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Spill Response in the Arctic Offshore

Preface

This publication has been prepared jointly by the American
Petroleum Institute (API) Arctic Oil Spill task group and
the Joint Industry Programme on Oil Spill Recovery in Ice
(JIP).

The JIP is aimed at creating international research
programmes to furtheenhance industry knowledge and
capabilities in the area of Arctic oil spill response and to
raise awareness of existing industry OSR capabilities in the
Arctic region.

The JIP is sponsored by nine international oil and gas
companies: BP, Chevron, Conétullips, Eni,
ExxonMobil, Shell, Statoil, North Caspian Operating
Company, and Total making it the largest {hatustry
project dedicated to this field of research and development.

This report is intended as a compendium to describe the
tools available fo use by industry for response to an oil
spill in the Arctic. The JIP will undertake various research
projects that have been identified to improve industry
capabilities and coordination in the area of Arctic oil spill
response. Throughout this report,arefnce is made to other
useful documents on specific aspects of spill response
including conference proceedings and publications from
organizations involved with spill response research.
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Introduction

Recent years have seen increasing interest in offshore oil
exploration in the Arctic and other frontier regions. While
these activities may seem like new developments, Arctic oil
exploration and in some cases production has been taking
place for many years in these regions. Close to 100 wells
were drilled in the Canadian Beaufort Sea and in the
Canadian High Arctic in the 7®s and 1980s. Five wells
were drilled in U.S. waters in the Chukchi Sea during this
same period. The Cook Inlet basin has seen oil production
for 50 years, and production on the Alaskan North Slope
began over 30 years ago, mostly fromland wells but
also from several offshore islands in shallow water. More
recently, oil and gas production commenced from fields
offshore Sakhalin Island off eastern Russia and in the
Pechora and Kara Seas. Further offshore exploration is
ongoing or is proposed in other A areas such as the
Alaskan Beaufort Sea, Chukchi Sea, West Greenland, and
the Barents Sea.

This reportdescribes the tools the industry will use in the
event of a spill in the Arctic. For the purposes of this
document,it can be noted that conditiongrsiar to those
found in the i Ar c tinvolvibg sea ice and cold
temperatures may exist for all or part of the year in such
areas as Sakhalin, the Baltic S¢lae Caspian Sea, and
Labrador.

Oil spill response is demanding under any circumstances,
and Arcticconditions impose additional environmental and
logistical challenges. At the same time, unique aspects of
the Arctic environment can in some instances work to the
responders6 advantage.

The first and most obvious challenge is dealing with the
presence ofice. As far as the effective use of spill
countermeasures is concerned, ice in its various forms can
make it more difficult to detect oil, and to encounter,
contain and recover oil slicks with booms, skimmers, and
any vessetelated activity. On the othdrand, the natural
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containment provided by ice may offer significant
advantages. In open water, slicks can spread and drift so
quickly that shoreline impacts occur before a response can
be initiated. Ice, however, can contain oil spills and provide
time to mount a response. As well, the cold temperatures
and reduced wave energies in an ice field mean that spilled
oil will weather more slowly, which will extend the
window-of-opportunity for some types of countermeasures.

This report discusses some of these altanges and
describes how they have been met through research,
technology development and experimentation to develop
effective techniques for dealing with spills. In some cases
these techniques have been modified from standard
response techniques develdper temperate climates, but

in many cases the techniques have been specifically
developed for use in the Arctic. Some of these techniques
have been recently developed, but several have been the
subject of research activities for over 30 years. In akkgas
the techniques continue to be refined and improvetthen
laboratory and in the fieldand additional research and
development is planned for coming years.
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Sectionl

Fate and Behawoof Oil in
Arctic Conditions

The following discussion summarizeket key processes
governing the fate antlehaviarr of oil spilled in Arctic
conditions. While many of the processes and
countermeasure strategies are applicable to freshwater ice
environments, the focus here is on s@ter conditions
representative of thArctic continental shelf regions (e.g.,
Chukchi Sea, Beaufort Sea, Barents Sea), marginal ice
zones and suBrctic areas €.g, the Bering Sea, Labrador
Sea and Sea of Okhotsk).

Oil Spreading

On Ice and Snow

The spreading of oil on ice is similar tiwe spreading of oil

on land. The rate of spreading is controlled mainly by the
oil viscosity, so the cold temperatures will tend to slow the
spreading rate. The eventual total area that is contaminated
will be dictated by the surface roughness of the ice. Even
smooth firstyear sea ice has considerable surface
roughness, and discrete ice deformation features such as
rafting, rubble and pressure ridges can lead to localized
increases in roughness up tens of metres in elevation
above sea level. Any oil spillesh the surface of rough ice
may be completely contained in a thick pool bounded by
ridge sails and ice blocks. As a result, slicks on ice tend to
be much thicker and orders of magnitude smaller than
equivalent slicks on water.

Figure 1 shows estimates dfil holding capacity. If ice is
covered with a layer of snow, snow, snow will absorb the
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TYPICAL ARCTIC HOLDING CAPACITY
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Figure 1 Typical Arctic Oil Holdi
Capacity (Alaska Clean S
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spilled oil, further reducing itspreading. Oil spilled onto a
snow pack will flow down to the ice layer, then slowly
outwards under the snow.

On Cold Water

A large number of researchers have performed experiments

to investigate spreading on cold water and among pack ice.

Some found that warm water oil spreading equations did

not reasonably predict the results for cold, viscous oils and

proposed a rfecits omsiftaxwtoword or substitut
viscosity for water viscosity in spreadimgodels (SL Ross

and DF Dickins 1987, Buist et al, 2009).They also noted

that if the ambient water temperature approached the




Pour Poinis the
temperature at which oil v
cease to flow.

Spill Response in the Arctic Offshore

POUR POINT of the oil, spreading would cease. daase
of this increasen viscosity, an oil slick on cold water is
usually thicker and occupi@smaller area than it otherwise
would inamore temperate climate.

Spreading Under Solid Ice

A combination of analytical studies, laboratory tests, and
field spills ha beenusedto develop @etterunderstanding

of the spread of oiend natural gas under an ice sheet
(Keevil and Ramseierl975 Chen et al.1976 Yapa and
Dasanayaka2006 Rytkonen et a).1998). Laboratory tests
have aided in understandinbet processesvolved and
have produced data to define key spreading parameters.
Field tests have provided information at a large scale that
has helped to develop a better understanding of the
expected spreadirtgehaviair.

Even large spills of crude oil derneath solid or
continuous ice cover will usually be contained within
relatively short distances from the spill source (compared
with the equivalent volume spilled in open water),
depending on undéce currents and ice roughness
characteristics. Natur&hriations in firstyear ice thickness,
combined with deformation features such as rubble and
ridging provi de |l arge natur
contain oil spilled underneath the ice withinreatively

small areaFigure 2).

Spreading In Pack Ice

A number of studies have been completedr@spreading

of oil in pack ice. In pack ice oil spills tend to spread far
less and remain concentrated in greater thicknesses than in
ice-free waters. In ice concentrations greagan 60 to
70%, the icefloes touch each other at some point and
provide a high degree of natural containment Sgere

3). This was first documented in a series of experimental
spills off the coast of Cape Breton in 1986 (SL Ross and
DF Dicking 1987). As the concentration of theeifloes
diminishes, the potential for oil spreading among the more
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Evaporation
Absorption by snow 1

Oil on meltwater pools

Snow in spring

Qil pool under snow
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Fissure fg

Pumping
under ice

Figure 2illustration of oil and ice procéadapted from A.A. Allen)

Figure 3Closepack ice would provide natural containmentio
oil(D. F. Dickins)
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separated floegradually increases until it approaches an
open water state in very open drift ice (30% and less).

During an experimental spilh 1989, 30m of North Sea
crude oil was released on open water in the Norwegian Sea.
After 10 hours of spreading, the oil formed an elongated
slick with a sheen Atail o wu
portion of the slick measured 2km by 5q@00,000 rf).

Then in 1993, another experimental spill involving 26af

the same oil was conducted in the BarentsrBaainal ice

zone off the coast of Norway (Singsaas et al., 1994; Reed
andAamo, 1994; Jensen, 1994). Ten hours after the release
this oil slick ocuipied an area of about 108m

Following these initial tests, it was concluded that high
concentrations of pack ice (90% initially, declining to 70%
at the end of the experiment) during the field experiment in
1993 significantly reducethe spreading of theslick and
kept it immobile for an extended period of time (days)
which, in combination with cold temperatures and the
dampening of wave action by the ice, significantly slowed
the oil weathering processe$he reducedspreading rates,
thicker slicks, anddecrease inweathering processes
associated with spills in close pack ice were also
documentedh detail in a series of experimentdills in the
Norwegian Barents Sea in 2009 (Sgrstrgm e2@ll0).

Oil Movement

Spills on and under sea ice will gengrahot move
independently of the ice, but will remain in the vicinity of
the initial contact area; if the ice is drifting, the oil will drift
with it. Experiments have shown that the currents required
to move oilalongthe undersurface of ice will rangeofn
about 5 cm/s with smooth freshwater toel5 to 30 cm/s
(0.3 to 0.6 knots) under typical sea ice (Buist et24l08).
Winter undefice currents in most Arctic areas are not
sufficient to move spilled oil beyond the initial point of
contact with the ie under surface. Exceptions may be in
fiord-like areas with strong tidal currents or close to the
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fronts of major deltas such as the Colville, Mackenzie, and
Lena river systems. Even then, the urderroughness is
generally sufficient to restrict any {gscale spreading or
movement.

The Buist et al., (2008tudy showed that oil spilled within
pack ice will generally move with the ice. In open drift,ice
the oil and ice may move at different rates and directions
under the variable influence of winds andrrents.See
further discussion ofthis topic in Modeling of Potential
Oiled Ice Motionunder Section 2 - ResponseOptions:
Monitoring and Detection

The pesence ofde and lowwvatertemperatures reduséhe

rate of spreading and driftirgf spilledoil. Evaporatve and
emulsificationprocessewiill alsobereducedn ice-infested
waters.Similarly, land fast ice will keep offshore oil from
impacting shorelines from freezg to breakup, up to 9
months in many areas. As a result of these influences,
individually and combined, the time available for an
effective response, referred to as the winddw
opportunity, can be greater in Arctic conditions.

Oil Under First Year Sea Ice

For a release of oil beneath growing sea ice, new ice will
completely engasulate the oil layer within a few hours to a
few days as the ice continues to grow downwards (i.e.,
thickens), depending on the time of ye&ancapsulation has
been observed in laboratory and field experiments when the
air temperature was sufficient to gonote ice growth
However, oil spilled under the ice after May in the Arctic,
or after April in subArctic regions, may not become
encapsulated due to insufficient new ice growth.

After the oil has spread under the ice and been
encapsulated, it will remaitrapped until the ickayer under
which the oil has been encapsulated begins to experience
spring thaw. During the period from freeap to mid
winter when the sheet is cooling and growing rapidly, there
are very few passages for the oil to penetrate thé ice
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sheet. As ice temperatures gradually increase, brine trapped
between the sea ice crystals begins to drain leaving vertical
channels for the oil to eventually rise to the surface (see
Figure 2). Oil appearance on the ice surface has been
observedas early as late May in experimental spills off the
Beaufort Sea coast (Dickins and Butk®81). In subArctic
areas such as Labrador, this process will be advanced by
roughlyone month depending on air temperatures.

The rate of oil migration increasespidly once daily air
temperatures remain consistently above freezing. During
one series of field experiments, up to 50 percent of the oil
originally trapped within the ice became exposed on the ice
surface between June 10 and June 20 (Dickins and, Buist
1981). Oil slick thickness in the melt pools on the surface
increased from 1 mm to over 10 mm during a-omek
period. Once the oil reaches the ice surface, it floats on melt
pools or remains in patches on the melting ice surface after
the surface waters t@ drained. Winds herd the oil into
thicker layers against the edges of individual melt pools. As
will be discussedater in Section 3 - In-Situ Burning, the
appearance of oil in melt pools prior to the disintegration
the ice sheet provides a good oppoity for removal of the

oil by burning.

Natural melt of the ice from the surface down (called
ABLATION ) acts as another process to expose
encapsulated oil. When ablation reaches the level where the
ice was growing at the time of the spill, the oilthen
exposed. In situationsnvolving a thick layer of low
viscosity oil in the ice, natural migration through brine
channels will bring most of the oil to the surface before the
surface undergoes ablation In the course of field
experimentslow-viscosity oils have been observed toave
undergone little additional eatheringsince their initial
encapsulation. Conversely the renewed exposure of
encapsulated viscous oils (e.g., fuel oils and emulsions) will
more likely occur through the process of ablation.

The exposure of oil on the ice surface through migration
was also observed in field experiments in 2006 on Svalbard
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(Dickins et al., 2008). The results from this experiment
compare well with the Beaufort Sea experiments of
1979/80 described above. For exdemmil from the first
spill in December 1979 rose through a similar ice thickness
(60 to 70 cm) to reach 100% exposure on the ice surface in
approximately 40 days. Like the earlier Beauf@ea
experimentgFigure 4), the oil appeared on the ice surface
well before breakup, thereby allowing time for effective
countermeasures.

Figure 4 Oil appearance in melt pools duringrspliri@alaen:
Bay experimental spill 1974@tcor/D.F. DicRins

Oil SpilledJnder Multyear Ice

Oil spilled under old ice (either secegdar ice or mult
year ice) will be retained by undee roughness features,
as it would be under firgtear ice. The unddce oil storage
capacity of old ice appears to be greater than smooth first
year ice, and could lead to very thick individual pools of

10
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oil: thicknesses up to 19 chave beemeasured in the field
(Comfort and Purves1982). As is the ase with oil
encapsulated under firgear ice, the oil encapsulated in old
ice would not weather significantly.

With the much lower salinity of multiear ice, there are
fewer and smaller brine channg@esentso the trapped oil
will migrate much more eWly. Oil spilled under multi
year ice may appear on melt poatthe surface, but this is
likely to be much later in the melt season than for-fiesir

ice. Thebehaviar of oil under old ice wastudied in a
single field project in the Canadian Highctic (Comfort

and Purves, 1982 Three pools of crude oil were placed
under what was thought to be old ice 2.5 to 2.9 m thick on
June 1, 1978. Qil first appeared on the surface by late
August of the same year, and 90% to 99% of the olil
originally placed uder the old ice had surfaced by
September of the following year. These results may not be
truly representative of likelpehaviarr under multiyear ice
(older than 2 years) as the test ice sheet was relatively thin
andmayhave been secongkarice.

