
I• 
GC 
411 
642 

no . 27 

The Interaction of Crude Oil I i>1 

With Arctic Sea Ice 

NORCOR Engineering & Research Ltd. 
Technica l Report No. 27 

L-

-·---.... 
--. 

\ 
• 
' 

j 
, 

Qject 
\ 



. -. 

THE INTERACTION OF CRUDE OIL 

WITH ARCTIC SEA ICE 

NORCOR Engineering and Research Limited 
Yellowknife, N.W .T. 

Beaufort Sea Technical Report #27 

Beaufort Sea Project 
Dept. of the Environment 

512 Federal Building 
1230 Government St . 

Victoria, B.C. V8W 1Y4 

December , 1975 



ACKNOWLEDGEMENTS 

Mr. A. R. Milne , as Scientific Authority for the Department of the Environment, 
was respons i ble for the i nitial design and general administration of this 
study . Major contribut ions were al so made by Dr. E. L. Lewis and Dr . E. R. 
Walker with the Frozen Sea Research Group. 

As Resident Engineer, Mr . D. F. Dickins was respons i ble for i mplementing the 
field program and much of the analysis. Mr. J . C. Overall co -ord inated 
physical and chemical anal yses at the site and the preparation of related 
sections of the report. The detailed l aboratory studies were carried out at 
the University of Toronto, under t he direct i on of Dr. D. MacKay. Dr. J . 
Hellebust , with the Unive rsi ty of Toronto was responsi ble for the design and 
implementation of the biological program. Dr. Seelye Martin , with the 
University of Wash ington, served as a consul tant on thermal aspects of oi l 
and ice interaction. The study was directed by Mr. R. F. Brown . 

Advice and assistance was provided by numerous peop l e, including Mr. John 
Hnatiuk , Industry Co-ordi nator for the Beaufort Sea Project , Mr . Jerry 
Gainer , Gulf Oi l Canada, and Mr. John Remple, Imperial Oi l Li mited. 

Special reco9nit ion is due members of t he field crew, 
difficul t ass i gnment under very demanding conditions. 
Messrs . M. Albery , G. Comfort , D. Gardner, L. Kikoa k, 
0. Mu l lerbeck, and r. Sidey . 

who performed a 
The crew included 

o. Lapr, T. Kitchen , 



1. 0 SUMMARY 

The principal objectives of the study were to assess the impact of an 
offshore oil wel l blowout on the thermal regime of the Beaufort Sea, and 
to eval uate potential countermeasure techniques . 

The mai n program, which consisted of nine controlled di scharges involving 
54 m3 (ll , 900 gallons ) of crude oil, was undertaken in a small bay 20 km 
to the south west of Cape Parry (70°02' N, 124°53' W) . Two types of 
cr ude were injected under the ice at various stages of growth , between 
October 1974 and May 1975. The initial spreading and entrainment was 
documented by means of divers and a remote video system. An array of 
el even point thermistor chains was logged hourly to assess the rate of 
mi grati on and the effect of t he oi l on the t herma l regime of the sheet . 
Oil, water and ice sample s were recovered at regular intervals to deter
mi ne t he degree of weathering and dissolution of t he oil. Detailed rad
iation stud ies were undertaken in t he spring to assess the impact of 
surface oil on ice deplet i on . As well , two smal l di scharges were con
ducted 30 km north of Cape Parry in April 1975, to determine the import-

, ance of currents on the transport of oil under solid i ce cover . The oil 
was injected under the i ce in the presence of a 10 cm sec- 1 current, and 
the movement documented by means of divers. 

When oi l is released i n the water col umn , it rises t owards the surface in 
a con ical shaped plume. The oi l tends to be uns tabl e, and breaks into 
smal l spherical particles of about l cm in diameter or less . On strik
ing the underside of the ice, the oil radiates outward, progress i vely 
filling depressions i n the s heet. Since most crudes naturally form 
sessile drops at an ice-water interface, the minimum oil film thickness 
is about 0.8 cm. Spherical drops of a lesser diameter can exist, but 
this normally onl y occurs near the peri phery of the contaminated area, 
where the probability of coll ision with other drops i s sma l l. The max
imum film thickness i s controlled by the depthfof depressions , or vaY
iation in i ce thickness, which is typically abut 20 percent of the 
average ice thickness. Within a matter of hou s of the oil coming in 
contact with the ice, a lip of ice forms around the lens, preventing 
horizontal movement. During the depth of winter, a new layer of i ce 
forms beneath the oil within several days. Once entrapped, the oil i s 
stabi li zed until spring. The properties of the oil remain unchanged 
and there is little evidence of wea t heri ng or degradation. 

Throughout the winter, the oi l only penetrates between 5 and 10 cm into 
the loose skeletal layer. As the sheet begins to warm i n the spri ng, 
activity intensifies i n the brine channels and the oil begins to migrate 
upward. Initially the movement is slow; typically in the range of 15 to 
20 cm during the months of February and March . The rate of mi gration 
increases with the level of solar radiation and the ambient air temper
ature. Oi l released in late Apr il under 150 cm of ice, was detected on 
the surface within one hour. 

On reaching the surface of the ice, the oi l saturates the snow cover, 
and substantially reduces the albedo. This causes an increase in the 
level of absorbed solar radiat i on , which accel erates the process. Oiled 



mel t pools quickl y develop. The albedo of an oi l f i lm on water is about 
one quarter that of oiled snow , and consequently the melt is further 
accelerated . Oil is splashed on the surrounding snow by wind and wave 
action, and the pools gradual ly enlarge until i nterconnected. New oil 
is continuall y being re l eased unti l the melt reaches the initial level 
of the oil l ens. Once mel t ho l es devel op and surface drai nage patterns 
are established, the sheet rapidly deter i orates. Depending on the 
nature and location of the sheet , oiled areas are likely to be free of 
ice between one and three weeks earlier . 

A variety of clean- up techniques were inves ti gated and i n s i tu burning 
was found to be both the most efficient and effective. A mini mum fil m 
thickness of about 0.5 cm was requi~ed to sustain combus tion . Even when 
heavily weathered , most films could be ignited by sprinkl ing gasol ine 
on a piece of paper towel. Between June 7 and July 17, 1975, four burns 
were conducted in the study area. On t he f irst burn approxi mately 20 m3 

or 90 per cent of the oil on the surface was removed. The effectiveness 
of successive burns decreased, due to the reduction in f i lm thickness. 
Of the 54 m3 of oil discharged, approximate ly 15 m3 evaporated naturally, 
and 33 m3 was removed by burn i ng. About 5 m3 of residue was manually 
recovered from the ice. This proved to be a very costly and labour 
intensive operation. Less than three per cent of the oil reached the 
shore, of which one thi rd was recovered. 

In an effort to determine the impact of the tests, deta il ed physical and 
biological studies were conducted prior to the first di scharge, and after 
the clean-up. With the exception of a very light oiling of the shingles 
in the tidal zone over about 900 m of shoreline, there was no evidence 
of oil in the water column, or deleterious effects on t he marine eco
system . 
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2.0 INTRODUCTION AND OBJECTIVES 

In response to the increasing demand for hydrocarbons, offshore drilling 
and production platforms, submarine pipelines and tankers are al l being 
proposed for the Beaufort Sea. Even with improving technology, oil spills 
are inevitable. There has been cons i derable speculation as to the likely 
effects of an oil spil l in ice covered and ice infested waters, and the 
suitabi l ity of existing countermeasure techniques. A number of theories 
have been advanced on the probable interaction of oil and ice , the mech
anics of transport, areal extent of contamination, albedo modification 
and changes in the global energy ba l ance. However, in the absence of 
detailed field studies , it is impossible to realistically assess the 
probable impact of a major oil spill in the Beaufort Sea. 

The fol l owing study was conducted as part of the Beaufort Sea Project. 
In April 1974, NORCOR Engineeri ng and Research Limited was awarded a 
contract to undertake the work on behalf of the Marine Sciences Direct
orate, Department of the Environment, under the Department of Supply and 
Servi ces contract serial number OSV4-0043. 

The program was designed to generate fundamental data on the interaction 
of crude oil with Arctic sea ice. No attempt was made to simulate a 
full scale blowout. Since the processes are considerably more compli
cated in the moving pack, and it would be impossible to maintain control 
of the oil, the tests were confined to the fast ice zone. After the 
investigation of a number of potentia l s ites, a permanent camp was 
established at Bal aena Bay in August 1974. Between October and May, 
eleven controlled discharges involving 56 m3 (12,300 gal l ons) of oil 
were conducted at various stages in the ice growth and depletion cycle. 
Two types of crude were i njected under the ice, inside large 'Fabrene' 
containment skirts. The test areas were continuously monitored, and oil, 
water and ice samples were recovered for l aboratory analysis. The clean
up operations commenced in June 1975, and the final documentation was 
completed in August. 

The principal objectives of the study were to determine: 

- The areal extent of contamination and the disposition of oil re leased 
beneath solid ice cover; 

The role of advection currents in the transport of oil along the 
underside of an ice sheet; 

- The effects of relief at the ice-water interface on the transport and 
pooling of oil; 

- The factors control l ing the entra inment and migration of crude oil 
in first year sea ice at various stages of growth; 

Mechanism by which free oil is transported to the surface of an 
ice sheet; 

- Effects of entrai ned and free oil on the surface heat exchange and 
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the energy balance of the sheet, with particular emphasis on modifi
cations to freeze-up and break-up~ 

The importance of the physical and chemical properties of the oil, ice 
and water to the various processes; 

- The rate and nature of aging of oil in, on and under the ice; 

- The suitability of existing methods and techniques for the clean-up 
of an oil spill in ice covered and ice infested waters; and 

- The biological impact of the tests and the possible relevance to 
other areas. 
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3.0 RELATED RESEARCH 

The potential impact of a number of blowouts in the Beaufort Sea was 
detailed in a paper by Campbell and Martin (1973) entitled Oil and Ice 
in the Arctic Ocean: Possible Large Scale Interactions. Although now 
considered somewhat extreme, the paper emphasized the need for further 
research. Similar scenarios were developed by Ayers (1973) and Ramseier 
(1973) . The only related studies at the time were two small field tests 
undertaken by the United States Coast Guard off the coast of Alaska. 
The first in July 1970 (Glaeser) investigated the rate of spreading of 
oil on snow, ice and water, the ponding of oil under ice, and the effect
iveness of various clean-up techniques. The second conducted during 
January and February 1972 (McMinn) focused on the spreading and absorp
tion of oil on various snow and ice surfaces. In both cases less than 
0.5 m3 of oil was discharged, which introduced severe scale effects, and 
precluded the general appli cation of the results. However, these studies 
did serve to delineate specific problems, and demonstrate the need for 
large scale, long term studies. 

Documentation of the Deception Bay oil spill (Ramseier , 1973), the 
Arrow disaster (McTaggart Cowan and Lewis) and the Riviere St. Paul spill 
(NORCOR, 1974) provided some indicat ion of the likely behavior of the 
oil under specific conditions. As well, a small test at Resolute Bay i n 
the spring of 1974 (Bel l ) confirmed that the rate of migration of the 
oi l is accelerated in the spring. 

A number of laboratory studies have been conducted on oi l spreading and 
evaporation under freezing cond iti ons (Chen 1974 , Scott 1975, MacKay 
1975, Ramseier 1975). Work by Hoult, Wolfe and associates (1975) under 
the title Oil in the Arctic contains some of the more recent results of 
theoretical and laboratory studies of the interaction of oil with sea 
ice. Included are sect i ons on evaporation, spreading both on and under 
the ice, and an evaluation of heat transfer relationships for an oil-ice 
compos i te. The principal limitations with the theoretical and laboratory 
stud ies is the difficulty in s imulating the natural conditions. 

Papers by Eide and Martin (1974), Lake and Lewis (1970) and Weeks (1966) 
on the physical and chemical properties of sea ice are useful references. 
As well, work by Burns (1974), Weller (1975 and 1967) and Fertuck and 
associates (1971) provide general data on the climate of the Beaufort 
Sea area, and the relative significance of the various terms in the 
energy ba l ance. 

A number of related studies were also undertaken as part of the Beaufort 
Sea Project. These include; Oil in Sea Ice (Lewis, 1975), Oil, Ice and 
Climate in the Beaufort Sea (Wa lker, 19761, Hydrodynamics of an Oil Well 
Blowout (Topham, 1976) and Movement of Oil Under Ice (Rosenegger, 1976). 

