 1.77E-03 2 B8OE+92 3.16E+0t 119
2 1 .94E+04 1.40E+06 3.84E-04 3.25E+02 4.76E+01 133
3 1.26E+63 1.90E+07 7.40E-03 3.70E+02 4.32E+01 1350
4 2.33E+63 3.90E+07 1.33E-03 4.I13E+02 4.|ISE+0L 167
3 2.62E+85 4.84E+87 2.18E-06 4.60E+02 3.78E+0t 1384
6 2.60E+03 $5.21E+07 3.40E-07 3.03E+02 3.48E+0( 200
? 1.36E+63 3.00E+07 3.86E-08 5.34E+902 3.06E+01 220
8 2.79E+83 7.03E+07 2.29FE-09 6.09E+02 2.91E+01 251
9 2.66E+03 7.49E+067 1.33E-10 6.62E+902 2.62E+0t 281
10 2.14E+03 6.70E+87 6.76E-12 7.12E+02 2.40E+91 312
11 2.37E+63 8.34E+07 1.91E-13 7.64E+82 2.25E+01 331
12 7.33E+63 4.4iE+08 ©.00E+00 B8.30E+02 1.14E+01 600

MOUSSE CONSTANTS: MOONEY=6.20E-01, MAX H20=0.70,WIND**2=1,00E-83
DISPERSION CONSTANTS: KA= 1.08E-01, KB= 3.00E+01, S-TENSION= 3.600E+01
VIS CONSTANTS: VIS23C=3.30E+61, ANDRADE = 9.60E+83, FRACT = 1.@35E+01

FOR THE OUTPUT THAT FOLLOWS, TIME=HOURS
BBL=BARRELS, SPGR=SPECIFIC GRAVITY AREA=M*xM
THICKNESS=CM. W=PERCENT WATER IN OIL (MOUSSE)
DISP=DISPERSION RATE IN GMS/M*M/HR
ERATE=EVAPORTIOR RATE IN GMS/MxM-HR

M/A=MASS PER M*H OF OIL IN THE SLICK

[=FIRST CUT WITHGREATER THAN 1% (MASS) REMAINING
J=FIRSTCUTWITH GREATER THAN 50% (MASS) REMAINING

T ME BBL SPCR AREA THICKNESS W DISP ERATE MA 1 J
8 6.4E+03 0.91 6 8E+85 1.3E-@1 70 3.5E+00 c. OE+00 1.4E+03 1 1
1 6.4E+03 0.9t 6 9E+03 1.5E-01 70 3.4E+00 1.0E+00 | .3E+03 |
2 6.4E+03 0.91 7 OE+03 1.3E-01 70 3.4E+00 (|.0E+00 |.3E+63 | 2
1 6.4E+63 0.91 7 IE+0S3 | .4E-061 70 3.3E+00 9 8E-0L 1.3E+03 1 2
4 6/3E+03 0091 7 LE+083  4E-0 70 3.2E+00 9.S5E-0t 1.3E+63 1 2
5 6.3E+03-0.91 7 2E+05 .4E-8. 70 3.2E+00 9 2E-01 1.3E+03 1 2
6 6.3E+83 0.91 7.3E+05 .4E-6° 70 3.1E+00 8.9E-01 1.2E+83 1 3
7 6.3E+63 0.91 7.4E+03 .4E-€¢ 70 3.1E+00 B.6E-01 1.2E+63 1 3
8 6.2E+63 6.917.5E+035  3E-0 70 3.0E+09 8.4E-01 1.2E+@3 2 3
9 6.2E+63 9.91 7.3E+93 .3E-90 70 2.9E+00 8. IE-01 t .2FE+03 2 3]

11 6.2E+03 ©.91 7.6E+05 .3E-0 70 2.9E+0@ 7. OF-c 1 1.2E+03 2 %
12 6.2E+63 6.917.7E+65 _.3E-0 70 2.8E+06 7.6E-01 1.2E+83 2

13 6.1E+83 ©.91 7.8E+05 .3E-0 70 2.8E+00 7. 4E-01 .1E+83 2 3
146.1E+03 0.91 7.9E+08 .2E-& 70 2.7E+00 7. 3E-01 .1E+63 2 3
13 6.tE+03 6.917.9E+85 .2E-0 70 2.7E+60 7. 1E-01 .1E+83 2 3
16 6.1E+03 0.91 B.0E+051.2E-9 70 2.6E+08 6. 9E-01 .1E+63 2 3
17 6.1E+03 0.91 8.1E+031.2F-0 7?70 2.6E+98 6 .8E-91 .1E+83 2 3
18 6.0E+03 $3.91 B.I1E+031.2E-01 70 2.SE+00 6, 6E-01 .1E+03 2 3
19 6.0E+¢3 0. 91 8.2E+05 1.2E-0t 706 2.3E+00 6. 5E-61 .1E+03 2 3
20 6.0E+03 0. 91 8.3E+03 ( .2E-01 706 2.3E+00 §.3E-01 .1E+63 2 3
2] 6.0E+03 6.9t 8.3E+03 (.1E-01 70 2.4E+00 © 2E-01 .0E+03 2 3
22 ¢.0E+03 0.91 8. 4E+05 {.1E-81 79 2.4E+00 6. tE-0t .0E+063 2 3

23 6.0E+03 0.91 8.4E+051.1E-01 70 2.3E+00 6, 0E-01 .OE+03 2

@D
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Tabl e 6~6.--(Continued)

25 3.9E+63 0.91
26 5.9E+03 0.91
27 5.9E+03 6.91
29 5.9E+83 0.91
30 5.8E+63 9.91
315.8E+063 0.9!
32 5.8E+63 0.9t
34 5.8E+03 6.91
35 5.8E+03 6.91
36 5.7E+03 0.91
37 5.7E+63 0.91
39 5.7E+03 0.91
40 S.7E+63 0.91
41 5.7E+63 6.91
42 5.6E+03 0.91
44 5.6E+83 0.91
45 5.6E+03 0.91
46 5.6E+83 @.91
47 5.6E+83 9.91
49 5.6E+03 0.91
56 5.5E+63 0.91
51 5.3E+63 0.91
62 5.4E+063 0,91
72 53.3E+03 6 .91
82 5.2E+63 0.91
92 5.1E+83 0.91
162 53.6E+63 0.91
112 4.9E+63 6.91
122 4.8E+063 6.91
132 4.7E+63 0091
2 4.7E+83 6,91
2 4.6E+06306.91
2 4,5E+03 0.91
4.5E+03 0,92
2 4.4E+630.92
4.4E+03 0.92
4.3E+063 6.92
4.3E+03 6.92
4.2E+03 6.92
4.2E+03 0.92

8.5E+05
8.6E+03
8.7E+08
8.7E+08
8.8E+03
8.9E+05
8.9E+03
9.0E+05
9.E+03
9.1E+085
9.2E+03
9,3E+03
9.3E+03
9.4E+085
9.4E+05
9.5E+08
9.6E+05
9,6E+08
9,7E+03
9,.7E+63
9.8E+63
9.8E+03
1.0E+06
1.1E+06
1.1E+06
1.lE+06
1.2E+06
1.2E+06
1.2E+06
1 .3E+06
1.3E+06
1 .3E+06
1.3E+06
1.4E+06
1.4E+06
1.4E+06
1.4E+06
1 .3E+06
1.3E+06
1.35E+06

1.0E~-01
1.0E-01
1.0E-01
1.6E-01
1.6E-01
9.9E-02
9.8E-02
9.7E-62
9.6E-02
9.3E-02
9.4E-02
9.3E-02
9.2E-02
9.2E-02
9.1E-02
9.0E-02
8.9E-02
8.3E-02
7 .8E-02
7.4E-02
7.0E-02
6 .7E-02
6.4E-02
6.2E-02
5.9E-02
5.7E-02
5.5E-02
5.4E-02
5.2E-02
3.0E-02
4.9E-02
4.8E-02
4.6E-02
4.5E-02
4.4E-02
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76 2.3E+00 5.8E-611.9E+03 2
70 2.2E+00 3.7E-01 9.9E+82 2
70 2.2E+00 3.5E-01 9.8E+02 2

70 2.2E+00 3.4E-01 9.7E+92 2

70 2.1E+00 3.3E~-0f 9.6E+02 2
70 2.1E+00 5.2E-01 9.5E+02 2
70 2.0E+00 3.0E-0t 9.4E+062 2
78 2.0E+00 4.9E-01 9.3E+02 3
70 2.0E+00 4.8E-01 9.2E+82 3
76 1.9E+6@ 4.7E-01 9.1E+02 3

79

1.9E+00 4.6E-01 9.0E+062 3

70 { .9E+60 4.5E-01 8.9E+062 3
70 t .8E+00 4.4E-01 8.8E+982 3

70
70
70
70

1 .8E+00 4 .3E-01 8.7E+62 3
! .BE+00 4 2E-01 8.7E+62 3
1.7E+00 4, 1E-01 B.6E+62 3
1.7E+00 4.1E-01 8.5E+02 3

70 1 .7E+00@ 4 .0LE-01 8.4E+062 3
70 1 .6E+00 3.9E-€1 8.3E+02 3
70 1 .6E+00 3.8E-01 8.3E+082 3
706 1.6E+00 3.7E~-01 8.2E+02 3

70

1.6E+00 3.7E~-01 8.1E+82 3

70 1 .4E+00 3.1E-01 7.6E+02 3

70
70

7 0 9.4E-01 2.1E~-01 6.4E+02 1

1.2E+00 2.7E~01 7. 1E+62 3
1.1E+00 2.4E-061 6.8E+02 3

70 8.4E-01 1 .9E~01 6.1E+82 3

780 7.6E-01 | .7E-01 3.9E+02 3

76 6.9E-01 1.6E~01 3.6E+62 4

70 6.3E-011.35E~01L 5.4E+62 4

70 5.7E-0t | .4E-6t 3.2E+02 4

70 3.3E-011.3E-01 5.1E+62 4

79 4.BE-01 1 .2E~-61 4.9E+062 4
70 4.5E-611,1E~-01 4.TE+02 4

70

4.1E-611.0E-01 4.6E+082 4

70 3.8E-01 9 .TE~02 4.3E+62 4
70 3.6E-01 9 .0E~-02 4.4E+02 4

743 3.3E-901 8.5E~-02 4.3E+02 4

76 3.1E-01 7.9E~-02 4.2E+62 4
743 2.9E-817.3E~02 4.1E+062 4 3
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6.7 DI SCUSSI ON OF DI STI LLATI ON DATA NEEDED FOR THE MACKAY EVAPORATI ON
MCDEL

6.7.1 Requi renent s for Conpatibility with the Existing NOAA/SAIC Q|
Weat hering Code

The evaporation calculation used in the oil-weathering nodel devel oped
by Mackay (1982) which is utilized by many of the existing oil-weathering no-
dels, requires as input the slope and intercept of a distillation curve. For
nmost petrol eum products (including crude oil), distillation curves (liquid
boiling point vs volume fraction distilled) are |inear over the range of boil-
ing tenperatures of the conponents that wll weather under environnmental condi-
tions. Thus , if such data are available, the method of |east squares can be
used to find the slope and intercept (initial boiling point) of the distilla-
tion curve over this range.

There are many different distillation methods and conditions, sonme
standardi zed and sone not. For instance, one could use an ASTM D-86 distilla-
tion or a true boiling point (TBP) distillation. These are only two of a num
ber of standardi zed methods for distilling oil. However, neither of these
methods is appropriate since they do not directly sinmulate environmental oil-
weathering. In both of these nethods the vapor |eaving the boiling liquid con-
denses and revaporizes (refluxes) before |eaving the apparatus. This counter-
current flow of material produces greater separation of conponents than in a
simple no-reflux distillation. Since no reflux occurs in the evaporation of
oil in the environnent, the required distillation should also involve no re-
flux . Further, the input data for the Mackay nodel should be from a batch dis-
tillation since an environmental spill will generally involve a finite anount
of material. Thus, a sinple, batch, no-reflux distillation is required

A simple batch distillation is not routinely performed on petrol eum
however . Thus , in order to use the Mackay nmodel, this distillation nust be
performed in the lab or the curve must be calculated from physical data. The
second approach will be devel oped here.
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The mathematical description of asinple, Dbatch distillation is as
follows. |If v is the vapor renoval rate of the digtillation in noles per tineg,
then a material balance over L noles of the bulk oilis:

dL/dt = -V (18)

Then, if m, is the nunber of noles of the i-th conmponent in the oil, and ¥4 IS

the mole fraction of the i-th conponent in the vapor, a material bal ance over

the i-th conponent is:
dmi/dt =¥V (19)

However, dt = -(1/v)dL from above, so substitute for dt in Equation (19) to ob-

tain:
v (dmi/dL) - ¥V (20)
or
dmi/dL - yi for i=1,2,3, | 0 (21)

where n is the nunber of conponents.

Equation (21) must be integrated for each conponent with the follow ng
constraints and initial conditions. Since the material is always at its bubble
point, thesumof the vapor pressures (p,) 0s t he components should be 1.0 at-
nosphere. If Dalton’s Law is assuned, then

Y; - Py/Bp (22)

wher e P, - total pressure - 1.0 atm  Thus ,

;yi =1 (23)

Next, assume Raoult’s Law

i“i
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wher e X, is the nole fraction of the i-th conponent intheliquid phaseand P,
is the pure conponent vapor pressure of conponent i. Combining equations (22),

(23), and (24) gives

X,P
id_ )
; PT (25)
The final constraint is:
;"f =L (26)
wher e
m
N |
R (27)
A nunber of different numerical integration methods could be used for
this problem The method chosen here is a sinple Rungs-Kutta integration

(Greenspan, 1971). The integration proceeds as follows:

1. Specify m, M, . ..}m at start of integration step.

2. Calculate bubble point tenperature using interval-halving trial
and error. This also yields Y11 Yor Y35 . - os¥p-

3. Take an integration step and use Y1» Ygr . -hY,t0 cal cul ate new
(1( m, . . .,mn.

These three steps are repeated until the desired fraction of the oil has been
distilled.

The existing NOAA open-ocean oil-weathering nodel calculates all of
the parameters required to performthe integration (distillation) described
above. I nstead of using each individual conmpound of the oil (which is inpos-
sible) , the oil is broken up into “cuts” according to a TBP distillation so
that many compounds of similar volatility are considered together as one
“pseudo- conponent” . The TBP data for many different petrol eum products are
readily available. These data are input to the nodel, which then cal cul ates
the number of noles, the specific gravity, the nolecular weight, and the vapor
pressure versus tenperature for each cut. At the end of each integration step

above, the follow ng values are cal cul at ed:
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1. Boiling point of remaining liquid (“K)
mi(mi)1

1

2.  Total volume fraction distilled = ; ¢ inictial volume

wher e (SPGR)i - specific gravity of cut i
(MW)i - nol ecul ar weight ofcut i in grams per nole

These values of volune fraction distilled versus boiling point are then input
to a |east squares linear curve fitting routine to calculate the “best” initia
boiling point (intercept) and boiling curve gradient (slope). These values can
then be used as direct input to the Mackay evaporation nodel

6.7.2 Cal cul ation of the Input Paranmeters for the Mickay Evaporation Mde

The oil-weathering nodel devel oped by Mckay (1982) enploys an analy-

tical expression in which the vapor pressure of the oil is expressed as a func-
tion of the fraction evaporated. Thus, the oil as a whole is assigned one va-
por pressure. QO her physical data, such as enthalpy of vaporization, nolar

volume and boiling point curve are either measured for each oil or neasured and

“averaged” for many oils to give bulk physical properties.

The NOAA evaporation nodel, however, uses a pseudo-conponent approach

and focuses much nore on the calculation of oil physical properties than the

Mackay nmodel. This is inportant since some physical paraneters such as heat of
vapori zation and nol ecul ar weight can vary wi dely over the range of TBP cuts
for any one oil. Furthernmore, other paraneters such as nean nol ecul ar wei ght
vary significantly fromoil to oil, and this is particularly inportant for re-

fined petrol eum products, such as light diesel or gasoline. For this reason
it is nore appropriate and accurate to assign values for these physical proper-
ties to a range of cuts rather than to assign a single value to the bulk oil

The ability of the NOAA nodel to cal cul ate many physical properties
for a range of pseudo-conponents (distillate cuts) enables it to calculate the
bul k oil constants and input paraneters that are required by the Mackay evapor-
ation nmodel. No further input is required for these calculations and the node
itself is not affected in any way. The following is a discussion of the Mackay
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evaporation nodel and the procedure for calculating the input constants for
Mackay’ s equation using the NOAA nodel .