Effeds of Winter Conditions on Oil
Weathering

The main oil weathering processes include evaporation,
emulsification, natural dispersion, dissolution and
biodegradation In general terms, the combination of cold
temperatures, and reduced wave energy due tprésence

of ice results in a reduced rate of weathering and an
extended windovof-opportunity for effective response
(Searstrgm et a12010).

Evaporation

EVAPORATION typically plays a significant role in the
natural weathering of spilled oil and oil praodts.
Following a discharge most crude oils and light products
(e.g., diesel, gasoline) undergo significant evaporation
relativeto heaviermore viscous oils (bunker fuel oils and

11
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emulsified oils) However, d spilled in subfreezing
temperatures evapmtes more slowly than oil at higher
temperaturesFurthermore, b spills covered with snow
exhibit even lower evaporatioates.

Numerous experiments in laboratories and in the field have
shown that oil spilled in pack ice will evaporate more
slowly thanan equivalent spill on open water, primarily due
to the greater thickness of the oil in pack ice.

An important oil property change that may take place with
oil spilled on ice in winter is the gelling of the oil as it cools
and evaporates, resulting fronetprecipitation of dissolved
waxes in the oil.Oils that may be fluid in warmer
temperatures can gel when the ambient temperatue fall
below their pour pointThe pour point of oil will also
increase athe oilloses light ends to evaporation. Gelled oil
will evaporate very slowly, and may develop a 1sticky,
waxy surface coating.

Oil encapsulated in an ice sheet will undergo virtually no
evaporation during winter months (Dickins and Buist
1981). When it isonce againexposed on the ice surface
during te spring meltthe oilwill be in a nearly fresh state,
at which time evaporation will begin as the oil floats on
melt pools. Oil on melt pools tends to be herded by the
wind against the edge of the pools tthizkness of several
millimetres. The resultng thick oil layer will evaporate
more slowly than the much thinner slicks typical of open
water conditions.

Emulsification and Natulispersion

The formation of watein-oil EMULSIONS (also known  Emulsification is the
as fAimousseo0) and t he ntatha | processof mixing wateii
water column are processes driven by wind and wave ac' droplets into the spilled
causing a mixing of oil and water. As such, the: forming highly visco
weathering processes are much less prevalent in ice, ex MiXtures that have reduc
at an i ce-water edfjed @& sindeo porditions ir weathering capabilitiesl

. N . are usually more difficuli
which moving ice floesnay add surface_ turbulence. Winc burn, disperse  ar
waves (as opposed to swell) are effectively damped by mechanically recover
presence of pack ice. Emulsification has been obser

12
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with oil in slush ice and pancakes in the laboratory when
wave action is forced into the simulated ice figldyas not
been observed to any great extent in field trialsce or
actual spilldn ice, except when the ice field was dissipating
and exposed to windenerated waves.

NATURAL DISPERSION of oil slicks is similarly
unlikely in freezeup ice conditios. The rocking action of
larger ice floes or pancakes may temporarily disperse some
oil into the watercolumnaround their edges, but) most
cases, the large majority of the oil droplets crezesl
likely be too large to be permanently dispersed anbrisé

up to either recoalesce with the surface oil or be deposited
on the underside of the floe or pancake.

Dissolution

Crude d contains a small amountof watersoluble
compoundsvhich may dissolve into the surrounding water.
Components thaindergoDISSOLUTION in sea water are
the light aromatic hydrocarbons compourdisich are also
those first to be lost through evaporation, a process which is
10-100 times faster than dissolutioFherefore dissolution

is a relatively minor weathering proceasd would be
relevant mostlyfor fresh oil finely dispersed in the water
column.Dissolution rates in cold water are lower than those
in warmer climates.

Once the oil is encapsulated in ice, a very small portion of
the watersoluble components of the oil couldfdse down

to the bottom of the ice sheet, but concentrations at the
bottom of the ice Wi likely be very low (Faksnesst al,
2011).

Biodegradation

Oil discharged into the marine environment is also subject
to BIODEGRADATION , the chemical dissolutiorof
materials by bacteria or other biological mea@sganic
material like oil can be degradeerobically with oxygen,

or anaerobically without oxygen. The biodegradation
process reduces the adverse effects of the oil to the

13
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receiving environment by remamg the hydrocarbons and
also by degrading the more soluble components, which tend
to be more toxic, first

Petroleum is a complex mixture of many different types of
chemical components primarily consisting ofarBon
Hydrogen Oxygen and Sulphur. Interestingly these
elements represent four out of the six principal elements, or
chemical building blocks of living systems iffdgen and
Phosphorusbeing relatively rare in petroleum). Carbon
represents an average of about 85% of the petroleum by
weight. Natually occurring bacteria can utilize these
elements asa i f ood sour c e daegradikigy d r
microorganisms havbeen found in almost all ecosystems
(Margesin and Schinne001; Prince and Clark, 2004).
Biodegradation ohydrocarbons by microbial populatis

in the natural environment depends upon physical,
chemical, and biological factors such as the composition,
state, and concentration of the oil or hydrocarbons.
Dispersion enhances the rate of biodegradation by
increasing the surface area available riticrobial attack

and diluting the oil to the point that oxygen and available
nut r i e rexhaustedrLeenebdl., 2011b)

Large quantities of naturally occurring bacteria are present
even in pristine environments. Microbes respond to
introduced petrolem compounds by rapidly increasing
their overall abundance to degrade oil. There are natural
indigenous microbial organisms that live not only within
the cold Arctic waters but also those that live in the highly
saline environments associated with seabiiee channels.
McFarlin et al. (2011a2011b) studied biodegradation of
crude oil under Arctic conditions using indigenous
microbes collected from the Beaufort and Chukchi Seas.
Biodegradation of Alaska North Slogd@&NS) crude was
significant in all treaments at-1 to 2°C, and dispersants
enhanced it. Other recent studies under low temperature
conditions, including icanfested waters and in the deep
ocean (Hazen et al., 2010; Lee et al, 2011a; 2011b), have
also showrsignificant oil biodegradation.

14
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Another source of information on obehaviar in the
marine environment isfrom the study of natural
hydrocarbon seeps. Crude oil and gas are released into all
of t he worl dos oceans frol
underground reservoirs of oil. Natural seeps haeiwed

for millions of years(Ocean Studies Boar®003). The

Ar ct i c Co uQilcand GasAsskssmenti estimated
that 8090 percent of the petroleum based hydrocarbons
that enter the Arctienvironment are from natural seeps
(AMAP, 2007). Prominentgeologists believehat natural

oil seeps are the largest source of oil entering the oceans
(Kvenvolden and Cooper, 2003) contributing annually
between 4 and 14 million barrels.

A recent study of natural oil seeps offshore Santa Barbara,
California, fourd that sediments dowecurrent of the seep
were saturated by hydrocarbons (Farwell et al., 2009).
Estimates in this area alone are that natural seeps have
deposited between 5 and 55 times the amount of oil spilled
from the 2002 Prestige incident. Importangl, the
researchers found that the oil had been substantially
biodegraded even before it reached the sediment.

Processes Affecting Encapsulated Oil
During Thaw Conditions

When an ice sheet deteriorates and breaks up, oil remaining
in melt pools on the surfa will be discharged onto the
water in the form of thin sheens trailing from the drifting,
rotting ice. Gelled oil could be discharged as thicker,-non
spreading mats or droplets. Once exposed to significant
wave action, fluid oil will begin to emulsify drfor
naturally disperse. Since gelled oil forms are particularly
resistant to emulsification and natural dispersion, these will
survive much longer than slicks of fluid oiHowever,
sunlight will warm the gelled oilto a temperatur@bove
ambient andmay result in the oil becoming fluid again.
Once fluid, the oil will be subjected to potential
emulsification, greater evaporation, and natural dispersion.

15
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Qil spilled directlyonto pack ice conditions in spring will
weather much as it does in opeater condions. Oil
released under drifting floes will quickly surface through
the porous ice and begin to evaporate. The floes themselves
are rapidly decaying under the influence of wind and
waves, andmay release the oil as they deterioraiehe
absence of largamounts of brash and slush ice between
melting floes in spring conditions will permit the slicks to
spread and evaporate more quickly than during frepze
Warmer spring temperatures will also accelerate
evaporation. Once waves begin to act on the slicks
emulsification and natural dispersion will commence.

Summary Points

A How oil spilled in ice and snow behaves has been
researched in the United States, Canada and
Norway for the past forty years in numerous studies
in the laboratory, in test tanks and ineld
experiments.

A The presence of ice and the cold temperatures can
greatly reduce the spreading and weathering of
spilledoil.

A Biodegradation, the breakdown of hydrocarbons by
bacteria, occurs in all marine environments, and is a
natural mechanism thatduces the adverse effects
of oil discharges to the receiving environment.
Biodegradation is enhanced if oil is dispersed in the
water column irtheform of droplets.

A Oil that is encapsulated in ice during freegeis
typically returned to the surfaceing spring thaw
through the processes of ablation or migration.
Because this oil is found in the same state of
weathering as before encapsulatiis possible to
remove this oil by in situ burning.

16
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A Encapsulated oil released to water as a result of
spring thaw conditions will act much as oil spilled
in openwater conditions.
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Section 2

Response Options:
MonitoringDetection/Tracking

Detection, monitoring, and tracking of oil are key needs for
the appropriate allocationf @esources during an oil spill
response. Information from detection and monitoring on
the location of oil identifies targets for immediate
application of response technologies. Forecasting the future
movement of spilled oil allows responders to adjust
response plans for site specific factors, adapt to weather
windows that may temporarily restrict operations, and to
identify resources at risk so that appropriate protective
measures can be applied. This section focuses on the
potential for current and dewgling technologies to detect
oil, map the boundaries of contaminated areas, and track the
movement of oil in a range of oil and ice scenarios. The
presence of ice can both facilitate and complicate the tasks
of monitoring, detecting, and tracking oil. Beakice often
forms a natural containment that slows down the spreading
of oil on the sea surface. The rough surfaces of pack ice
also tend to localize spilled oil to a relatively small area.
By slowing the movement of oil and restricting its
spreading, te presence of ice reduces to some extent
demands for frequent updates of sensor measurements. Oil
located under ice or under snow may present a challenge
for remote sensing and @ade interactions complicate the
task of numerical modeling of oil transpoiGiven the
limited reallife experiences in detecting actual spills in ice,
assessments of individual remote sensing system
capabilities draw where possible on the much broader range
of experiences with remote sensing of spills in open water.

Much of theearly research on spill detection in ice took
place over an intensive tgmar period beginning in the late
1970s, largely in response to active Arctic offshore drilling
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programs in the Canadian Beaufort Sea. Researchers
carried out analytical, bench testbasin tests, and field
trials with a wide range of sensor types in an effort to solve
the oilin-ice detection problem (Dickins, 2000; Brown,
2008; Goodman, 2008). Detection technologies tested
include acoustics, radar, ultraviolet (UV) fluorescence,
viewing trapped oil under UV light from a bare ice surface,
infrared (IR) (including active heating with a laser), gamma
ray, microwave radiometer, gas sniffers, trained dogs, and
ground penetrating radar (GPR).

Following the demise of Arctic explorationilling in the

late 1980s, little new progress was made towards
developing operational oil in ice sensors until 2004. At that
time, a series of projects sponsored by the former US
Minerals Management Service (MMS) and the oil industry
in Canada, the U.Sand Norway began to evaluate and test
nextgeneration GPR, acoustics (sonar), gas detectors, and
Nuclear Magnetic Resonance (NMR). Research on these
technologies is continuing along with the development of
new observational platforms such as unmannedediicies

and autonomous underwater vehicles.

Experience gained from research in this area indicates that
no single sensor system meets all needs for oil detection,
tracking, and monitoring in ice environments and that a
flexible response strategy will reije a combination of
airborne, satellitdased, and surfadsmsed technologies.

Current Technologies

Side Looking Airborne Radar (SLAR), Synthetic Aperture
Radar (SAR) andiR cameras and sensoewe proven
remote detectiomechnologiesThe SINTEF Joinindustry
Project (JIP) field experiments in 2008 and 2009 provided
an opportunity to evaluate these technologies within the
bounds of a specific scenario involving small, contained
spills between floes in close pack ice (Sgrstram et al.
2010). Airborne LaserFluorosensorgALFS) are unique in
their ability to identify the presence of oil (Goodman,
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2008) but airborne systems are not widely available due to
their requirement fohighly specialized aircraft

The state of the art and Arctic applicabilitpoth estimated
and proveni for different sensors are summarized here
according to the platform and detection technology being
used.

Airborne Remote Sensing

The use of airborne remote sensing technologies,
augmented by visual data collected by traineseokers is

the most effective method for identifying the presence of oil
on water (Andersen et al., 2010). In principle, many of the
existing airborne sensors can detect and map oil among ice
in some situations, but their capabilities in theseditions
have not been field tested.

Some governments operate surveillance aircraft with
multiple onboard remote sensing technologies, among
them Canada, Sweden, and Icelarkigre 5) that is
representative of the state of the armarine surveillance
aircraft currently available anywhere in the world. The
current generation of airborne systems is considered likely
to have a high potential for detecting and mapping large
spills in very open drift ice conditions and limited potential
in close to very close packd. Many norradar sensors are
blocked by darkness, cloud, fog, and precipitation;
however, radar sensors are not affected by these conditions.
Infrared technology is currently used widely for sensing oil
spills. IR deployed from aircraft is inexpensivejdaly
available, and is capable of detecting oil on the water
surface. However, IR detection is nmique in that false
targets, such as seaweed and shorelicas, interfere
(Fingas and Brown, 2011).

Satellite Radar Systems

The area where the greatestvances in Arctic ice and
marine surveillance technology have been made over the
past 20 vyears involves alleather SYNTHETIC
APERTURE RADAR (SAR) satellite systems, which are
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unaffected by darkness or cloud cover. The latest
generation of platforms launed since late 2007 are able to
detect surface features down to approximatatyetre The
capabilities of these new satellites in being able to assist
with Arctic spill response are still not fully understood but

it is thought that the demonstrated capgbiof SAR to
detect and map large slicks at sea under moderate wind
conditions should also apply to weléfined slicks
spreading among very open pack ice. The first generation
of SAR satellites monitored and mapped large slicks at sea
during theNakodka Sea Empressnd Prestige incidents
(Hodgins et al., 1996; Lunel et al., 1997).

The main value of satellite radar imagery is likely in its
ability to document the changing ice conditions in the
vicinity of the spill, providing a valuable tactical planning
tool for deploying vessels and recovery systems more
safely and effectively. Satellite radar has the very important
advantages that it can be used in darkness and foul weather
and for searching very large areas. Although radar detection
of oil on the wateis not unique, as other phenomena can
contribute to damping capillary waves on the water surface,
it can serve to identify areas that may need to be
investigated with more specific technologies. It may be
possible to use SAR satellite imagery to detew anap
slicks in the presence of ice, given the right combination of
circumstances: floe size, ice concentration, slick
dimensions, and wind speed.