A variety of additional references are included in the bibliography. In 
most cases they are secondary , and relate to a specific phenomenon, 
rather than the general problem of oil in sea ice. 
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4.0 SITE SELECTION AND DESCRIPTION 

The following general factors were considered in selecting the oil test 
sites: 

that the marine environment be similar to that of the near shore 
zone in Mackenzie Bay; 

that there be sufficient data on the characteristics and movements 
of the ice for the design of necessary controls, and for the 
prediction with reasonabl e certainty, of the ultimate disposition 
of the oil; 

that there be a minimal effect of the tests on both people and 
wildlife; 

that the water be sufficiently clear that optical instruments 
and divers could be employed; 

that there be long term meteorological observations relatively 
nearby, both for extrapolation of findings and for operational 
purposes; and 

that the site be accessible year-round by air, and by barge 
during the summer. 

Ideally, the tests should have been undertaken in the Mackenzie Bay 
area. However, at the time of designing the program, there was 
insufficient data on the probable performance of the oil t o ensure that 
control could be maintained at all times. The area is on one of the 
principal routes taken by migratory birds and sea mammals , and oil 
on the surface or in leads could have resul ted in very l arge kills. 
As well, the water tends to be very turbid, which would minimize the 
effectiveness of divers and optical detect ion systems. 

A number of potential sites, ranging from Herschel Island to Sachs 
Harbour, were considered (Figure 4-1). After discussions with various 
regulatory authorities, the Cape Parry area was found to be best suited . 
There are numerous small sheltered bays within about 30 km of the Cape 
(Figure 4-2). The area tends to be relatively unproductive in comparison 
with Mackenzie Bay, and is well off the flight path for most migratory 
waterfowl. The land surface consists primarily of weathered limestone 
and dolomite. The thin veneer of soil and gravel can support only 
sparse vegetation. Topographi c relief is limi ted, wi th el evati ons over 
70 m ASL being coITJTion. In general, the shoreline is stabl e. Small 
salt marshes and sand beaches can be found, but vertical rock faces and 
shingle beaches are more typical. For most of the year the water is 
extremely clear, and it is possible to observe depths of over 10 m from 
the surface. 

The DEW line station PIN MAIN and a meteorological station operated by 
the Atmospheric Environment Service are located at Cape Parry. There 
is a 5000 foot all-weather airstrip, scheduled barge service, and 
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Figure 4 - 1 LOCATION PLAN - BEAUFORT SEA 
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established communications. Meteorological observations have been main
tained since 1957, and ice measurements have been made i n a smal l cove 
to the south of the station for the past 12 years. The nearest perman
ent community, Paulatuk, is approximately 100 km southeast of Cape Parry, 
at the base of Darnley Bay. With the excepti on of several trappers and 
the occasional social visit, the Cape Parry area is not frequented by 
the people of Paulatuk. 

The climate of the Parry Peninsula is not truly representative of the 
Beaufort Sea. In general, the Amundsen Gulf tends to be in a transition 
zone between the pure marine climate, which is detectable as far east as 
the Nicho l son Peninsula, and the more typical continental climate at 
Cambridge Bay and po ints to the south. The mean annual temperature at 
Cape Parry is -1 2.3°C as compared with -10 .5°C and -14.7°C at Shingle 
Point and Cambridge Bay respectivel y. A similar pattern exists in the 
standard deviation of the mean temperature, with the marine stations 
tending to be more stable. August is the warmest month with an average 
temperature of 5.8°C, while February is the coldest with an average of 
-29.6°C. The extreme temperatures observed range from 23.3°C to -43.9°C. 
The average annual precipitation is 20.4 cm, of which approximately one
half is in the form of rain. Over 46 percent of all precipitation falls 
between August and October. The prevailing wind direction is from the 
east and the average annual wind speed is 21.1 km hr- 1 • The sun is 
below the horizon from approximately December 1 to Jan uary 12, but even 
at winter solstice there is about 1 .5 hours of twilight. The climatic 
conditions and day li ght regime for Cape Parry are detailed in Appendix 
4. 

Four potential sites were selected from low- level aerial photography. 
In June, 1974, a field investigation was undertaken to determine which 
of the locations was best suited for the tests, and to document ice 
break-up in the area. Several of the sites were quite close to the DEW 
line facility at Cape Parry, which would have simplified logistics. 
However, the east arm of Balaena Bay was selected on the basis of its 
unique shape (Figure 4-2). The east arm is about 1 .2 km wide by 4.4 km 
long, but the entrance is less than 100 m wide, with a depth of 2.3 m 
at the narrowest point. As a result, the ice normally rots in place. 
Consequently, in the event of loss of control of the oil, contamination 
woul d be confined to the bay. Due to the narrow wi dth at the entrance, 
it would be possible to close off the bay with an oil boom if necessary. 

In early August, prior to establishing a permanent camp, or undertaking 
any tests with oil, the site was documented in detail. Hydrographic, 
salinity and temperature measurements were taken at selected locations, 
and conditions along the shoreline documented. As a result of this 
work, a small cove on the north side of the bay was selected for the 
tests (Figure 4-3). A similar survey was done on the completion of the 
clean-up to assess the impact of the tests (Section 11). Following is 
a summary of conditions in the cove: 

Size 
Water depth 
Salinity 

8 

400 m by 500 m 
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Figure 4 · 2 
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Figure 4 - 3 LOCATIO N PLAN - TEST SITE, BALAENA BAY 
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Water temperature 

Tide 
Current 
Shoreline 

Biol ogica l 
(See Sect ion ll) 

approx. - l.6°C (Winter 
+2 °C (Summer) 

0.3 m, semi diurnal 
feeble 
principally shingle beach with 
short sections of salt marsh and 
low cliffs (Figure ll-2). 
26 spec ies birds and mammal s 
identi fied , 53 species terrestri al 
plants, 76 speci es marine organisms 

Due to exceptionally heavy ice, the barge did not arrive until August 28, 
approx imately six weeks later than normal. It was impossible to ga i n 
entrance to the east arm of Balaena Bay, and the freight was landed in 
the outer bay. Thirteen thousand kilograms of essentia l goods were 
shifted to the site by heli copter, and the remaining 120,000 kilograms, 
of crude oil and support fuels, was hauled by snowmobile throughout the 
winter. The camp consi sted of two Parcol units , a mechanical building, 
workshop, and storage building. A s ingle -sideband radio was used for 
communications with Yellowknife, Tuktoyaktuk and Inuvik. A small lake 
served as a landing strip during the winter. 

A second site was required to assess the effect of currents on the 
transport of oil along the underside of an ice sheet . Work undertaken 
by the Frozen Sea Research Group, 0.0.E., indicated a minimum current 
of 12 to 15 cm s- 1 was required. Initially , a site near Babbage Bight 
on the west side of Mackenzie Bay was sel ected, but as a result of 
concern over the poss i ble impact of surface oil on migration waterfowl, 
the tests were moved to the Cape Parry area. After a survey of currents 
in Franklin Bay , Darnley Bay and Amundsen Gulf, a maximum current of 
about 10 cm s- 1 was located approximately 33 km due north of Cape Parry 
(Figure 4-2). In Apri l 1975, a temporary camp was established at the 
site . The site conditions and offshore program are detailed in Section 
9.0. 
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5.0 EXPERIMENTAL TECHNIQUES 

5.1 Schedule and Size of Discharges 

The principal factor in determining the number and timing of controlled 
discharges for the entrainment study was thermal fluctuations within the 
ice sheet. In general, the effects of changes in ambient air temperature, 
absorbed solar radiation and snow cover are far more pronounced in the 
upper levels of the sheet . Conditions tend to stabilize with depth, due 
to the thermal inertia of the ice and the enormous heat sink provided by 
the sea water. During the depth of winter, which typically extends from 
early December to late March, the ice structure is relatively constant. 
With the exception of the immediate vicinity of the skeletal layer, the 
brine channels tend to be blocked, thereby limiting the movement of oil 
upward through the ice. The sheet is cooling from initial formation unti l 
about mid February, and warming thereafter. Although diurnal variations 
and other short period disturbances can be detected near the surface, in 
general the thermal gradient tends to be linear during the fall and 
winter. During the melt phase, there is a reversal in the gradient, with 
the coldest temperatures being located near the centre of the sheet. 

The timing of discharges was designed to encompass the dominant stages in 
the ice growth and depletion cycle. Because conditions tend to be stable 
during the depth of winter, emphasis was placed on the freeze-up and 
break-up periods. The initial program called for the first discharge 
in open water, i r:1111ediately prior to freeze- up, and the second at an ice 
thickness of 15 cm. However, due to delays in obtaining the necessary 
approvals to discharge oil, the tests had to be rescheduled. The open 
water test was simulated by clearing an area of ice approximatel y 36 m2

• 

The averaoe ice thickness at the time was 43 cm. Althouqh the results 
are not truly representative of conditions at freeze-up,'they provided 
some indication of the behavior of oi l on water in the presence of growi ng 
ice. The final discharge was to be conducted immediately prior to break
up. As a result of other related studies being undertaken at Balaena Bay 
at the same time, it was felt that a full discharge posed too great a 
threat, and two small tests were conducted instead. Because there was 
very little information on the properties of the crude likely to be 
found in the Beaufort Sea, two types of crude, which spanned the probable 
range of properties, were used in the tests. Norman Wells (NW) crude, 
which has a pour point of about -45°C was used on all but two of the tests , 
due to its availability and ease of handling at low temperatures. Swan 
Hills (SH) crude, which has a pour point of about -4°C was used for tests 
in December and April. These discharges were conducted simultaneously 
with discharges of Norman Well s crude, for the purposes of comparison. 
The date of each test, the type and quantity of crude, and average ice 
thickness is shown in Table 5-1. 

The size and volume of the test spills depended largely on environmental 
and physical constraints. The concept of a free flowing spill was 
environmentally unacceptable. A containment area of 30 min diameter was 
selected for each test. This size was considered large enough to avoid 
scale effects from the containment boundary itself, and to encompass a 
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TABLE 5-1 

SCHEDULE OF DISCHARGES 

DATE TEST QUANTITY ICE THICKNESS 

Oct 24 NW#2 7.3 m3 38 cm 
Nov l NW#l 0.4 m3 Open Water ( 43 cm) 

Nov 14 NW#3 8. 3 m3 53 cm 

Dec 7 SH#l 7.3 m3 64 cm 

Dec 9 NW#4 8 .2 m3 64 cm 

Feb 15 NW#6 7.7 m3 11 8 cm 

Apr 8 NH - Offshore 1.5 m3 122 cm 
Apr 12 SH#2 6.4 m3 154 cm 
Apr 15 MW#7 8 .2 m3 154 cm 

May 15 NW#8 0.4 m3 195 cm 

May 21 N~/#8 0.2 m3 195 cm 

tlOTE: Ice thickness tabled here are representative values. A 
can be expected deviation of approximately 20 percent 

depending on sampling location and date (Fi gure 7-4a). 

meaningful cross section of natural ice thickness variations within a 
single test. Approximately 7.3 m3 (l ,620 gal) oil, or enough to cover 
the total test area to an average thickness of l cm, was used on each 
test. 

The specific day of each test was go verned by a number of factors. Prim
aril y, the thermistor chain spacing set close limits (± 2 cm) on the ideal 
ice thickness and hence the day for the test. Figure 5-l shows the probe 
spac ings selected for each test . As the chains required a min imum of 10 
days to freeze in properly, these spacings had to be fixed at the time 
of chain assembl y , 2 to 3 weeks prior to the test. The spacing was 
designed so that the ice-water interface on the day of the test would fall 
on a dense array of 5 probes (Plate 6-4). On the basis of ice growth 
trends to that po int, a prediction was made of ice thickness on the test 
day and the chains desi gned accordingly. By monitoring the chains for 
2 to 5 days prior to the test, the probes reading water temperature would 
indicate when the interface was in the ideal position for a discharge. 
Snow cover variations made accurate chain placement difficult. However, 
at tempts were made to install the probes in areas of equal snow cover, 
and after the first few tests, experience dictated ice variations to be 
corresponding to different snow covers . Some natural variation in ice 
thickness between the chains was always present, and some probes were 
closer to the ideal position than others. Most of the chains were within 
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Figure 5 - 1 THERMISTOR SPACING 
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2 cm of the selected depth on the test day. 