The Mackay evaporation cal cul ation (Mckay, 1983) is:

AF = A8 " H (28)
wher e
F - Volume fraction evaporated
H - Henry’s |aw constant (dimensionless)
= evaporative exposure, a dinensionless paranmeter defined by:
e =KAt/NV (29)
wher e
K = Mass transfer coefficient (msee)
A = Area of slick (nf)
t = Time (seconds)
V = Initial slick volunme (n)
Thus

20 = KAAt/V (30)

K, A V, andt are all “bulk” properties. Therefore, the NoAa rmodel will not
i nprove upon the value of e.

The Henry’s |aw constant is calculated as foll ows:

n P
v PV
H= Concentration in _gas phase _ 9 _ _RT _ gl (31)
Concentration in liquid phase n, 1
Vl L

wher e
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Pg is the vapor pressure of the evaporated oil (pascals)
V is the molar volume of the oil (m3/m01e)

R is the gas constant (8.314 Pa'm3/mole‘" 'K)

T is the tenperature (°Kelvin)

Pg can be calculated further using the Clausius-Clapeyron equati on and

boi ling point data. It should be noted, however, that this equation is not
strictly applicable to mixtures (Denbigh, 1971). At atnospheric pressure,
though , the error introduced by using this equation is probably small in com
parison to the overall errors associated with other necessary assunptions of
the model. The Clausius-Clapeyron equation is:

1 .

H
1n(P,/P,) = —f

el e (32)
mmllan

where AH is the enthalpy of vaporization of the material.
Let P,- 1 atm then T, - T, the boiling point of the liquid. The result s

_ ah o1 1~ -
| = &P x T T (33)
L -+
and
Ve "RE 1 (3
oF = 40 y-exp - A

At this point, use an average value for Vg, and Trouton’s rule (aH "88 T) for
an average val ue of H, to obt ai n:

88T, e -
‘L e
and
T 36
AF = A0 exp &3 - 10.6 T ( )
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Further, the Mackay nodel uses a “boiling point curve” (B.P. vs fraction
evaporated) to determine the prevailing boiling point: ,b:initial BP +
(F)” (boiling point curve gradient).

The Noaa nodel is capable of calculating val ues of v, and AH, and of
calculating the initial boiling point and boiling point curve gradient. The

details of these cal cul ations are bel ow

x The nolar volume of the oil is the mean nol ecul ar weight of the oil in
grams per nmole divided by the density in grams per m3, both of which

are calculated by the NOAA nodel.

v, - nean mol ecul ar weight/density

AH,: AH, for petroleum fractions has been correlated with APl gravity and
boiling point (Fallen and Watson, 1944), both of which are input to
the NoaA nodel. This correlation is:

AR, -232.2- .2641(TB) - .6937 (API)
- 3.58 X 10°(TB)(API) + 1.024 X 10°(TBP)®
+ (1.037 X 107) (API) (API)

wher e

Oy is in BTUIDb
TB is the cut beiling point in “F

API is the APl gravity
TBP (Boi ling Point Curve):

For nost petroléum products (including crude oil), the boiling point
vs fraction distilled curve is linear over the range of compounds that
evaporate under normal environnental conditions. The distillation
curve required for input to the Mackay nodel is a sinple, batch dis-
tillation, and can be cal cul ated using the physical properties calcu-
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lated by the NOAA nodel. The details of that calculation are pre-
sented in the previous section. Once the distillation curve (volunme
fraction vs boiling point) is calculated, it is fit to a straight line
by the method of |east squares:

p " initial boiling point + (gradient) (fraction evaporated)

Following calculations of Vg , AH,, and the linear boiling point curve, the
Mackay evaporation equation can be constructed as fol |l ows:

AH.V for each cut is divided by the nolecular weight of the cut (to
convert to Joules/nmole) and by the boiling point of the ecut in order
to find a “Trouton’s rule” constant. The “Trouton's rule” constants
(one per cut) are then averaged. This average constant (TR) is then
used in place of the classical value of 88 J/°K nole. The evaporation

equation then becones:

V ‘b 7
AF= A0 --- exp—TRE- l-— (31)
[
wher e
‘p Initial boiling point + (TBP gradient)(F) (in K
T = Environmental tenperature (“K)
R = Gas constant (8.314 Pa‘mBmole“K)
V, = Molar vol une of the oil (m3/m01e)
TR = Average Trouton’s rule constant (Joules/°K'mole)
These cal culations are perfornmed by the ocean-ice oil-weathering code
as an add-on calcul ation. The output from these calculations are the input
paraneters for the Mackay Evaporation Mdel. These values are calculated using

existing literature data and do not require experimental work for nmost oils.
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6.8 COVPONENT- SPECI FI C DI FFUSION THROUGH AN O'L “SLAB” AND DI SSOLUTION | N-
TO THE WATER COLUW | N THE ABSENCE OF EVAPORATI ON

When oil is released under sea ice the primary weathering process is
thought to be the dissolution of soluable hydrocarbons into the water colum.
The oil is not exposed to the atmosphere and the water currents are relatively
weak (see Section 3.5). Thus evaporation, dispersion, nousse formation, and
spreading do not occur to any large extent. It becones inportant then to
predict the rate at which individual conponents will transfer fromthe oil
phase to the water phase. The mathematics to describe such mass-transfer wll
depend heavily on whether the oil phase can be considered “well m xed” or
whe the r it behaves like a “slab”. The follow ng presents derivations for both
of these situations. The solutions of the equations below, along with the
experinental data presented in Sections 4.2 and 4.4, can be used to determne
which state the oil is likely to be in in the environment and to deternine
which resistances to mass-transfer are domnant for dissolution.

The dissolution of specific conponents froman oil slick into the wa-
ter colum is described mathematically in much the same way as evaporation.
The pertinent physical property required to describe dissolution is the
liquid-liquid partition coefficient which is the analogy of Henry's Law for e-
vapor ati on.

Unfortunately there is no characterization process for dissolution
that can be applied to the bulk oil in the sane manner that distillation is
used to characterize the oil with respect to evaporation. There have been two
attenpts to classify the oil into pseudo-conponents with respect to volubility,
one by Yang and Wang (1977) which was not carried through to the quantitative
stage, and another by Mackay (1980) where only two major “cuts” were recogniz-
ed. Since dissolution apparently accounts for a relatively small mass |oss
from the slick, an independent conponent-specific approach to dissolution is
presented here.

The physical property data required are liquid-liquid partition co-
efficients, referred to in the content of this work as Mval ues. [t nust be
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enphasi zed that pure conmponent volubility data al one are not useful in obtain-
ing Mvalues, because these types of data only yield infornmation about the
chem cal potential of the species in the agueous phase. \Wat is required al ong
with pure conponent volubility data is the chemical potential of the species in
the o0il phase. Henry's Law data coupled with volubility and vapor pressure
data will provide Mval ues through calculation, while liquid-liquid equilibrium

experinents measure the Mvalues directly.

6.8.1 “Slab” Case

For the ease of a species dissolving froman oil “slab* into the water
col um, consider a water colum which is well-stirred (i.e., of uniform concen-
tration) and in contact with a stagnant oil slick of thickness 2. The diffu-

sion of a conpound in the oil is described by:

aC, azc°
= = 0 3 0<x<e, >0 (38)

where Co is the oil concentration of the species of interest, t is the tine, X
is the distance fromthe oil/water interface, and Do is the diffusivity of the

species in the oil. The water colum concentration is zero at t - 0 so that
Cw(X) -0 at t-0 (39)
wher e C, Is the water columm concentration.

For this derivation nass transfer does not occur across the x- &
boundary, so
dC,

a-r’-o atx=9.,t>0 (40)

At the oil-water interface the nmass fluxes fromthe oil and into the water nust

be equal, which yields

A “Cy _ AD % a x =0 0 (41
@@ = Mo I x=0 1t
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where A is the interracial area, and § is the water-phase thickness. Thus Aé§
is the volume of water. This equation is rewitten as

dCW DodC0
T3 I at x = o0, t> o0 (42)
The component flux fromthe oil is witten as
dcC, (43)
ADo - AKo(Co - CO¥) at x =0, t >0

where CO* is a hypothetical oil-phase concentration that is in equilibriumwth
the Wat er - phase concentration, and K, is an over-all mass-transfer coefficient
based on oil-phase concentrations. The above equation is anal ogous to a heat
transfer equation for the flux of energy across a filmresistance. However,

mass transfer requires that sonme formof a potential be used to wite the
driving force rather than observable concentrations. |t is not correct to
write the driving force for mass transfer as the concentration difference
between the two phases. The reason for this is apparent when a sinple system
such as pure benzene and water is considered. At equilibriumthe concentration
of benzene in the water is on the order of 1700 ppm  Thus , the benzene concen-

tration difference between the two phases is not zero, yet mass transfer, does
not occur. Therefore, in order to wite a driving force for mass transfer the
concentration in one of the phases nust be related to the other phase on a
t her nodynam ¢ basi s. Once this relationship is defined, the mass transfer
probl em [ ooks like a heat transfer problem where the tenperature is the poten-
tial for heat transfer. Thus, in the preceding expression CO* is an oil-phase
concentration (hypothetical) in equilibriumwth the bulk water-phase concen-

tration CW. _As a result of this problemdefinition an oil-water partition
coefficient is required. The oil-water partition coefficient is defined as
fol | ows:
co
m = ’C: at equilibrium (44)

At this point do not relate C0 and c,above to those same synbol s
appearing in the previous equations. Because of the way the previous equations
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are written, it is convenient to keep Co in themas it appears now. This neans

Cw mus ¢ change. The recipe for doing this is enmbodied in the mass transfer
resistance equation (C. - CO*) term Here CO* is that hypothetical concentra-
tion in water in equilibriumwth the concentration in the oil. Therefore the

oi | - phase concentration must change according to

co * (45)

C
And C,nust be replaced with _;- in equation (42) above to yield

dc,”  Dpodc,
ot at x =0,t>0 (46)
Concealing the area in the conponent flux equation yields
dC, K,
-<§ -5 -
-—d;+-5—(CO-C°)=0 47)
()

Finally, the initial concentration in the oil is Coo.

The set of differential equations and boundary conditions above can be sol ved
analytically wusing the technique of Laplace transforns which is described in

Carslaw and Jaeger (1967). The anal ytical solution for the water-phase
concentration is
° 2
C N 2 231 5 exP('“iT) (48)
0 mi+s 8 L P
Co j=1 n
and for the oil-phase concentration
c a;Co0Ss [a.(l - x)]exp(-a 21‘) (49)
L. m L2t SRS % WA
0 J
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where «, is the j-th positive root of

B
Haj
Tan ;= —z=r— (50)
J a; Sk H
H = gh
K
0
h =
D,
tome
K = S
oot
22
T Z time
and
Plo;) = a; . ajz (K + H- K H + K # +K) (51)

These equations provide useful information in that the effect of the
paraneters of the problem can readily be determned. For exanple, note that
the parameter K is a ratio of the capacitance of each phase for the conponent
of interest, and that the partition coefficient Mnultiplies the water phase
thickness § to yield an equival ent water-phase thickness,

6.8.2 Véll-Mxed G| Phase Case

For the case of a “well-stirred” oil-phase in contact with a
“well-stirred” water-phase, the concentration of the conpound of interest is
not a function of distance in either phase (i.e., both phases are uniform.

The flux equation for this case is

dC

At 32 = <M (C, - Cp) G2)
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Fromthe ‘slab” case

C*zch

¢

(53)

Thus , canceling the area from both sides, substituting for CO", and rearrang-

ing gives

dc, K,

T = - 3 ¢ -nC)

However, a mass bal ance for the system gives

_ 0
CWAG + CoAz = CoAz

SO

_° 0 nx o _
R SR S ORLY
or dC, i K,Co . K,m © . _Eﬂmc
dt "~ "2 s 0 s~ 0
dco c M8 0 m

(54)

(55)

(56)

(57)

(58)
(59)

This differential equation, along wth boundary conditions specified in the

previous section are solved to give

C

0
—==C,+ (1 -C,) exp (-CIKOt)
o0

and

20y 1 - exp (-CiKt)
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wher e

L mers
o Wl

= ML
2 mi+s

£
C3 * WL

In order to make the analytical solutions for conponent-specific dis-
solution usable they have been programmed in FORTRAN to al |l ow easy investiga-
tions of the results. The details of this particular code, input-output infor-
mation, and a code listing are presented in Appendix A of this report: Code
Description for Conponent-Specific Dissolution from slicks.

6.8.3 Stirred Chanber Experinents Conducted to Measure Conponent-Specific
Dissolution - La Jolla, California

Mass transfer and diffusivity coefficients were determned for seven
aromatic conpounds wth regard solely to their dissolution from Prudhoe Bay
crude oil into seawater. Using a specially constructed chanmber, designed to
elimnate whole oil droplet dispersion and conpound evaporation, the rates and
amount s of conpound dissolution were determned experinentally. To obtain mass
transfer and diffusivity coefficients, theoretically predicted values were ad-
justed until they matched the experinental values. These data will ultinately
be required for predicting the conponent specific dissolution of aromatics into
seawater as a result of a belowice oil-release incident. Wile such informa-
tion may not be required for mass bal ance considerations, it is inmportant for
assessing potential biological inpacts.

An air tight, cylindrical chamber was constructed, primarily of glass
with the dinmensions shown in Figure 6-2. The chanmber was equi pped with a water
sampling port 5.1 cmfromthe bottom a water replacement port 15 cmfromthe
top, an oil sanpling port located on the glass cover plate, and an oil addition
port wth a glass tube positioned to deliver the oil within a fewmllineters
of the cover plate. The glass cover plate was seated on a viton |ip and clanp-
ed in place to forman airtight seal. The entire chanber was housed on a steel
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CONS TANT HEAD REPLACEMENT WATER
OIL ADDITION SETUP
OIL SAMPLING PORT

AIRTIGHT GLASS
/ COVER PLATE
15cm

12 :m

WATER SAMPLING
PORT \f
5.1
R e

CIRCULATING PUMP—"

Figure 6-2. --Stirred Chanber for Mss Transfer and Diffusivity Determ nations.

plate containing four leveling screws. \Water colum nixing was acconplished by
placing a submergible circulating punp (Little Gant Mdel 1) in the chanber;
water colum mxing was further enhanced by a series of one inch stainless
steel baffles, which were positioned vertically around the circunference inside
the chanber, but not into the oil.

The experinment was initiated by the addition of 1000 m (a 1.47 cm
thick slab) of Prudhoe Bay crude oil over a period of ten minutes. This was
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acconpl i shed by gravity feeding the oil into a funnel - attached to a glass en-
try tube, which extended upwards to within a fewmllimters of the glass cover
pl ate. A tube extending fromthe water sanpling port was positioned such that
concurrent wth the addition of the oil, a simlar volume of water was forced

out of the tank. In this manner, the oil was layered unifornly and smoothly on
top of the seawater, with mniml oil dispersion and no air introduced into the
chanber. As soon as the entire 1000 ml of oil had been added, the funnel and

tube were disconnected and the port was stoppered.

Water sanples (200 nml) were obtained according to the follow ng sche-

dul e: prespill, 10 mnutes, four hours, eight hours, 12 hours, 24 hours, two
days, three days, four days, five days, seven days, nine days, 11 days, 13
days, 15 days, and 17 days after the spill. As the 200 m sanple was drawn
off, fresh replacenent seawater was sinultaneously added via the constant head
arrangenent . A stopcock, positioned between the funnel and then entry tube,

was closed (except during sanpling) to prevent any backflushing. In order to
mnimze evaporation of the nore volatile dissolved compounds, all water sam
ples were extracted and analyzed immediately after collection.

Triplicate oil sanples were collected, though a Teflon sanpling port
| ocated on the cover plate, at the initiation and termnation of the experi-
ment .

Al water sanples were filtered (to remove any discreet oil droplets)
then extracted three times with 50 mls of CH,,LCI,,L. The effect of the filtration
step on the concentration of dissolved conpounds in the water was investigated
by splitting one sanple into two equal portions - one aliquot was filtered
while the other remained unfiltered - and no differences were noted in final
concentrations. Sol vent reduction was acconplished by using standard Kaderna-
Dani sh evaporation techniques as described el sewhere (Payne et al., 1984a).
Before instrumental analysis (capillary colum Fid-gc) all sanples were spiked
with dyy-P henant hrene as an internal standard.
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Triplicate oil sanmples were first weighed (- 50 mg) and then taken Up
in approximtely one m of hexane. The oil was fractionated into its aliphatic
and aromatic constituents by $10, l'iquid chromatography and analyzed by capil-
lary FID gas chromatography.