Surface Systems

This section describes detection systems that may
deployed either from the surface oétivater, by vessel, or
from the surface of the iceGROUND-PENETRATING
RADAR (GPR) is a technology that can be deployed on tt
ice surface and from aircraft platformsA series of tank
tests and field experiments demonstrated that sulfased
GPR could detect the presence of oil films of3tm
thickness both under ice and trapped as layers within t
ice. (Dickins et al., 2005).This latter capability was
successfully tested in an experimental spill on fjord ice i
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Svalbard, April 2008 as part of the \HIEF JIP. The
average oil thickness of 2cm was covered in a layer of hard
packed snow 5 to 20cm deep (Bradford et al., 2010). A
commercially available radar unit was used, suspended
beneath a helicopteFigure 6) and flown over the test site

at forward speds up to 20 knots and altitudes up to 20m.
Results from the testing indicate that readily available,
commercial GPR systems can be used effectively in an
airborne mode to detect crude oil spills within or under
snow, and from the surface to detect qilled under ice.
However, esearchers in this area emphasize that the GPR
response from oil containing systems isfumiqueandthat
successful detection requires careful interpretation.
(Bradford andDickins, 2009. Work is underway t@xpand

the capatities of airborne GPR in these applications.

Low-cost, norcooled, hanéheld IR systems can detect oil
under certain conditions, as demonstrated by a collection of
images obtained from the vessel and helicopter in the
SINTEF JIP (2009) field experimentThese experiments
confirmed prior testshat distinguished slightly warmer oil
from cold water and ice during an offshore spill in pack ice
in 1993. In the 2009 tests, during daytime, the IR sensor
was able tadistinguish between oil, ieftee water, sow,

and clean ice floes. These tests found that performance of
hand held IR systems is more reliable during daylight and
in the absence of fog.

Integrated Systems

The combination of multiple sensors combined with
advanced navigation technologies can ftevvaluable
tools for oil spill detection as well as for other applications
such as marine search and rescue. An early effort
(Loostidm, 1983) integratec5LAR, visuatlight cameras,
IR/UV scanners, and a navigational computer on an aircraft
platform to poduce geographically indexed images for spill
surveillance. Modern systems employ advanée®BAL
POSITIONING SYSTEMS (GPS) technologies that
combine motion and position information from the
navigation instrumentation on a vessel with advanced long
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rangelR and digital video cameras equipped with internal
orientation sensors. This combination of technologies
provides such systems the capability to map the location of
recorded images on an electronic chart system (see
http://www.aptomar.com/technology/tisecurussysten).
Aircraft platforms have been developed that can access a
wide range of sensors, with images providing data directly
into geographic information systems (SSC, 2011).

Trainel Dogs

The training and field assessment of dogs in detecting oil i
snow and on ice was a highly successful part of th
SINTEF JIP remote sensing program (Brandvik and Buvik
2009). Realistic tests-{gure 7) conducted in April 2008 at

S| NTEF 6 s statiensneanSveaton Svalbard followed
positive early trials in Trondheim in 2007 and confirmed
that dogs can be used to detect oil spills covered with sno
and/or ice in harsh Arctic winter environments.

) . Figure 7: Trained dogs
Controlled field tests carefully documented withP% ve shown promise

transmitters on each animal showed that the dogs cou tecting oil covered w
reliably locate isolated small oil spills buried under snow onspow and idSNTEF)

the ice surface and determine the approximate dimensions

of a larger oil spill. The dogs also verified the bearing to a

larger oil spil (400 litres, on top of the ice and covered in

snow) at distances up to 5km.

Evolving Oiin-Ice Detection Technologies

A number of new technologies (or next generation of
existing technologies) could serve to expand remote sensing
capabilities to a widerange of oil in ice scenarios in the
near future. These include NMR imaging detection of oil
under ice (Nedwed et al., 2008), next generation GPR, and
additional work on deployment platforms such as
unmanned air vehicles or autonomous underwater vehicles
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Tracking and Modeling Spilled Oil in Ice

Tracking and forecasting the position of spilled oil provides
information that can be used to direct airborne and marine
response resources at an appropriate time to respond to the
spill, for example to burn oilhat was incorporated in ice
during freezeup and that surfaces in the spring. Numerical
models can forecast future movement of oil based on the
location of spill sources, remote sensing observations of oil
location, and data on winds, ocean currentsg #&e
conditions. Forecasts of oil position provide information on
resources at risk of impact so that protective measures can
be appropriately applied.

In addition to information from the detection methods
discussed above, there are additional sourcedamation

on the movement of ice and, by extension, the transport of
oil that moves along with ice. These resources include:

High-resolution satellite imagery;

National ice services such as those in Canada,
United States, Denmark, and Norway;

Oceanogralic and meteorological services;
Surveillance aircraft; and

Commercially available satellite tracking beacons.

> >

Outputs from spill tracking activities involve:

A Maps of real time and predicted contaminated area

boundaries;
A Vector representations showing neovents of oiled
ice; and
A Charts showing the detailed composition of the ice
Polynya or Polynigs an cover where the oil is located such as: mix of floe
area of open wat sizes, variability in ice coverage, boundaries of
surrounded by sea; iites leads andPOLYNYAS .

also a geographical term
areas in the Arctihieh

remain unfrozen for muct . . .
the year. Numerical modeling can be used to simulate the

approximae movement of oil. In the absence of airborne
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visual checks or buoys on site, currently available models
approximate oil movement in broken ice by assuming that
the oil follows the ice in its response to winds and currents
(primarily winds). Adjusting thetarting locations of oil for
simulations based on information remote sensing
measurements can allow the models to make the best use of
all available information for forecasting.

Several open water spill trajectory models include a

component that modetsl-in-ice behaviar (e.g., Spaulding

et al., 1989; Venkatesh et al., 1990; Johansen, 1989). These

models are based on opesater spill models and

incorporate the presence of ice by applying a correction

factor that is a function of ice concentration pical ratios

of ice movement to wind speed are in the range of 4 to 5%

of the wind speed in open drift ice to 3 to 4% in close to

very close pack. A turning angle forcing movement to the

right of the wind direction is applied to account for the

effects of the CORIOLIS FORCE. More modern Coriolis Face is an
numerical approaches are the subject of current rese: apparent force that as
and a recent workshop (Khelifa, 2011) identified a need (rj ‘]?l st” 't o fb' i
collect data sets for testing models and to conduct thee e;:igshtmicr)]\”?r?e ONjgr‘ihSE
comparative §tudy of existing glgorlthms so that tIG)e‘E Hemisphere and to the
yearol d fAcorrection factor 0 jjtheSouthern Hemisph@ N

and is instrumental in t

Summary Points largescale atmospher
circulationThe deflection i

. . o . . related to the motion of
A Detection, monitoring, and tracking of oil are ke gpject, the motion of t

needs for the appropriate allocation of resourc Earth, and latitude.
during an oil spill response. Information fron

detection and monitoring on the loet of olil

identifies targets for immediate application of

response technologies. Forecasting the future

movement of spilled oil allows responders to adjust

response plans for site specific factors, adapt to

weather windows that may temporarily restrict

operations, and to identify resources at risk so that

appropriate protective measures can be applied.

A There is no one sensor that will work across a broad
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range of oil in ice situations and weather
conditions. Planning scenarios for Arctic spill
response shdd include a flexible combination of
sensors operating from diverse platforms including
aircraft, satellites, vessels, helicopters, aneicen
teams.Table 1 illustrates the range of applicability
of different sensor technologies for oil spills.

Trackingand forecasting the position of spilled oll,

based on integrating remote sensing information,
environmental data, and numerical modeling
provides information that can be used to direct
airborne and marine response resources.

Table 1: Applicability of sensor technologies for oil spills (Dickins et al., 2010)

Platform Ice Surface | AUV | Shipborne Airborne Satellitg
Sensor Dogs | GPR |SONARRadar| FLIR| GPR|Visible] UV | FLIR|[ SLAR] ALFS| SAR
Qil On Ice
Exposed on cold ice surfacd Y N/A N/A N Y Y Y N Y N Y N
Exposed on spring melt poojs Y N/A N/A ? Y N Y ? Y ? Y N
Buried under snow Y Y N/A N/A N Y N N/A N N N
Oil Under Ice
Smooth fast ice ? Y Y N/A N/A Y N/A N/A N/A N N N
Deformed pack ice ? ? Y N/A N/A ? N/A N/A N/A N N N
QilIn Ice
Discrete encapsulated layer|  ? Y N N/A | N/A Y NA | NA | NA N N N
Diffuse vertical saturation ? ? N N/A | N/A ? N/A | NA | NA N N N
Oil Between Ice Floes
Low concentration N/A N/A N Y Y N/A Y Y Y Y Y Y
High Concentration N/A N/A N N Y N/A N N N N N N
Legend:
Y = Likely N = Not likely [ = Blocked by dark/
?=Possible N/A = Not applichle clouds/fog/preciptation
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Section 3

Response Options:
In-situ Burning

The use of irsitu burning (ISB, also referred to as
controlled burning, as a spill response technique is not new,
having been researched and employedone form or
another at a varigtof oil spills since the late 1960s. There
are two main technological components fositu burning:
fire-resistant booms and igniters. Both have been the
subject of extensive research, development, and testing over
the past 30 years. In recent yearsrehbas also been
extensive testing of chemical herding agents in conjunction
with in-situ burning.

ISB is especially suited when oil is spilled in an
environment with the presence of ice; much of the early
research and development on ISB use was for spilland
under solid sea ice. More recently, the research has
addressed burning spills in pack ice of various ice
concentrations. In general, the technique has proven to be
very effective for thick oil spills in high ice concentrations
and has been used sessfully to remove oil resulting from
pipeline, storage tank, and ship accidents incmesred
waters in Alaska, Canada, and Scandinavia.

The presence of ice reduces the spreading of oil, and the
reduced wave activity within an ice field tends to rediee
weathering effects that make ignition of oil more difficult.
As a result, the window of opportunity for burning is
generally much greater for spills in ice than for spills in
open water.

Despite the strong incentives for considering ISB as a
primary ®untermeasure method, there remains some
resistance to the approach. There are two major concerns:
first, the fear of causing secondary fires that threaten human
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life, property and natural resources; and, second, the
potential environmental and humbgralh effects of the by
products of burning, primarily the smoke.

This section provides a description of the basic processes
involved in ISB, a summary of the main developments
relating to its use in open water and in-aféected waters,
and a summary of theenvironmental tradeffs and
decisionmaking factors involved in its use.

The Basics of 18itu Burning

TheFire Pointof a fuel is
. ) the temperature at whict
In order to burn spilled oil, three elements must be presengill continue to burn for

fuel, oxygen, and a source of ignition. The oil must beeast 5 seconds after ignil
heated to a temperature at whistfficient hydrocarbons by an opeilame. At the
are vaporized to support combustion in the air above theLASH POINa substance
slick. This means that the ignition source has to provid®/ll ignite briefly, but va|
some heat to the slick before it will ignite. Once a smalf™ght not be produced a
area of the slick is burning, heat from the flames wiIIrate 0 sustain the fire. M

. . ! . tables of material propert
radiate back to the slick, making the process-sedftaining. . only list mateeialpﬂe

The key oil slick parameter that determines whether or ndt€ints, but in general the
the oil will burn is slick thickness. If the oil is thick enough, PO"'> can be assumed
it acts as insulation from the colder underlying water an eea f?;sh po;ﬁtser (fé:
keeps thaipper surface of the burning slick at a SUfﬁCientlyen.Wikipedia.org).

high temperature to maintain vaporization and combustion,

and by reducing heat loss to the underlying water. As the

slick thins, the heat flux from the flame cannot compete

with heat transfer to the undgng water causing the
temperature of the upper surface of the slick to drop belov
its FIRE POINT , at which time the burning stops.

There has been extensive experimentation on crude oil a
fuel oils with a variety of igniters and in a range of
environnmental conditions to determine the minimum

ignitable thicknessFigure 8 shows an image from a tank

test on ignitability limits. This is about 1mm for fresh crude
oils, 2 to 5mm for weathered, unemulsified crude oil and
diesel fuel, and about 10mm for hedugl oils (Buist et al., Figure 8 Tank testing t

1996; and 1998; Bech et al., 1992; and 1993). determine ignitability lin
(SL Ross Environmen
Research Limijed
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Aside from oil type, other factors that can affect the
ignitability of oil slicks on water include: wind speed,
emulsification of the oil, and igniter strength. The
maximum wind speetbr successful ignition of large burns
has been determined to be 10 to 12m/s (20 to 25 knots)
(Bech et al. 193). For weathered crude that has formed a
stable watein-oil emulsion, the upper limit for successful
ignition is about 25% water, although sormmeides form
metastable emulsions that can be easily ignited at much
higher water content&uenette et al., 1995; Guenette and
Sveum, 1995; Guenette and Wighus, 1996).

The rate at which ISB consumes oil is generally reported in
units of thickness per untime. The removal rate for igitu

oil fires is a function of fire size (or diameter), slick
thickness, oil type, and ambient environmental conditions.
For most large (> 3m diameter) fires of unemulsified crude
oil on wa tofe rh,u mbhdehe Burninghretetis t
3.5mm/min. Automotive diesel and jet fuel fires on water
burn at a slightly higher rate of about 4.0mm/min
(Babrauskas, 1988

These basic processes of ISB are well understood and are
based on laboratory and field experiments dating hack

the 1970s. More recent research has focused on some of the
finer points of ISB as a response tool, such as the ignition
and burning of emulsions, and the ignition and burning of
oiled snow and oil in various forms of ice.

In the 1990s, the research lourning emulsions was a focal
point, after the second attempted burn of crude oil from the
Exxon Valdezeportedly failed due to the high emulsion
water content (Allen, 1991). &earch programs were
carried out in Alaska, and jointly in Canada and Norway t
investigate the burning of emulsified oil slicks on water and
amongst ice in various environmental conditions, including
waves. Also in the early 1990s, a field research study on
burning diesel and crude oil in snow was performed in
Norway and found thanow/oil mixtures with as little as 3
to 4% oil could be ignited using a promoter and burned
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with efficiencies of 90% or greater even two weeks after
being spilled (Sveum and Bech, 1991).