5.2 Oil Containment and Handling 

5.2.1 Containment - Skirts 

In selecting the oil booms, the following factors were considered: 
design, durability, cost, transportabil i ty, and ease of installation. 
In terms of performance, the most critical factor was that the skirt 
be intact at the ice-water interface for the duration of the test. 

All existing techniques had major limitations for this application. 
A simple skirt embedded in the ice sheet was considered best suited 
for the Balaena Bay site. The design consists of three components, 
A Dupont 'Fabrene' membrane, a f l otation collar, and cable ballast. 
Depending on what spill they were designed for, the skirts had 
lengths varying from 60 cm to 274 cm. The minimum skirt length 
available below the ice for any discharge was 22 cm. 

Assembly was undertaken at the site using prepared lengths of 
'Fabrene', sized according to the projected ice thickness at the time 
of discharge. The collar was constructed of 5 cm diameter PVC tub
ing, which was inserted into a pre-stitched sleeve along one edge 
of the 'Fabrene' strip. Sections of tubing were joined with sealed 
insert couplings and clamps. Similarly, the l .0 cm diameter cable 
used as a ballast, was inserted into a smaller sleeve on the bottom 
edge of the skirt. A two man crew assembled eight 30 m diameter 
booms in this manner at the rate of 3 per day. Once assembled, the 
completed strip was dragged out on to the ice sheet by skidoo and 
laid out in a circular shape. With standard chain saws, a 10 cm 
wide slot was cut 97.5 min circumference. The ice in the slot 
was pushed underneath, and the skirt was inserted through the slot 
(Plate 5-1). 

After joining the ends, the boom was left to freeze in. A two man 
crew was capable of installing 3 such skirts through 28 cm of ice 
in a six hour shift. This rate dropped to one per day as the ice 
thickness reached 44 cm. 

A total of 8 skirts were instal l ed through the ice in this manner. 
The booms were packed tightly together to locate the test area 
between the 6 and 9 m water depth contours (Figures 4-3, 5-2), and 
to avoid running long branch-cabl es from the main data cable to each 
test area (Sections 5.3, 4). The range of water depths was origin
ally selected to provide enough water under l .8 m of ice for a 
realistic test, and to allow operation of a camera scissor boom 
mast. 

The 10 m diameter skirt for the open water test was installed from 
a small boat while the ice was l ess than 5 cm thick. The unit 
froze in place within 24 hours. 

The boom scheduled for the NW8 test, incorporated a different collar 
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Figure 5 - 2 
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Plate 5 - 1 

des ign to enable installation by a diver from under the ice. In 
place of the PVC pipe, solid styrofoam strips were used to eliminate 
the problems with sealed joints and brittle fracture at low temper
atures . Also, the foam was extremely flexible, facilitating 
installation through a 2 by 3 m dive hole. 

This skirt had a 'Fabrene' flap designed to float up against the ice 
and provide a better seal while freezing in. After the skirt was 
pushed through the dive hole, the diver was used to swim four l ines 
attached to the skirt over to the quarter points of the circle. 
There, the lines were passed through a drill hole to the surface 
and used to drag the skirt into a rough circular shape. The diver 
completed the installation in about 45 minutes by hooking the 
flotation collar around wood stakes frozen into the ice. 

The 'Fabrene' membranes served as an effective barrier throughout 
the winter. Although the predominant thickness of the oil lenses 
was 2 to 5 cm in most locations, the skirt held lenses up to 20 cm 
thick. However, the ice did not adhere well to the 'Fabrene' and 
in some locations small quantities of oil migrated up the joint 
between the ice and the skirt. This problem would likely be 
encountered with any barrier extending through the ice sheet. In 
June, as surface melt increased, the collar pipes formed partial 
barriers to surface movement of oil on melt pools . 

In addition to the 'Fabrene' skirts, 100 m of 1 m, and 70 m of 0.3 m 
inshore-offshore boom were stored at the site for the duration of 
the project, to be used at the mouth of the bay in the spring if 
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required, or to contain any free oil which might develop in the test 
area at the time of clean-up. 

5.2.2 Containment - Snow Dyke 

A snow dyke, approximately 400 min circumference, was constructed 
around the entire test area, to restrict the movement of free oil 
on melt pools in the spring. A number of techniques employing cut 
snow blocks were attempted, but due to the limited snow cover 
generally proved ineffective. Finally, empty oil barrels were used 
to create a wind break, and the snow naturally drifted to form a 
barrier about l m high and 3 m wide. On the average, it took between 
one and two days for the drift to stabilize. Attempts were made to 
flood sections of the dyke, but this proved to be time consuming and 
of little val ue. 

The snow dyke was very effective in containing surface oil, and 
remained intact until late June. As a rule, the oil did not pene
trate more than 15 to 20 cm into the snow. The dyke was breached 
on several occasions during major burns, but was quickly shored up 
with fresh snow. 

5.2.3 Containment - Sorbents 

Large quantities of sorbent in the form of pads, booms and rolls 
were stockpiled at the camp during Apri l in preparation for the 
clean-up phase. A wringer designed for use with the sorbents was 
available. 

5.2.4 Discharge Operations 

The crude oil and support fuels, contained in palletized drums 
arrived by barge on August 28, 1974. Unusuall y heavy ice conditions 
at the mouth of Balaena Bay prevented the shipment from reaching 
the test cove as was originally planned, and the 136 metric tons of 
supplies were cached on the shore 0.7 km NE of the test site. 
Enough oil for the first three tests was slung by helicopter coinci
dent with the camp move, and the remai nder was transferred by skidoo 
to the test site during the winter. 

At the camp, a 9 m3 (2,000 gal) capacity insulated wooden holding 
tank was constructed 50 m from shore. Several days before each 
test, the oil was transferred from 45 gallon drums to the tank. 
This transfer was accomplished in 2 to 8 hours using a centrifugal 
pump, with a standpipe transferred man ually between drums . Even 
Swan Hills crude was successful ly pumped at temperatures as low as 
-35°C. Approximately 0.7 m3 (155 gal) was pumped in excess of the 
quantity required for the tests, to al l ow for line losses and resi
due at the bottom of the tank. 

The oil was heated to within approximately l °C of the ambient water 
temperature, by means of a single irrmersed hot water radiator. The 
8.6 m3 of oil could be raised from the ambient air temperature to 
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about 0°C in less than 24 hours, even in February. Once heated to 
the required temperature, the oil was pumped through a 5 cm diameter 
neoprene line approximately 250 m to the test area. A 7 m l ength of 
5 cm diameter steel pipe was used to inject the oil under the ice. 
On the average, the discha~1e was comple!ed in 50 minutes, yielding 
a flow rate of 0. 15 m3 min (32 gal min 1 ). 

Divers were employed on all the fully instrumented discharges. Ini
tial ly, their ma in function was to document conditions and inspect 
the containment skirt prior to each discharge . Due to the possible 
effects of released air, the divers were proh i bited from entering 
the test area within 48 hours of a discharge. A remotely controlled 
scissor boom, whi ch could be extended up to 15 m, was employed to 
move the underwater video system and transducer for the first three 
tests . However, for full coverage the boom had to be i nserted in 
the centre of the test area, and a variety of techniques were 
attempted to prevent oil from seeping into the well without success. 
For the discharge in February, the video system was mounted on a 
rigid boom , which was inserted through the ice from outside the test 
area. This unit permitted full rotation of the camera, but due to 
the low light levels, visibility was limited to about 10 m. A diver 
equipped with a closed circuit breathing system was employed on 
subsequent discharges. The entire operation was monitored from the 
surface, and the movements of the diver controlled by means of a 
surface communications system. This approach also pennitted sti ll 
and 16 mm photography. Since the diver had a range of approximately 
40 m, it was poss ible to locate the dive hole outside the test area. 

Two procedures were used to introduce the oi l under the ice. For 
the first tests, the discharge pipe was inserted in a SIPRE hole 
angled into the test area from a point about 1 m outside the skirt. 
The pipe end then projected 3 m into the test area at a depth of 
about 2.5 m below the ice sheet. Commencing with the NW3 test, an 
effort was made to provide more opportunity for plume spreading, by 
inserting the pipe section vertically through the ice sheet near the 
centre of the test area. The oi l was then discharged from a depth 
of about 6 m. This procedure was used for tests NW3 to NW6. A 
small quantity of oil sometimes rose through the auger hole used to 
place the discharge pipe. Packing with snow and sorbent usually 
halted the flow of oil in a matter of minutes . Following the NW6 
test, a decision was made to eliminate further surface contamination 
of the test area, by reverting to the original side insertion of the 
discharge pipe near the skirt edge. This technique was used for NW7 
and SH2, accompani ed by a dive hole outside the spi l l area. Figure 
5-3 shows a schemat ic section through a typical test area. 

5.3 Instrumentation 

Note : All instrument specifications are contained in Appendix 27A. 
Figure 5-4 displays graphi cally the data acquisition systems used at 
Balaena Bay. 
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Figure 5-4 DATA ACQUISITION SYSTEMS 
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5.3.l Surface Weather 

Detailed observations of surface weather were made four times daily 
commencing on September 30, 1974 and continu ing for the duration of 
the project, until July 22, 1975. All observations were taken at the 
following approximate times: 0900 hours, 1300 hours, 1800 hours and 
2300 hours. Visual estimates were made of the cloud cover, the 
height of the cloud ceiling and the visibility. Barometric pressure 
was recorded. The windspeed and direction were measured and record
ed with a Texas Instruments Model 446 system. Basically, this 
system consisted of a cup anemometer and wind direction indicator 
mounted on a tower free of obstructions at a height of 8 m above 
ground level. For the period March 6 to June 7, the wind speed and 
direction signals were fed into the data logging system integrator 
package to obtain average hourly values for wind speed (Section 3.3 
. 4). It was considered adequate to take an hourly spot reading of 
wind direction. 

Air temperature was measured using a YSI Model Telethermometer with 
the thermistor mo unted in a radiation shield at a height of 5 m. 
A simi larly shielded thermistor on each control chain measured air 
temperature at a height of 1 m. From November 13 to June 7, these 
tempe ratures were recorded hourly on the main data logging system. 

5.3.2 Radiation 

Measurements relating to the radiation balance of the test area 
were undertaken from February 12 to June 6. To measure the total 
short wave radiation that was incident on the test area, a Kipp and 
Zonen CM-6 Solarimeter was mounted on a 3 m tower near the NW2 test 
area (Figures 3-2 and 3-3). A Fritschen type net radiometer at a 
height of 1 m was cantilevered 1 m out from the solarimeter tower. 
Both the solarimeter and net radiometer were connected to the data 
logging system. Hourly averages are available for the period March 
6 to June 6. The albedo of the test site was measured for the 
period May 9 to June 4 (Section 4.4 .2), using a Kipp and Zonen Model 
CM-7 Albedometer mounted on a mobile cantilever beam, l m above the 
ice surface. The DC voltage output signals were hand-logged every 
second day at 12 specific locations in the test area and 2 control 
sites using an H.P. 34702A Multimeter. Errors introduced by 
instrument limitations are outlined in Appendix 27A. 

5.3 . 3 Ice-Water Temperatures 

All ice and water temperatures were measured using precision 
thermistors, Model #44005X manufactured by Yellow Springs Instruments. 
Over 450 thermistors were supplied for use in this project. Each 
thermistor bead was calibrated at -40°C, -20°C and 0°C, the range 
most likely to be encountered between air and water temperatures 
over the 9 month period. At 0°C, the average thermistor resistance 
was 9796 ohms. At this temperature, the line resistance of 29 ohms 
was 0.23% of the reading. This error was substantially less for 
lower temperatures. The manufacturer considers that the worst case 
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error of a single thermistor calibrated at the three points mention
ed above is± 0.05°C over the range -40°C to 0°C. Usin~ a probe 
spacing of 5 cm and a temperature gradient of 0.2°C cm- , the error 
in establishing the gradient would be± 8%. A total of thirty-three 
chains with 11 thermistors on each chain were constructed for six 
tests and three controls, which were installed on November 12. The 
t hermistor chain consisted of a 2.4 m length of hardwood drilled to 
receive 11 clear acrylic tubes (0.635 cm OD), arranged in a ladder 
network. The beads were embedded in the tip of each tube which 
projected about 5 cm out from the wood stem. The leads were run up 
a slot in the back of the hardwood to a 12 pair connector on top, and 
the whole assembly potted with silicone rubber . Figure A-1, shows 
assembly details and Appendix 27A contains specifications for the 
thermistors. 