Conpound identification was acconplished by analyzing one representa-
t ive water sanple extract with a Finnegan 4000 quadruple cc/Ms. Quantifica-
tion of the selected conpounds was achi eved by generating a response factor on
t he FID-GC for each of the seven conpounds, from an aromatic standard contain-
ing those compounds.

Mval ues were cal culated by dividing each conpounds oil phase concen-
tration by its water phase concentration at equilibrium Mvalues of the com
ponents of interest are presented in Table 6-7. Using curve-fitting tech-
niques, values for nmass transfer coefficients were found to range from2.5 x
10-° cm/sec to 4.0 X 10'4 cm/sec and diffusivities were found to be no |ess
than 1.0 x 10°cm/sec. Utimtely these values will be used for estimating
di ssol ved phase aromatic concentrations in oil weathering simulations as de-
scribed in Section 6.9.2.4.

Table 6-7. --MValues Determned from the Stirred Chamber Experiment.

Compound Name M-Value®
ethyl benzene 3300
m &p-xylene 3600
o-xylene 5900
1,3,5-trimethyl benzene 19000
naphthalene 7800
2-methylnaphthalene 46400
I-methylnaphthalene 35800
a - the M-value is defined as the compound concentration inoil divided by

the compound concentration inwater at equilibrium.
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6.9 DI SSOLUTI ON OF HYDROCARBONS AND TRANSPORT TO BOTTOM WATERS

This section investigates the effect of freezing ocean conditions on
the potential transport of dissolved oil to sensitive areas of the marine
environnent  (see also Section 5). As a very sinplistic sumary, when the
surface water freezes, iceis formed that is lower in salinity than the water
fromwhich it is formed. The “excess” salt water is denser than the surround-
ing water and wll sink creating a downward vertical current. This has been
considered a potential mechanism for the transport of pollutants to bottom
waters in the Arctic environnent.

Wth regard to an oil spill in freezing Arctic conditions, it is
believed that the spill of oil into an open |ead woul d present the “worst case
scenario” for haline transport of dissolved oil since the freezing (ice forma-
tion) rates for an open |ead have been shown by numerous investigators to be
consi derably higher than freezing rates in open water (Foster 1972, Schaus and
Gt 1973). A high freezing rate would induce rapid transport of surface
material to bottom waters. An analysis of potential pollutant transportation
rates based on measurements taken in Arctic leads in included in Section 6.9.3.

To assess an “upper bound” effect of an oil slick on dissolved species
transport, calculations have been nade to estimate the amount of material that
wi Il dissolve out of the slick into the surrounding water. The material that
does dissolve is generally considered as having an oil/water partition
coefficient that is less than about 150,000. This inplies that when an equal
amount of water and oil is contacted, the water phase concentration of the
compound of interest will be /150,000 of that in the oil. Wen dilution is
further taken into account as specified in an environment situation, the
wat er - phase concentration is always considerably less. Calculations in Section
6.9.2 indicate that very little oil is dissolved directly fromthe slick as it
effects the slick mass bal ance; however, using the flow estimates in Section
6.9.3, the anount of dissolved material reaching the bottomwaters could be in
the range of 0.2 to 3 ppm These nunbers are strictly upper bound estimates
and were calculated by specifying environnental paraneters froma list of
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observed paraneters in such a manner that the calculated concentration would be
a maxinum No effort was made to also determne an average because of the
paucity of published data. This also inplies that the maxi num val ues reported
here could be higher due to the fact that the extremes in nature have not
necessarily been observed.

The primary source of transport of oil species to the bottomwaters
woul d be through the dispersion of fine drops into the water colum. The
transport of small dispersed oil droplets would occur due to the downward cur-
rent exceeding the droplet’s Stokes rising velocity. A five mcron dianeter
oil droplet will rise at 1.5 cmhour (0.0004 cmsee) while a salt-rejection
plume velocity can be nuch greater than this. However, it nust be noted that
di spersed oil has always been studied with the objective of a material bal ance
of the oil slick, not with the objective of the droplet size leaving the slick
Nevertheless, at the present, dissolution fromeither the slick or oil droplets
is all that can be postulated to provide an estimate of “oil” transported to
t he bottom As discussed in Section 6.9.2, the small droplet size (1-50 pm
allows for greater dissolution of oil species than that obtained fromthe slick
directly.

6.9.1 A Discussion of the “Volubility” of Petrol eum

One of the fundanental mass transfer processes that occurs when crude
or refined petroleumis spilled on water is dissolution. This process, which
results in oil conponents being dissolved (on a nolecular scale) into the water
phase, has al so been called sol ubilization, incorporation, and acconmodati on

Wien an overall mass balance is derived for oil spilled on water, the
total mass dissolved (resulting fromthe dissolution of many different compo-

nents ) into the water is small conpared to the original oil mass. It is inpor-
tant to be able to quantify this mass bal ance, however, since biological inpact
wll, in part, be deternined by this result. There is sone confusion and ms-

understanding in the literature about what is inportant and/or required to
quantify dissolution and some msuse of term nology.
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The following discussion is designed to point out the inportant as-
pects of the nass transfer of petrol eum conmponents into water, particularly the
resulting concentration (at equilibrium of those conponents in the two phases
(water and oil). The main point to be made is that crude oil (or refined pe-
troleun) is a very conplex, continuum of conponents that behaves differently
than single conponents al one.

In order to illustrate the proper use of the term“volubility” and
then illustrate how it does not apply to oil, consider the definition. The
volubility of a conpound in water is the concentration obtained at equilibrium
when a finite amount of the pure conpound is (still) present. In applying this

definition to benzene or sugar, the conpound is added to (and dissolved in)
water until no nmore will go into solution. \Wen no nore goes into solution,
t he pure conpound phase is visible. The reason this definition of volubility
does not apply to oil is that oil is not a pure conpound. Sone of the com
pounds in oil are soluble and at the other extreme some are essentially (for
practical purposes) insoluble. Thus, for conpounds present in oil that are
soluble, a liquid-liquid equilibriumexists for the conponent because it dis-
tributes between both phases and a ratio of the concentrations in each phase at
equilibriumis the inportant parameter to measure. It is this ratio that is
usual |y constant over concentration ranges near zero, and it is this ratio that
is required to determne how much “oil” will distribute (not dissolve) into
water. This distribution concept is illustrated below

First consider the following system 1 nl of benzene is |ayered on
top of 10 mM of water in a closed system so that evaporation is prevented. The
systemis allowed to come to equilibrium At equilibrium the concentration of
benzene in the water phase is found to be 1700 parts per mllion (ppm). This
concentration is what is normally called the volubility of benzene in water.
The inportant concept is that the relative volunes of the two phases (benzene
and water) do not affect the concentration of benzene in the water. In other
words, if 1 m of benzene was equilibrated with 1000 ml of water, the resulting
concentration of benzene in the water would again be 1700 ppm  However, the
above cannot be said of petroleum or for any other mxture of conpounds. To
illustrate this, consider a second system 1 m of crude oil (which contains
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benzene) is equilibrated with 10 m of water in a closed system The nunbers
will vary fromoil to oil, but for a typical set of conditions, the concentra-
tion of benzene in the oil and water phases at equilibriumw |l be 1000 ng/1
and 1 mg/l, respectively. Next, consider another systemin which 1 nl of crude

oil is equilibrated (closed system) with 1000 m of water. In this case, the
oil and water phase concentrations of benzene are 505 mg/1 and 0.505 mg/l, re-
spectively. The crucial point is that, unlike with pure benzene, the concen-

tration of benzene in the water phase is not independent of the relative wvol-
umes of the two phases. The quantity that is independent of these volunes is
the ratio of the concentrations of benzene in the two phases. This ratio is

called the partition coefficient and is defined for each conponent of the sys-

tem as:

concentration in oil _ 1000 _ 505 _ 1000
~ concentration in water 1 .505

partition coefficient

Each component in each oil will have a different partition coef fi -
cient. For this reason, it is difficult to define the “volubility” of a mx-

ture (such as crude oil) since the concentration of the conponents of the

mxture in the water will depend on the volunmes of the two phases and their in-

itial concentration in the mxture.

Most authors have ignored this fact and have neasured what they call
volubility with a particular volune ratio of water and oil and in some cases
the volubility varies three or four orders of magnitude. For exanple, Boehm
and Quinn, 1974, neasured “oil volubility” by equilibrating 4 ng of oil wth
1.0 liter of water (volume ratio = 200,000) while Mackay and Shiu, 1976, used
10 M of oil and 100 m of water (volune ratio = 10). These authors tested
different oils so their results cannot be conpared. However, the point is that
both authors report their results as the “volubility of crude oils” wthout any
indication of the experinental conditions (i.e. , volume ratios). Using the re-
sults of a derivation presented later in this report, it can be shown that a
four order of magnitude difference in volune ratio can produce a one-to-two or-
der of magnitude difference in measured concentration for the nore sol uble pe-
trol eum conpounds.
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In addition to the difficulty in defining a volubility for mxtures,
it must be realized that an equilibrium experiment does not reproduce the
dynamics of dissolution in the environment. Since the ocean is turbulent,
“clean” water is usually (except possibly in a bay or |agoon) flow ng past the
oi l. Thus , the partitioning behavior described above can deplete the oil of
the conponents that have small partition coefficients and thus distribute these
conponents to the water phase in appreciable quantities (see definition of par-
tition coefficient above). To illustrate this, consider the system described
above in which 1 m of oil is equilibrated with 1000 m of water. The result-
i ng benzene concentrations are 505 mg/l in the oil and 0.505 mg/1 in the water.
Now i magi ne renoving the water phase and bringing 1000 m of fresh water into
contact wth the remaining oil. After equilibration, the oil and water phase
concentrations of benzene are 253 nmg/1 and 0.253 mg/1, respectively. Thus, the
benzene concentration in the oil has been reduced from 1000 ng/1 (originally)
to 253 mg/l. Wth further equilibrations, the benzene would eventually be re-
moved conpletely from the oil phase.

It becomes apparent, then, that the desired data, at l|east from a bio-
logical inpact point of view, are the total mass fraction of conponents that
will dissolve in a chosen period of tine under the dynanmic conditions described

above in which “clean” water is flowing past the oil. A published value for
this is about three percent (Mirray, et al., 1984). However, this nunber is
expected to vary fromoil to oil and especially for refined products such as
gasoline, which is known to contain large amounts of individually-soluble
aromatic conponents. The follow ng sections discuss a nunber of mathematical
nodels and experinmental nethods that have been used to obtain or predict the
necessary data to quantify dissolution.

6.9.2 Experinental Method for Measurenent of Total Soluble Fraction of Pe-
trol eum

When water is brought into contact with petroleumin a closed system
and allowed to equilibrate, mss transfer fromthe oil phase to the aqueous
phase takes place. A chenmical analysis of the resulting aqueous phase reveal s
that many conpounds are present. Repeated equilibrations of the oil phase with
clean water will eventually remove all of these individual conponents fromthe
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il . The follow ng discussion presents the theory and experinental protocol

for measuring the “total soluble fraction” of a crude or refined petroleum

Results from such experiments follow these discussions.

6.9.2.1 Theory

Consi der the Equilibration of a Volume of 01l with a Vol une of Water

v =volume of water

Vo-rvolume of oil

X=original nmass of the component of interest

Me- mass of component of interest in oil after equilibration
Mw-mass of component of interest in water after equilibration

Now define the volume ratio and partition coefficient:

r = volune ratio . Vv/vo

m concentration of conponent in oil M, Ve
- concentration of conponent in water1 " Vo w
at equilibrium
As mess is conserved, wite:
x =M +M, (62)

Now substitute in the above definitions and solve for the concentration of the
conponent in the water (M_/V.), which is directly observable.

M, = -X -MD (63)

e X - MV Mw (64)
Vw

- ox - —™w (65)
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M = rX - mMy (66)

w
rX
M = S ——————
v (rm) (67)
_Mw ) rX X
Vg V,( r+m) Vg (z+m) (68)

or inverting, wite

Vo ( r+m) (69)

Pl PN
[

Thus ,  since r and vo are known and (Vw/Mw) is the reciprocal of the concentra-
tion of the conmponent of interest in the water phase (which can be neasured), a
series of equilibrations of fresh oil with water at varying volune ratios (r)
will yield a plot (V /M, VS ry with slope v, /X and intercept (V m)/X. An
exam nation of the equation above indicates that a significant difference in
the measured concentration M /) W ll only be “seen” when r i s on the order
of m or Dbigger. Since typical oil-water partition coefficients for aromatic
hydrocarbons are in the range of 10°-10°, the series of equilibrations nust
include volume ratios in this range and larger if possible.

6.9.2.2 Experinental

In order to verify the above theory and measure the “total sol uble
fraction” of fresh Prudhoe Bay crude oil, the follow ng experinental protocol
was fol |l owed. A Ham lton S-1500 1.5 liter super-syringe, fitted with a luer-
| ock adaptor, was filled with approximately 1300 ml of seawater. All air
bubbl es were expelled fromthe syringe and then a known vol une of fresh Prudhoe
Bay crude oil was introduced to the syringe chanber through the luer-lock fit-
ting using a smller syringe of appropriate volune. The large syringe was
ti pped such that the displaced seawater could flow out of the 1luer-lock fitting
as the oil was added. A luer-lock valve was then attached to the large syringe

401



to close the system fromthe roomair. The syringe was then agitated (by hand)
continuous ly for 20 mnutes and then allowed to sit for an additional 40 mn-
utes with occasional agitation.

Next, the luer-lock valve was replaced by a 0.45 mcron filter and
luer-lock needl e. The syringe was then inverted and configured as in Figure
6- 3. A 1.0 liter round bottomflask containing 100 m of fresh hexane was
pl aced under the syringe so that the syringe needle was i mersed in the hexane.
This was done so that the seawater, after filtration, would not be exposed to
the roomair, thus preventing evaporation of volatile conpounds

The back-pressure created by the 0.45 micron filter was too large for
one person to filter the sea water so the platformarrangement in Figure 6-3
was constructed. Extra supporting rods (plungers) were added to the syringe
and attached to a wooden platform Lead bricks (-60 1bs) were then placed on
the platformto supply the necessary force to filter the aqueous phase. Ap-
proximately 1.0 liter” of seawater was filtered; the remaining water and oi
di scar ded. The seawater/hexane mxture was then put into a separator funne
and shaken. After settling, the hexane phase was renoved, and the aqueous
phase was extracted twice with 100 m of methylene chloride. The hexane and
methylene chloride fractions were then conbined and concentrated to approxi-
mately 1 m and anal yzed by GC-FID. An analytical standard m xture of typical
aromatic hydrocarbons was utilized to calibrate the chromatography.

The above procedure was repeated for varying volume ratios, e.g., r =
10, 10 7% 10°, 10°, 10°. Concentration versus r data were then prepared for
each peak in the resulting chromatograms and m (partition coefficient) and X
(original mss) were calculated. The follow ng section presents these results

6.9.2.3 Results

Fresh Prudhoe Bay crude oil was utilized wperformthe experiment de-
scribed above. Table 6-8 is a summary of the oil and seawater volumes utilized
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Figure 6-3. --Experinmental System Used to Measure Total Soluble Fraction
of Prudhoe Bay Crude Q.
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Table 6-8. --Volumes and Volunme Ratios for Experinent to Measure Total Sol uble
Fraction of Prudhoe Bay Crude Gl.

Equi l i bration G 1 Vol une Sea Water Vol ume Vol une Ratio
Sampl e No. (v,) vy, ) (x=V  /Vg)
1 B YTR 1.201 1.28 x10°
2 10 ui 1.321 1.32 X 10°
3 100 pl1 1.291 1.29 x10°
4 im 1l 1.301 1.30 x 10°
5 10 ml 1.31 1 1.31 x 102

Table 6-9. --Results of Partitioning Experinments, Compound of Interest:
2-Met hyl Napht hal ene.

Equi librium Concentration of Vol ume Ratio
Sanpl e No. 2- Met hyl - Napht hal ene (r)
6
1 0.39p9/1 1.28 X 10
2 3.53pn9/1 1.32 X 10°
4
3 7.6 ng/l 1.29 X 10
3
4 10.9 ug/l 1.30 x 10
2
5 25. 4 ng/l 1.31 x 10
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in five separate equilibrations. As shown, the volune ratio for these sanples
varied from 1.31 x 10°to 1.28 x10".