In the early 2000s research looked at the effects of sludfrazil ¢eis a collection ¢
and FRAZIL ICE on the ignition and burning processes.!0ose, randomly orient
Burning is still possible under these conditions, but it wag'¢edleshaped ice crysta
found that the rate was about emearter to onéialf the " Water. It resembles sk
T apd has the appearance

rate on open water and the overall efficiency was somewhgging slightly oily when s¢
less (Buist et al., 2003). on the surface of water.
Recent work, as part of the SINTEF JIP research programgPoradically forms in op
has investigated the ignitability of various oils as a functioftfbulent, _super cool
.Y 2 . water, which means tha

of their initial composition and degree of weatherm.g. anjsua”y forms in rivers, lal
of the key conclusions of this work was that oil spilled ingng oceans, on clear nig
ice remains ignitalel and burnable for a much greaterwhen the weather is colc
period of time than in open water. This is due to theand air temperature reacl
combined effects of reduced spreading, reduced6°Cor lower. Frazil ice
weathering, and reduced emulsification when ice is presette first stage in t

and due to the generally colder temperatures (Sgrstrgm fgfmation of sea ice. (frc
al.,2010). wwwWikipedia.org).

In-Situ Burning of Oil on Open Water

ISB can remove oil from the water surface very effectively
and at very high rates. The use of towed fire containment
boom to capture, thicken, and isolate a portion of a spill in
open water or in low ice conceations, followed by
ignition, is far less complex than the operations involved in
mechanical recovery, transfer, storage, treatment, and
disposal.

The potential effectiveness of ISB has long been
recognized, and there have been severalkwelivn tanker

spills where much of the oil had been consumed in an
unintentional fire related to the accident. However, the
intentional ignition of oil slicks on open water has only
been seriously considered since the 1980s when researchers
developed the first generatiorof fire-resistant oil
containment boom. ISB using such boom has been
conducted at four open water spills in North America in the
1990s: a major offshore tanker spill, a burning blowout in
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an inshore environment, and a pipeline spill into a river.
Most re@ntly, the Maondo well blowout in the Gulf of
Mexico in 2010 saw the larggcale use of firgesistant
boom to burn a significant portion of the oil on an ongoing
basis. Nearly 400 burns were conducted over a-ttmagh
period with an estimated 220,0008I0 310,000 bbl of oil
eliminated from the marine environméMabile, 2010).

The present generation of firesistant boom has evolved
significantly since initial designs of the 1970s and 1980s,
and there are several commercially available products that
have been subjected to standardized testing to verify their
suitability and durabilityThe development of fireesistant
boom and standardized test methodologies to prove their
effectiveness are discussed later in this chapter.

In-Situ Burning of Oil iBroken Ice

ISB has been considered a primary Arctic spill response
countermeasure ever since the start of offshore drilling in
the Canadian Beaufort Sea in the hRF0s. Field trials at
that time demonstrated that -are burning offered the
potential to emove almost all of the oil present on the
surface of landfast ice with only minimal residue volumes
remaining for manual recovery. This area of research
culminated in 1980 with a fulicale field research program
on the fate and cleanup of a simulated s&ab oil well
blowout under landfast sea ice (Dickins and Buist, 1981).

Research in oil spill cleanup in pack, or broken, ice also
began in the 1970s and has been rekindled in recent years
with the possibility of renewed exploration in frontier areas.
With the known effectiveness of ISB in open water and
certain ice situations, this has been a priority area for
research and development. Work has been performed by
researchers in Alaska, Canada, and Norway on a laboratory
scale, midscale in test basins, anch ifull-scale field
experiments. Work at midcale was aided greatly in the
1990s by the development of the Oil and Hazardous
Materials  Simulated  Environmental Test  Tank
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(OHMSETT) in Leonardo, NJ, USA as a winténe test
facility, with the ability to arficially chill water if
necessary, and the use of manufactured sea ice.

The consensus of the research to date on spill response in
broken ice conditions is that ISB is a suitable response
technique, but the effectiveness will vary greatly with the
initial spill conditions, and specifically the slick thickness.
For spills that occur in static ice fields of relatively dense
ice, the oil will be contained to a great extent and the slick
thicknesses required for effective burning will be
maintained. On the othehand, oil spilled in lesser
concentrations of ice will tend to spread and thin over time,
making burning ineffective unless some form of
containment can be employed.

Looking at three broad ranges of ice concentration:

A In open water to approximately 30%eicover, the
oil 6s spread and movement
affected by the presence of the ice, and open water
ISB techniques may be possible. This could involve
the collection of slicks in areas with the least ice
coverage with fire boom operated by tewssels,
and their subsequent ignition.

A In 30% to 70% ice cover, the ice will reduce the
spreading and movement of the slick, but not to the
extent that it is completely containing the oil. The
deployment and operation of boom in this ice
concentration wdd be difficult.

A In 70% to 90%+ ice cover, the closely packed floes
will effectively contain the oll; if slicks are initially
thick enough, they will remain that way and can be
burned effectively.

The ability to effectively burn oil in high concentratioois
ice has been proven in lab and field studies over the past 30
years. Recent research has addressed the low and moderate
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wreckage of other forms
ice. Brash is commo
between colliding floes o
regions where presst
ridges have collapsed.

Spill Response in the Arctic Offshore

containment requirement needed to achieve the necessary
slick thickness to support combustion.

In order to burn oil in low ice ca®ntrations, it is necessary
to collect and contain sufficient oil to achieve the necessary
slick thickness. Two types of fieesistant boom were
tested during Barents Sea experimental spills in 2008 and
2009 to evaluate thewapabilities in ice (Potteaind Buist,
2010) (Figure 9). These experiments were conducted as
part of the SINTEF JIP project. In the first year, testing was
done without oil to confirm the deployment procedures
using a vesseabdf-opportunity (i.e., an icebreaking vessel
not specifica}y designed for oil spill operations) and to
determine effective procedures for maneuvering the boom
to capture oil floating among ice floes. This was dome
prove the operational feasibility of the technique prior to
gaining approval for an experiment twibil in 2009. Both
boom used in the Norwegian trials have undergone
extensive tank testing to prove their fiesistance, and
both were used in the Macondo incident in 2010 to perform
successful opewaterISB.

ISB of oil spilled in pack ice during breaup will likely be
easier than in the same ice concentration during frepze

In fall, the sea is constantly freezing, which generates
significant amounts of slush ice which can severely hamper
containment and thickening of slicks (naturally, or with
boaom) for burning; and logistics become increasingly
difficult with the onset of winter. During brealp, there is
much less slush arRASH ICE present, the ice floes are
deteriorating and melting, daylight is approaching 24 hours
per day, and the temperaggrare warming.

In-Situ Burning of Oil on Solid Ice

Oil may be found on the ice surface as a result of being
spilled there directly, or because of migrating through the
ice during spring (from oil trapped beneath or within the
sheet following a subsea rake during the winter). ISB is

the countermeasure of choice to remove oil pools on ice in
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these situations. There is a high degree of knowledge on the
ignition and burning of oil on melt pools as a result of
experiments with this technique in the Canadimaufort
Sea in the 1970s and 1980&gure 10). For large areas
with many melt pools, helicopters deploying igniters would
be used to ignite individual pools of oil. For smaller areas s
manual ignition techniques could be employed. Work ;%"'?"’"“‘

currently undenay to develop advanced aerial ignition :
techniques involving fixedving aircraft with much greater

payload/range capabilities for remote operations in thejgure 10ISB of oil in me
Arctic. pools(Dome Petroleum)

Wind will generally blow oil on melt pools to the
downwind ice edge, where it will be herdedthicknesses

of manymillimetres Individual melt pool burn efficiencies
might exceed 90 to 95%. The overall operational efficiency
of ISB techniques in removing oil from the ice surface
found during field testsange from 30 to 90%, with an
average irtherage of60 to 70%; the efficiency will depend
upon the circumstancesf the spill (e.g., melt pool size
distribution vs. igniter deployment accuracy, film thickness,
degree of emulsification, timing of appearance vs. break
up, etc.,) Dickins and Buist 1981).For areas of fast ice
where the oil may surface early in the spring, it could be
possible to manually flush and/or recover remaining burn
residue prior to final brealp of the ice sheet.

In-Situ Burning of Oil in Snow

Qil that is spilled on thece surface and mixed with snow
can be successfully burned in piles even in -witer
Arctic conditions. In many cases, waiting for the snow to
melt could result in thin oil films incapable of supporting
combustion and spread over a large ice area. Asdnee
time, oiled snow with up to 70% snow by weight can be
burned insitu. For higher snow content mixtures (i.e.,
lower oil content),promoters, such as diesel fuel or fresh
crude, can be used to initiate combustion. For more dilute
mixtures of oil in snw, the technique of ploughing oiled
snow into piles where the oil may be allowed to concentrate
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will allow successful ignition and burning. For this
technique, the oiled snow is scraped into a volesraped
pile, with a depression in the middle. An igniie placed in

the center of the pile. The heflabm theflames melts the
surrounding inside walls of the conical pile, releasing the
oil from the snow, which runs down into the center and
feeds the fire. This technique can generate considerable
amounts ofmelt water at the base of the pile, which needs
to be managed.

Igniters

A variety of methods are available to ignite an oil slick,

including devices designed or modified specifically for ISB

as well as simple, adoc methods. There are two essential

compaents to successfully igniting oil on water: heating

the oil to its fire point, so that sufficient vapors are

produced to support continuous combustion; and providing
an ignition source to start burning.

For light refined products the flash point may besel to

the ambient temperature and little if any-pesating will be
required to enable ignition. For other oil products, and those
that have weathered and/or emulsified, the flash point will
be much greater than the ambient temperature and
substantial prdieating will be required before the oil will
ignite.

The Helitorch was originally developed as a tool for
burning forest slaskwaste trimmings, branches, etc. from
logging operationsand for setting backfires during forest
fire control operations. It s adapted for use in ISB in the
mid-1980s and found to be an effective system for igniting
spilled oil. The Helitorch has been tested extensively, used
in a number of field trials, and refined considerably over the
years (NRT, 1995). The Helorch emitsa stream of gelled
fuel that is ignited as it leaves tdevice. The burning fuel
falls as a stream that breaks into individual globules before
hitting the slick. The burning globules produce a flame that
lasts for several minutes, heating the slick dmhtigniting
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its vapors. Gasoline is the fuel typically used, but research
and testing has shown that alternatives such as diesel, crude
oil, or mixtures of the three fuels produce a greater heat
flux, and should be considered for highly weathered oils
andemulsions that may be difficult ignite (Guenette and
Sveum, 1995).

A variety of handheld igniters have been developed for use
as devices to be thrown by hand from a vessel or helicopter.
These igniters have used a variety of fuels, including solid
propellants, gelled kerosene cubes, reactive chemical
compounds, and combinations of these. Burn temperatures
for these devices range from 650°C to 2,500°C and burn
times range from 30 seconds to 10 minutes. Most-heaidl
igniters have delay fuses that prowidufficient time to
throw the igniter and to allow it and the slick to stabilize
prior to ignition (Guenette and Thornborough, 1997;
Moffatt and Hankins, 1997).

For small, contained spills, simple-adc techniques can be
used to ignite the oil. For exahep propaneor butanefired
weed burners have been used to ignite oil on land, ice, and
water. As weedburners or torches tend to blow the oll
away from the flames, these techniques would only be
applicable to thick contained slicks. Rags or sorbent pads
soaked in fuel have also been successfully used to ignite
small spills. Diesel is more effective than gasoline as a fuel
to soak sorbents or rags because it burns more slowly and
hence supplies more pheating to the oil.

Gelled fuel can also be used watht the Helitorch as an
ad-hoc igniter. This was the method used for the test burn
during theExxon Valdezpill in 1989. Gasoline and gelling
agent werenixed by hand in a plastic bag, and then the bag
was ignited and allowed to drift into the slick cained
within a fireresistant containment boom. In the Macondo
spill in 2010, approximately 400 burns were ignited using
gelled fuel contained in plastic bottles with a flare attached.
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Figure 11nsitu burning
using fireesistant boom
(SINTEF)
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Fireresistant Containment Boan

In Arctic waters with low ice concemttions containment
booms could be used in a safashion as in open water.
Following the successful test burn at Ewexon Valdespill,
considerable effort went into refining fire boom technology
and developing new fire resistant and fireproof boom
desigis for improved durability and handling. Several key
technology advancements were made, including water
cooled booms that employ water pumped through a porous
outer fabric layer to protect the underlying floatation and
membrane components, and a smalléghtér weight
stainless steel fireproof boom that was designed to be used
as a fireproefhapedlbetc oind i gu
arms of conventional and/or fire resistant boom.

As a direct result of the fire boom development efforts, fire
boom test praicols were developed, and eventually
adopted by the American Society for Testing and Materials
(ASTM F2152 - Standard Guide for hsitu Burning of
Spilled Oil: FireResistant Booin(ASTM, 2011). Recent
use of several fireesistant booms at the Macondoidtent

has validated the test procedures in terms of the relative
durability of several different boom productiqure 11).

With the many opportunities to burn oil at sea during the
Macondo incident, manufacturers have gathered important
information and mde significant improvements in their
products (e.g., higher cooling water flow rates in water
cooled booms, and more heasistant materials in nen
cooled fire booms).

A number of fire booms have been tested at the OHMSETT
facility and have been found tmave similar containment
limits as conventional boom. Due to the weight of materials
used for fireresistance, the weight per unit length is
generally much higher and the buoyancyweight (b/w)
ratio is much lower than for most conventional booms. As a
result they are generally not applicable for high sea states,
but this should not be an issue when used in open drift ice
conditionsas the ice tends to dampen waves
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HerdingAgentsUsed to Facilitate-Bitu
Burning

The key to effectivdSB is thick oil dicks. Close pack ice
can enabléSB by keeping slicks thick, but in open drift ice

conditions, oil spills can rapidly spread to become too thin
to ignite. Fire boomcan colect and keep slicks thick in
relatively open water; however increasing ice
concelration makes using boom more challenging. A
multi-year joint industry project was initiated in 2004 to
study oitherding chemicals as an alternative to boom fo
thickening slicks under these conditions to facilitt®.
Figure 12is an image taken durirgsuccessful field test of
oil-herding chemicals during the SINTEF Jifroject

(2009).
. . Figure 12 Insitu burning
Smaltscale laboratory experiments were completed in 20Qding herding agents -

and 2005 to examine the concept of using herding agentsédtainme(SINTEF)
thicken oil slicks among open drift ice for therpose of

ISB. Encouraging results prompted further saahle

testing at the U.S. Army Cold Regions Research and

Engineering Laboratory (CRREL), the OHMSETT facility,

and the Fire Training Grounds in Prudhoe Bay, @ist

and Morrison, 2005; Buist et ap06; 2007; and 2008).