The rationale behind the spacing of probes is discussed under Section 
5.1. Basically, the probe spacings were tailored to suit each spill 
(Figure 5-1). The control chain spacing was designed to have 3 
probes 4 cm, 8 cm, and 100 cm above the ice surface to continuousl y 
monitor snow and air temperatures. Also, on the controls, probes 
projected 180 cm below the snow-ice interface so that even in May 
at least one probe remained to measure water temperatures. 

5.3.4. Data Logging 

A Vidar 5400 Data Acquisition Sys tem (Figure 3-4) was used to log 
all ice-air-water thermistors and meteorological instruments, as 
outlined above. The Vidar system consisted of a 100 channel reed 
scanner interrogated hourly by a precision DVM. Scan rate and 
sequence were variable, and controlled by a crystal clock. Data in 
the forms of ohms for thermistor readings and DC volts for meteor
ological instruments were recorded on printer paper and IBM compat
ible paper punch tape. Total scan time for the 92 active channels 
took less than l minute. The normal configurat ion consisted of 8 
thermistor chains, each with 11 beads, and four channels for net 
radiation, shortwave solar radiation, wind speed and wind direction. 
Integrator capability was added to one 10 channel batch on March 6, 
1975. This enabled hourly average readings for appropriate instru
ments. The signals were fed through a 22 conductor branch cable to 
a 200 conductor trunk cable, which ran from the centre of the test 
area to the Vidar data acquisition system, located in the office 
parcol. The branch cables were 60 min length, while the trunk 
cable was 220 m long. All cables were vinyl wrapped with solid 
sh ields, while the conductors were 20 AWG, solid and braided. 
Twenty-four pin connectors were installed on all cables to permit 
rapid switching and manual scanning. 

Although the operating conditions were less than ideal, the DAS 
functioned reliably for the eight-month period it was on line. Over 
600,000 pieces of data were recorded in total. Initially, some 
problems were encountered due to unstable power, but these were 
corrected by inserting a crystal clock. The Vidar was shut down prior 
to the f i rst burn on June 6, 1975, and the surviving thermistor 
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chains hand logged until June 23. All data has been converted to 
engineering units and is available on magnetic tape. 

5.4 Sampling and Analytical Procedures 

5.4.1 Oil Sampling and Analysis 

The purpose of the oil sampling program was to identify and quantify 
any changes in the oil's physical and chemical properties occurring 
from the time of the oil discharge to the end of the clean-up 
operation. The sampling program was arranged so that oil from each 
spill would be collected at regular intervals. Ultimately, the oil 
was sampled in four different situations: (1) immediately prior to 
each discharge; (2) while entrained in the ice; (3) on the ice sur
face during the melt period; and (4) upon completion of the clean-up. 

The sampling program outl ined in the original proposal underwent 
extensive revision during the testing period . Original proposals 
suggested a sampling program requiring a sample size of one litre. 
Sampling performed very early in the program indicated that a size 
of ten ml was more realistic. A sample of about ten ml permitted 
more extensive coring without destroying the test area. 

The approach adopted in the new schedule was to place more emphasis 
on deriving as much information as possible from the small oil 
samples that could be collected. This l ed to increasing the number 
of gas chromatograms (GC's) done per test from two to about seven 
for the earlier spills and three or four for the later ones. For 
a selected number of these samples, the density and viscosity of the 
oil were measured at the site. These measurements served as a 
standard for the work done in the laboratory in Toronto. There, 
tests were done to relate the viscosity, density, pour point, and 
solubility to the GC profile from the oil sample. This meant that 
oil samples as small as 20 ml could be collected and the oil 
properties derived from the GC done on the sample. In all, 57 GC' s 
were done on oil samples. In total, there were about 70 oil samples 
taken, however, some were used exclusively for site tests and some 
were damaged in transit. 

Two composite oil samples were taken from Swan Hills and Norman Wells 
crude oil barrel s at the start of the program. Each sample contained 
oil drawn from several stirred oil barrels and served as a baseline 
to compare later samples. A pole was used to mix the contents of 
each barrel thoroughly to ensure that when the oil was withdrawn, 
it would be of uniform composition. Two litres of each oil type 
were used for baseline GC's, and ASTM di stillation, metal and 
sulphur content tests, refractive index, and pour point tests. 

While the oil was beneath or within the ice sheet, three possible 
oil-ice confi gurations could occur. Immediately after a dis charge, 
the oil formed pools or lenses at the ice-water interface. As the 
ice sheet grew, the oil became entrained within the sheet (Section 
6. 2) . As the ice deteriorated pri or to breakup, the oil mi grated 
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upwards into the brine channels. 

The bulk of the oi l samples were recovered during the second phase, 
while the oil was entrained in the ice sheet. Sampling was avoided 
during the first phase, when coring operations could drain large 
areas of oil. Samples taken from oiled brine channels indicated 
oil properties to be the same as those of oil from lenses, reducing 
the requirement for sampling of this phase. The results are dis
cussed in Section 8.1. 

For all three situations, the following procedure was used, where 
applicable. The actual sampling schedule shown in Appendix 27B was 
keyed to other ongoing tests, principally the ice coring. An area 
within a particul ar spill was selected according to past experience 
and the probability of finding oil at that particular location. A 
standard 8 cm diameter SIPRE corer was used to obtain the ice cores. 

After the core was withdrawn, any oil present in the vicinity of the 
hole would float to the surface of the water in the hole. A one 
litre glass bottle would then be lowered into the hole until the 
bottle lip was just below the surface. When withdrawn, the full 
bottle would contain from 2 to 500 ml of oil, depending upon the 
thickness of the oil layer. The oil was then transferred into 
smaller containers. Information as to the thickness of the oil 
lenses, and their locati on in the ice sheet was then obtained using 
an L-shaped probe and this data added to the coring reports. In 
the third situation, that of oil within the brine channels, the 
above procedure was followed up to the extraction of the ice core. 
After the core had been logged, the oil bearing ice section was cut 
out and put in a glass jar to melt. 

Surface samp ling of the oil during the melt period took several 
forms, depending on the condition and location of the oi l . In 
general, the oil could be found: (l) in open pools, usually on top 
of melt water; (2) beneath the snow cover but on the ice surface, 
as a layer; and (3) as a discolouration of the snow cover. The 
second condition usually preceded the first condition, and occurred 
just after the oil began surfaci ng in that particular area. The 
third condition usually occurred concurrently with the second, as 
oil spread through the snow column in a capillary action. 

For collecting oil from open pools, the sample bottle was submerged 
in the melt pool and the oil allowed to flow into the bottle. For 
more viscous material, such as remained after the burning operation, 
a 12 cm diameter jar was used and a piece of the material was scoop
ed up with a spoon, or by hand, and placed in the jar. The same 
type of jar was used to collect the oiled snow . 

After breakup, oil that had been l eft on the ice drifted into shore 
on ice chunks and was then washed up onto the beach. Samples of 
this residue were collected just before the shore clean-up began 
on July 7. 
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Since the degree of weathering of the oil was of parti cular interest, 
the handling and storage of samples posed special problems. Oil 
samples were placed in glass bottles of appropriate size, leaving 
only sufficient air space for thermal expansion. The snow and ice 
samples were stored in 200 ml jars. A considerable air space was 
left when the sample me lted, which likely introduced some error. 
All containers were sealed with silicone rubber and polypropolyene 
tape, then sealed in plastic bags. 

Camp Analysis 

The vi scosity meas·urements were made wi th Standard Ostwald viscom
eters, cal ibrated with water at the site at +15°C and 0°C. Benzene 
was used for calibration at temperatures below 0°C. Five to eight 
tests in t he viscometer were made for each sample measured, and 
the result analyzed. For dens ity measurements, two 50 ml volumetric 
flasks were used per sample, where possible, and the measured volume 
of oil weighed on a two-pan balance. For oil volumes less than 50 
ml, the oil was transferred to the flask with a graduated pipette. 
The measurement of water in oi l was done according to the ASTM 095 
standard, using 200 ml oil samples. 

Oil Evaporation Studies 

To assess the effect of evaporation on oil at the surface during 
the winter, 300 ml samples of both Norman Wells and Swan Hills 
crudes were placed in evaporation pans December 24. The pans, 
which measured 20 cm in diameter with a 1 cm li p, were located at 
an elevation of 1 m to avoid ground effects. One ml samples were 
recovered on January 4 and 20 , and February 26. 

5.4.2 Ice and Snow Sampling 

To fully understand the effect of included oil on the ice sheet, it 
was necessary to monitor the condition of both contaminated and un
contami nated ice throughout the winter. Since excessive coring would 
tend to alter conditions, a number of in situ moni toring techniques 
were tried. 

Clear plexiglass tubes which were 2.5 m long with an inside diameter 
of 5 cm, were installed vertically through the ice early in the 
season. The lower end of the tubes were sealed, while the tops 
extended about 0.5 m above the ice. A specially designed borescope, 
or inverted peri scope , was inserted in the tubes periodically to 
examine conditions adjacent to the wall. The unit was equipped with 
a variable intensity li ght source, and a splitter at the surface to 
permit photography simultaneously with viewing. Despite various 
attempts at insulating and seal ing the tubes , frost build-up on the 
inside generally reduced visibility to an unacceptable level. In 
places where the tube was frost free, lack of contrast in the ice, 
as seen through the borescope made inspection difficult. Although 
this approach has potential, several ma jor refinements are necessary 
for general field application. 
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Weighted hot or resistance wires were installed at a number of 
l ocations throughout the test area, for measu rinq ice thickness. 
These units worked well in und i sturbed ice. However, in contami nated 
areas, the smal l melt channel around the wire provided a drainage 
path for the oil. To avoid disturbing the oil lenses, t his method 
was discontinued . 

Full emphasis was then placed on the SIPRE coring program. Although 
coring is the mos t disruptive technique , it provides the maximum 
level of information. Early in November the sampling program was 
redesigned to ensure all necessary information was generated with
ou t unduly disturbing the test areas. As well, a SIPRE corer was 
used to cut all holes , regardless of the ultimate purpose. The 
l ocat ion , snow cover, ice thickness , depth of oi l lens, extent of 
migration and ice structure were l ogged (Appendix 27C), and the 
cores immediately photographed. Small sect ions of core, generally 
from the region of the oil lens were retained for detailed study. 

At regular intervals during the winter , and intensively during the 
mel t phase, salinity profiles were made on representative cores. 
Each core was cut into 4 cm long slices , as soon after removal from 
the sheet as poss ibl e . The slices were then placed into labelled 
plastic bags that were sealed unt il the ice melted. Sorbent was 
used t o remove oil from contaminated samples. The salinometer 
was routine ly calibrated with prepared solutions, and a seri es of 
tests were conducted to ascertain the effect of oil in the sample 
on the sensor. 

5.4.3 Water Sampling 

The non-biological water sampl ing program comprised measurements of 
salinity and temperature profi les, and dissolved hydrocarbon content, 
at vari ous locations throughout the year. 

Dur ing the initial site selection survey in Aug us t, 1974 , salinity 
and temperature profiling of the water column confirmed the similar
ity of the test bay to other areas along the coast. Measurements 
were repeated throughout the wi nter. Once ice cover was present, 
the profiling was done via SIPRE core holes through the ice . Most 
of the profiling was performed in unoiled locations so that re l iable 
measurements could be taken. When measurements were done in oi l ed 
areas, care was taken to ensure that the probes did not come in 
contact with the oil. 

Measurement of the dissolved hydrocarbon (HC) content proved diffi
cul t in the depth of winter peri od. Of three proposed sampl ing 
methods , only the simplest one proved feasib le . As contamination 
of a sample by trace amounts of undissolved oi l would invalidate 
the results, sampling locations were located j ust outside of oil ed 
areas . Samples were recovered by lowering a one litre glass bottle 
through a SIPRE core hole. The bottle then filled with water from 
j ust beneath the i ce sheet , and was immediately wi t hdrawn and rushed 
back to the camp before freezing occurred. Glass bottl es were 
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necessary to prevent the possible evaporation of the highly volati l e 
components during the extraction phase after adding five mil l ilitres 
of n-pentane to the water sample. The bottle was capped, shaken, 
and left for twenty-four hours. After occasional shaking during 
that period, the pentane was drawn off and pl aced i n a tightly 
sealed glass vial for shipment south for analysis by gas chromatog
raphy. The sampling schedule is presented in Table 8-3. 