Table 6-9 presents the results of the experiment for one conpound,
2-nmet hyl  napht hal ene. Wien the data in Table 6-9 (I/concentration vs r) are
linearized, the following are the results:

/¢ = (1.95 x 10'6)r + 6.61 x 10°

correlation coefficient = 0.9995
Thus, from the theory presented above,

sl ope =vo/x= 1.95 x 107°

intercept = (mv )/X = 6.61 X 10°

Wien these equations are solved for the X/V. (original oil concentration) and m
(partition coefficient), we find:

x/v. =10.519/1
m =33,900

These values of X/V. and mare in the range of literature values.
Thi s analysis can be perfornmed on the other peaks in the ¢ trace with simlar
results.

In order to apply the above theory to determne the total soluble
fraction in (Prudhoe Bay) crude oil the chromatographic data from each com
ponent (that distributes appreciably) is linearized so that values for X/X and
m are found. Table 6-10 presents these data for all the observed conponents.
As shown in the table, the total concentration of distributing conponents is
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Table 6-10. --Partition Coefficients and Tota
Observed QG| Components.

O | -Phase Concentrations for

Retention Tine

Partition
Coefficient (m

O | -Phase Concentration
(x/Vgy)(g/1 )

O© OO ~Nool 1w

Table 6-11.--G oupings of |

3700
3700
4000
6400
5900
8800
10000
17000
41000
31000
59000
21000
34000
52000
148000

Oooocoocooo0o0000kR

Total = 6.21 g/1

ndi vidual Q| Conponents into "Pseudocomponents."

Ret enti on O | - Phase
Ti me m Concentration
3.14 3700 1.36
5.11 3700 0.31 }»
5.37 4000 0.84
6.11 6400 0.57
7.24 5900 0. 037
8.37 8800 0.064 f
8.69 10000 0.23
9. 38 17000 0.15

17.97 21000 0. 38
9.93 41000 0.69

11.10 31000 0.33

13.75 59000 0.15 B

22.58 34000 0.51

23.25 52000 0.37

27.51 148000 0.22
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6.21 g/1. This val ue does not, however, include benzene, which is the only 1low
mol ecul ar wei ght aromatic that cannot be measured with the capillary colum
used for the analysis. Quantitation of benzene could be achieved w th another
col um. Since the purpose of the experiment was to develop a technique for
measuring total soluble fraction (and not exact quantitative results), this
second colum analysis was not performed. Using the density of Prudhoe bay
crude oil (880 g/1) the total weight fraction of these soluble conmponents is
(6.21/880)(100) = 0.71% (excluding benzene) which is in line with estimates
fromthe literature.

6.9.2.4 Use of Experinental Data for Predictions of Water Columm Concentr a-
tions

The experimental data presented above (concentration and partition co-
efficient) are inportant because they indicate how nuch of the distributing
conponents are present in the oil and how large the driving force for dissolu-
tion is. They do not, however, represent the conplete set of data required to
assess water colum concentrations in dynamc systems, such as in the open
ocean or under ice. The renaining data needed are mass transfer coefficients
(K) , which indicate, in a |oose sense, how fast conponents can travel across
the oil/water boundary, and diffusivities (D), which indicate the speed at
whi ch conponents diffuse through the oil phase.

Once these data are known, mathematical nodels can be witten to pre-
diet the flux of distributing conponents into the water colum as a function of
tine. Then, if the flowate of water past the slick is known, the final water
colum concentration can be calcul ated. For exanple, in the case of oil in an
open ice lead, this flowate can be approxi mated as discussed in the follow ng
sections by the rate at which brine is formed and flows down into the water
col um.

SAI C and ot hers have neasured mass transfer coefficients and dif-
fusivities of oil conponents. One such experinent is described in Section
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6,8.3 of this report. In this experinent, il was spilled on a tank of
seawater and covered so that evaporation was prevented. Time series water
colum concentrations were then neasured and the data fit to a nodel to “back
out * mass transfer coefficients and diffusivities. Mass transfer coefficients
ranged from0.9to 2.25 em/hr, and diffusivities were found to be no | ess than
1.0 x 10°cm 2/sec. Cohen (Cohen, et al., 1980) reports mass transfer coeffi-
cients of about 1.0 em/hr. Liquid phase diffusivities are typically in the
range of10™° to 10" % cmdsec. Thus the experimental data agree well with the

literature.

The set of required kinetic and thernodynam ¢ data is thus conplete.
The discussions that follow present the sinple models that predict the flux of
components fromoil as a function of time, and then actual predictions utiliz-
ing the experinental data for Prudhoe Bay crude oil

6.9.25 Dissolution froma Wl l-Stirred Gl Slick into a “C ean” Water Col umm

Consider a slick of oil with volune V and area A in contact with a
“clean” (semi-infinite) water colum. A differential mass balance on a distri-

buting conponent of the oil is:

dc
dt

{O

=AK,(Cg-C, ) (70)

wher e
co = 0il-phase concentration

K,- wate r-phase mass transfer coefficient

C, -wat er-phase concentration
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and C ¥ is the hypothetical water-phase concentration that would be in equilib-
riumw th the oil-phase concentration. or,

m - Co/C*W (71)
where mis the partition coefficient. W now assume that the water phase con-

centration is zero (cw-O) since in general “clean” water will be flow ng past
the slick. Substitution of (71) into (70) gives

_dgco . A K
at VvV m

co (72)

The appropriate boundary condition is:

co =C00 at t-o0 (73)

The solution to (72) and (73) is:

co A
T = exp = ——— t]. (74)

An inplicit assunption for this nmodel is that the oil-phase is well-

stirred. This assunption elimnates the need for consideration of the diffu-
sion of oil conponents through the oil. This assunption will be evaluated |a-
ter when the experinental data are used as input to this nodel. Equation (74)

does show, however, that the required data (as discussed above) are the mass
transfer coefficients (K), partition coefficients (m, and initial oil-phase
Concentration (Coo), as well as geonetrical factors (A,V).
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6.9.2.6 Di ssol uti on of Prudhoe Bay Crude Q1| Conponents froma Slick

The nodel devel oped above enables us to predict the dissolution of
Prudhoe Bay crude oil froma slick using the experinental data above. One ap-
proach would be to apply Equation (74) to every distributing conponent using
the data from Table 6-10. This would be tedious, though, and woul d obscure the
point that will be nade. The approach taken here will be to “cut” the oil up
into four parts which we will call pseudoconponents. The pseudoconponents wl |
be conprised of individual conponents that have simlar partition coefficients
and thus simlar driving forces for mass transfer (into the water colum).
Tabl e 6-11 shows how these pseudoconmponents have been chosen. Each pseudocom-
ponent is assigned a partition coefficient which is the weighted average (by
concentration) of the partition coefficients of the individual conponents.

A typical value for mass transfer coefficient, 1.0 em/hr, will be
used. AV is just the inverse of the slick thickness. A typical slick thick-
ness of 1 cmwll be used, i.e. AV =1 cm'l. Wth these data and those from
Table 6-11, Equation (74) predicts the following half-lifes for the pseudocom-
ponents in the oil:

Pseudoconponent Hal f-life (1 cm slick) Hal f-1life (1 mm slick)
1 110 days 11.0 days
2 0.95 yrs 34.5 days
3 4.0 yrs 146 days
4 -0a ~c0

These results indicate that dissolution froma well-stirred oil slick will not
result in significant water-phase concentrations of distributing conponents.
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Now return to the discussion above about the nechanical state of the

oil. If the oil-phase was nodel ed as a stagnant slick rather than wellstirred,
t he diffusivity of the pseudoconponent would have to have been consi dered.
However, if this were done, the half-lives calcul ated above would be even

| onger because of the added resistance to mass transfer within the oil- phase.
Thus , the sinmple ‘well-stirred” nodel is sufficient for the purpose here, that

being to illustrate the very slow rate of dissolution from slicks.

Anot her possi bl e nechanism for transport of oil conponents to the
water phase is dissolution fromsnall oil droplets that have been dispersed
(mechanically or chemcally) into the water colum. The follow ng sections

expl ore this nmechani sm
6.9.2.7 Dissolution from G| Droplets into an Infinite Water Colum

Consi der a spherical oil droplet of radius a in an infinite well-
stirred water colum (r>a). Let the diffusivity of an oil conponent be D. The
concentration of the conponent in the droplet is Co, initially Coo. The water
colum concentration is CW‘ The diffusion equation for the conponent in the

oil is
2
—dcoq, , 2C 2 _3c (75)
dt [3r2 r or

At the oil/water interface, the diffusive flux nust equal the flux of conponent

across the interface:

C
ADTQ‘ Ak (¢’ .c) (at r = a) (76)
r w w
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wher e
K, = wat er - phase mass mass transfer coefficient
A = droplet surface area
* o : ) . o : -
C*, = hypothetical water-phase concentration in equilibrium with oil-phase
concentration
such that m - Co/c*W (77)
The appropriate initial condition is:

CO = CO00 (t =0) (78)

The system of Equations (75), (76), and (78) can be solved by the
met hod of Laplace Transforms. Carslaw and Jaeger (1959) present the sol ution:

co he  (@% )+ (1-an)?

- — Sl
€00 " am10d Ea12132+ ah(ah-l)l

2
- @
n (@ r) sin(®ja) &P “A (79)

wher e h = kw/Dm (80)
and an are roots of:
(aan) cos(aan) - (l-ah)sin(aan) for n-123 .... (81)

Thus ,  Equations (79-81) conprise a nodel for the prediction of disso-
lution fromoil droplets.
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6.9.2.8 Dissolution of Prudhoe Bay Crude Q| Conponents from Droplets

The nodel above (Eqs. 79-81) has been progranmed on the SAlIC conputer
so that predictions can be plotted. A code listing of this nodel is presented
in Appendix B of this report: Code Description for Conponent-Specific Dissolu-
tion from Droplets. The data presented bel ow utilize the sane experimental
data as before with the addition of a value for the oil phase diffusivity, D,
of 1X10-° cmz/sec (a typical value found in the literature). Once again, the
pseudoconponent approach wll be taken.

Figures 6-4A through 6-4C present plots of the average dinensionless
concentration of the pseudoconponents in the oil phase as a function of tine
for three different droplet radii. These average concentrations are obtained
by integrating Equation (79) over the range O<r<a and dividing by the vol une of
the drop (4/3 1ra3).

As shown in the plots, the half-lives for the three pseudoconponents
are very sensitive to drop radius. For drops of radius 10'11cm the half-life
of Cut 1is about 3-4 days. This value drops to a few hours for drops of radi-
us 10°% cm  The reason for this decrease in half-life is the increased amunt
of surface area of the drops in proportion to their volume. It beconmes very
inmportant then to predict the drop size or size distribution in order to nake
accurate estimates of the flux of soluable oil conponents into water.

The results presented in Figures 6-4A B and C agree well with an
approxi mate equation for dissolution half-lives given by Mickay, 1983.

6.9.29Summary and Inplications for Gl/Ice Systens

The preceding sections have illustrated two inportant facts concerning
oi | dissolution:

1) Petroleumis a conplex mxture of conponents whose dissolution be-
havi or cannot be described sinply by a single neasurement of
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“volubility. ” Such a description requires both kinetic and
thernodyanm c data. Methods of neasuring these data and nat hemat -
ical nodels to predict dissolution using them are given.

2) Oil dissolution from an oil slick is a very slow process. Disso-
lution from very snall oil droplets is nuch faster, chiefly be-
cause of the increased surface area per volune in small droplets.

The first inplication of these facts is the need for research into the
nechanisn{s) that produce very small oil drops (5-50 mcrons). This droplet
size has a been observed frequently by many investigators but the details of
the process that creates themis not known (Shaw 1973; Cordon , et al. 1973).
In some oil-water-electrolyte systems, spontaneous oil-in-water emulsions form
in the absence of turbulence. Presumably, this “natural” process would be ac-
celerated by ocean turbulence. \Watever the nechanismis, however, nore infor-
mation i s needed before accurate prediction of droplet-size distribution can be
made.

Secondly, the results above indicate that unless oil droplets are bro-
ken up or formed from sub-surface turbul ence for under ice release (pipeline
rupture or blow out) very little dissolution will occur fromoil spilled under
ice. Typically, slicks under ice are on the order of centimeters thick (very
small surface area per volune) and are subject to small levels of turbulence.
Thus ,  the time scale for dissolution fromthese |arge pools will be very large
in comparison to the time scale for encapsulation of the oil into the ice. If
smaller oil droplets are distributed, as observed in wave tank sinulations
(Sections 4.2 and 4.4) or in simulated bl owouts under first year ice in the
field (DOVE, 1981) then dissolution would be significantly enhanced. In the
follow ng section, nodel-predicted water colum concentrations of total dis-
sol ved species as observed neasurenents are presented for a subsurface oil
spill under growing first year ice.

It is nore difficult to make such statenents about the |ater stages of
oil/ice weathering, i.e. , in the spring when the ice thaws. During this period
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(after release), the oil begins to spread (increase surface area) and the
hydr odynam ¢ conditions are nore turbulent. In addition, the oil cones into
contact wth the atnosphere so evaporation conpetes with dissolution. In gen-
eral, the conponents that dissolve are also very volatile in an evaporation
sense. For these reasons, the prediction of the oil droplet size distribution
as a function of hydrodynamc conditions and percent ice cover becones
inportant. As noted in Section 4.2, grinding slush ice can enhance smaller oil
dropl et di spersion.

The dissolution of oil in open leads during freezeup is sinmlar to
that during thaw. The mass transfer fromthe parent slick will be slow, but if

smal | droplets are being produced that transfer would be increased.

6.9.3 Determination of | ce Production and Salt Rejection Rates in Open Leads

The follow ng nodel for ice production and salt rejection rates is
primarily based on the nodel of Bauer and Martin (1983). Qther simlar nodels
are also avail able (Schaus and Gait, 1973; Foster, 1972). The nodel used here
has been sinplified and nmodified to obtain order-of-nmagnitude estinates of
brine flow rates.

The ice production rate is a function of the heat fluxed through the
open | ead. The nodel presented is only applicable for open water. Salinity
pl umes occur under all freezing ice but at nuch |ower rates of ice production
and salinity rejection. Bauer and Martin (1983) estimated coverage times for
leads of various size, wnd speeds and air tenperatures ranging fromthree
hours for a 50 mfetch at -40°C with wind speeds of 10 nms to 200 hours for a
500m fetch at -10"C and 90 m's winds. Twenty-four hours for coverage seens to
be a reasonabl e average tine for a small fetch (250 M) with mld winds (20 nls)
and tenperatures -20°C. The calcul ated heat flux values are therefore reason-
able for times of hours to a few days.
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The total heat fluxed is Q where
Q' QH + QE (w/mz)

and QH -sensi bl e heat flux
= (0.485 k,+ 1.9 wz)(Tw-TA)
k,= 8.0 +0.35 (TW'TA)
- wind speed at 2 m (n's)

‘2
CA - air temperature (“C)
“y " wat er tenperature (°C)

QE = |atent heat flux
—(0.761:n + 2.95 Wz)(esw'ea)
ea = atnospheric va por pressure (mbars)
“Su” saturated water vapor pressure (mbars)

@ often includes values for radiant heat flux which is gene rally small com
pared to Q and Qg and close to zero in cloudy weather or with very thin ice

cover (10'6 ¢y . For this nodel, radiant heat flux is assumed to be zero.

The ice production rate is then (from Bauer and Martin, 1983)

3.6 Q* (82)

| (kg/m? hr) =
{L - CP T

w'
freshwater |atent heat of fusion
335 kI/kg

specific heat of ice

2.12 kI/kg°C

water temperature (“C)

O =
I8 =

w

The tenperature of the sea water at freezing can be obtained from tables of
freezing tenperature versus salinity (the freezing tenperature of 31 Qoo water
is -1.73°¢c). A fornula for this relationship is given by (Zubov, 1943)
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Tg( ‘C) - -0.054 $(°/00) (83)

Salinity rejection rates are based on ice production, where the anount
of ice formed gives a direct indication of the salt rejection. There is con-
siderable disagreenent in the literature as to the amount of salt retained in
new y-formed ice. Bauer and Martin (1983) assume that no salt is retained;
Foster (1972) assunes the ice hasa salinity 30 Qoo |ess than sea water (4
/00 in ice for 34 °00 water): and Schaus and Gait (1973) assune 8 °/co.
Zubov (1943) relates observed val ues of 5-10 Qoo for an air tenperature of
-16°C to -40°C with the maximum observed salinities at 25 Qoo (also at
~-40°C). Ice salinity is a function of air tenperature, age and speed of for-
mation with salinity decreasing wth age of the ice (see for exanple, Tables
4-2, 4-10and 4-12 for sea ice salinities measured in this program. Foster
(1969) al so observed experinental ice salinities of 25 Qoo to 30 °/oo.