The herder formulation used in these experiments proved
effective in significantly contracting oil slicks in cold water
and in brash and slush ice concentrations of up to 70% ice
coverage. Herded slicks were ignited, and burned Bqual
well in both brash and slush ice conditions at air
temperatures as low asl7°C. The burn efficiencies
measured for the herded slicks were similar to the
theoretical maximums achievable for equivaleized,
mechanically contained slicks on open watey.a final test

of the concept, herders were successfully field tested at a
large scale in 2008 as part of a Joint Industry Program on
Oil Spill Contingency for Arctic and Iec€overed Waters
organized by SINTEF in the Barents Sea. Burn efficiencies
of 90+% were achieved in two test burns using herders to
thicken and contain oil amorige (Buist and Potter, 2010).
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Burn Residue is the
unburned oil remaining
the water surface when
fire extinguishes.

Figure B: Insitu burning
residug(NIST)
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Research is presently ongoing to develop more effective
herder formulations and on developing herder application
technology.

Health and Environmtah Effects of KSitu
Burning

Studies of the emissions from ISB have shown fairly
consistent results. About 85 to 95% of the burned oll
becomes carbon dioxide and water, 5 to 15% of the oil is
not burned efficiently and is converted to particulates,
mogly soot, and the rest,-3%, is comprised of nitrogen
dioxide, sulfur dioxide, carbon monoxide, polynuclear
aromatic hydrocarbons (PAH), ketones, aldehydes, and
other combustion bproducts. Thé68URN RESIDUE from

a typical, efficient (>85%)SB of crude d 10 mm to 20
mm thick is a semisolid, tdike layer. For thicker slicks,
typical of what might be expected in a towed fire boom
(about 150 mmto 300 mm), the residue can be a solid
(Figure 13).

In the 1990s there was a concerted research effort to
detemine the potential environmental effects ofsitu
burning. Environment Canadat
Technology Section (ESTS) and the US National Institute
for Science and Technol ogy6é
Research Laboratory spearheaded the rivadn programs.

Both organizations collected and analyzed data from each
ot herés research fires.

The two programs looked at various aspects of smoke
emissions and soot production. The Environment Canada
program involved a series of crude oil and diesekfioa
water over a large range of fire sizes, culminating with the
1994 Newfoundland Offshore Burn Experiment (NOBE)
(Fingas et al., 1994. The NIST program focused on small
and midscale fires (in Mobile, A and Prudhoe BayiK)

of various types of crude loiand refined products
(McGrattan et al., 1994; 1995). The work of both teams
greatly advanced the understanding of what was in the
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smoke from an irsitu oil fire on water and how to predict
its downwind impacts on the environment, and resulted in
the devéopment of computer models that are used to
predict downwind concentrations of smoke emissions
(discussed in Section 7 - Selection of Response
Strategieg.

Research in the 1990s also examined the burn residue.
Studies showed that the residue from burnsrofle oil had
very little or no acute toxicity to key indicator species in
salt water andreshwater Daykin et al.,1994; Blenkinsopp

et al., 1997). This is attributablgo the act of burning the

oil T an effective burn removes the lightest, most toxic
components of crude oil. Further research looked at benthic
species, which incurred very low levels of toxic effects
when exposed to burn residue deawater (Daykin et al.,
1994, Blenkinsopp et al., 1997).

Other studiedooked at the potential for residueo sink,

and in some cases this may occur depending on the initial
density of the oil and the effectiveness of the burn (highly
effective burns are more likely to produce hignsity
residues). Sunken burn residues can affect benthos that are
otherwiseremoved from impacts by a spill at the surface of
the water. This occurred, for example, during Heven

spill in Italy in 1991, which involved an unintentional fire,
and during theHonam Jadespill in South Korea in983
(Martinelli et al., 1995; Moller1992). In both cases the
regdue affected bottom resources in a relatively small
localized area and interrupted fishing activities. It is
important to note that residues as a result of a burn are not
only likely to be localized, they will likely consist fo
scattered chunks rather than as a continuous mat covering a
broad area.

The potential impacts of sunken burn residue and the
time/resources needed to collect the residue before it sinks
must be weighed carefully to determine the smallest overall
envirormental impact. In some cases it may be better to use
the available resources for continued burn operations
(eliminating large quantities of oil) than to commit such
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resources to the collection of a relatively small quantity of
low-toxicity burn residue.

The production of smoke during an ISB, and the
concentrations of smoke particles at ground or sea level are
usually of most concern to the public as they can persist for
several miles downwind of a burn. From a human health
perspective, the focus is on thogarticles that are small
enough to be inhaled into the lungs, i.e., those smaller than
2.5 microns in diameter. These are referred to a2/l

(PM stands for "particulate matter").

Particulate concentrations in the plume are greatest at the
burn site but they decline with increasing distance from the
site, primarily through dilution, dispersion, and fallout, but
also through washing out by rain and snow. Concentrations
of PM-2.5 in a smoke plume are not easy to predict
accurately because they are adlion of many factors
including: soot yield; fire size; burn efficiency; distance
downwind from the burn; terrain features; and atmospheric
conditions (e.g., wind speed).

The default approach adopted in the US ensures smoke
concentrations do not exceedethationd Ambient Air
Quality Standards (NAAQS) at downwind, populated areas
by undertaking readime monitoring of the plume. If this
monitoring is not possible, the US also allows for smoke
plume trajectory models, with a safety factor applied, to be
usd to determine safe distances. For responses in US
federal waters, use of ISB requires approval by the
appropriate US Regional Response TeaRuor responses
within state waters (3 nm offshore and inland ; with some
variations for particular states), thé a oi ni ng coas
air quality agency is responsible for authorizing ISB in
conjunction with the unified command established for the
response (interested parties are directed to contact the US
Coast Guard for further details). Both NIST and the
National Oceanic and Atmospheric Administration
(NOAA) have developed models to predict downwind
smoke concentrations. These are sophisticated tools that

47



Spill Response in the Arctic Offshore

require detailed spill and meteorological inputs and should
be run by experts only.

As an interim plannip measure, general examples can be
used as guides. NIST has developed a simple technique for
roughly estimating the maximum distance downwind over
flat or complex terrain for the concentration of soot in
plumes from ISBs to dilute and disperse below a mgive
concentration (Walton and Jasdr998. If required, more
precise forecasts can be made at the time of an incident
using readily available models and incident specific
conditions. The distance beyond which the soot
concentration falls below a given levd@¢pends mainly on

the terrain height and the mixing layer depth relative to the
elevation of the burn site, with wind speed being the next
most important factor. The approximate distances
downwind over land for the grouddvel PM2.5
concentrations from500 and 1,000 barrels per hour
(bbl/hr.) fires ardn the range of 5 to 10 kilomes (3 to 6
mil es) . Such HfAexclusion zoneso
ISB operations in Arctic due to the relatively low
population densities in these areas. The -BPWM
concentation exclusion zones also can be easily maintained
for offshore burns.

Smoke plumes are also of concern because they obstruct
visibility and may pose a safety hazard to operators of
ships, aircraft, and motor vehicles in the immediate vicinity
and downvind of the fire. (It should be noted, however,
that during the Macondo incident, smoke plumes from ISB
operations did not significantly impair visibility for ships or
aircraft, even with multiple burns occurring in close
proximity.) Light scattering primaly causes a visibility
reduction from the smaller smoke particles, in the 0.3 to 0.6
micron size rangeModelling can also give estimates on
these effects, but it is unlikely that serious visibility effects
will be caused at ground level if the approteiaeparation
distances for PM2.5 are maintained.

The smoke plume may also cause limited spatial and
temporal aesthetic impacts. Even though the concentrations
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of particulate in the smoke plume are well below levels of
concern, they can still be detecteg the human nose and
may cause concern among the public.

Summary Points

A ISB is a proven response technique that can rapidly
eliminate oil with efficiencies as high as 98%.

A There is a good knowledge base on burning
fundamentals (the limits for ignitionubning rates,
effects of slick thickness and emulsions) based on
30+ years of research, much of specifically
related to Arctic conditions.

A The presence of ice may increase the winddw
opportunity for the effective use of ISB by reducing
the spreadingweathering, and emulsification of oil.
Predictive tools are available to aid responders in
determining the ignitability of various oils based on
their initial composition and likely degree of
weathering.

A There is also a good knowledge base on the
environnental effects of burning. This information
can assist in prspill planning and in decisien
making at the time of a response.

A In very open drift ice conditions (30% and less), the
oil 6s spread and mo v emer
affected by the presence oktite, and open water
in-situ burning techniques will be possible in many
cases. This would generally involve the collection
of slicks with fire boom operated by tow vessels,
and their subsequent ignition.

A In medium ice concentrations (30% to 70%), the ice
will reduce the spreading and movement of the
slick, but will not completely contain the oil.
Operation of booms in this ice concentration would
be difficult, if not impossible. Instead, herding
agents may be used to contract slicks and thicken
them sufftiently for burning. PPlease note the
reader is directed to refer to applicable law and
regulation of the country of interest for information
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on the status of licensing and approval for
emergency response use of herding agents.]

A In close pack condition§0% and greater), the ice
floes will help contain the oil; slicks that are
initially thick enough may remain that way and be
burned effectively.

A Recent technology developments include better
fire-resistant boom and the use of herding agents in
conjunction with burning. Multiple means of
ignition exist and additional improved methods are
being developed. One method undevelogment
is a fixedwing, highspeed delivery system for
gelled fuel thereby improving payload/range
constraints normally associateditlw helicopter
operations.

A ISB (with the use of firgesistant boom) played a
significant role in the response to the Macondo
blowout in the Gulf of Mexico. The burning
operations highlighted some of the key advantages
of burning by safely and effectivelgliminating
large quantities of oil with minimal personnel and
equipment resources. Overall, burning made
effective and efficient use of available logistical
resources to rapidly reduce the environmental threat
of oil on the water surface before that odutd
reach  sensitive nearshore and shoreline
environments.

A In-situ burning is a very important tool for oil spill
response under Arctic conditiom®d research has
shown it can be successfully used under a range of
ice concentrations.

FurtherReadng

Alaska Regional Response Team (ARRAQ08.In-situ burning
guidelines for Alaska Revision 1.Appendix ii, Annex
F, in The Alaska Federal/State Preparedness Plan for
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Section 4

Response Options: Physical and
Chemical Dispersion of QOil

Following an oil spill, some of the oil will disperse
naturally into the water column. The extent to which this
occurs depends on the typeaif spilled andthe available
mixing energy. Natural dispersion takes place when the
mixing energy provided by the waves and wind is sufficient
to overcome surface tension at the oil/water interface and
break the oil slick into droplets of variable siz€&nerally,
larger oil droplets will rapidly resurface and then coalesce
to form back intoan oil slick, while smaller droplets will
remain suspended in the water column where they will be
diluted by turbulence and subsurface -currergad
eventually biodegrde

Chemicaland physicatlispersants are designed to enhance
natural dispersion by reducing the surface tension at the
oil/water interface, making it easier for waves to create
small oil droplets. Figure 14 illustrates the process of
dispersant applicetn and dispersian

The use of dispersants to help mitigate the effects of spills
in open water has been proven in numerous field
experiments and in the response to many spills. Dispersants
are commonly used as a first line of response in some parts
of theworld, while in others it is regarded as an alternative
strategy after containment and recovery. Compared with the
use of boom and skimmers, dispersant use offers a primary
advantage in the overall treatment rates that can be
achieved. Much broader areafsan oil slick can be treated

by dispersant application than could generally be
encountered by containment and recovery systems.
Furthermore, dispersants are efficient in high sea states,
when other response techniquesperience significantly
reduced eftiencyor become unsafe to implement
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Research and test programs over the past 20 years have
looked at addressing important concerns regarding potential
dispersant use in Arctic conditions, specifically their likely
effectiveness in cold air and veattemperatures, in the
presence of ice, and in brackish water due to melting ice
and river outflows. This research has shown that the critical
parameters for effective dispersant use in a response
include the performance of the dispersant, the oils
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dispesibility, the application of the dispersant, and the
availability of sufficient energy for the dispersion process
(Serstram et al, 2010). The following describes some of

the more significant research on these parameters, and
together show that dispersame has the potential to be a

very effective countermeasure in a number of Arctic
situations.

What are Dispersants?

Chemical dispersants are a mixture of surfactant chemicals
similar in properties and effects to many common dish
soaps. When applied to ait slick, dispersants diffuse into

the oil and work by lowering the surface tension of the oil.
In the presence of wave energy, the lowered surface tension
causes the oil to break into smaller droplets compared with
untreated oil. Dispersants have beencilly formulated

for this task and are most effective when apptietbre oils
have weathered to become too viscolecause released

oil changes its properties with time due to weathering
processes, di spersant use
oppor twheniittisynbst effective. Once oil becomes
too viscous or too emulsified, dispersants would have
reduced efficiencyT he #fAwi ndow of oppol
significantly depending on both the properties of the oil and
the conditions of the spill.

Toxicity testing is used to confirm that dispersants have an
acceptably low toxicity. Many countriegublish lists of
dispersants that have passed standardized toxicity testing
and that are approved for useor example, Corexit 9500,
among the more widely availeEbdispersants and used in
the Macondo incident, is comprised of various chemicals
with common household applicatiofiable 2). In some
countries, including the US, dispersant toxicity is measured
in the laboratory but not used as an approval criterion.
Laboratory and field studies have shown that toxicity
concerns should be focused on potential environmental
effects of dispersed oil, rather than on dispersants
themselves.
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Table 2: Other uses of Corexit 9500 ingredients

Corexit 9500 Ingredient Cmimen b21o-DEY Lee

Examples
Span 80 (surfactant) Skin cream, bodgsh emulsifier in
juice
Tween 80 (surfactant) Baby bath, mouth wash, face lotio,

emulsifier in food

Tween 85 (surfactant) Bodyface lotion, tanning lotions

Aerosol OT (surfactant) Wetting@ent in cosmetic products,
gelatin, beverages

Glycol butyl ether (solvent] Household cleaning products

Petroleum distillate (solver Air freshener, cleaner

From Nalco websitgp://www.nalco.¢applications/4297.htm

Modern dispersants are much less toxic than dispersed oil
In fact, Environment Canada found that modern dispersants
are less toxic than common household cleaners. The
environmental tradeffs of dispersant usemust weigh

exposires of organisms in the water column to dispersed oil
against potential impacts of that same oil remaining on the
surface and/or stranding on shorelines (IPIECA, 2001).

Why Use Dispersants?