5.4 .4 Biological Sampling 

The biological sampling program was intended to achieve the 
following basic objectives: 

1. to assess the effect of an oil spill under ice at Balaena 
Bay on rates of primary production; 

2. to assess invertebrate species occurrence in the area of 
the bay and to determine effects of the oil spills; 

3. to record basic environmental parameters controlling 
phytoplankton populations at Cape Parry, eg. water temp
eratures, light intensities beneath the ice, salinity, 
oxygen concentration both under the ice and in open 
waters in the summer; 

4. to determine effects of released oil from winter spill 
sites on the vegetation above and below the tideline when 
the oil reached it in the summer time; 

5. to determine species compositions and productivity of the 
small salt marsh at the head of the bay near to the spill 
sites; and 

6. to determine the effect of oil washed onto this salt 
marsh following release of weathered oil from the below 
ice spills. 

The following methods and techniques were employed on the biological 
sampling progralTITle. 

Physical and Chemical Parameters 

Salinities were determined with a cal ibrated Americal Optical 
Refractometer . Water samples were taken at different depths with a 
Van Dorn water sampler. Temperatures were read immediately upon 
removal of water samples from the sampling bottle. Sub-samples were 
injected into 25 ml glass ampoules and sealed with a torch for 
laboratory determination of pH and CO 2 (total) content using an 
infrared gas-analyzer (Beckman Model 915 Total Carbon Analyzer). 
Light measurements were made with a Montedoro-Whitney Portable Sol ar 
Illuminance underwater meter and a matching deck-cell. 

Phytoplankton and Zooplankton 

Phytoplankton samples of 500 ml , obtained with Van Dorn sampling 
bottles, were added to volumetric cylinders. Three millilitres of 
Logol 's iodine solution were added, and allowed to settle for 2 days. 
The supernatant was then removed by siphoning to leave only about 
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20 ml containing the algae, which were transferred t o plastic vials 
and kept in the dark at 5°C for identification and quantitative 
analysis using sed iment chambe rs and an inverted Wild microscope . 

Zooplankton collections were made by vertical and horizontal tows 
usi ng a No. 6 mes h (240 µm mesh sizes; 50 cm diameter) and No . 20 
mesh (60 µm; 25 cm diameter) nyl on nets. The plankton samples were 
preserved in 8% neutralized formalin, and counted quantitatively 
in Sedgwick-Rafter counting chambers . 

Benthic Algae and In vertebrates 

Benthic algae and invertebrates were obtained by the use of Wil dco 
Model 175 bio l ogical dredge. For quantitative ·sampling, a Ponar 
grab dredge (Wildco Model 1725 ; 23 cm x 23 cm sampling area) was 
used. Samples were preserved in plastic jars with 8% neutralized 
formalin for later identification and counti ng. 

Chlorophyll 

Chlorophyll of salt marsh plants and attached al gae was determined 
by extraction with 80% acetone in a mortar and pestle, and with the 
addition of a small amount of acid-washed si lica. The acetone 
extracts, following centrifugation to remove suspended material, 
were analyzed for chlorophyll by the me thod of Arnon (1949). 

Primary Productivity 

Water samples were taken from different depths with a Van Dorn wate r 
sampl er. Fifty ml aliquots were transferred to 60 ml transparent 
plastic bottles. Ten µCi of NaH 14C03 were injected into duplicate 
light and dark bottles, after which the bottl es were suspended at 
the same depths from which the samples were originally taken. The 
bottles were incubated in situ for 24 hours (approximately noon to 
noon) . Fi ve hundred µl of 0.1 N HCL were then added to remove 
inorganic 14C- bicarbonate by aeration. One ml aliquots were later 
added to 15 ml Aquasol, and the radioactivity in the via l s determined 
in a Packard Tri-Carb Liqu i d Sc intillat ion Counter. Similar tech
niques were used for dete rmining photosynthetic rates of phytopl ank
ton used for oil t oxicity studies (6 hr incubation only) , and for 
micro-al gae from oil contaminated marsh and shingle areas near the 
oil spill si te at Balaena Bay . 

Laboratory Oi l-Toxicity Studies with Phytoplankton 

Aqueous extracts of Norman Wells and Atkinson Point crude oils were 
prepared by stirring one litre of nutrient seawater medium, and 50 ml 
crude oil in a 1 litre glass-stoppered bottle. Air was almost 
completely excluded t o minimize losses due to volatilization. The 
mi xture was stirred for 16 hrat a speed producing a 3 cm oil vortex. 
A siphon was used to remove the aqueous oil extract. This 100% 
aqueous crude oil ext ract was tested before and after di lution to 
30%, for ability to support algae growth and photosynthesis. 
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5.5 Photographic Techniques 

5.5.1 Underwater 

A Hydro Products TC-125 underwater TV camera was used to document 
all controlled discharges, and to continuously monitor conditions 
both at the ice-water interface and in the water column. Since the 
camera measured less than 9 cm in diameter, it could be inserted 
through a SIPRE core hole. The unit maintains a nearly constant 
video output level over a dynamic range of illumination of 10,000 to 
one. Focusing was controlled from the surface. The signal was fed 
simultaneously to a Sony AV8400 video recorder and a Conrac monitor 
t o permit selective recording. Positional data and information 
on the discharge were recorded on the sound track. Through the use 
of a constant current source, the entire system could be operated 
effectively from one 300 W portable generator. 

During the depth of winter, lighting proved very difficult. Although 
the contrast between the oil and ice permitted high resolution 
around the edges of lenses or drops, the general lack of relief and 
the automatic compensation of the camera made the examination of 
fine details almost impossible, if the entire field of view was 
either all oil or all ice. A variety of lighting systems were tried, 
including tungsten, quartz halogen and quartz iodide. It was found 
that the spectral density was not as critical as the angle. In 
general, the more oblique the angle, the better the resolution. 
This was difficult to achieve, since in many cases it meant that the 
lighting system had to move independently from the camera. The 
problem was naturally resolved in the spring. Even with up to 2 m 
of ice and 40 cm of snow, there was sufficient diffused light to 
permit viewing through 15 to 20 m of water. 

For the initial tests the camera and a narrow beam transducer were 
mounted on a telescopic scissor boom. The unit could be raised and 
lowered on an aluminum mast, rotated through 360 degrees and extend
ed up to 15 m. However, to obtain fu l l coverage, it was necessary 
to install the boom in the centre of the test area. A number of 
different barriers were tried in an effort to prevent oil from flow
ing into the well constructed for the boom. The only effective 
method was to thicken the ice around the well, which was equally 
disruptive to the test. For the NW6 test in February, the camera 
was mounted on a rigid boom, which was inserted through the ice 
from outside the test area. The extended distances limited the 
effectiveness of the system, and on all subsequent tests the camera 
was hand held by a diver wearing a closed circuit breathing system. 
The entire operation was monitored on the surface, and the movements 
of the diver controlled by means of a surface communications system. 
This approach provided the maximum recovery of data, and the great
est flexibility. 

A Nikonos 35 mm camera with a 21 mm corrected lens was used for 
underwater still photography, and a 16 mm Bolex in an underwater 
housing for moving photography. Even with the use of flash and flood 
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systems, lighting proved difficult. As a rule, all critical details 
were shot at a minimum of five exposures. The best results were 
obtained by pushing High Speed Ektachrome to 1000 ASA. The resulting 
grainy finish was not a great disadvantage in that the subject matter 
was largely high contrast in nature. 

5.5.2 Time Lapse - Surface 

From May to July 1975, two 8 mm time lapse movie cameras were used 
to document site conditions. One camera was mounted in a weather
proof housing and positioned on the top of a hill to the north of 
the test area, at an elevation of approximately 30 m. This unit 
exposed a frame every 60 seconds. The second camera was mounted at 
the 15 m level on the anemometer tower and exposed a frame every 
22.5 minutes. 

5.5.3 Stills - Surface 

Over 450 35 mm still pictures were taken throuqhout the project, 
covering surface conditions of the test sites , experimental tech
niques and ice cores. To ensure consistent quality and to accent 
internal features, all cores were photographed in specially des i gned 
light box, which had controlled back lighting. 

5.5 .4 Movies - Surface 

The discharge operation, ice and surface condi tions, the initial 
burn on June 7, and subsequent phases of the clean-up were document
ed on 16 mm movie film. Altogether, some 5000 feet of film are 
available through NORCOR Engineering and Research Limited , the 
A.P.O .A., and the Department of the Environment. 
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6.0 OIL AND ICE INTERACTION 

Since all crude oils are less dense than sea water, they will rise 
towards the surface in a plume if released at depth. Enroute, the oil 
generally breaks into small droplets. If the area is ice-covered, the 
oil will collect on the bottom of the ice. The bulk of the oil will 
coalesce into pools or lenses, the size of which is controlled by the 
physical properties of the oil and irregularities along t he bottom of the 
ice. Even with "smooth" first year ice, the variation can be consider
able. The oil only penetrates several centimetres up into the skeletal 
layer and soft ice at the bottom. If the ice is st ill growing, new 
ice will begin to form beneath the oil, and the oil will be completely 
encapsulated or entrained in a matter of days. Once the oil is locked 
in the ice, further movemen t is limited until the ice beqins to warm 
in the spring. 

As sea ice freezes, approximately 80 percent of the salt or brine is 
rejected downward through the ice, while the remainder is trapped in 
small pockets in the ice. In response to increased solar radiation and 
a higher ambient air temperature in the sprin~, these isol ated pockets 
of brine begin to etch their way through the ice. As they intersect voids 
left by the rejected brine, they form a continuous channel referred to as 
a brine channel. The oil migrates or moves towards the surface by means 
of these channels. Once oi l reaches the surface, it greatly reduces the 
albedo and an increased quant i ty of solar radiation is absorbed. This 
causes an increase in activity in the brine channels and the process 
becomes se lf-accelerating. The various processes associated with 
spreading, entrainment, migration and surface effects of oil are detailed 
in subsequent sections. 

6.1 Oil Plume and Spreading 

The disposition of oil under solid ice cover is controlled primarily by 
three factors; the nature of the discharge, the condition of the ice, 
and the physical variables associated with the discharge of oil during 
a blowout. For example, well head temperature, pressure, the quantity 
of gas and oil, water depth and currents will all influence the plume 
and ultimately the disposition of the oil. Due to the limited value of 
conducting a test under one particular set of conditions, and the prob
able difficulty in controlling a large volume of oil, no attempt was 
made to simulate a blowout. Instead, the oil was heated to close to the 
ambient water temperature and injected under the ice in a manner designed 
to permit the best documentation. 

Depending on atmospheric conditions and operational constraints, the oi l 
was heated to between -4°C and l °C in a hol ding tank on shore. It was 
then pumped approximately 250 m out to the test area and injected under 
the ice. The discharge operation is detailed in Section 5.2.2. Although 
the minor variation in temperature had littl e effect on the physical 
properties of the oil (Table 6-1), on the several occasions when the oi l 
was below approximately -l.8°C , crystallization occurred in the water 
column. The oi l quickly assumed the water temperature, and maximum 
variation recorded by a thermistor was about 1.0°C. The discharge rate 
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Plate 6 - 1 Oil plume showing radiating waves of oil. 
Note skirt hanging with ballast cable ( upper left ) 
Pipe end is about 2.5m below t he ice bottom. 
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varied from 0.13 to 0.19 m3 min- 1 (28.6 to 41.8 Imp. gal min- 1), yielding 
an exit velocity of 1.1 to 1 .6 m s- 1. The projected discharge rate for 
a blowout in the Beaufort Sea is 0.27 m3 min- 1, decreasing to 0.11 m3 

min - 1 after one month. 