For this nodel, it is conservatively assuned that new y-forned ice

contains 10 °/00 so that the salt rejection rate becomes

®
S _(kg/lf hry = 3.6 Q S (s - 10) (84)
(L -Cp Ty ) (1000 -5 ) S

Using Equations (82) and (83) and values for L and CP' Equation (84) becomes

3.6 (S - 10)
(335 + 0.114S) (1000 - S)

S (kg/m2hr) =

or

0.001 0*(S - 10)
(335 + 0.114s) (1000 - S)

s (kg/“m2 8) =
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6.9.3.1 Salinity Plumes and Salt Fl ux

Table 6-12 gives a summary of salinity values for the top and bottom
of plunes associated with open |eads (Payne 1985). The average val ue observed
at the surface is 32.9 ‘/oo and at the bottomis 33.8 Qoo giving a difference
of 0.9 OO0 Salinity profiles observed by various authors show a w de varia-
tion in surface values and bottom val ues; the nunbers considered here are used
to obtain rough estimtes only. A difference of 0.9 %/oo may, in fact, be
hi gher than ot her observed val ues (Foster, 1972) for open |leads, but this would

yiel d conservative results for estimating flow rates.
The salt fluxed fromthe surface may be determ ned using the equation

Salt Fluxed (kg/n’) - AS s
= density of sea water
= 1.023 gm/cm3 at 0°C

wher e Psu

For the data from Table 6-12, this value is approxi mately
Salt Fl uxed (kg/ms) = [0.9gn 1000gnBW [1.023gmswc?n’][kg/1000gm] [100cm/m]3
0.92 kg/n
6.9.3.2 Volunetric Flow Rates

A volumetric flow rate may now be determned from the previous calcu-
lations and assuned val ues.

salt Rejection Rate (kg/mf 8)

Vo 1 Flow(m3 /s) =
per unit surface area Salt Fluxed (kg/m3 )
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Table 6-12. --Sunmmary of Salinity Plume Masurenents
(see also Table 5-8).

Site Repth So Sp Ds

10 30m 33.1 ppt 33.9 ppt 0.8 ppt
11 28m 33.2 ppt 33.9 ppt 0.7 ppt
12 24m 32.4 ppt 33.8 ppt 1.4 ppt
13 27m 32.8 ppt 33.7 ppt 0.9 ppt
14 29m 33.3 ppt 33.9 ppt 0.6 ppt
16 29m 32.5 ppt 33.8 ppt 1.3 ppt

so = asurface neasurenent
S,= at bottom nmeasur enent

Table 6-13. --Heat Flux Values from Bauer and Martin (1983) with
Corresponding Rejection Rates Based on a Salinity of 32.9 °/,, and
Vol unetric Flow Rates.

Air Tenp Water Tenmp Wnd Speed Heat Flux Salt Reject Vol. Flow

Rat e Rate *

(°C) (°C) (n's) (W/n? ) (kg/m?s) (m3/s)
-10° -2° 10 290 2.0 E-5 22 E-5
30 700 4.9 E-5 5.3 E-5

90 1850 1.3 E-4 1.4 E-14

-20° -2° 10 600 4.2 E-5 4.6 E-4
30 1350 9.4 E-5 1.0 E-4

90 8500 2.4 E-4 2.7 E-4

-30° -2° 10 940 6.6 E-5 7.1 E-5
30 2000 1.4 E-4 1.5 E-4

90 5200 3.6 E4 3.9 B4

-40° -2° 10 1330 93 E-5 1.0 E-4
30 2700 1.9 E-4 2.1 E-4

90 6900 4.8 E-4 5.2 E-4

* per unit surface area
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A summary of heat flux values from Bauer and Martin and salt rejection
rates calculated fromthe assumed initial salinity of 32.9 Qoo is given in
Table 6-13. Vol unetric flow rates were also calculated using the salt fluxed
value of 0.92 kg/nmi. This gives a range of flow rates that might be used to
transport dissolved species to the bottom water layers.Achangeininitial

salinity to 35 Qoo with no change in As will lower the volunetric flow rates
by one order of magnitude while using the increased salinity and decreasing As
by one half will halve the flow rates so that wthin reasonable estimtion

ranges, changes in salinity values have only small affects on the results.

6.9.4 Di ssolved G| Concentration Transported to Bottom Waters

The results of the last two sections can now be used to estimate the
maxi num di ssolved oil concentration in water under form ng ice. The di ssol u-
tion rate of oil froma slick is considered to be the sumof the dissolution
rates of pseudoconponents (these dissolution or volubility pseudoconponents are
not strickly the same as those used when considering volatility). From Section
6.9.2 the concentration of individual pseudoconponents in the oil phase is:

Co = € exp [-.‘AT Lm.'_rl (86)

The environnental tenperature is used inplicitly in the dissolution calcula-
tions through the tenperature dependence of the partition coefficient, m This
tenperature dependence is ‘weak”, and as a result, the water tenperature due to
thermal coupling, is always used to specify the environnental oil tenperature,
even though the air tenperature may be different.

The massyof each pseudoconponent is (assumng the volune is roughly constant)

y-c°vexp["%'u'r] (87)

o m
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Differentiating FEquation (87) yields an equation for the rate of |oss of mass

( -dy/dt)

o m

(-8 - o v e [ At ] (%

Sinplifying and dividing by A gives the rate of loss of mass per unit area.

4y, ©° _Ex.-
nm

~A Ky .| (89)
dt o v T

[

At T - 0, when the dissolution rate is at its naxinmm

(90)

Ay oK
ac T m

This result indicates that the initial rate of |oss of nmass is inde-
pendent of the thickness of the slick. This appears to be a contradictory to
the results of Section 69.2in which it was found that increased surface area
per volume increases nass transfer rates fromslicks. It is only for the spe-
cial case of r - 0 that the rates are identical. At later times, mss transfer
i s enhanced for thinner slicks (larger AV).

For the first dissolution-pseudocomponent, the nmass concentration is
about 0.3 percent, the ‘mvalue” (partition coefficient) is 3800, and the bul k
oil density is approximately .88 gin/cc. Thus, the rate of loss of mass of
pseudoconponent 1 (per meter squared area) is:

4 2
dy - {(0.003) (.88 gm/cc) (1l cm/hr) 10" cm/m = 0.007 g/hx/u\2
dt 3800 0 17 2
= 0, g/day/m

The (water) flow rate per square neter due to a salinity plune is
approximately 1 x 10-4 m/sec or 8.64 ni/day or approximtely 8.64 x 10°g/day.
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Therefore anupper bound estimte of the dissolved oil concentration of pseudo-
component one in the water due to dissolution froma slick is approxi mtely:

2
_Jl.ll_nldeaum__ = 0.02 ppm
8.6 x 1 0" g/day/m2

For pseudoconponents two and three the dissolved concentrations are 0,003 and
0.0015 ppm respectively, giving a total dissolved concentration of 0.025 ppm
It nmust be enphasized that these cal cul ations are based on the pseudocomponents
as defined in Table 6-10. These are not the sane pseudocomponents that are
used in evaporation calculations. Thus, these dissolution pseudoconponents are
to be used only in the scenario described. Further, these calculations illus-
trate how the dissolution (or partition coefficient) is used in the prediction.
Because all conpounds have a finite partition coefficient, they can be trans-
ported, albeit the transport could be quite snall.

As mentioned in Section 6.9.2, however, dispersion of small oil drop-
lets can significantly increase the dissolution rates of the pseudocomponents.
A 600-fold increase in droplet dispersion rate and conconmitant increase in dis-
sol ved conponents was neasured in the cold-roomtest tank imediately after the
introduction of 4-6 cmwave turbulence (Section 4.2.2). This was primarily due
to small-scale turbulence in the undulating ice field. Thus, in order to cal-
culate an estimated rate of mass loss froma slick that has undergone disper-
sion, the following particle size distribution will be used.

dropl et dianeter g of total mass of dispersed oil
10 pm 30%
100 pm 50%
1 mm 20%

The above droplets sizes were chosen so that the results of Section 6.9.2
(Figures 6-4A, B and O can be utilized to calculate initial mss |oss rates
from droplets, and thus water phase concentrations. For these calcul ations,
the initial slope of the plots is used to calculate the initial rate of |oss of

mass fromthe oil droplets.
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Two hypothetical situations will be considered: a 2 cmthick slick
with 10% dispersion and a 1 mmthick slick with 10% dispersion. Tables 6-14
and 6-15 present the results. The total mass loss rates in Tables 6-14 and
6-15, when divided by the calculated volunetric flow rates (Section 6.9.3),
give total estinmated water colum dissolved concentrations of 3.1 and 0.18 ppm

respectively.

It should be noted that the above cal cul ations do not consider evap-
oration and they represent an upper bound calculation. The water that flows
past the oil at the initial noment of the spill will eventually mx with |ess
concentrated water and thus be diluted

The cal cul ations above do not consider, however, the dissolution of
benzene. Thus , the results presented here coul d possibly be low by a factor
proportional to the the concentration of benzene in crude oils (or refined
products) relative to the other water sol uble compounds which were neasured.

The results presented in this section illustrate and reinforce those
of Section 6.9.2. The rates of dissolution of oil components into the water
colum are strongly dependent on the surface area to volume ratio. Wen snal
dropl et dispersion occurs before significant evaporation takes place, dissolu-
tion of hydrocarbons becones an inportant process. This inportance is not due
to a large inpact on the mass balance of the slick itself, but rather because
of the possible transfer of oil conponents to localized water bodies or flows,
such as brine drainage from a |ead.

6.10 THE MV CEPHEUS SPILL - SAIC MODELLING AND ANALYTI CAL SUPPORT TO NOAA
RESPONSE

6.10.1 Background of the Spill Event

The MV Cepheus grounded at approximately 0640 hours (1-21-84) on the
shallow point on the western side of Knik Arm al nost due west of Carin Pt. An
estimated 200,000 gal (-4800 bbls) of JP-5 (Jet A) aircraft fuel had been |ost
during both the grounding incident and movenent of the ship to the dock. NOAA
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Table 6-14. --Initial Mass Loss Rates (g/day/m) for 2-cm Slick
and 10z Di spersi on.

Source pseudocomponent
1 2 3 Iotal
Parent slick .17 . 028 0.012 0.21
1 Omam 15.8 2.1 1.9 19.8
loom 5.3 0.40 0.33 6.0
lmm 0.2 0.014 0.01 0.22
Tot al 26. 21

Table 6-15. --Initial Mass Loss Rates (g/day/nf) for |-nmm Slick
and 10% Di spersion.

Source pseudocomponent
1 2 3 Iotal
Parent slick A7 0.028 0.012 0.21
1 Omm 0.79 0.11 0.10 1.0
| oom 0.27 0.020 0.017 0.31
1mm 0.01 0. 0007 0. 0005 0.011
Tot al 1.51
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trajectory estimates suggested that JP-5 nay have been deposited in the nud
flats w0 twenorth of the grounding site as far as Sixmile Creek (about half
way between Carin Pt. and Eagle River). Wth subsequent tides, the spilled
product may have noved to the southwest at |east as far as Fire Island. At the
time of the grounding, ice coverage was estimted to be -60-80% and the air
tenperature was in the -23 to -32°C range.

6.10.2 Cbservations and Activities Conpleted During the Site |nvestigation

SAIC (J. Payne and D. McNabb) visited the spill site, collected
samples of both JP-5 and seawater containing the spilled product, and nade
visual observations of the spill behavior. Visual exanmination of “Chain of
Custody” JP-5 sanples collected by the Coast Guard showed the material to be a
cl ear, | owviscosity and low density (0.7 - 0.8 g/m) fluid, which was quite
simlar in appearance to intermediate distillate cuts of Prudhoe Bay Crude,
distilled into fractions for GC characterization (see, for exanple, pp 3-28 to

3-40 of Payne et al., 1984a).

At approximately 1600 hours on 1/28/84, pancake ice ranging in size
from1-3 neters (diameter) and ice rafts approaching 10-20 neters (across) were
fast against the ship. Wth the ice cover pressing against the ship, no evi-
dence of any spilled product (JP-5) could be observed froma distance of 5 to
10 neters above the surface. Wth the outflow of the ebb tide current around
1615 hours, several 10-20 neter wi de |eads opened adjacent to the hull and JP-
5 coul d be observed bubbling to the surface (Figure 6-5). The fuel appeared as
a dull grey filmagainst the opaque olive-green color of the sedinment-|aden
water. No color sheen was observed. Wth the outgoing tide the oil and broken
ice noved parallel to and away fromthe vessel at an estimted speed of 1-2
knot s. The oil was not visible after a distance of 10-20 nmeters. Very little
could be done to contain the spill in the presence of the noving ice. Aso,
contam nation of intertidal nud flats in the Knik Arm and south of Anchorage
was of concern, and during the 1-28-84 overflight there was one |ocation south
and west of Fire Island where the presence of surface product was suspected.
It was extrenely difficult, however, to document the extent of this spill from
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Figure 6-5. --Sanpling JP-5 fromthe MW Cepheus. Wth inconing tides the ice
was pressed fast to the hull. As the tide ebbed, an open |ead approxi mately
4 mwde was generated and the oil could be observed surfacing as a dull sheen
after its release froma belowwaterline rupture in the nunber 2 hold.
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helicopter or fixed wing aircraft overflights due, in part, to the fact that
Cook Inlet in the Anchorage area was covered at the time by 50-80%ice.

Approximately 3 liters of the JP-5 cargo were obtained from the punc-
tured hold of the Cepheus. The JP-5 cargo anal yzed by FID-GC at the Kasitsna
Bay Laboratory was characterized by n-alkanes rangi ng fromnC6 through nCl6,
with the maxi num n-alkane concentrations between nClO and nCll. The chromato-
graphic profile also showed evidence of numerous branched and cyclic aliphatic
and alkyl-substituted arommtic conponents. Table 6-16 illustrates the types of
conponents which could be present in each of the distillate cuts (data from
Prudhoe Bay Crude Q1) as re-defined to produce the synthetic JP-5.

A True Boiling Point (TBP) distillation on the bulk sanples was per-
formed to allow additional JP-5 characterization. Physical properties data for
five distillate cuts of the JP-5 are presented in Table 6-17; FID-GC chromato-
grams of whole fuel and of the corresponding distillate cuts are shown in
Figures 6-6 and 6-7. From conparisons with FID GC chromatograms of Prudhoe Bay
Crude distillate cuts (see Payne et al. , 1984a), it is apparent that the JP-5
is generally devoid of nmany of the higher boiling conpounds that conprise the
heavier distillate cuts and pot residue of the crude oil.

Partition coefficients or Mvalues were determned for specific conpo-
nents of the JP-5 by layering 3 ml of the jet fuel on top of 37 m of seawater,
allowing the oil and water phases to equilibrate, and then analyzing the rela-
t ive concentrations of individual compounds in each phase. The neasured
Mvalues for several aromatic conpounds present in the JP-5 are shown in Table
6-18. Conpounds with |ower Mvalues are nore soluble in seawater, and thus
have a greater tendency to partition fromthe oil to the water phase. Chroma-
tograms Of extracts of the oil and water phase are shown in Figure 6-8. These
chromatograms indicate that a relatively greater proportion of the |ower nole-
cul ar wei ght conpounds partition fromthe oil into the water phase.
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Table 6-16.--Distillate Cut Boiling Point Ranges and the Associated Aliphatic
and Aromatic Conponents of JP-5 fromthe M/ Cepheus Spill.

P.B. Crude JP-5 Boiling Point n-alkanes in CEPHEUS Aromatics th at E{_occur
cut NO. Cut no. (OF) JP-5 Cargo *,*** within bOiliﬂgm ht range**
2 1 186 - 212 (:6 - (:7 benzene, toluene
3 2 213 - 257 (:8 - (:9 ethyl benzene; o,m,pxylenes
cumene, n-propylbenzene
4 3 258 - 302 KOVAT 950 - 1030 p-cumene, mesitylene
5 4 303 - 347 KUVAT 1040 - 1150 butylbenzene, C, benzene
6 5 348 - 392 KOVAT 11% - 1230 naphthalene, benzothiophene
n-hexylbenzene
7 6 393 - 437 KOVAT 1230 - 1380 l-methylnaphtha lene,
biphenyl,2,6 dimethyl -
naphthalene
8 7 438 - 482 KOVAT 1380 . 1490 (?) naphthaiene
9 8 483 . 527 n(:15 - nC16 trimethyl naphthalene

* bOi]iﬂg point range estimated from data 1N Payne €t al.