Di spersants dondét swatasurfsce remove oi |
andmix it into the water column; they facilitate removal of

oil from the environment by enhanciongportunities fothe

natural biodegradation process. Furthermore, dispersants

have an advantage over other response options because they

can treat large areaseny rapidly and be applied over a

broader range of ocean conditions than other response

60



http://www.nalco.com/applications/4297.htm

Spill Response in the Arctic Offshore

strategies, even during high seas when other respon
technigues have reduced efficien&jglure 15).
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Figure 5. Estimated response system efficiencies vs. wind sg
wave height for lighhimedium weight fresh crude oils (Modified
Allen, 2009).

Dispersants convert surfacec& into tiny droplets (< 100
micrometresin diameter) that mix into the water column
and rapidly dilute. Waves and other sources of mixing
energy distribute dispersed oil droplets in the water column
where oil undergoes natural biodegradation. The beokfit
creating smaller droplets is twofold: first, the droplets are
less likely to resurface and will tend to remain suspended
in the water column; and second, the droplets are in a form
that is more easily degraded by mian@anisms that occur
naturally n the water. These droplets have several hundred
times larger surface area that bacteria can colonize than a
surface slick. In simple terms, the effective use of chemical
dispersants can fragment spilled oil into a form that can be
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more easily degraded bynaturallyoccurring micre
organisms in the environment.

The principal goal of dispersants use is to remove oil from
the sea surface and prevent oil from entering -share
bays and estuaries, or stranding on shorelines, thereby
protecting coastal habtgand the species that inhabit them.
In most offshore environments, species and resources on
the water surfacébirds, marine mammals), in nearshore
areasand on shorelines amnsiderednore vulnerable to

the effects of oil as compared with the researthat might

be contacted by dispersed oil.

However, dispersing oil into the water column does present

a tradeoff. Mitigating damage to the shoreline and to

organisms that may encounter surface slicks means

exposing the water column temporarily to veleed

concentrations of dispersed oil. Many studies have

demonstrated that such trad may be acceptable

considering overall net environmental benefit to the

ecosystem.A joint industry program at the Aberdeen

University Research and Industrigérvice AURIS, 1994)

found that habitat recovery time for @il rocky shores can

take 3 years, salt marshes ¢ake 5 years, and mangroves

can take 80 years, whereas theolonizatiorby organisms

that have planktonic life stage is far more rapid, witlshallow Water has been
phytopbnkton recovering in weeks and zooplanktomdefined in US Regior
recovering in months. However dispersants should not @sponse &en  guidance
used close to sensitive ssbrface resources such as coraflocuments as waters with
reef and known spawning beds, and should be used eptor:c S';?re 1%rmpososress|£
caut|_o_n in SHALLOW WATERS_. In S|tuat|o_ns whre Guidance documents usec
sensitive resources could be |mpac'ged, dispersant Usger jurisdictions may mi
should be evaluated on a cdmecase basis. distinctions for gpproval

Questions surrounding the benefits and potential risks 8f aPProval of application
. . - chemical dispersants bas
using dispersants, have led to substantial research o depth of water ity
understand and compare the effectsuoflispersed and {; shore. and readers :
dispersed oilThe general use of dispersants in temperatgrected to consult applice
waters is a subject unto itself, and is well summarized inragulatory authorities.
document entitledDil Spill Dispersantsproduced by the
Norwegian independent research organization SINTEF (see
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Further Reading below). The publication includes the
principles of dispersant use, limitations on their
effectiveness, how to make dispersasé decisions, and
several case studies of natural dispersion and chemical
aided dispersion.

Another key report is the Mai on al Resear cl
(NRC, 2005) publicatio®il Spill Dispersants Efficacy and
Effectsdeveloped by a committee of appointed scientists
and responders who took emphasis on-biaked decision
making and framed their assessment on recommendations
arownd the questions that planners and responders are faced
with when deciding whether or not to use dispersants.

Use of Dispersants in Arctic Environments

This section addresses the use of chemical dispersants in
Arctic environments, focusing on the key issu
effectiveness and highlighting some of the key research
programs that have examined different aspects of dispersant
use in the Arctic, such as performance in cold temperatures,
brackish water, and in the presence of ice.

Dispersant Effectiveness inl€uVater

There is a general misconception that cold temperatures
inhibit dispersant effectiveness; however a substantial
amount of testing and research exists to prove the
effectiveness of dispersants in cold water. This has been a
recent concern for comijency planners in southern Alaska
and off Canadads Eastfreecimga st
water temperatures for parts of the year and where there has
been interest in including dispersants as a response tool.

The main concern is the effect of temperats on t he ¢
viscosity: oil becomes more viscous in cold temperatures,

and there are viscosity limits for effective dispersion. The
viscosity limits for effective dispersion have been the

subject of extensive research in laboratscgle

experiments stéing in the 1980s, and more recently, in
largescale experiments between 2003 and 2008 at the US
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National Oil Spill Response Test Facility (OHMSETT)
(www.Ohmset con) (Figure 16). The common finding in
these experiments has been that dispersants remain P
effective for most unemulsified oils at freezing and near ===
freezing temperatures, as long as the oil viscosity does ndts
exceed 20,000 cP and the pour point ofdihés lower than ¢
the ambient water temperature (Belore, 2003; and 2008;
Mullin, 2004; 2007; Mullin et al., 2008). In fact, SINTEF
has shown that oils with pour points up to@@bove
ambient can still disperg&ledwed et al., 2006; Brandvik, Figure &: Effective

et al. 1995and Daling et al., 1990pt temperatures 1@~ dispersion in OHMSESL
below t he oi loibvl ng @adiy flgonilln t 0SS Enyjrenmental
resist the inclusion of dispersants applied to the oil, and wil esearch Limijed
not break into the small droplets required for effective long

term dispersion.

A report from Clark et al., (2009) presents additional results

from past research on cold condition dispersant

effectiveness testing. Some of the key findings from the

international researchers identified in this report are

summarized below:

1 Farmwald andNelson (1982) concluded that low air
temperature should not govern the decision to use
dispersants after conducting tests using cold air (4°C to
-40°C) over 1°C water andeterminingthat dispersant
effectiveness was not impaired.

1 Byford et al., (1983) ggested that higher oil
viscosities due to cold temperatures might reduce il re
coalescence of dispersed oil drops and the higher
density of the oil reduces buoyancy; both factors
resulting in better dispersion with cold temperatures.
Cold temperatures di not significantly reduce
dispersant effectiveness in these tests.

1 Brandvik et al. (1992) achieved 10% to 90% DE in
smaltscale tests at 0°C for a range of dispersants on
various weathered oil and waiieroil emulsions.

1 Mackay (1995) completed coldater (4°C) dispersant
effectiveness tests in both a bench scale apparatus
(EXDET test) and in the ESSO Resources Canada
outdoor test basin using Alaska North Slof#eNS)
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Crude oil and Corexit 9527. The bensbale results
showed a slight decrease (from 90% 80%) in
effectiveness as the temperature increased from 4°C to
15°C, suggesting that the cold conditions slightly
improved the dispersant performance. The tests
completed in the outdoor basin resulted in measured
dispersant effectiveness values between 80 97%
for weathered ANS crude oil subjected to breaking
waves immediately after the application of dispersant.

1 Several dispersant effectiveness test programs were
completed at OHMSETT in cold watetl{C to +10°C)
on Alaskan and east coast Canadiarderails(Belore,
2003; and 2008; Mullin, 2004; and 2007; Mullin et al.,
2008). Corexit 9500 and 9527 dispersants were found to
be very effective on all of the oils tested in these large
outdoor test tank experimer(tSigure 17).

Finally, current researcls aimed at modifying dispersant
formulations to increase their effectiveness on viscous oils.
I n particul ar, the devel op me
has shown promise in increasing the time that the active
ingredient in the dispersant remains in eehtwith the oil,
Figure T Tank testing it which can allow it to bemore effective (Nedwed et al.,
ice with dispersants. T 2008, Nedwed, 2007).

picture is the Aker Arctic . . i

test basin and is relevan Dispersant Effectiveness in The Presence
the Spring et al. 2006 a of Ice

Nedwed et al. 2007 wt

with icebreakers descrit As noted inSection 1: Oilin-lce Behaviour, the presence

below of ice can be beneficial to some spill response
(SLRoss Environmental countemeasures. In waters partially covered with ice, wave
Research Limijed energy is greatly reduced, and this in turn retards the natural

evaporation and emulsification of spilled oil, which can be
a big advantage for spill response. This was documented in
the SINTEF (2009) R lab experiments and subsequent
field trials, where it was found that there was a much
greater windowof-opportunity for dispersant use for spills
among ice than for spills in opemater (Sgrstram et al.,
2010). Conversely, the reduced wave activity cam &
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disadvantage for dispersant operations because a certain
amount of wave energy is needed to permanently mix oil
into the water column after dispersant application.

For many years, the prevailing view was that ice
concentrations greater than 30 to 50%uld significantly
dampen the wave field and curtail the effective use of
dispersants. Test tank experiments in the 1990s and 2000s
began to change this view when it was found that, although
the overall wave energy was indeed reduced, there was
enhanced lcalized energy created by the mechanical
grinding and pumping actions as ice pieces rise and fall and
interact. Tests in large wave basins showed that this
localized energy was, in many situations, sufficient to
disperse chemically treatedil (Brown and &odman,
1996; Owens and Belore, 2004; Nedwed 2007).

More recent tests in 2009 in the Ilaboratory and
subsequently in the Barents Sea explored this conce
further. Tests were done in the lab with ice concentrationg
ranging up to 90%, and looked at botpexts of the effects
of ice: the reduced weathering and emulsification and th
effect on mixing energies for dispersion. The tests showe
that there was an expanded windofwopportunity for

dispersant use as the ice concentration was increased, but at )
,J@gure 8 Using boats t

upply extra mixing ene
FSINTEF)

ice concentrations in the range of 90% and greater, the
was insufficient mixing energy to disperse the treated oi
(Serstrgm et al., 2010). A subsequent test in ashdle
field experiment confirmed this, but effective dispersion did
occur when supplemeaaitmixing energy was applied using
the shipds bow thrusters
small boats. Other researchers have found similar results_*

Using the turbulence from s s DI C

monitors (Spring et al., 2006; Nedwed et al.,, 2007
Nedwed, 2007fFigure 18).

The advent of azimuthalrive icebreakers makes the

concept of shignduced turbulence quite feasible. These Figure #: Ship induce
vessels can provide very good mixing energy over a broaddrbulence for mixing ene
area, and can do so in a targeted madFigure 19). This  (SINTEF)

is important because in dense ice situations and in complete
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ice cover, the mixing energy must be sufficient to create
very small droplets to ensure that the droplets remain
suspended and diffuse throughout the water column under
the limited natural turbuler® present under the ice cover:
otherwise the oil would simply rise back to the underside of
the ice after the ship moved on.

The research to date has included tests in ssoalk and at
close to fullscale in a shimaneuvering basin, and has
shown thathe technique is likely to be very effective, with
the droplets generated remaining suspended in a quiescent
tank for several weeki&pring et al., 2006; Nedwed et al.,
2007; Nedwed, 2007 he scaled icdhasin test also found
that prop wash from a larg&ee breaker is likely to
immediately disperse the oil to depths of 15 to 20m below
the surface. This results in a more dilute and therefore
immediately less toxic solution with smaller oil droplets
and a more stable dispersiofo gain further knowledge,
additional research could include measuring the amount of
turbulence present under ice, the size of the oil drops
required for permanent dispersal under the ice, and the drop
sizes generated by this process for different oil types.

Brackish Water Influence

Brackish water (i.e., water with less than the typical salinity
of seawater) could be a concern for effectiveness of
dispersants in nearshore areas that are influenced by river
outflows and in ice fields that are melting, due to the effect
of melt water. 1 has been well documented that traditional
marine dispersant products are most effective in water with
salinity between 25 and 40 parts per thousand (($it)
Ross, 201 The effectiveness of most dispersants declines
with salinities that are higher oower than this range.
However, some freshwater formulations have been
developed and many have proved to be more effective in
brackish and fresh waters than conventiodepersants
(Belk et al.,1989; Brandvik et al., 1992; Byfordt al.,
1983; Georgéireset al., 2001; Lehtinen and Vesala, 1984
Lewis and Daling, 2007 This could be an important issue
from a contingency planning perspective: to assess and
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stockpile dispersant products that are specifically suited to
the salinity conditions that occur ihg areas of interest.

Application Equipment

To treat surface spills, dispersants are sprayed onto an oil
slick using a variety of devices from boats, helicopters, and
fixed-wing aircraft. One of the problems with most
application equipment, and particuiarthose used with
aircraft, is precisely targeting the oil slick and not wasting
dispersant. This is a particular problem with fixethg
aircraft: although they are excellent for providing coverage
over broad areas and giving a benefit of high encounter
rates relative to boat based application, they are less adept
at hitting discrete slicks as might be found in an- ice
affected environment.

A recent innovation developed in Norway and tested in the
SINTEF JIP experiments in 2009 addresses this problem.
The cevice is an articulated spray arm, similar to those used
for aircraft deicing operations. The arm provides up to

severalmetresreachfrom the side of the application ship, &g
and the series of nozzles on the arm provide accura

delivery of the dispersant tthe target areas-igure 20).
The device was tested in laboratory experiments, and the
used successfully in the 2009 tests in dense pack ice in t
BarentsSea (Sgrstrgm et al., 2010).

Toxicity Figure 20 2009 SINTE!
JIP  FEX testing tF

. . ticul
Modern dispersant formulations are composed of Iov?srlll(\:ﬁgf)d W am

toxicity, biodegradablesurfactants (CDC, 2010a; NRC,
2005) dissolved in nonaromatic hydrocarbon or water
miscible solvents. Ingredientssed in Corexit 9500, for
example, have many alternative household uses, as shown
in Table 2 (Nalco, 2010). Environment Canaftaund that
commonly used dish soap was 25 times more toxic to
rainbow trout than a common dispersarilfle 3, Fingas et

al., 1995). In its 2005 report on dispersants NRE€ stated
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Table 3.
Environment Canada comparison of aquatic toxicity |
househdd cleaners to modern dispersants
(Fingas et al., 1995)
Product Ralnbfgo'{ggﬁ)% hout
Palmolive dish soap 13
Sunlight dish soap 13
Mr. Clean cleaner 30
Citrikleen XPC cleaner 34
Enersperse 700 dispersant 50
Lestoil cleaner 51
Corexi9527 108
BP 1100 WD 120
Oil Spill Eater bioremediation prog 135
Corexit 9500 354
BP 1100X AB dispersant 2900
*Note that lowers@efines greater toxicity

that the potential acute toxicity of chemically dispersed oil
is primarily associated Wi the oil and dissolved oil
constituents and not with the current generation of
dispersants (NRC, 2005).