TABLE 6-1 

VARIATIONS IN PHYSICAL PROPERTIES OF 
TEST CRUDES WITH TEMPERATURE 

TEMP . NORMAN WELLS 
CRUDE 

Viscosity (g cm- 1 s-1) 0°C 0. 12 
-15°C 0. 18 

Density (g cm- 3 ) 0°C 0.845 

-10°C 0.855 
Thermal Conductivity 

(cal cm- 1 °C 1 s- 1 X ,o-'+) ::: 3.0 

SWAN HILLS 
CRUDE 

0.34 
0.45 
0.837 
0.845 

:::: 3 .0 

A number of discharges were recorded on video tape and 16 mm film. In 
general, the oil rose in a conical plume, which had a half-angle of about 
25 to 30 degrees. Flow tended to be unstabl e, and the oil broke into 
small partic les within 0.3 m of the standpipe (Plate 6-1). The partic les, 
which varied in diameter from about 0.2 to 1 .0 cm, were cl ose to spherica l . 
Smaller particles were subsequently located i n the ice, but these could 
not be detected in the plume. The movement of a number of particles 
was documented by means of the stop-action facil ity on the video system. 
The average upward velocity of five representative particles was 27 cm 
s - 1 ± 6 cm s- 1. On the basis of the behavior of the oil on contacting 
the bottom of the sheet, it was apparent that a considerable quantity of 
water was entrained in the plume. The upward movement of jelly f i sh 
near the periphery of the plume confirmed this observation. In general, 
the plumes closely resembled the deep water gas plumes documented by the 
Frozen Sea Research Group (Topham, 1976). 

The behavior of the oil on striking the bottom of the sheet depended very 
much on ice topography. If there was a depression (or t hin ice section) 
in the ice immediately above the standpipe, the oil would initi ally be 
confined to a single pool . Clear, uncontaminated ice could be observed 
in the spl ash zone created by the ascending particl es. There was no 
appreciable movement of the oil outs ide of the splash zone. As additional 
oil was added, the pool or lens would slowly grow i n size and depth until 
it reached the level of a channel which would permit flow into an adjac
ent depress ion. If the standpipe happened to be below a dome, or thicker 
section of ice, the droplets would radiate out from the centre after 
strikins the ice. As the droplets decelera ted, they tended to coalesce 
into concentric waves of oil, which radiated outward, but at a reduced 
velocity. There was a distinct surging act ion, and clear bands of ice 
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could be observed between rings of oil. Within several metres the wave 
would break down and the oil would flow outward in a dense array of small 
streams or rivulets (Plate 6-2). The width of rivulets varied from about 
2 to 10 cm. 

Plate 6. 2 Oil rivulets ( photographed during offshore Discharge # 2) 

In general, flow was unstable, and tended to pulsate in response to the 
wave action. There were periodic breaks in the oil, but the rivulets 
repeatedly followed the same course, suggesting that a path had been cut 
through the skeletal layer. Ice crystals were observed floating immed
iately below the oil. Occasionally, a surge of oil would flush over the 
entire area. On passing , the rivulet pattern would quickly re-establish 
while the ice in between showed no signs of contamination other than the 
occasional drop of oil. This would indicate that either time or pressure 
exerted by a new layer of ice below a l ens is required for the oil to 
penetrate up into the skeletal layer. 

The areal extent of spreading along the underside of the ice sheet i s 
controlled by a number of factors. Most crude oils will naturally coal
esce at an ice-water interface to fonn a sessile drop, which is similar 
in shape to mercury on glass. The process has been documented recently 
by a number of investigators (Lewis 1975, Mackay 1975), and therefore 
will not be detailed herein. The min imum stable drop thickness is depen
dent on the properties of the oil, and is typically about 0.8 cm. A very 
small quantity of oil was deposited on the ice in the form of small 
spherical particles, which had a diameter less than the mini mum film 
thickness. These normally occurred near the periphery of the contaminated 
ice, in areas where the currents were feeble, and the chance of coll i s ion 
with other oil particles was small. A typical example of small oil 
particles is shown in Pl ate 6-3. 
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Plate 6 • 3 Included oil droplets. 
NW4 core taken Dec. 30/74. 

The maxi mum film thickness i s determined by variations in ice thickness, 
which take two basic forms. Due to differential growth at the skeletal 
l ayer, there is a small scale variation which i s randoml y oriented, and 
produces pockets about 5 to 10 cm wide and up to several cent imetres 
deep late in the season. It is this pattern wh ich likely accounts for 
the meandering in the oil rivulets . Consequently, although lenses as 
thin as 0.8 cm are possible, the minimum thickness tends to be in the 
range of one to tHo centimetres. The second form of irregularity is of 
much larger sca l e and is caused by variations in snow cover. Due to the 
insulating effect of the snow, the ice thickness varies inversely with 
snow depth. As a resul t, depressions tend to be created under drifts, 
and domes under more exposed areas. The size, orientation and stability 
of drifts is influenced by l ocal climate and topography. In Bal aena Bay, 
the drifts tended to be stable throughout most of the growth season. 
Plots of ice depth vs snow thickness made in November and January confirm
ed a well defined relationship between heavy snow cover and thin ice. 
Once the sheet exceeded about 50 cm, the max imum variation in thickness 
was approximately 20 percent of the average ice thickness. This yie lded 
a maximum variation at the end of the season of 35 cm . For an analysis 
of variati ons in ice thickness, see Figure 7-4a. 

These large scale variations effectively contained the oil and controlled 
the maximum lens thickness. With the exception of the early tests, 
7.3 m3 (1620 gals) was i nsufficient to fill even a single depression. 
On NW4, when the ice was about 64 cm thick, t he oil covered approximately 
400 m2 for an average lens thickness of 2.0 cm. Wi th NW7, when the ice 
was 154 cm thick , 180 m2 was covered, yielding an average lens thi ckness 
of 4.5 cm . The maximum oil t hickness measured was 20 cm, while t he 
average oi l thi ckness for all tests was 2.1 cm . 
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6.2 Oi l Inclus ion 

The disposition of oil along the underside of the ice sheet has consider
able bearing on the nature and rate of inclusion. As described in Section 
6. 1, t he oil can be deposited in various configurations, rang ing from 
very sma ll drops to large pools or lenses, depending on the characteristics 
of t he plume and the roughness of the ice sheet. Al though drops and small 
pools can be scattered over an appreciable area, they tend to contain an 
insignificant quantity of oil. In the tests at Balaena Bay, over 95 per
cent of the oil was contained in pools larger than one metre. The aver
age depth of all pools was 2. 1 cm, while the maximum observed depth was 
20 cm. Because oil forms sessile drops at an ice-water interface, the 
minimum possible thickness of oil is about 0.8 cm. 

If the temperature of the oi l is close to the ambient water temperature, 
which was the case for the tests and would likely be the case for most 
blowouts, the various processes associated with inclusion come into play 
shortly after the oil stabilizes on the bottom of the ice. The thermal 
conductivity of most crudes is about one fifteenth that of natural sea 
ice, and the insulating effect is detectable within hours. Although free 
convect ion could be s ignificant in very thick oil lenses (Section 7.2.3) , 
the requ i red conditions are rarely encountered in t he natural environment. 
For the more t ypical lens thicknesses encountered in Balaena Bay , the 
added thermal resistance of the oil caused a depression in the thermal 
gradient through the ice. Temperature drops of over l.0°C were observed 
immediately above the oil within 24 hours. The horizontal transition 
from a normal temperature gradient through the uncontaminated ice to a 
depressed gradient above the oil, caused sub- freez ing temperatures at 
the edge of pools, which resulted in the formation of an i ce lip. Figure 
6-1, shows schematicall y the depressed thermal gradient and the realign
ment of isotherms. 

Figure 6-1 INITIAL EFFECT OF OIL LENS 
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The ice lip is a major feature of the inclusion process. Once it was 
formed, there is no possibility of further horizontal movement. This 
could be particularly important in areas with high currents or if there 
were a continuous flow of oil. During the depth of winter, several ice 
lips were detected within hours after the oil was released, and in all 
cases a lip could be observed within 24 hours. A typical i ce lip is 
shown in Plate 6-4. The dark band around the edge of the pool, is an air 
bubble, which was injected to accent the lip. 

The time required for a new sheet of ice to form beneath an oil pool is 
primari ly a function of the thermal gradient and the thickness of the oil. 
Due to the discrete spacing between thermistors, and gradual change from 
water to loose crystals then solid ice, it was difficult to ascertain the 
precise time at which a new sheet was formed. However, by continuously 
monitoring chains and extrapolating between beads near the water-oil 
interface, a reasonable approximation was possible. During the late fall, 
when the ice and oil lenses tended to be relatively thin, the oil appear
ed to be incorporated within about five days. This period increased to 
about seven days for a typical lens during the depth of winter and over 
ten days in the spring. As wel l as altering the thermal gradient, the 
oil also altered the system of brine drainage within the ice. In the 
normal brine rejection process, the freezing skeletal layer at the ice
water interface produces platelets of ice that are of lower salinity 
than the water. The brine that is rejected from the platelets during 
freezing flows downward through the forming ice. The rate of ice growth 
controls the amount of brine that is trapped in the ice sheet. When ice 
growth is slow, less brine is trapped within the ice. 

Plate 6 - 4 Stabilized oil pool immediately following SH2 discharge. 
Note the close spaci ng of thermistor probes at the oil-water interface (centre). 
An ice lip has started to form at the pool boundary. 
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Coi ncident with the drop in temperature, there is an increase in salini ty 
in the i ce immediately above an oi l l ens. This could be due to two 
factors . Firstly, the oil serves as a barrier to brine rejection, and 
the brine draining through the ice accumul ates above the oil. Since the 
brine i s denser than oil, other phys ical characteristics must come into 
play . Secondly, the depressed temperature would naturall y cause a some
what higher concentration of brine. However equally high sa lini ty peaks 
could not be detected at other l oca tions within the sheet , suggesting 
that drop in temperature alone did not account for the enti re accumulation 
of bri ne. The sal inity i n the new ice immediately below the oi l tended 
to be lower than normal . Thi s was likely due to the s low rate of growth 
and the barrier to brine drainage from ice above, imposed by the oil . 
In many respects , the ice which formed beneath an oil lens resembled a 
sheet grown at the surface under controll ed temperatures . Representative 
sa linity profil es through contaminated ice are shown in Figures 6-4 to 
6- 7. The discharges which were conducted early in th e year, when the 
sheet was growing rapidly, exh i bit a far more pronounced jump in salinity 
above the oil, than do the l ater discharges. The similar salinity pro
files both above and bel ow t he oil on the NW4 core (Figure 6-4) sho uld be 
noted. The temperature at wh i ch t he brine channels will begin to open in 
the spring is dependent on brine concentration. The high salinity immed
iately above the oi l will likely cause the brine channel s to open some
what earlier than normal, and thereby permit the upward mi grat ion of oi l. 

In most cases, a disti nct band of clear rel at ively fre sh i ce could be 
detected immediately below the oil (Pl ates 6-5, 6-6). The band was 
typica ll y two to three centimetres thi ck , and cons i sted of smal l, rand
omly oriented crystals. The band was likely caused in part by the 
reduced sa li nity below the oil and the slow growth rate. Simi l ar, but 
less pronounced bands were located at several levels in uncontami nated 
ice. These bands were al so of l ower salinity than the rest of the core. 
An attempt was made to correlate these features with temperature fluct
uat ions, but due to variations in snow cover , and thermal lag in the 
sheet , no firm rela tionshi p could be established. There i s also the 
distinct possibility of a periodi c influx of fres h water with the tidal 
flush, but this woul d not explain t he repeated reoccurrance of the band 
be l ow oil pools. 

Frequently, the new ice in te rface was ve~y smooth, conforminq with the 
underside of the oil lens. A typical example is shown in Plate 6-6. 
The surfa ce appeared to be polished and did not contain l arge bri ne 
channels or crysta l s, common to uncontaminated ice at that depth. Occa
sionally fl ecks and smal l patches of oil were observed at the l ower inter
face (P l ate 6-ll), but t hey did not penetrate more than a few mi llimetres 
into the ice. The effect of the oi l at the upper interface was fa r more 
pronounced. With i n a matter of days, the oil had penetrated several cent
imetres into the l oose skeletal layer (Plates 6-9 , 6-13). The surface 
was very rough and irregular, and individual crysta ls and brine channels 
cou ld be easily identified. The ice immediately above a lens tended to 
be saturated with oi l, and plugs of oi l could be seen in the brine 
channel s (Plate 6-8). 
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Plate 6 -5 

Plate 6 - 6 

Above core showing smooth ice interface and 

distinct band ~ 2cm thick, below the oil lens. 

NW2 core taken Nov 20/74. Oil lens was at bottom break in.core. 