(1984)

** gromatics chromatography within the respective n-alkane Kovat index range

*** Kgvat Retention Index (Kovats, 1958)

and fluorene
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Tabl e 6-17. --Physi cal

Properties of JP-5 and Prudhoe Bay Crude Distillate Cuts.

Sanpl e Cut Density | viscosity |Oil/Air Interfacial | Oil/Water Interracial
(a/ml) |centistokes] Tension(dynes/cm) |Tension (dynes/cm)
J-5 cuts3 746 0 842 43.8 27.3
¢ Cat 6 162 941 37.6 27.7
. cut9 .770 1.18 36.7 28.0
. cut 12 . 790 1.65 36.7 30.4
" CQut 15 826 2.66 390 29.1
Prudhoe Bay Cut 2 734 . 632 41.9 25,7
moom Cut 4 .770 . 822 35.0 26.6
“ . Cut 7 822 1.7% 34.0 29.8
n e Gt 9 .848 3.21 29.0 31.%
® " Bottam 937 407. 30.3 35.5
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Distillate Cuts of JP-5 Jet Fuel:

Figure 6-6,--FID-GC Chromatogra;s of
(B) cut 3 (280-293°F), and (C) cut 6

(A) whole fuel before distillation,
(313~324°F).
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Figure 6-7.--FID-GC Chromatograms of Distillate Cuts of JP-5 Jet Fuel:
(A) cut 9 (347-370°F), (B) cut 12 (415-437°F), and (C) cut 15 (482+ °F)
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Tabl e 6-18. --MValues and Concentrations Determned by Partitioning
JP-5 Jet Fuel Against Seawater.

Concentration (ug/g)
Compound Oil Phase Water Phase | M-Value®
Ethylbenzene 378 113 3350
m & p-xylene 2660 .549 4850
o-xylene 4670 .401 11600
1,3,5-trimethylbenzene 4430 .0701 63200
C3-benzene 2840 .113 25100
C;-benzene 17300 .322 53800
C4-benzene 4060 .194 20900
Tetramethylbenzene 1690 .198 8540
Naphthalene 3160 .187 16900
2-methyInaphthal ene 6830 .0933 73200
a - the M-value is defined as the oil phase concentration divided by the

water phase concentration at equilibrium.
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Several weathering sinulations were run on JP-4 (already in theModel
code) and on a “synthesized” JP-5 fuel (made by conbining distillate cuts of
fractionated Prudhoe Bay crude oil, as described below, to obtain a real-time
estimate of JP-5 weathering behavior). Exam nation of estinmated boiling point
ranges for Jet Fuel, as provided in Curl and O Donnell (1977), suggested that
JP-4 may be too volatile for adequate sinulation of the behavior of the cargo
lost fromthe MV Cepheus. Therefore, a “synthetic” jeefuel was generated for
model sinulation by conbining PB crude oil distillation cus3 through 9 (boil-
ing point 257" to 527°F) and cuts 2 through 9 (boiling points 212° to 527°F)
(data for Prudhoe Bay crude oilaegivenonpageB-43 of Appendix B in Payne
et al., 1984a) . Gas chromatographic and physical properties anal yses denon-
strated that the choice of cuts 2 through 9 provided the best match with the
cargo lost fromthe vessel (see Table 6-17).

oilweat hering simulations were run on the SAIC conputer system for
the sinmulated JP-5 mixture at tenperatures of -20 and O‘F with a 10 knot wi nd.
Data were obtained out to 200 hours and subsequently provided to USCG and NOAA
per sonnel . Model simulations indicated that 60% of the cargo would still pre-
sent after 10 days at -20°F with a 10 knot wind. This estinate agreed with

val ues predicted by the HAZMAT group for jet fuel evaporation at various tem

perat ures:
HAZMAT DATA

Tenperature Percent Remai ning

Day 1 Day 2 Day 3 Day 4 Day 5
10" C (+32°2) 67 48 36 29 23
-10"C (+14°F) 81 67 56 48 42
-20°C (-4°F) 90 81 74 67 61
-30°C (-22°F) 94 90 85 81 7

The G| Weathering Mdel output at -20°F showed al nost no additional mass |ost
in the 5to 10 day interval; thus, the overall mass balance of the slick pre-
dicted by the two nodels was simlar.
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7.
QUALI TY ASSURANCE/ QUALI TY CONTROL PROCEDURES | MPLEMENTED
AS A COWONENT OF THE ANALYTI CAL PROGRAM

The results of environmental neasurenents are only valuable insofar as
they are accurate and precise. This is particularly true if results of the
measurements of chemcal |evels or properties fromthis programare to be used
for predictive assessments in decision-making processes. Therefore, particular
attention toward generating reliable data has been an inportant consideration

during the experimental stages of this program

The specific QA/QC neasures taken during various experinents included
the routine analysis of system and nethod bl anks, replicate sanpling and
anal yses, spike and recovery tests for matrices of interest, and instrunmenta
recalibration at prescribed intervals. This section presents the results of
the experinental QA/QC data generated during the program as well as pertinent
results fromour participation in the NOAA Status and Trends interlaboratory

intercalibration programin force during the conpletion of this project.

7.1 WAVE TANK STUDI ES

Prior to all of the oil/ice interaction experinents conducted in the
cold room at Kasitsna Bay, anumber of QA/QC neasures were undertaken that
primarily addressed seawater extraction efficiency and potential contanmnation
sour ces. The experinental wave tank used for studies was scrupul ously cleaned
by 1) physical renoval of residual oil remaining fromany previous spill exper-
iments, 2) thorough solvent washing, 3) soap and water washing and 4) allow ng
the systemto flush with seawater. A seawater/nethod bl ank was anal yzed before
experinental spill initiation to ensure that all residual sources of contam na-
tion had been removed. An exanple of an FID-GC chromatogram depicting such a
wave tank blank is presented in Figure 4-14A.  Furthernore, the sanple prepara-
tion nethod was investigated for extraction efficiency by conducting two spike
and recovery experinents. In the first of these tests, known quantities of
aliphatic and aromatic hydrocarbons were spiked directly into clean seawater
before sanple extraction. Conpound recoveries are presented in Table 7-1.
Approximately 81% of the aliphatic and aromatic hydrocarbons were recovered in
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Table 7-1. --Kasitsna Bay Spike and Recovery Experinent Results.

Recovery (9

S&R Test Aliphatic Aromatic
Seawat er Extraction 81.0 80.6
Filtration Systeni(D ssolved) 40.7 77.6
Filtration Systeni(Dispersed) 63. 4 18.7

““Dissolved indicates the seawater filtrate, while “dispersed”
refers to the extracted filter pad.

this seawater extraction. In the second test, known anounts of aliphatic and
aromatic hydrocarbons were introduced to a seawater sample. The sample was
then filtered by the nethod described in Payne et al. (1984a). The seawater
filtrate (“dissolved” oil) as well as the filter pad (“dispersed” oil) were
then extracted and anal yzed separately. For the sum of the “dissolved” and
“dispersed” fractions (Table 7-1), 104% of the aliphatics and 96% of the
aromatic hydrocarbons were recovered.

During various wave tank experinents, routine analyses of replicates
were conducted for seawater hydrocarbon chemstry, surface oil, dispersed oil,
seawater and ice salinities, and surface tension neasurements. The results of

(primarily) duplicate sanple analyses are presented in Tables 7-2 through 7-6.
These results give indications of experimental and instrumental precision.

Table 7-2 shows results for individual conpound concentrations for
duplicate seawater sanples from one hour, six hour and 12 hour post-spill
sanples from a wave tank experiment. Good agreement was observed for each set
of duplicates.

437



Table 7-2. --Results of Duplicate Water Sanple Analyses,

Concentration(ug/1l)

1 hour 6 hours 12 hours
Conpound Repl Rep2 |Rpl Rep2 |Repl Rep?2
Toluene 9.46 15.9 7.87 5.57 5.30 5.70
Et hyl benzene .961 1.66 . 829 . 626 . 648 . 708
m&p-xylene 2,97 4.99 2.58 1.93 2.00 2.17
o-xylene 1,41 2.38 1.21 . 927 . 930 . 995
| sopropyl benzene , 101 ,159 .0702 .0582 .0665 .0712
n- propyl benzene , 138 . 240 . 104 .0860 .0985 .105
C,-benzene 478 . 822 . 402 . 302 . 307 . 353
C,-benzene . 148 . 269 .114 . 0923 . 104 122
TPi et hyrbenzene . 209 . 358 17T 137 . 145 157
C-benzene .536 . 924 449 . 356 . 381 . 406
C; -benzene . 322 . 553 . 293 . 227 . 232 . 257
Tét r anet hyl benzene . 104 . 152 . 0673 . 0796 . 0511 . 0659
Napht hal ene . 468 . 847 . 485 371 . 327 . 363
2-met hyl napht hal ene .302 .514 . 275 . 205 . 196 . 218
1,1’ -biphenyl , 0511 . 0348 ND ND ND ND
2j 6- di met hyl napht hal ene .0903 . 152 . 0531 . 0403 . 0387 . 0431
C- napht hanl ene . 0959 . 183 . 0478 . 0350 . 0319 . 0374
C,-naphthalene . 0216 . 0360 ND ND ND ND
€% nappht halene 0170 .0292 ND ND ND ND
2,3, 5-trimethyl napht hal ene .0214 . 0341 ND ND ND ND
Di benzot hi ophene . 0206 ND ND ND ND
Phenant hr ene .0220 ND ND ND ND
Unresol ved Conpounds 8.93 8.65 3.19 2.84 4.57 5.43
Total Resol ved Conpounds 21.3 34.9 16.8 12.9 12.3 13.6
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Table 7-3. --Results of Replicate QI Sanple Analyses.

Hydrocarbon Concentrations (ug/1)
Total Resol ved Unr esol ved Conpounds

Sanpl e Rep 1 Rep 2 Rep 1 Rep 2
36 hour 80.7 91.7 191 155
1 year residual 6. 89 7.90 78.3 74. 4
Stranded 1 year 3.07 4.89 38.6 59.2
3 hour 41.3 31.3 96. 6 83.2
3 day 33.6 27. 4 113 123
Starting Crude 107 68.0 229 236

Duplicate oil sanple analyses were conducted on starting Prudhoe Bay
crude, 3 hour, 36 hour, 3 day post-spill and one year residual oil sanple from
wave tank experinents. These results for total resolved and unresol ved com
pounds are presented in Table 7-3. As seen, duplicate analyes were in close
agr eement

Replicate filter pad (dispersed oil) sanples were extracted and
anal yzed at the six hour and 12 hour sanpling points from a wave tank exper-
i ment. These results are shown in Table 7-4. For these types of sanples

precision is relatively poor (as expected) due to the sonewhat random nature of
t he analyte.

Precision estimates for replicate salinity sanples are shown in Table
6- 6. The values presented are very close and indicate that he neasurenents are
very reproduci bl e.
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Table 7-4. --Results of Replicate Dispersed Ol (Filter Pad) Sanple Analyses.

Hydrocarbon Concentrations (ug/1)

Total Resol ved Unresol ved Conpounds

Sanpl e Rep 1 Rep 2 Rep 1 Rep 2
6 hours 20. 8 14. 4 7.29 8.35
12 hours 17.1 5. 88 23.1 7.41

Table 7-5. --Results of Replicate Salinity Measurements.

Salinity (0/00)
Sampl e Rep 1 Rep 2 Rep 3
D2 (field sanple) 18.0 17.5
I nconming Seawvat er 30.9 30.1 30.3
Tank Seawat er 30.4 31.0 30.5
| ce Surface (lcm) 56.0 59.3
6 hr Water 31.6 31.0
12 hr Water 31.1 31.2
24 hr Water 31.0 31.0

Table 7-6.--Results of Replicate Surface Tension Measurenents.

Surface Tension (dynes/cm
Sanpl e Rep 1 Rep 2
Starting Crude 32.0 31.5
4- days 32.6 33.8
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Replicate sanple neasurenents for bul k physical properties or oil were
not attemped for the nost part because of 1) the large volumes of oil required
for each paraneter and 2) the inaccessibility of oil in the seawater-ice sys-
tem  However, duplicate sanples were obtained for surface tension neasurenents
at the 4 day sanpling point in one experiment along with the starting crude.
Table 7-6 shows that precision was excellent.

Because sample collection, WOrk-up and anal yses were conducted conse-
cutively (generally on the same day), Qa/QC neasures related to sanple preser-
vation, transportation and storage were circunvented. However, consistent
instrunent response and reproducibilities were nonitored throughout experiments
by (at least) daily recalibration of the FID-GC and salinity meter. FID-GC
anal yses of routine nmethylene chloride solvent blanks also served as instrunent
bl anks to ensure that system contam nation from previous chromatogram carryover
was prevented.

The surface tension neter was initially calibrated according to in-
structions from the manufacturer. The instrument was then tested for accuracy
by conparing neasured surface tension values against those reported for two
sol vent s. The following lists these neasured values and the corresponding
literature val ues.

Surface Tension(dynes/cm

Measur ed Repor t ed
50/ 50 Met hanol / \\at er 33.3 34.5
\at er 75.3 73.1

Cood agreenment between neasured and reported values indicates that surface
tension determnations were accurate.
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7.2 GAS CHROMATOGRAM DATA REDUCTI ON

Hydrocarbon concentrations for individual resolved peaks in each gas
chromatogram were calculated on a DEC- 10 System Conputer using the fornula
given in equation 1. This particular exanple of the programis for analysis of
a seawater sanple. Operator-control l ed nodification of the DEC 10 program

allows simlar data reduction for sediment, tissue, or individual oil (nousse)

sanpl es.
ug conpound X\L seawater = (Ax) x (R.F.) X
P.L.u,+ 1, < Fre-C.S. Vol. < 100 < 100 1 (1)
Inj.S.Vol. Post-C.S.Vol, $NSL on LC  sDW/FW liters

wher e:

Ax = the area of peak X as integrated by the gas chromatography
(in arbitrary GC area units)

R.F. = the response factor (in units of ug/GC area unit)

P.I.V. + 1 the post-injection volume (in ul) fromwich a 1-ul
aliquot had been renoved for analysis by GC (measured by
syringe imrediately following sample injection)

Inj.S.Vol, = the volume of sample injected into the GC (always 1.0 ul

as measured by an HP Automatic Liquid Sanpler)

Pre-C.S. Vol . & the total solvent volumes before and after an aliquot is
Post-C.S. vol . renoved for gravimetric analysis on a Cahn electrobalance

§NSL on LC = the precent of sanmple non-saponifiable |ipid used for
Si 0, col utm chr omat ogr aphy

$DW/FW = the percent dry weight of wet weight in the sediment
tissue, or oil sanple being anal yzed

liters = liters of seawater initially extracted (or grans wet
wei ght of oil or sedinent).

During analyses of extracts, the Hew ett Packard 5840A gas chromato-
graph was recalibrated after every 8 to 10 injections, and individual response
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factors wereccalodlated ofée ralbrdeticted ‘evenmdndidd m- dltkanestrgtwedn nC8 and
nC32 « Concentrations of other ‘components (. g.; tbranched -and eyelicrabiphdtias)
that eluted between the/ mafor m<alkaned were'cdlculated -by-liréar ~irntevpébatbon
of the adjacent n-alkane ireésporise factors and “the unknown ‘compound peakhssKOVAT
index. 1In addition,” an‘arématic standard was -run ‘daily for rétemtionrtimesdex
termnations. By incorporating the post-injection volume (PIV)~into thé edlme
lation, the amount of hydrocarbons neasured in the injected sanple was con-
verted to the total hydrocarbon concentration in the sampls.:" ™ =% €.x

Unresolved. -complex mixtures. (UCM's) were medsured i triflicate by
planimetry. The ' planimeter “dred” wasrconVerted-to the:gas chromatogrdphbs
standard area wunits at a4 given attenudtion and then quantified-usingible

average response factors for &ll mn-alkanes occurring within the 'GCélution

range of the UCM (see equation-2). =~ -{ '~ .. R IS A I R F R T3
) s begi oy - A} 'i‘,".’"‘l’_"vl !:i‘-jx.)".a‘j.-/
o T BT ClTeidss
ug UCM _ - . .
liter -1 (@hse
B R T A S S AT T e 89X ow
wher e: ‘ ’ SR - R R T E-2
RN IR irira afapsz o3
: cobiEs 2M\20
Area = UCI\/I ar ea in arbltrary planimeter unlts
i 3 B IS T it S : A | n""T‘
Conv. F. = a factor for converting arbitrary planlmeter units to §¢
area unlts at a specific 6c attentuat|on o
T v atglm 5‘
S. Att. and + the GC attenuation at which the sanple chromatqgram was
Ref. Att. run and the reference attenuation to determlne "thé
conversion. faetor (Conv. F.); respectively, - T L LS
R.F._ | . the mean response factor for all sequential’ n~al Kalfé5
(with carbon nunbers a to b) whose retention tines fall
within the retention tinme w ndow of the UCM and
(...] the sane paraneters enclosed in brackets in equation 1.