The key determinants of toxicity for a given species are
concentrations and time of exposure. The available data
suggest that maximum dispersed adncentrations after a
spill are less than 50 mg/L immediately after dispersion and
that dispersed oil concentrations dilute rapidly, dropping to
1 to 2 mg/L in less than Bours (Cormack and Nichols,
1977; McAuliffe et al., 1980; Daling and Indrebo, 1996)
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Trudel et al. (2009) showed that concentratiohgdispersed
oil after successful dispersion are generally less than 100
mg/L, even in closed wave tanks.

For most species that have been tested, dispeikadute
toxicity thresholds are on the order dfmg/L based on
laboratory tests that expose test organisms in closed 1
containers for periods of 2 to 4 days. Water column
concentrations above toxicity thresholds in an actual spill
are limited to the togew metresand are limited in time
because ofapid dilution. A simple calculation illustrates
how rapidly dispersed oil dilutes. A lewscosity oil is
expected to have an average thickness on the sea surface of
0.1 mm (adaptedrom Lehr et al., 1984). Applying
dispersant to a slick inm waves is epected to cause
nearly immediate mixing of dispersed oil into the top 1 m
of the water column. This results in immediate dilution by a
factor of 10,000 to give an average hydrocarbon
concentration of 100 mg/ Trudel et al. (2009) studied
dispersion of searal Alaskan crude oil samples in a wave
tank confirming the immediate dilution. They sampled the
clearly observed dispersed oil plume right after dispersion
and found concentrations that ranged from 5 mg/L to a
maximum of 147 mg/L oil. For these testse thispersion
effectiveness ranged from a low of 85% (the only test of ten
reported that had <90% effectiveness) to 10@tspersed

oil plumes continue to dilute with time, and dispersed oil at
sea is estimated to become very dilute in less than a day
(Comack and Nichols, 197French McCay and Payne,
2001; French McCay et al., 2008PIECA, 21,
McAuliffe et al., 1980).

Dispersed oil may potentially cause environmental impacts
but these are limited to the organisms in the immediate
vicinity of quickly dssipating dispersed oil plumeThese
impacts are generally limited to nomobile organisms that
have reproductive schemes that can readily recover from
large losses.

Dispersantsthemselvesrapidly dilute in the open ocean
even in the absence of dispersaedl The NRC (1989)
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report stated that smadtale field tests have indicated that
the concentration of dispersant in water falls to less than 1
mg/L within hours. These low concentrations are generally
below estimated toxicity threshold concentrationsiveel
from ficons teaperimentséNRE,d%38)r e

With the exception of the use of an engine room degreaser
as a dispersant during the 1967 Torrey Canyon spill in the
United Kingdom, catastrophic losses of mature fish
populations from dispersant ubave never been reported.
Monitoring following the 1996Sea Empressoil spill
incident in the United Kingdom demonstrated that the use
of dispersants resulted in an environmental benefit
compared to other potential resporsteategies (Lunel et
al., 1997) Surveys conducted after the 2010 Macondo
incident where dispersants were uséud the Gulf of
Mexico, indicate that significant losses of juveniish and
larvae did not occurSdentists from the University of
North Carolinaéds Icausseédafivat e
year data set within the edlffected region and conducted
surveys of juvenile fish in sea grass beds along the coasts of
Mississippi, Alabama, and Florida two monthsen flow

was stopped from thielacondo well. The fish species they
surveyed would have been floating as larva in the Gulf of
Mexico during the oil spill. They found thaverall,species

by speogs catch rage were high in 2010 after the spill
relative to the previous four years (Fodrie and Heck, 2011).

Dispersant toxicity reggch has been conducted recently on
specific Arctic species of concern. It was found that Arctic
species that were tested have similar or greater tolerance to
representative concentrations of dispersed oil, and that the
di spersant so® acurs a concentrations t y
that are much greater than any proposed use of dispersant
product (McFarlin et al., 2011).
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Degradationf Dispersed Oil in Arctic
Environments

Dispersed oil readily biodegrades in the marine
environment partly due to the increasedrfate area
resulting from the production of small oil droplets (Lessard
and Demarco, 2000). Dispersion and dilution in the open
water allows the natural levels of biologically available
oxygen, nitrogen and phosphorus to support efficient
biodegradation ah maintain a viable community of olil
degrading bacterigSwannell and Daniel, 1999; Hazen et
al., 2010) Laboratory studies have shown that oil degrading
microbes colonizaispersed oil droplets within a few days
(MacNaughton et al.,, 2003). Furthermorecengt arctic
specific research has shown that biodegradation and
mineralization occurred in fresh and 20% weathered ANS
crude at both Z and -1°C with indigenous Arctic
microorganisms andhat the addition of Corexit 9500
enhanced the degradation (McFarkt al., 2011).The
composition of some dispersants enhances the
biodegradation because they serve as an initial food source
for bacterialgrowth (Varadaraj et al., 1995).

The EPA conducted a study on dispersed oil biodegradation
using concentrations apm@ching expected field
concentrations (Venosa and Holder, 200hey studied

the biodegradation of dispersed ANS crude oil at two
temperatures and two concentration ranges: nominally 833
mg/L and 83 mg/L. They found rapid biodegradation at
20°C (greaterhan 80% of the alkanes consumed in 30
days) and only slightly reduced biodegradation rates at 5°C
(greater than 80% of the alkanes consumed in 40 days).

Studies of the Macondo incident are providing evidence of
crude oil biodegradation in the Gulf bfexico. Hazen et al.
(2010) collected deep water samples during the incident,
analyzed the microbial communities, and condudtdal
biodegradation studies. They found that a variety of oil
degrading populations existed in the subsea plume and that
the microbial communities rapidly adapted to and
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consumed the dispersed oil. Their findings indicate that
rapid biodegradation of oil occurs in the dessa and that

oil degrading bacteria have an important role in removing
hydrocarbons from the Gulf.

The studies condied by Venosa and Holder (2007),
Hazen et al. (2010) and McFarlin (201drpvide evidence
that biodegradation of dispersed oil readily occurs at
temperatures approaching those expected in Arctic waters.

Guidance Documents

In order to facilitate quick desionrmaking during a spill;
regulatory agencies in many parts of the world have
established systems for expediting decisions regarding
dispersant use. This may include establishing dispersant
pre-approval zones or conditions, or developing tools to
assistin the decision process.

Many countries have guidance documents for dispersant
use. They generally specify the conditions under which
dispersant use is or is not acceptable, and list the products
that have been approved for use. The International
Maritime Organization (IMO) publishes th8MIO/UNEP
Guidelines on Oil Spill Dispersant Application including
Environmental Considerations It provides a good
framework for evaluating the use of dispersants in general
and for particular situations. CEDRE, the Centar
Documentation, Research and Experimentation on
Accidental Water Pollution developed a dispersants
airborne and shipborne treatment response manual called
Using dispersant to treat oil slicks at sea

Use of OiMineral Aggregates (OMA)

Many research sties have shown that physically dispersed
oil droplets aggregate readily with suspended particulate
matter (SPM), such asdlay minerals or organic mattéo
form 0il-SPM aggregates (OSA), also called OMA. It is
important to distinguish the use of OMA frosinking

73




Spill Response in the Arctic Offshore

agents: rather than cause the oil droplets to sink, OMA will
cause the oil to be suspended in the water, in much the
same manner as chemicdispersants (Khelifa, 2005;
Khelifa et al., 2005Clouthier et al., 2005).Terminologies
such as oiklay flocculation, oitSPM interactions, and eil
fines interactions have been used to describe this natural
process. The simplest form of OMA consists of an oil
droplet coated with micrometresized solid mineral
particles that prevent the droplets from stickito each
other and reforming a slick.

When OMA forms, the dense mineral fines (2.5 to 3.5 times
denser than most oils) adhering to the oil droplets will
reduce the overall buoyancy of the droplets, retarding their
rise to the surface, promoting their mission throughout
the water column at low concentrations, and ultimately
enhancing their biodegradation by natural bacteria.
Preventing the surfacing of the droplets under the adjacent
ice would be a significant environmental benefit as OMA
formation enhaces natural cleanup of oiled shorelines and
biodegradation of spilled oil.

In recent years, the Canadian Coast Guard and Department
of Fisheries and Oceans Canada have been researching the
concept of adding mineral fines to oil spills in ice, then
subjeting the treated slick to the prop wash from
icebreakers in order to promote dispersion of the spills and
enhance their biodegradation. Positive lab and basin tests
the concept led to a field test in 2008 (Lee et al., 2011).

The field test was designed evaluate the concept of using
an icebreaker s propeller
experimental spills of about 20litres of fuel oil were
carried out in the St. Lawrence River near Matane, Québe
Chalk fines were mixed with seawater and sprayed onto the

spilled oil while the propeller of an icebreaker was used tOFigure 21 Photos taker
mix the slurry with the oil and disperse the mixture. Visual qyring field tests of ON
observations confirmed that the oil was physically treated oil in ice aft
dispersed into the water column and that it did notenhancing the dispersi
resurface. Resurfacing was obgal in the tests that did not with propeller wash of an
receive treatment (Figure 21). The researchers used breake(SINTEF)
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microscopes to verify that the oil had formed OMAs, and
they collected water samples to conduct biodegradation
studies in the lab. Results from the laboratory study showed
that more than 56% of the total petroleum hydrocarbons
(TPH) had been degraded after 56 days incubation at 0.5°C
(Lee et al., 2009).

Additional laboratory, test tank and fieldwork have been
conducted to further advance this potential countermeasure
in ice @onditions (Lee et al., 2011). The research supports
the use of this technology as an oil spill response tool.

Summary Points

A

There is a good knowledge base on the use of
dispersants in temperate conditions based on 30+
years of research and usage in spiiponse.There

is also a significant amount of research on
dispersants in Arctic conditions. Laboratory, test
tank, and field testing indicate that dispersants can
be an effective response technology at cold
temperatures, in the presence of ice, ana @véhe
influence of brackish water.

There is also a good knowledge base on the
environmental effects of dispersarte, and good
decisionmaking tools have been developed to assist
in prespill planning and in decisiemaking at the
time of a response.

Research has also addressed questions on the
ultimate degradation of dispersed oil in Artic
environments finding that oil does biodegrade in
temperatures found e Arctic.

In open drift ice conditions (30 t®0% ice
coverage), wave energy may be suéfitito allow
dispersion of oil that has had dispersants applied to
the slick.

In more dense ice conditions, additional mixing
energy is likely required, and research has found
that the use of propeller wash from -leeaking
vessels is effective is ice @mnments..
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A Recent technology developments include
improvements to dispersant formulations and more
targeted application equipment for use from-ice
breaking vessels that can also provide the targeted
mixing energy needed for dispersants use in ice.

A Disperant use has been a controversial technique
and remains somewhat restricted in some
jurisdictions. The successful use of dispersants
during the Macondo spillto reduce the
environmental threat of oil on the water surface
and the ongoing studies relatedthe ultimate fate
of the oil will add to our understanding of benefits
of dispersant use.

A Arctic conditions could result in the extended
window of opportunity for dispersant use. When
used with appropriate environmental considerations
in mind it has the pential to become a prominent
Arctic response technique.
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EncounterRate refers to
the amount of oil whi
comes into contact with
recovery device (skimm
sorbats) over a give
period of time.
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Section 5

Response Options: Containment
and Recovery

The tcentammefitand ecoveryo usedtogen
describe those actiortakento remove oil from the surface

of water, whether by containing the oil with boom, and/or
recovering it wih a skimming device or sorbent material,
followed by storing the recovered oil on board the
skimming vessel or associated barge, and then disposing or
recycling the recovered liquids and -odntaminated
material. A principal reason for eghcommonly exprssed
preference fothis techniqueés that wherit is successfulit
removeshe spilledoil from the environmentContainment
andrecovery is well suited to spill response in harbors and
other protected waters where conditions are most favorable
to the baic physical challenge of removing one liquid from
the surface of another, and where equipment and supplies to
accomplishcontainment andecovery are often available
and quickly deployablelt is and will continue to be the
most widely used response optibecause most spills are
small and occur neahore.The suitability of this method

for many Arctic marine response scenarios, particularly
large offshore spills, could be more problematic.

The key for this response optiorio be effective and
efficient is ENCOUNTER RATE. It is important to
understand that encounter rate is negatively impacted
through oil rapidly spreadir
the effects of gravity, surface tension, current movement,
and wind. Spilled oil will quickly spread ouver the water
surface to a thimess of about one millimet As a
reference pointyisible oil sheen is only 0.00@n thick,

and a cup of spilled oil can create a visible sheen over an
area the size of a football field. Additionally, it does not
take longfor wind to further reduce the encounter rate by
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moving spilled oil into fragmented fingers or windrows of
oil on the surface. As oil rapidly spreads and reduces
layer thickness and breaks into patches\dNDROWS,
the encounter rate and recovery eéfi@y of skimming
equipment in particular is significantly reducec
Historically, mechanical recovery hamly been able to
recover a fraction of oil spilled into thepen ocean.Thus,
if mechanical recovery is the only response option used
offshore spls, most of the oil will remain in the
environment in a form thahas the potential to increase
environmental damage and slowecovery. Oil spill
responders, planners, and decisioakers need to
understand these limitations to develop robust respo
strategies.

In planning for response to potential spills in the Arcti
two very different situations must be considered: op
water conditions and varying degrees of ice cover. M
Arctic regions have minimal ice or are ifree for at least

in
A Windrowrefers to whet

an oil slick on wat
spreads, and becom
thinner, it is mor

susceptible to being brol
up by wave, wind, a
current movement, form
into smaller patches a
narrow, multiple bands
streak that are oriented
the direction of the wind
current; this begin to fo
with  wind speeds
approximately six knots
more. (Source: NOA
20077 Open Water O
Identification Job Aid
Aerial Observation.)

some portionof the year and traditional containment anu

recovery operations can be conducted using booms a

nd

skimmers; this is described briefly below. However, the

focus of this section is on techniques and equipment th
would be used to recover oil that might béllsg in and
amongst pack ice, which has led to the development of

at

a

number of specialized skimmers for this situation. Finally,
planning for response to potential spills in the Arctic should
take into account the fact that during much of the open
water peiod when containment and recovery methods are

feasible, extended daylight hours will assist responders

in

their efforts to track a spill, to observe the efficacy of

response efforts and to make such operational adjustme
as appropriate and necessary.

Cotainment in Open Water

Oil spilled on open water will quickly spread to form a thin

nts

slick. As a result, some form of containment is generally
required to concentrate oil and thicken it for effective

recovery. A typical configuration for oil containmentdan
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Figure 2 Skimmer
positioned inobm apex
(SINTEF)
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recovery in open water consists of a segment boom drawn
between two vessels and a skimmer for recovery and
pumping of the recovered oil back to tanks onboard the
mother vessel. In recent years systems operated from a
single vessel have been developedisTh typically done

with booms connected to arms alongside of a vessel
creating a pocket to concentrate oil for recovényeither
case, a skimmer would be positioned in the pocket of the
boom where the oil would beoncentrated for effective
recovery Figure 22).