Oil visible below the lens was due to contamination on removal. 

6.3 Oil Migration 

The migration, or upward movement of oil through the ice is control l ed 
primarily by the condition of the i ce, and to a lesser extent, the 
physical properties of the oil. The process can be reasonably correlated 
with the dominant periods in the growth and depletion of the ice sheet. 
During the depth of winter when the sheet is cooling and growing rapidly, 
the ice is relatively solid, with the excepti on of the skel etal layer. 
Although the oil is less dense than water or sea ice, there are very few 
passages for it to penetrate, and movement tends to be limited. As the 
sheet starts to warm in the spring, brine channel s begin to open, and 
the oil slowly moves upward, filling the voids. As the oi l approaches 
the surface, increased solar radiation is absorbed and the process is 
accel erated. Late in the spring, when the i ce i s very porous, the oi l 
flows freely through the sheet. 
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Simultaneous tests were conducted with Norman Wells and Swan Hills crudes 
primari ly to determine the importance of the physical properties of the 
oil in the incorporation and mi gration processes. Swan Hills crude is a 
relatively heavy oil (Table 6-1), while Norman Wells crude is light, and 
about the same consistency as Number 2 heating oil . It was felt the 
crude to be found in the Beaufort Sea would l ikely fall between these two. 
Although minor variations were observed, no significant differences, 
which could be attributed solely to the type of oil, were detected. 
However, the pour point of both crudes was well below the freezing point 
of the ice, and generally below the temperature of the ice when mi grati on 
occurred. The effects of viscosity and density would likely be far more 
pronounced with a very heavy oil such as Bunker C. 

Coring was found to be the best method of documenting the migration of 
oil through the ice sheet. A number of representative core logs and 
supporting plates are presented at the end of this section. During the 
coring operation, oil would flow up inside the SIPRE barrel, and surface 
contamination was unavoidable. Prior to photographing a core, the sur
face was cleaned with sorbent and then polished. During the winter, when 
the ice was solid, this proved effective, however, once the ice became 
porous, it was difficult to determine the source of the oil. 

Cores recovered from the open water test area (NW2) showed no signs of the 
oil having penetrated downward into the ice. The sheet, which grew 
completely beneath the oil, closely resembled the natural ice sheet. The 
first 15 to 20 cm of snow above the initial level of the sl i ck was sat
urated with oil, and had recrystalized (Plate 6-7). The snow above th i s 
appeared to be uncontaminated . The oi led snow-ice remained stable 
throughout the winter, and was not subjected to drifting. 

Plate 6 · 7 Detail of top core section from NW1 open water spill, taken May 15/75. 
Dark area is the original oil spilled on water, later contained in snow ice. 
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During the late fall and early winter, the ice grew at an average rate 
of about one centimetre per day. During this period, very little differ
ence could be detected between the various test sites. Although the 
thickness of the ice was increasing, the initial thermal regime at the 
ice-oil interface was very similar. In all cases, the oil saturated the 
loose skeletal layer, and penetrated severa l centimetres further up open 
brine channels. On the average, between 4 to 6 cm of ice was contaminated . 
Once the oil was incorporated , a further depression in temperature had no 
apparent effect. A typical winter core is shown in Fi gure 6-2 . The 
extent of penetration can be seen in Plate 6-8. The small dark bars near 
the top of the photograph are plugs of oil in brine channel s. The small 
drops of oi l below the interface, were initially suspended in the water 
column, and settled after the formation of the lower ice sheet. 

By about mi d February, the sheet began to warm and the effect was immed
iately detectable in the oil. With the increase in temperature, isolated 
pockets of brine which formerly blocked brine channels began to melt and 
open short passages through the ice. The high salinity layer, immediately 
above the oil, was likely a significant factor in accelerating this 
process. The oil began to migrate upward as the channels cleared . By 
February 22, oil in the NW2 test site had penetrated some brine channels 
over 16 cm (Figure 6-3) . The brine channels increased in size and be-

1came better defined (Plate 6-10). Initial movement appeared to be 
confined principally to the hi gh salinity zone. A core recovered from 
the NW4 test area on March 1 (Figure 6-4), displayed similar character
istics. The average diameter of major brine channels was about 0.1 cm . 
Typical oi led and unoiled channels are shown in Plate 6-12 . Although the 
lower section of the core, in the area of the original skeletal layer, 
appears to be heavily oiled, the concentration of oil did not exceed four 
per cent by volume. The oil was confined to brine channels and the 
interstices between platelets (Plate 6-13). 

During the initial stages of the migration, the location, or depth of the 
oil in the ice did not appear to influence its behavior. The early dis
charges, which were close to the surface,exhi bited similar characteristics 
to the oil lenses near the bottom of the sheet . This is likely due to 
two offsetting factors. While temperature increases with depth, the level 
of absorbed solar radiation decreases. On the average, the radiation 
level is about six times greater at the 30 cm depth than at 60 cm depth. 
Since oil is an effective barrier to radiation, it is not unreasonable to 
assume that all radiation reaching the level of a lens will be absorbed 
by the oil. Thi s could cause preferential localized warming of the 
lenses near the surface, and thereby enhance movement in a depressed 
temperature field . No differences were detected between the Norman Wells 
and Swan Hills crudes. 

During March and April the brine channel network became more pronounced, 
and the oil slowly progressed upward through the ice. By early May oil 
had reached the surface in most test areas. A typical core recovered 
from the NW6 site is shown in Fi gure 6-6 and Plate 6-15. The oiled brine 
channels extended from the initial level of the lens to within 10 to 15 
cm of the surface. The average diameter of the channels had increased to 
about 0.4 cm, and they tended to be interconnected by smaller feeder 
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Plate 6 - 8 

See sect ion A -A, Figure 6-2 
NW2 core, taken Jan 5/75. 

Note fairly complet e oil penetration of the skeletal layer. 
Many very fine o il dfops were included in the ice below 
the oil lens. 

Plate 6 - 9 

See section 8-8, Figure 6-2 
End view of top oil-ice interface shows rough texture 

and degree of oil penet ration into the skeletal layer. 

Clean patches could be due to freezing of brine which 

drained from above, after discharge. 
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Figure 6- 3 ICE CORE REPORT 
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Plate 6- 10 

See section A·A, Figure 6-3 
Distinct brine channels 12cm above the oil lens are o iled. 
Note the ei<tremely irregular surface of the top oil-ice 
interface ( picture bottom ) 
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Plate 6 - 11 

See section B-B, Figure 6-3 
End view of bottom oi l interface shows very smooth 
surface. Oil~d brine channels penetrated only a few mm. 
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Plate 6 - 12 

See section A-A, Figure 6-4 
Most of the oil had migrated less than 12cm by March. 

Compare to Plate 6-8. 

Plate 6 - 13 

See section B-B, Figure 6-4 
End view of top oil -ice interface. 
Selective oil penetration between plat elets delineates 
crystal structure at this interface. Comoare to plate 6-1 1 . 
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J 

Plate 6 - 14 

See section A-A, Figure 6-5 
Note the layer of bubbly ice at 15cm depth. 
This oil lens did not extend through the entire cross section. 
A single o iled brine channel st ands out clearly. 

Plate 6 - 15 

NW6 core taken May 15 
See figure 6-6 
Oiled brine channels extended almost to t he ice surface , stopped by a 7cm 

layer of frazil ice. Note the intricate network of brine feeder channels 
at:::::!45° angle. The top of the core was oil soaked recrystalized snow. 
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Figure 6 - 6 ICE CORE REPORT 
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Plate 6 - 16 

See section A-A, Figure 6-6 
Detail of oil filled brine channels. 
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Plate 6 - 17 Detail of top core section from SH2, May 16n5. 
Oiled brine channels stopped at columnar frazil ice interface. 
The top cm of clear ice was probably refrozen fresh meltwater. 
Upper band of oil drops was caused by lateral surface drainage from other areas. 
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Plate 6 • 19 Vertical t h ick sect ion of a typical core in late May showing 
the extent of oil penetration ~ 20cm above t he lens. 

Plate 6 · 18 Detai l of top sectio n of core taken fo llowing the NWB test, on May 20: 
The oi led brine channels ext ended to the ice surface. 

Plate 6 • 20 Horizonta l cross section through above core at the same depth. 
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channels (Plate 6-16). At the surface there was normally a band of clear 
frazil ice. This layer did not have an establ ished brine network, and 
was subject to repeated refreezing, in response to diurnal fluxes (Pl ate 
6-17). 

The rate of migration was control led primari ly by the condition of the 
ice. On May 15, 0.4 m3 of Norman Wells crude oil was released under 195 
cm of ice. The air temperature vari ed from -1.5 to - 3.0°C, while the 
internal temperature of the ice was about -4.0°C . Special care was taken 
to ensure that the snow cover was not disturbed prior to the test . With
in one hour traces of oi l were detectable on the surface of t he ice. 
Initially small pools of oil formed around isolated brine channels, which 
penetrated the surface layer. The average spacing between pools was about 
20 to 30 cm. The pools quickly spread, covering the entire surface with 
oi l. Upon coring in the area, the brine channels were found to be comp
letely fil led with oil (Plate 6-18), and t he conditions identical to the 
other test areas, where the oi l had been i ncorporated in the ice for a 
number of months. Simila r results were observed in a test conducted for 
Panarctic Oils on May 5. 

As the ice continued to deteriorate, the oil progressively saturated the 
interstices between platelets (Plates 6-19 and 6-20). The average con
centration of oil increased to about 4.5 per cent. The maximum concen-
trati on recorded in a 4 cm section of core was 7 percent. Although the 
oi l continued to flow up through the ice during the entire melt phase , 
all the oil was not released until the surface melt actually reached the 
initial level of the oi l lens. 

6.4 Effects of Surfaced Oil 

Oil was first detected on the surface of the snow in the SH2 test area 
on May 9. Initially, the snow appeared to be slightly discoloured. With
in 24 hours, the oil had formed a pool about 1.5 min diameter. By May 
12 , approximate ly 10 percent of the entire test area was covered by 
either surfaced oil or darkened snow. For the preceding eight days the 
air temperature was above freezin g, and a record high of 12°C was record
ed on May 5. Between May 9 and May 12, the average albedo to the test 
site dropped from 0.7 to 0.6. 

A total of 7.5 cm of snow fell between May 13 and May 21 and there was 
an accompanying drop in temperature. The snow completely covered the 
test area, and the surface appeared similar to that prior to May 9. On 
May 24 , oil was again detected on the surface. Conditions quickly deter
iorated. The average albedo dropped from 0. 76 to 0.27 by June 4. With
in five days a number of well defined melt pools had developed . These 
pools progressively grew in area and depth, until about June 4, when 
they became interconnected and a cormion water level was achieved. At 
this point over 45 percent of the total surface area was covered by 
oiled melt pools. The pools ranged in depth from several centimetres to 
a maximum of 50 cm. Although the snow was very wet, melt pools had not 
developed in the uncontaminated snow outside the test area. The rate of 
change in surface conditions for the first seven days of June is shown 
in Figure 6-8. 

5n 



0 
w 
..J 

0 

< 
w 

Figure 6 · 8 OILED AREA COVERAGE VS T IME 
so.--------,--------r----------r------.----------, 

40 

30 

~ ,20 
~ 
Cl) 
w 
~ 

~ 
10 

3 0 3 5 
JUNE 1975 

I OIL O N WATER 

O ILED SNO W 

% OF TOT A L AREA 

OF S PILL S ITES 

7 

While the melt pool s expanded, oil continued to migrate up through the 
ice. Between May 29 and June 7, the average oil film thickness on pools 
increased from 0.1 to l .0 cm. A detai l ed mass balance is presented in 
Section 10.2 . Much thicker fil ms were produced if the oil was herded to 
one side of a pool by winds. In strong winds, some of the oil was 
carried up onto the surrounding snow. This resulted in rapid melting in 
the splash zone and a further expansion of the melt pool, beyond the 
boundary originally defined by the oi l lens in the ice sheet. Horizontal 
seepage at the snow-ice interface also contributed to the expansion of 
pools into areas of clean ice. Some typical surface details are shown 
in Plates 6-21 to 6-24. 