Doocadw
Confirmation of KOVAT index assignment to n-al kanes was done by com-

. . . 1=l . QA
puter correlation w th n-alkane standard retention times and direct data-
reduction-operator input.
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8% nAsgigrment - 0f a2 KOVAT -index -t¢. each Brddched or cydlid -compeund ;elut?
ing :‘betwéen-the n-alkanes was done by interpelation using the junknown;eompound

brig

and+adjacent n-alkdre retention times. Assigriment -of KOVAF indices to-peaks:in
theJavomatic.. fraction was made by direct correlatien of unknewn peaks-with

retenftion:times from the m-alkane -and -aromatic standard runs completed prier!to

sample Injeetidn. T - oot sataaid ook o
L R R o N A L - S PR R LR

7.3 FIELD STUDIES .- I* (i mo® © - oom Seoaihwd Tago A oo hase s
.7 .+ ¢ During the field study i©énducted ..im the Chukchi  Sea, water column

sapipkes were ' colleeted with Nansen-or Niskin sample bottles: for amalysis of
bydrocdrbon ‘cockrail compenments. 4All sample: containers (Themmos bettles) were
seruplilously ' cleaned with soap and water and then rinsed with copieus ameurts
of distilled water prior to use, Collected water sanpl es were placed in the
cl eaned bottles and capped with no head space (to prevent conpound volatili -
zation) . Logistical constraints precluded the collection of field replicate
sarfiles. All samples were maintaimed 'at 4°C during Storage. Sampi& anal yses
were conducted according to the nethods described in Section 5.3.3. Al Tenax™
traps were baked out and anal yzed by Specific lon Mnitoring (SIM) GC/MS prior
to sanple purging. Therefore, each sanple was acconpanied by a correspondi/hg
GC/MS system blank that ensured no contamination for instrumental analysis.

The sanple preparatlon (i.é., purgi ng step) was eval uated as a potential source
of conEammatlon ’By purgmg’ one liter of' clean seawater prior t 0 an actudl sam-
ple purging. This sanple bl ank was clean Wi th respect to benzene and toluene.

A deteqﬁlgn Ilmlt St .01 ng/llter was established based on the sampiée volume)

response from a 500 pg standard, amd g 5 to 1 signal to noise ratio. Conpound
quantjitatiqn was accoml i shed according to equation 3.

- oy i{ B .
I T d . R . S
d (A% ; 1

PPBRY s ol e
[RXo =S SRR S s Ao S PR A S (T rre e
,Concgntratlon (ng/l) (AC X _RF)‘/VS (3)
wher e:
w0 1 RN st . f . s
Ag: LT the SIM area count in the sanple
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RF = the response factor for benzene and toluene standards in ng (of
standard)/specific ion area counts, and

v sanple volume in liters

The specific ions nmonitored were 78 anu for benzene and 91 anu for

toluene.

In addition, a spiked seawater blank was analyzed in order to deter-
nmne the recovery efficiency of the purging method. One liter of clean sea-
water was spiked with 100 ng of the actual cocktail, purged, and anal yzed by
SIM GC/MS according to nethods described in Section 5.3.3. O the 100 ng of
cocktail spiked into the blank, 40 ng were recovered (40% method efficiency).
This recovery reflects the effects of each conpound's volubility properties and
Henry’s Law coefficients in a seawater matrix.

7.4 | NTERLABORATORY | NTERCALI BRATI ON  PROGRAMS

Wiile precision is a relatively easy paraneter to neasure by replicate
determ nations, accuracy is sonewhat nore intractable. Spiked sanple recovery
is valuable as far as determning the efficiency of an extraction procedure for
conpounds added by the investigator. It does little, however, to determne ex-
traction efficiency of the subject conpounds as they are present in an origina
sanple matrix. At this tine, there are no Standard Reference Materials (SRM's)
to assist in such determnations. Therefore, NOAA has initiated a nunber of
interlaboratory/intercalibration prograns wherein the results obtained on real

environmental  sanples (designated as Interim Reference Materials) by a variety
of participating |aboratories can be conpared. Tables 7-7 and 7-8 contain the
results froma recent participation effort by SAIC in the NOW sponsored Status
and Trends Intercalibration Program and conpares our data to those of other
participating |aboratories.

Data in Tables 7-7 and 7-8 reflect variability due to the extraction
and analysis of nussel tissue and sedinment sanples, which are not matrices
encountered during oil/multi-year ice experiments. However, they do indicate
SAIC’'s ability to generate reliable aromatic hydrocarbon data and confirm our
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sanpl e preparation
Tabl es
reasonabl e

tories.

Table 7-7. --Mean Concentrations (n

napthalene
2-methylnaphthalene
1l-methylnaphthal ene

bi phenyl

2, 6- di et hyl napht hal ene
acenaphthene

fluorene

phenant hrene
anthracene
1-methylphenanthrene
fluoranthene

pyrene
benz{(a)anthracene
chrysene
benzo(e)pyrene
benzo(a)pyrene
perylene
dibena[a,h]anthracene

and i nstrunent al

7-7 and 7-8, SAIC's aromatic hydrocarbon data are seen to fal

anal ysi s dependability.

As indicated in
within

agreenent of values reported by the other six participating |abora-

3) inrig/g Dry Wight of Aromatic

Hydrocarbons Found in Reference Tissue: Missel 11.
NAF NEC SEC BOS SAI TAM TAM
Set A Set B Set C Set D Set E Set F Set G
(M) (FID)
2000 1900 2000 1800 1500 2000 1600
7200 7700 8300 6300 6200 7200 12000
6200 5800 7100 5300 5200 7000 9000
1300 1500 1600 1300 1400 1500 1500
2500 2700 3200 2700 3200 3300 2800
**130 1300 790 230 340 330 97
900 940 1200 1200 1300 1000 1300
1200 1200 1500 1300 1500 1300 1200
160 150 200 270 170 180 53
170 350 1000 460 330 290 230
860 820 860 930 980 820 560
430 430 **560 870 530 490 650
190 1100 250 210 140 260 180
420 340 400  *620 280 350 700
180 180 **160 190 *90 170 910
74 110 280 <25 120 100 82
130 56 **200 <30 100 100
31 25 90 <42 84 39
NAF = National Analytical Facility
NEC = Nort heast Fisheries Center
SEC = southeast Fi Sheries Center
BOS - Battelle Ccean Sciences
SAI = Science Applications Internationa
TAM = Texas A&M University
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Table 7-8. --Mean Concentrations (n = 3) in rig/g Dy Wight of Aromatic
Hydr ocar bons Found in Reference Tissue: Duwamish I11I.

NAF NEC SEC BOS SAI TAM TAM
Conpound Set A Set B seecSet D Set E Set F Set G
(M) (FID)
napthalene 320 250 330 400 310 370 330
2- met hyl napht hal ene 160 110 180 210 140 170 150
1-methylnaphthalene 120 80 150 130 88 120 110
biphenyl 39 31 57 48 33 42 48
2, 6- di met hyl napht hal ene 70 58 76 96 63 72 64
acenapht hene 300 290 420 290 330 320 350
fluorene 310 280 430 460 340 320 360
phenanthrene 2300 2200 3200 3200 2500 2400 2700
ant hr acene 510 650 730 850 600 590 650
| - met hyl phenant hr ene 220 410 320 330 300 300 310
fluoranthene 3900 3700 5600 5200 4200 4600 4900
pyrene 4100 3900 5800 6600 4800 5500 6000
benz(a)anthracene 1500 1400 2100 2000 1500 2100 2200
chrysene 2600 2100 3600 3500 2500 3000 3000
benzo(e)pyrene 1600 1400 2000 2300 1900 1400 1700
benzo(a)pyrene 1800 1700 2700 2400 1800 1900 2200
perylene 510 460 710 850 580 490 680
dibena(a,h)anthracene 310 310 430 460 430 220 240
*  Extraction by NS&T protocol (MaclLeod et al., 1985): quantitation by Gc/Ms
i Extraction based on previous NAF procedure (Brown et al., 1980):

quantitation by GC/MS

NAF = National Analytical Facility

NEC = Northeast Fisheries Center

SEC = Sout heast Fisheries Center

BOS - Battelle Ocean Sciences

SAl Science Applications International
TAM = Texas a&M University
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APPENDI X A CCDE DESCRI PTI ON FOR COVPONENT- SPECI FI C DI SSOLUTI ON FROM SLI CKS

The following are code listings and sanple output from the FORTRAN
code DIFFU.FOR. This code was devel oped in order to both describe and predict
conponent - speci fic dissolution of oil fromslicks in the absence of evaporation
and to aid in the experimental measurenent of diffusivities of i ndivi dual
conmpounds in crude oil. Briefly, the user is pronpted for appropriate data,
such as oil- water mass-transfer coefficients, oi | -water partition
coefficients, initial concentration of eil conponents, and slick thickness and
area. The output fromthe programis tine series concentrations of the
conpound and interest in the water colum for both well-nixed and “slab” type
sl i cks.

Details of the derivation of conpound-specific dissolution are

presented in Section 6.8.1 of this report.
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REkkRENKREX  DIFFU.FOR  RkkkdkkaikkkK

THIS CODE CALCULATES THE WATER COLUMN CONCENTRATION
AND TOTAL MATERIAL BALANCES FOR

COMPONENT SPECIFIC DISSOLUTION FROM AN OIL SLICK IN
A WELL STIRRED TANK. EVAPORATION 1S NOT ALLOWED.

FOR DETAILS. SEE DERIVATION BY R. REDDING, DEC 1983

IMPLICIT REAL*8 (A-H.0-2)

REAL*8 L.KW,M,KO.KPRIME,LOTERM,LWTERM, INTE,LH
DIMENSION ALPHA(300),PAJ(300),CW0(50),C00(50),SUM(300),CMPD(5)
1 .HOURS(50) ,CW(30" ,COA(50), TM¥ (56 , TMO(50 ,TM(50) .COOA(S50)
2.CEEW(50 !

OPEN(VUNIT=32.DIALOG="'DSKD:DIFFU.OUT ")

OPEN(UNIT=34 ,DIALOG='DSKD:DIFFU.PLT")

TYPE 10

FORMAT(2X, ENTER A COMPOUND ID')

ACCEPT 20,(CMPD(I?,1=1.4?

FORMAT (4A5)

TYPE 3¢

FORMAT(2X, "ENTER THE NUMBER OF INTERVAL HALVES')
ACCEPT 46 ,NHALF

FORMAT(13)

TYPE 5¢

FORMAT(2X, 'ENTER TOTAL NUMBER OF HOURS FOR EXPERIMENT')
ACCEPT 76,THOURS

TYPE 6€

FOR'MAT(2X, "ENTER THE SLICK THICKNESS IN CM')

ACCEPT 7o.L

FORMAT(F10.0)

TYPE 80

FORMAT (2X, 'ENTER THE WATER DEPTH IN CM*)

ACCEPT 76,DELTA

TYPE 90

FORMAT(2X, 'ENTER THE OVERALL WATER-PHASE MASS TRANSFER
1 COEFFICIENT IN CM/SEC')

ACCEPT 76 ,.KVW

TYPE 100

FORMAT(2X,'ENTER THE M VALUE (OIL/WATER)-DIMENSIONLESS')
aCCEPT 70.M

TYPE 110

FORYAT(2X, 'ENTER THE DIFFUSIVITY IN CM*CM-SEC')

5CCEPT 7€,DZ

TYPE 120

FORMAT(2X. 'ENTER THE NUMBER OF TERMS IN THE SERIES')
ACCEPT 130,NUM

FORMAT(14)

TYPE 140

FORMAT (2K, ENTER THE INITIAL OIL CONCENTRATIOR IN MG-/L®)
ACCEPT 76,01LCO

TYPE 150

FORMAT(2X, ‘ENTER THE SLICE AREA IN CM*CM)

ACCEPT 76.A

FO=KW/M

SMALLH=KO-/DZ

BIGH=L*SMALLH

FPRIME=M»L/DELTA

LOTEZRM=M»L~ ( (MXL)}+DELTA)

LWIEZRM=L., ¢ (M*XL)+DELTA)

Ci=((L*M»+DELTA), (L*DELTA)}

DO INTERVAL HALVING TO FIND THE ROOTS OF THE FUNCTION:
COT (X)=(X#X-EPRIME*BIGH) /(X*BIGH)
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THEN FIRD THE POLYNOMIAL (PAJ)

P1=3.14159263358979323

PO 180 1=1,NUM

RH=1*PI

fH=(I-1)*PI}

DO 170 K=1,NHALF

NM=(LLH+RH)-2.Do

COT=DCOS XM} /DSIN(XM)

FX=XMxCOT-( (XM<XM-KPRIME*BIGH) /BIGH)

IF(FX .LT. 0.D®) GO TO 160

LH=XM

GO TO 170
160 RH=XM
170 CONTINUE

ALPHA(1)=XM

PAJ I y=ALPHA(I )*%4,

PAJ(IY=PAJ(1)+(ALPHA(I»*ALPHA (] )*(BIGH+(BIGB*BIGH)-(2.xKPRINME

1+BIGHY))

PAJ(I1Y=PAJ(1)+(KPRIME*BICH*BIGH* ( KPRIME+1.,))

aaa

ROW FIND THE SUM OF NUM TERMS

- O

80 CORTINUE
SEC:=3600 .*xTHOURS
INTE=SEC.'490.
DO 190 J=1,40
SUM(J)=0 -
190 CONTINUE
HOURS(1)=0.
CW(i)=0.
DO 220 J=2,40
B=J
TIME=B*INTE
HOURS (J)=TIME-/3600.
DO 216 I=1,NUM
ARG:=ALPHA(I)*ALPHA(1)*DZ*TIME~ (L*L)
IF(ARG.LT.56.) GO TO 200
EXPON=0O.
GO TO 210
00 EXPON=DEXP (- (ARG ?)
SUM(J)=SUM(J)+EXPON-PAJ(])
CONTINUE
CwO0(J)=LWTERM- (2. %L*BICGH*B1GH/DELTA Y*SUMt J)

]

[~
o]

NOW CALCULATE THE WATER COLUMN CONCENTRATIONR, INTEGRATED
TOTAL MASS OF COMPONENT IN THE OIL AND MATERIAL
BALANCE FOR THE SYSTEM

aaaaa

CO00A(J)=LOTERM*L+ (2 ,*BIGH*BIGH*L*SUM(J))
CW(J)=CWO(J)*OILCO
COA(J)»=CO0A (J)*0OILCO
THW(J»=CW(J)*DELTAXA/ 1006
TMO{(J)>=COA(J)*A-1000.
TM(CY=TMW(J)+TMOt J?>

20 CORTINUE

WRITE OUTPUT TO FILE: DIFFU.OUT

aGaanN

[0U=32
IPU=34
VRITE(10U,230)
230 FORMAT (2N, *#Fxxxivixxskkks STIRRED TANK RESULTS ®utkkfrksocrikRs ')
WVRITE (10U.240)THOURS
240 FORMAT (/. ,2X. 'TOTAL HOURS: °,1PE10.3)

459



390
499

4190
420

4360

440

430

460

470
4306
490

WRITE (10U,250)L

FORMAT (22X, 'SLICK THICKNESS: °,{PLC106.3.' CM')
WRITE (I0U,.260)DELTA

FORMAT(2X, "WATER DEPTH: °,1PE10.3.° CM")

WRITE (10U,276)A

FORMAT(2X, 'SLICK AREA: " .1PE16.3.' CM*CM")

WRITE (10U,280)>M

FORMAT(2X.'M-VALUE: ' ,'PE10.3)

WRITE (10U,2900)KWw

FORMAT(2X,’KW: '.1PE106.3.°* CM/SEC"')

WRITE (I10U,300)>K0O

FORMAT(2X,’KO: °".1PE16.3 . ° CM/SEC’)

WRITE (IOU,310:DZ

FORMAT(2X.’'D0O: ’.I1PE1@.3.° CM*CM.'SEC'>

WRITE (1I0U,326),NHALF

FORMAT(2X, 'NUMBER OF INTERVAL HALVES: ',I3)
WRITE (10U,330)0ILCO

FORMAT(2X, " INITIAL OIL CONCENTRATION: ",1PE16.3,° MG-/L')
WRITE(I0U,340)

FORMAT (/7 , 20K, " H¥XKkKKKKRNK ")

WRITE(I0U,350)

FORMAT (26X, '*0OIL SLAB*')

WRITE(IOU,360)

FORMAT (20X, " ¥¥kkkakkkkk * )

WRITE (10U,370)NUM

FORMAT (- .2X, 'RESULTS WITH '.I4,' TERMS IN THE

1 SERIES')

VRITE (I10U,380)

FORMAT (", 12X, "ALPHA" ,8X. 'POLYNOMIAL")

DO 400 I1=1,NUM

WRITE (I0U,390)1 .ALPHA(I3,PAJ(I)
FORMAT(2X,14,2(1X.1PE14.7))

CONTINUE

TMASS=0ILCO*A*L. 1000,

WRITE (I0U,410)THASS

FORMAT ¢/ .2X, '"TOTAL INITIAL MASS: °,{PE10.3,' MG}
WRITE (10U,420)

FORMAT (/- ,?X, "TIME"' .9X,'CW' ,7?X, *MASS/WATLR",

16X, 'MASS,'OIL" ,3X. "TOTAL MASS')

WRITE(IO0U,430)

FORMAT(6X, *"HOURS® .8X, "MG-L",9X, 'MG* ,10X, "MG' ,10X. 'MG")
DO 4506 I=1.40

WRITE (10U,440) HOURS(I).CW(I),TMW(I),TMO(I) , TM(I)
FORMAT(2X.53(2X.1PE10.3))

CONTINUE

FINCW=O1LCO*LWTERM

FINMW=F INCw+DELTA*XA~1000 .
FINMO=0ILCO#A*L*LOTERM. 1000 .