With containment boom, there are a multitude of good
products available. For offshore applications, the most
commonly used boom are daflatable and generally reel
mounted, which together provide a product that is relatively
compact that carbe deployed relatively quickly. Many
offshore boom products are made with abrasesistant,
high-strength materials, which will allow use in waters
where occasional ice intrusions occur, and which will avoid
embrittlement in cold water, cold temperatusperating
conditions. Containment boom used in arctic conditions
should be made of materials suitable for cold weather
applications.

The length of open water containment boom usually
deployed in an opewater tow is typically limited t@l60m
(1,500 ft). Beyond 460m controlling thetow vesse(s)
becomes difficult and increased vessel size and horsepower
become necessary. When using boom length60M the
actual opening or swath width to encounter oil is limited to
90to 150m.

The speed of advance ofdm systems is a limiting factor

in encounter rate.Many conventional containment boom
fail to contain oil at speeds greater than about 1 knot. This
is a result of oil entraining from the front of the slick and
flowing past the underside of the boom, asd ifunction of
fluid dynamics rather than boom performante.recent
years there have been a number of innovative designs
capable of containing oil at speeds greater than 1 knot, for
example, the Vikoma Fasflo and the NOFI Current

87



Spill Response in the Arctic Offshore

Buster. Both systemsmodify the flow of water at the
entrance to the containment area to create a more quiescent
zone for skimming. As part of the USCG Fugater
research program, these and several other-wiatgr
devices were tested at OHMSETT in currents of up to 5
knots. The tests showed that efficient containment and
recovery could be achieved in currents of over 3 knots in
calm water, and in -Rnot currents with a harbour chop
wavecondition (USCG, 2001). Systems suchtese could

be of use in open waters and in watevgh low ice
concentrations: with a greater encounter speed, a reasonable
encounter rate could be achieved with a shorter length of
boom. This would be advantageous from two perspectives:
first, it could be more easily managed by vesséls
opportunity, ad second, it would be more easily
manoeuvred in the presence of occasional ice floes.

Another recent innovation is the use of boom vanes, which
provide superior positioning of containment boom while
using fewerboats (Hansen, 2000). A boom vane uaes
seiies of vertical plates within its structure, all of which is
submerged in operation, to develop a hydrodynamic force
that will pull the end of the boom into the current. By
precisely establishing the length of towline with respect to
the length of boom anthe speed of the tow, a boom vane
will position the leading end of a boom at a fixed position
relative to the towing vessel or to the shore.

To maximize encounter rates, a number of advancements
have been made for better management of response
resourcesso that they can be directed to the heaviest

concentrations of oil. As such, developments have occurred
in a number of forms:

A Ship radatbased systems
A

Infrared cameras/sensors;

p>N

Aerial observation systemand

>

Ensuring rapid dowdlinking of aerial obserations
or oil plots to vessels on scene and improving
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communication arrangements to ensure that surface
vessels can be directed to oil centrations

Skimming Systenfsr Recovery in Open
Water

There are currently four main types of skimmers that have
been used to recover oil at seaLEOPHILIC , weir,
vacuum, and mechanical. Although the principles behind
skimming systems have not changmhsiderablyover the
past thirty years or more, better design and engineering
have led tonotableimprovementsin recovery efficiency
Each of the systems has their advantages and
disadvantages.

Oleophilic systems

Oleophilic systems rely on the property of oil adhering to a
drum, belt, brush, disc or mop type arrangement. The oil is
then scraped off into a chambeorfr where it is pumped to
storage. These devices are efficient and it is common for
them to have a high recovered-tmtwater ratio. The oil
types most suited are the light to medium viscosity oils but
very high viscosity oilxcould behandled using the bsh
type fittings.

Weir skimmers

These systems rely on oil passing over a weir arrangement
which is used to separate the oil and water ph&sesany
applications thesenits are less efficient than oleophilic
skimmersand oftenrecover significant amaus of free
water together with oil, requiring more storage capacity for
recovered liquids than is usually the case for oleophilic
systems The range in the size of weir skimmers varies
tremendously. Larger systems take in substantial quantities
of oily water mix and then use high powered pumps to
transfer the mixture inttarge capacity storage tanks where
settling andseparation can take place. One of the benefits
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of weir skimmers is their ability to handle both light and
heavier products. The heavy protis may require the
introduction of water with the recovered product to assist in
pumping the material into storage.

Vacuum skimmers

These units rely on the use of vacuum or air movement
technology to lift oil from the surface of the sea or the
shore. Vauum systems are versatile and able to be used on
a variety of oil types(generally excluding heavy oil)
although refined volatile products must be avoided for
safety reasons. The advantage of vacuum systems is that
generally they include an integral stgeacontainer and, if
mobile, may be used to transport oil to final storage. A
disadvantage is that they can be inefficient by recovering
more water than oil.

Mechanical skimmers

These systems rely on the physical collection of oil from
the surface and atude devices from conveyor belts to
actual grab buckets. These types of skimmers are more
suited to very viscous oils.

Storageand Decanting

An importantand limiting factor in effective containment
and recovery operations is the availabilityre€overedoil
storage on the skimming vessel. The size of storage, in
comparison to the recovery capability of some of the
recovery systems, is a critical factor. Weir skimmers as
noted previously are prone to high levels of water jigk
which rapidly fills storag barges or tanks to capacity with
large quantities of wateh Decanti ng operations?o
of pumpgng water gathered with theecovered oilfrom
temporary storagmto the apex of the collection systéan
re-treatment through the recovery processcritical to
extending the operating capability of the syst@ptease
note: certain jurisdictions require agency authorization and
or the issuance of permits before decanting can take place)
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The nature of the recovered product is also an important
factor as heavy oilsmay prove difficult to handle
particularly in a cold temperature operating environment
Specialized pumps may be required and storage tanks may
require heating coils to permit the recovered product to be
removed.

Mechanical Recovery in Ice

As discussed above, boom will generally be required for
spills in open water to contain and concentrate oil for
recovery. A conventional booming strategy will be most
effective in open water and ice concentrations up to 10%,
but could also be used with semeffectiveness in
concentrations up to 20 to 30% especially with active ice
management as ice concentrations exceed. 78igle
vessel recovery skimming systems with short sections of
boom attached to the sweep arms could maneuver between
large ice floesand operate in higher ice concentrations than
conventional boom. As ice concentrations increase beyond
70% the ice provides more of a barrier against oil
spreading, and in dense ice, will completely prevent oil
from spreading and thinning out. This natutahtainment
can be an advantage for response teams because the oil will
tend to occupy a smaller area and will remain in thick
pockets that are more easily recovered than thin,
widespread slicks. Furthermoréhet presence of ice also
modifies the windnduced waveaction at se@ecausehort
waves are damped by the presencie®fin the absence of
breaking waves, oil between ice floes will not weather as
fast as it would do in open water where emulsified and
weathered oil can have significantly highesogasity.

Any mechanical recovery systeworking in ice covered
waters needs to be able to deflect the ice in ctaleyain
access to the otb effectively remove ifreferred to as ice
processing). It is also necessary to deal with low
temperatures, andhe skimmers should therefore be
protected and/or heated tavoid freezing.In Arctic
experiments and field trials to date hias proved to be
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difficult achieve recovery ratehrough mechanical means
that begin to approach removal rates achievable through
burning or dispersant use. For spills nglaore in relatively
smooth fast ice, there are mechanical strategies involving
trenching, skimming in sumps, and trucking to shore that
could prove effective.

Summary Points

A Mechanical recovery of oil spills ifce-covered
waters is possible and the methods should be part
of the fitool boxo6 required for respo
inice.
A Mechanical recovery in the open water season can
be more effective in the Arctic than in temperate
regions because of the long peisoof daylight.

A Concentrated ice (> 70%) can reduce the rate of oil
spreading in the absence of boom and thereby
reducing spill area and allowing mechanical
recovery operations if the oil can be accessed by
skimming equipment.

A The effects of cold temperags must be taken into
account in planning and carrying out containment
and recovery operations.

A Low encounter rates and the challenge of accessing
oil in concentrated ice will limit effective
mechanical recovery to small spills.
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Section 6

Response Options: Shoreline
Protection and Cleanup

Introduction

Researchand experience over the past 40 years provide
planners and responders with a good understanding of the
fate and behaviour of oil in Arctic and cold climate
environments.

There are many guidance documents developed to assist
decisionmakers, operations plaars and cleanup workers

in responding to oil spills in the Arctic. Two examples are
the Alaska Clean Seas (ACSgchnical Manual for Spill
Respons€ACS,2010) andthe ArctiCounci | 6 s E me
Prevention, Preparedness and RespoB$tPR working

g r oaField Guide for Oil Spill Response in Arctic Waters
(EPPR, 1998

The primary feature of cold climate shorelines is the
presence of ice and snow for some part of the year. Shore
zone ice and snow can occur in a number of forms in
latitudes as far southsad0°N. Excluding inland seas, as
much as an estimated 45% of
850,000km of ocean coastlines can have snow or ice for
some part of the year.

Character of Coldlimate Shorelines

Shoreline Types

To a large extent, the shoreline tgpef coldclimate
regions are similar to those of ifee and snowiree
environments. Our knowledge and understanding of shore
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zone materials and coastal landforms from warmer coastal
environments is applicable to cold climates in most
respects, with thaddition of ice and snow and the presence
of tundra, glaciers and ice sheets. Nevertheless, so
specific shore types are unique to Arctic and -adilchate
regions, among which:

A lce cliffs of ftidewate

A Icerich tundra cliffs wih exposed permafrost )
(Figure 23); Figure 2. Tundra clifl

i ' shorelines are an erosio

A Inundated lowlying tundra Figure 24); feature composed of

. . . . tundra mat that usua
A Boulder barricades, formed by ice rafting ongverlies peat and expos

intertidal platforms; ground icéE. H. Owens)

A Sediment ridges created by ice push or ice pressure;
and

A Ridges and scarred shores on coasts with- fine=
grained seitnents (sands, silts and clays) in low
waveenergy environments.

Our knowledge and understanding of shooee processes
in warmer climates is also applicable to colonate
environments with the modifications necessary to accourkigure 2:  Lowlying
for the role and effestof ice. Typically, ice begins to form inundated tundra (Canad
onshore before nearshore ice and persists after tieaufort Se&. H. Oweps
nearshore ice has brokenroelted. The shorize season is

therefore longer than the nearshore or offshore ice season.

In high latitudes, the icéree period maype only a few days

or weeks so that wave and tidal processes that are typical of

warmer environments are limited and very little energy is

available to rework shofeone sediments or stranded oil.

Arctic or cold climate shorelines are not necessarily low

waveenergy environments, but the length of the epen

water season may be shortened due to the presence of ice.
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Behaviouof Oil in the Shore Zone

The behaviourof oil in cold climates depends on the source
of the oil, the oil characteristics, and the presemand
character of ice and/or snow. Spills onto shore ice or snow
result from oil either being washed ashore when the
adjacent waters are ice free, under oil reaching shore
and emerging in tidal cracks, or from labdsed spills that
flow down slopea the shore.

Studies of oil on Arctic shorelines go back to a 1976
biodegradation experiment in Svalbard that demonstrated
accelerated weathering by the addition of a commercial
fertilizer (Sendstad, 1980; Sendstad et al., 1984). As there
have been fewpil spills on Arctic or high latitudeoasts,

the largescale BIOS (Baffin Island Oil Spill, Canada)
experiment between 1980 and 1983, and the Svalbard Field
Trials of 1997 and 2006, NorwayFigure 25) provide
valuable information (se@ppendix B: Experimatal Spill
Studiesfor further details on these experiments). In terms
of oil fate and behaviour these two research studies
demonstrate that the same physical and chemical changes
occur on cold climate beaches and oil naturally weathers
and degrades, altbtemore slowly when compared to
warmer environments.

Oil and Ice in the Shore Zone

When ice is present in the shore zone it will tend to protect
the shoreline from approaching oil. Ice is impermeable so
that oil deposited on the surface remains there siritesre

are cracks in the ice, the ice conditions are floes grounded
on the shore, or during the formation of shore fast ice. The
ways in which the presence of ice modifies lméhaviour
include:

A Oil that flows into cracks or leads may be carried or
trappel under the floating ice if the holding
capacity of the lead is exceeded.

A Oil may be mixed among grounded floes, coating
the floes and shoreline as the individual ice floes
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are refloated and moved with the tides or by wave
action.

A QOil can become incorpord within existing shore
fast ice or covered by newly formed ice by the
freezing of wave splash, spray, or swash.

A The penetration of oil deposited on a beach that is
ice free may be limited by the presence of
subsurface ice (temporarily frozen groundwaser
permafrost).

Oil and Snow in the Shore Zone

The behaviourof oil in snow is known largely from field

and laboratory experiments (Bech and Sveum, 1991;
Carstens and Sendstad, 1979; Johnson et al., 1980; Mackay
et al.,, 1975). The absorptive or holdingpacity of snow
varies with oil type and snow characteristics as shown in
the following graph Figure 26), (also shown afigure 1

in Section 1- Fate and Behaviar of Oil in Arctic
Conditions.

Fresh snow typically has a low density and a high porosity
andis a relatively effective sorbent for spilled oil so that
light and medium oil may easily penetrate. This reduces
surface spreading but this is offset by the increase of oil in
the subsurface snow. The volume of Arctic diesel that can
be sorbedby fresh,granular snow is on the order of 20%,
after the snowice mixture has melted. Theffect of snow

to restrictboth horizontal and vertical spreading leads to a
much higher percentage oil content.

Evaporation is the single most important weathering
process fo oil trapped in snow and, although rates are
slower, oil on ice in cold environments will eventually
(even though covered by snow) evaporate to approximately
the same degree as it would if spilled on the water in
summer. Test data show that oil coveregbgw continues
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Figure B: Gl holding capacity focticice/snow (from AC
TechManual\ol.1)

to evaporate, albeit at a lower rate than oil directly exposed
to air (Buistand Dickins 2000).

The actual rate of evaporation iscamplex function of a
number of variables including snow diffusivity (related to
the degree of paakg), oil properties, air temperature, wind
speed, and the thickness of the oiled layer.

Detection and Delineation of Oil in Ice and
Snow on the Shore

Surveys to locate and document the presence of oil on the
shore typically follow a systematic procedutgatt may
involve an initial ground or air survey followed by detailed
ground surveys to locate and define the extent of the
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