WVRITE <(I0OU.460) FINCW,FINMW,FINMO.TMASS
FORMAT(4X, '"EQUILIBRIUM" ,1X,t1PE10.3,83(2X.1PE19.3)?

NOW DO WELL MIXED CASE

WRITE«I0U,470)

FORMAT (/7 [ TX, " RARRKRIRKB N RERKEK Y )
WRITE(IOU,480)

FORMAT/(?X, "#*0IL VELL-MIXED*%x')
WRITE(IOU,490)

FORMAT (7N, " HRKKKIIEIKKIRKIKE )

Do 360 I=1.40 )
CEE»(1)=01LCO*LWTERM* (1 .-DEXP(-Cix*KO*xHOURS(I)*3600.))
CONTINUE

WRITECIQU,310)

VORMAT(~ . 108X, 'TIME (HOURS)'.8X,'CW (MG-/L»*)
DO 316 I=1.,40

WVRITE«IOU,514}) HOURS(I,CEEW(I)
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514 FORMAT(2X.2(2X,1PE106.3))
516 CONTINUE

C WRITE TO PLOT FILE: DIFFU.PLT

WRITECIPU,320) (CHPD(1).1=1,4)
52¢ FORMAT (1 X,4A5)
WRITE(IPU,530)THOURS M . ¥XW.DZ,0ILCO,FINCW.L
330 FORMAT(7'1X,1PE1¢.3))
DO 550 1=1,406
WRITE(IPU,540) HOURS(I1)
240 FORMAT/1PE1©.3)
530 CONTINUE
DO 370 1=1,40
WRITE(IPU,360) CW(I)
350 FORMAT(1PE10.3)
370 CONTINUE
DO 376 1=1,40
VRITECIPU,374) CEEW(I)
374 FORMAT(1PE10.3)
576 CONTINUE
END
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KRKXEEREXKXXx® STIRRED TANK RESULTS #kKERCLRERKRRE

TOTAL HOURS: 2.3500E+02
SLICK THICKNLSS:
wWATER DEPTH:
SLICE AREA:
M~VALUE: 4.6¢00E+03

Fw: 1.600E-04 CM/SEC

KO: 2.35080E-08 CM/SEC

DPO: [.600E-05 CM*CM.'SEC
NUMBER OF INTERVAL HALVES:
INITIAL OIL CONCENTRATION:

1. 000E+00 CM
3.900E+01 CM
5.000E+62 CM*CM

23
3.060E+02 MG/L

KA KK KRR

*0IL SLAB*
HKAK AR RKK

RESULTS WITH 25 TERMS IN THE SERTES

ALPHA POQLYROMIAL

1 5.0861659E-01 1.2943706E-03
2 3.1424094E+00 9 ,2537591E+01
3 6.2835857E+00 1.35388602E+03
4 9.4250446E+00 T7.8457616E+03
5 1.2566570E+01 2.4857788E+04
6 1.57068123E+01 6.0757300E+04
7 1.8849689E+01 1.2606448E+05
8 2.1991262E+01 2.3364734E+05
9 2,5132841E+01 3.9867168E+05
10 2.8274422E+01 6.3870115E+65
11 8.1416006E+01 9.7359720E+05
12 3.4537V592E+01 | .4253691E+06
13 3.7699178E+01 2.0191639E+06
14 4.0840766E+01 2.7812666E+06
15 4.3982354E+01 3.7410999E+06
16 4.7123943E+061 4.,9302243E+06
17 5.6265332E+01 6.3825381E+06
i8 5.3407122E+61 8.1342778E+06
19 5.6548712E+-01 1.0224017TE+07
20 5.96%0302E+01 1.2692668E+07
21 6.2831893E+01 1.5383479E+07
22 6.3973484E~061 1.8942040E+07
23 6.9115073E+01 2.2816274E+07
24 7.2256666E+01 2.7256443E+07
25 7.5398237E+61 3.23131553E+07

TOTAL INITIAL MASS: 1.300E+62 MG

TIME Cw MASS-WATER MASS/OIL
HOURS MG.‘L MG MG
0 .000E+00 ©.000C-00 0 .000E+00 0.000E+00
1.230E+01 8.163E-03 1.592E-01 1.498CL+02
1.873E+01 1.190C-02 2.321E-061 1.498L+02
2.500E+01 1.343E-62 3.009E-61 1.497CL+02
3.125E+01 1.876E--02 3.6357E-01 1.496L+82
3.730E+@1 2.196LC-02 4.2V0E-01 1.496E+02
4 .373E+01 2.48¢L-02 4.847E-01 1 .495C+02
5.000E+G] 2.763E-02 5.392E-01 1 .495C+02
5.623E+€01 3.029LC-02 5.906E-01 1.494L+02
6.250E+6€1 3.277E-02 6.391E-01 1.494L+02
6 .873E+01 2.512E-062 6.849E-01 1.493L+02
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TOTAL MASS
MG
0.000E+00
1 .500E+02
1.500E+02
1.500E+02
1.500E+02
1.3500E+02
1.500E+02
1.300E+62
1.300E+02
1.300E+02
1.300E+02



7.500E+€1 3.734L-02
8.125E+01 3.942L-62
8.750E+01 4.139EL-02
9 .373E+61 4,3235E-62
1 .060E+02 4,.501E-962
1.663E+02 4.666L-02
1.125E+62 4 .822E-02
1.188E+@2 4 .970L-62
1.230E+62 5.109C-062
1.313E+02 5.240E-02
1.375E+02 5.364E-02
1.438E+02 5.480E-02
1.500E+02 5.590L-02
1.563E+02 5.694E-62
1.623E+02 5.792E-62
1.688E+62 5.885E-02
1.7350E+02 5.972E-62
1 .813E+02 6.0634E-02
1 .875E+02 6.132L-02
1.938E+02 6.205E-02
2.000E+02 6.274E-02
2.063E+02 6.3406E-02
2. 123E+02 6.401E-02
2.188BE+62 6.459E-02
2 . 230E+02 6.514E-02
2.313E+02 6.566E-02
2.3735E+02 6.614E-02
2.43BE+¢2 6.660L-02
2.500E+02 6.704L-02
EQUILIBRIUM 7.428BE-02
KKK R R KRR R RN

ot e b OO NG CUAUNRLD DN == D

*01L WELL-MIXED:
ST ITIIR I T SE

TIME (HOURS)

.000E+00
.230E+01
.873E+01
.500E+01
L123E~01

?30E+01

.373E+01
.000E+01
.623E+@1
.230E+01
.873E+01
. DOOE+01
. 123E+01
.730E+01
.373E+61
.OO0E+O2
.O63E+02
. 1235E+62
. 188E+62
.2350E+02
.313E+02
.373E+02
.438E+02
.300E+02
.363E+02
.623E+062
. 688BE+¢2
.730E+62

©.000E+00
8.169E-03
1.191E-062
1 .544E-02
1.877L-02
2.191E-62
2.487E-062
2.767E-02
3.631E-02
3.279LE-02
3.314E-02
3.7V36E-02
3.945E-02
4.142E-902
4.328E-62
4..503E-02
4.669L~-02
4 .825E-02
4.972E-02
5.111E-02
5.242E-02
5.366L-02
5.482E-02
5.593E-02
5.696EL-02
5.794E-02
5.887E-02
5.974L-62

.280E-01
. 688E-91
.OT72E-01
.433E-01
.T¢7E-01
099E-01
.404E-01
.691E-01
.Q62E-01
.022E+00
.046E+00
.069E+00
P9QE+09
.110E+00
.129E+60
. 148E+00
.163E+00
.181E+00
.196E+60
.210E+00
.223E+00
.236E+00
.248E+00
.260E+00
.270E+00
. 280E+06
.290E+00
.299E+00
.307E+006
.448E+00

.

CwW (MG/L»Y
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1.493LCL+62
1.492E+02
1.492E+02
1.492E+02
1.491E+02
1.491E+02
1.491E+02
1.490L+02
1.490C+02
1.490LE+82
1.490C+02
1.489E+02
1.489L+02
1.489E+62
i.489L+02
1.489E+02
1.488L+02
1 .488L+02
1.488L+02
1.4838LE+02
1.488L+02
1 .488L+02
1.488E+02
1 .487E+02
1.487E+02
1 .487E+02
1.487E+02
1.487E+02
1.487E+02
1 .486L+02

.813E+62
.873E+02
. 938E+02
.000E+02
.063E+02
. 123E+02
- 1BBE+02
.230E+@2
-313E+02
.3735E+€2
.438E+02
.300E+02

RNRNNNDNDNDN - -

.560E+02
. 300E+02
.500E+902
. 300E+02
.50BE+92
.500E+02
.360E+02
.300E+02
.506E+02
.500E+02
. DOBE+02
.500E+02
.560E+02
.300E+02
. S00E+02
.5300E+02
.500E+02
. JO0E+02
.300E+02
. SO00E+02
. 500E+02
. 300E+02
. S96E+02
. 500E+02
. 900E+02
.5300E+02
.500E+92
.500E+02
.500E+02
.509E+02

6.856L-02
6.134E-02
6.207E-062
6.276E~02
6.341E-02
6.403E-02
6.461E-02
6.515E-02
6.567E~-062
6.616L-02
6.662E-02
6.7035C-02



APPENDIX B: CODE DESCRIPTION FOR COMPONENT-SPECIFIC DISSOLUTION FROM DROPLETS

The following is a code 1listing from the FORTRAN code DRPLET.FOR.
This code predicts component-specific dissolution of oil in the absence of

evaporation from oil droplets.

Details of the derivation of component-specific dissolution are

presented in Section 6.9.2.7 of this report.

IMPLICIT REAL*8 (A-H,0-Y)
"REAL+«B KW,M,LH
DIMENSION ALPHA(100),POLY(100),ZTIME(101),CURVES(4,101)
1.CUR(101).ZCURVS(4.101;.ZCUR(101).ZWORDS(20)
2,2%(4),ZY(4),ZLINE1(30 .ZLINEZ(SO;.ZLINE3(30).ZRAY(30)
OPEN(UNIT=32,DIALOG="CHECK.OUT"’

TYPE 5

5 FORMAT(1X,'ENTER A IN CM’)
ACCEPT 20,A
TYPE 10

10 FORMAT(1X, *ENTER DIFFUSIVITY, CMe+2/SEC')
ACCEPT 20,D0

20 FORMAT(F10.9)
TYPE 21

21 FORMAT(1X, 'ENTER KW, CM/SEC')
ACCEPT 20,KW
M=1000.D9
DO 1000 L=1,4
M=M+10 .00

H=KW/(DO*M)
Pl=3.14159265358979323D0
DO 50 I=1,100
RH=1+PI
LH=(1-1)*PI
DO 40 K=1,50
XM=( LH+RH)/2.D@
COT=DCOS{XM) /DS IN{XM)
FX=XM+COT+({AsH)—1.D0®
IF(FX.LT.0.00) GO TO 3@
LH=XM
GO TO 40
30 RH=XM
49 CONTINUE
ALPHA(I)=XM/A
POLY(I)=AsAs(ALPHA(1)*+2.D@)+({AsH=1.D@)*»2.D0)
POLY(I)=POLY(I1)/(ALPHA(I)*+4.D0)
POLY(1)=POLY(I1)/(AsAs (ALPHA(I)»¢2.D0)+AsHe(A+H-1.D0))
50 CONTINUE
DO 200 J=1,1@1
T=(J~1)+86400@.D0
SUM1=0.D0
00 100 I=1,100
SUMI:SUM1+DSIN(A-ALPHA(I; *DSIN(A*ALPHA(I))sPOLY (1)
10EXP(~TsDOs (ALPHA(I)++2.D0

100 CONT INUE
CURVES(L,J)=SUM1%6.D@sHeH/(AA)
200 CONTINUE
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1000  CONTINUE

DO 2000 I=1,181

ZTIME(D)=(I-1)=10./100.
2000 CONTINUE

DO 3000 I=1,4

DO 2588 J=1,181

ZCURVS(T,J)=CURVES(I,J)
2500  CONTINUE
3000 CONTINUE

ZA=A

ZKW=KW

2D0=D0

ZM=M

CALL COMPRS

CALL NOBRDR

CALL SCMPLX

CALL AREA20(8.,6.)

CALL YNAME('AVERAGE DIMENSIONLESS CONCENTRATION®,35)
CALL XNAME('TIME (DAYS)',11)
CALL GRACE(©0.9)

CALL FRAME
CALL GRAF(©.,1.,10.,0.,0.1,1.)
CALL BLREC(4.75,.8,3.05,1.0,0.01)
CALL HEADIN('PREDICTED DIFFUSION AND DISSOLUTION®,35,1.8,3)
CALL HEADIN('FROM A DROPLET INTO AN',22,1.8,3)
CALL HEADIN(®INFINITE MEDIUM’,15,1.8,3)
DO 5008 I=1,4
DO 4000 J=1,101
© ZCUR(J)=ZCURVS(I,J)

4000  CONTINUE
CALL CURVE(ZTIME,ZCUR,101,0)

5000  CONTINUE
ZX(1)=ZTIME(5)
Zx(2)=2TIME(20
ZX(3)=ZTIME(35
ZX(4)=2TIME(75
ZY(1)=ZCURVS(1,4)
2Y(2)=zCcurvs(2,17
ZY(3)=ZCURVS(3, 30
ZY(4)=ZCURVS (4,55
ZMM=1008
DO 6000 I=1,4
ZMM=ZMM¢ 10
ENCODE$’1,4500,ZWORDS)ZMM

4500  FORMAT('M= ',1PES.1)
szAL=zx§13

PEN = BN =

ZYVAL=ZY (1
CALL RLMESS(ZWORDS,11,ZXVAL,ZYVAL)
6000 CONTINUE
MAXLIN=LINEST(ZRAY, 100,23)
ENCODE (20,7000 ,ZLINE1)ZA
7009 FORMAT ( "'RADIUS=",1PES.2,' CM$’)
ENCODE (20,8000, ZLINE2)ZKW
8000 FORMAT('KW=',1PE9.2,’' CM/SEC$"')
ENCODE(23,9000,ZLINE3)ZDO
geee FORMAT('DO=",1PE9.2," CMsCM/SEC$’)
CALL LINES(ZLINE1,ZRAY,1
CALL LINES ZLINEZ.ZRAY.2§
CALL LINES{ZLINE3,ZRAY,3
CALL BLKEY{ID
CALL BLOFF(ID
CALL LSTORY(ZRAY,3,4.9,1.)
CALL ENDPL(@)
CALL DONEPL
END
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