Oil-in-water emulsions were common with winds over about 25 km h- 1 • The 
emulsi ons tended to be unstable, and as a rule broke down within 24 hours 
of the \'/ind subsiding. Chunks of emul sified oil, which were deposited 
on t he snow, above the water line, did not break down as readily. The 
composition of the emulsions varied, depending on conditions, but typic
al ly contained about 40 percent oil . Emulsions formed from Swan Hil l s 
crude appeared much more viscous than those from Norman Well s , but this 
could not be quantified. The degree of emulsification depended on the 
th i ckness and condition of the oil, the shape and orientation of the 
melt pool, and the wi nd speed. On one occasion between 30 and 50 per
cent of the oi l i n a melt pool in the SW2 te st area was emulsified . 

On June 4, an old core hole in the NW4 test area opened, creating a drain, 
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.. 
a: .Jill.:, 

Plate 6 - 2 1 June 4/75. 

Plate 6 - 22 

Note control thermistor chain No.2 in foreground , skirt flotation 
co'llar and deep melt pools in SH2 test area. 

\ 

Typical thin oil f ilm on melt pool. A light wind was heading the oil from left to right. 
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Plate 6 - 23 Aerial view of typical melt pool, June 4/75. 

Plate 6 - 24 

Oiled ice is marked by dark areas visible through the water. 
A thicker oil film is positioned in the upper left. 

Close-up of oi led ice visible through a melt pool on June 4. 
Round oil patches had just floated out of ari open brine channel 
( Lacework pattern on photo ) 
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and water from su1 ~ounding melt pools started to flow towards the hole. 
A considerable vortex was established, as both water and oil were flushed 
down the hole. The action tended to be cyclic , roughly corresponding to 
the rise and fall of the tide. Within two days, the hole increased in 
diameter from 8 to 60 cm. On June 6, a concrete collar was placed around 
the hole, to permit selective drainage, and prevent the l oss of oil due 
to the vortex action . The video system was used to examine the underside 
of the ice. All the oil appeared to be deposited on the bottom of the 
ice within two metres of the hole. Emulsified oil rose to the surface, 
when a core was cut near the drain hole. By June 7, several simi l ar holes 
had opened, draining a substantial portion of the test area. Between 
June 4 and June 7, the portion of the area covered by oiled melt pools 
decreased from 45 to 31 percent. Si xteen percent of the area was 
covered by oiled snow that was left by the receding pools. The change 
in surface conditions from June 1 to June 7 is shown in Figures 6-9 to 
6-1 2. These fi gures were prepared from aeri al photographs . 

Throughout the melt period, incoming shortwave radiation and net radiation 
were monitored continuously. Albedo measurements were made every second 
day at a total of 14 stations. Twelve of these stations we re located 
within the test area, whil e the two controls were at undisturbed sites 
(Appendix 270). Care was taken in selecting the si tes to ens ure the ful l 
spectrum of conditions was covered . In most cases, a simpl e ari t hmetic 
mean of the twelve values was a rea sonable approximati on of the average 
albedo for the entire test area. 

To min i mi ze surface disturbance, the albedometer which cons i sted of upward 
and downward facing solari meters, was moun ted on a cantilever, wh ich could 
be extended up to 3 m into the test area. The maximum error of the system 
was± 10 percent of the measured value (Appendi x 27A) . Although the 
albedo of most surfaces is no t sensitive to zenith angle, measurements 
were always taken at approximately 1930 G.M.T. Each site was photographed 
at the same t ime, to permit the correlation of surface conditi ons with 
al bedo. Representative albedos for typica l conditions are shown in 
Table 6-3. 

TABLE 6-3 

MEASURED ALBEDOS - BALAENA BAY 

Fresh snow 
Wet snow 
Oil on snow 
Thin Oil Film on Water 
Th ick Oil Film on Water 
Water 

0.85 
0.65 
0.70 to 0. 30 
0 .1 0 
0.06 to 0.10 
0.08 to 0. 15 

The measured change in albedo for the period May 9 to June 6 is shown in 
Fi gu re 6-13. Values from all twelve stat ions were used in determining 
th~ averaae albedo for the test area. The heavil y oiled curve, was based 
on observations in the SH2 test area, and is a reasonable approximation 
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Figure 6 - 9 TEST SITE APPEARANCE · JUNE 1 
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Figure 6-10 TEST SITE APPEARANCE · JUNE 2 
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Figure 6-11 TEST SITE APPEARANCE - JUNE 4 
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Figure 6-12 TEST SITE APPEARANCE 
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of the extreme low . The control curve is representative of the uncontam
inated area. The rapid rise in all three curves about the middle of May 
corresponds with a series of snowfalls (for detai l ed weather summaries, 
see Appendix 270) . Of particular importance i s the progressive divergence 
between the average albedo of the tes t site and the control areas after 
May 25 . 

Figure 6-13 ALBEDO MAY 5 T O JUNE 6, 1975 
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By June 4, the average albedo of the test area had dropped from 0.7 to 
0.25 , while the al bedo of the control areas had on ly fa llen to 0.5. Since 
a substantial portion of the test area was uncontaminated, the actua l 
albedo of oiled areas was cons i derably less than the average for the site. 
The albedo of the heavi ly oi led SH2 l ocation was onl y 0.09 . From May 8 
to June 6, the total dail y incoming shor t wave radiati on at ground level 
varied from 320 to 780 cal cm - 2

, depending on atmospheric conditions 
(Fi gure 6-14). The average level for the peri od was 554 cal cm- 2 day- 1 • 

In the ten day period preceding June 6, 1730 cal cm- 2 were absor bed in 
the control areas, and an averaoe of 2510 cal cm- 2 i n the test area . A 
t ota l of 3690 cal cm- 2

, or suffi cient energy to melt over 40 cm of i ce, 
were absorbed i n one heavi ly oil ed area. The depth of an adjacent me lt 
pool was 50 cm. The effect of the i ncreased absorption was very pronoun
ced . The location of melt pools closely corresponded to the i nit ial 
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disposition of oil lenses under the ice . 

INCIDENT SOLAR RADIATION Figure 6 -14 
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Although the albedo of a thick oil film on water and a clear melt pool are 
about the same, the thermal regime can be quite different. Because the 
oil serves as an effective barrier to radiation, most of the energy is 
absorbed by the oil. However, the radiation passes through a clear melt 
pool and is absorbed by the ice. A typical temperature profile through 
an oiled melt pool is shown in Fi gu re 6-15. The average spread in 
temperature between the oil and the underlying water was between 8 and 
10°c. 
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7.0 THERMAL ASPECTS OF OIL-ICE INTERACTION 

7.1 Principal Components of the Energy Balance 

The energy balance of an ice sheet is expressed approximately by the 
following equation: 

G = {S + s)(l - a) - Lt+ L+ + Qs + Q1 ( 1) 

where: G = change in heat content of the sheet 
s = direct solar radiation incident at surface 
s = diffuse solar radiati on incident at surface 
a = albedo of surface 

Lt = outgoing long wave or terrestrial radiation 
L+ = incoming terrestrial or counter radiation 
Qs = net sensible heat flux 

o, = net latent heat flux 

Tnere are two components to consider in determining the change in heat 
content of the ice. The sensible heat, which i s reflected by a change 
in ther~al regime, and the latent heat, which corresponds with growth 
or depletion of the sheet. Both are measurable; the thermal regime by 
means of thermistors imbedded in the ice, and growth or depletion by 
monitoring ice thickness. Direct solar, or shortwave radiation incident 
at the surface is a function of latitude, declination of the sun, time, 
and atmospheric conditions. The flux can be reasonably approxi mated at 
low latitudes, where the sun is high for a substantial portion of the 
time, and there is historic data on the optical air mass, or molecular 
density along the path of the radiation through the atmosphere. As a 
rule, this approach is unsatisfactory at high latitudes duri ng the winter. 
The level of diffuse radiation is primarily a function of atmospheric 
conditions. The total of both direct and diffuse solar radiation at 
ground level can be measured by means of several types of pyranometers, 
which are typicall y sens itive over the spectral range of 300 to 3500 nm. 

The albedo, or ratio of reflected to incident short wave radiation is a 
critical parameter, as it can vary from 0.95 to 0.05 depending on the 
nature and colour of the surface. The albedo of new snow is about 0.9, 
oiled snow 0.4, and a solid oil lens or open water about 0.1. The ratio 
can be determined by measuring the upward and downward components with 
a pyranometer. Since the albedo of most surfaces is independent of 
zenith angle, continuous monitoring is not necessary. The disposition 
of absorbed short wave radiation varies greatly. For example, only two 
percent penetrates over 10 cm in wet snow, while 20 percent reaches 
the same level in dry snow and 56 percent in clear ice or pure water. 
The penetration in water is strongly wavelength dependent. Although it 
is possible for some of the radiation to pass right through the ice sheet, 
suitable conditions rarely develop. 

The earth's surface is commonly assumed to emit and absorb energy as a 
gray body in the infrared region, and as such obeys the Stefan-Boltzmann 
law; 
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Lt=£ 8 T4 

where: T = surface temperature (°K) 
£=infrared emmisivity 
8 = Stefan - Boltzmann constant 

(2) 

For most natural surfaces the infrared emissivity varies from about 0.9 
to 0.95 , and therefore the outgoing longwave or terrestrial flux is 
primarily a function of temperature. Although the atmosphere is nearly 
transparent to shortwave radiation, it readily absorbs terrestrial radia
tion. Only about nine per cent escapes directly to space. The remainder 
is absorbed by the atmosphere, and then reradiated partly to space and 
partly back to the surface (counter radiati on, L~). Terrestrial radiation 
is critical in determining the absol ute energy level of the ice, but is 
relatively unimportant in comparing the effect of oil, since the emiss
ivity of the oil is about equal to that of ice. Even allowing that 
surface oil pools are up to 7°C warmer than the surrounding surface, the 
increased flux is less than 10 percent . Infrared radiation can be 
measured by means of a pyrgeometer, or by the use of a net radiometer in 
conjunction with a pyranometer. 

Since the change in energy level due to ice growth or depletion is in
corporated in G, the heat content of the sheet, the latent heat flux 
i s principally in the form of precipitati on or evaporation. For most of 
the winter evaporation tends to be insi gnificant . In considering a 
relatively small area, the precipitat ion component can be both positive 
or negative, depending on the nature of drifting. The sensible heat flux 
is extremely difficult to quantify , and is generally treated as the 
residual term . The flux can be in both directions to the atmosphere, and 
usually upward from the water column . The ocean and the atmosphere are 
dynamic, three dimensional systems, which are influenced largely by 
external forces. The nature of the exchange is very complex, and there 
is insufficient data on boundary effects , turbulent transfer and vertical 
gradients to permit a realistic assessment of the flux. 

The various components of the energy balance equation, with the exception 
of sens i ble flux, were recorded in an effort to determine the effects of 
oil on surface heat exchange. However, a precise analysis was impossible 
for the melt phase , when the influence of the oil was most pronounced. 
Firstly, the size of oil pools was relatively small, in comparison to the 
total surface area, and side effects could not be isolated. Secondly , 
surface conditions were not static. Once the melt pool s became inter
connected, both oil and water moved freely over the test area. As well, 
there was a definite mass transfer at the melt holes. Thirdly , the 
combined instrument error was about equal to the net longwave component 
(Appendix 27A) . 

Once the oil surfaced , albedo was the dominant single parameter in the 
energy balance equation, and a relative comparison between oi l ed and un
oiled areas was possible. Since the net short wave component was ident
ical for both surfaces, the net longwave component varied by less than 10 
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percent, and the sensible and latent heat flux was about equal, a reason 
able correlation could be established between cumulative absorbed solar 
radiation and ice depletion. The level of absorbed solar radiation 
varied by a factor of ten, depending on surface conditions. Al though 
the oil spread into uncontaminated areas as the melt progressed , the 
surface irrmediately above an oil lens generally remained heavily oiled. 
To assess the impact of the oil, albedo measurements were made at 
minimum of 14 stations on a routine basis. 

7.2 Theoretical Considerations 

A major objective of the oil entrainment study was to investigate the 
effect of included oil on ice growth. Since the thermal conductivity cf 
sea ice is between 15 and 20 times that of most oils, it was initially 
assumed that an entrained oil lens would reduce the overall heat transfer 
coefficient and retard ice growth. However, this effect was not readi ly 
detectable, due to natural variations in ice thickness. 

Throughout the winter, ice thickness and snow depth were measured in both 
oil and unoiled areas. The range in observed ice thicknesses for all un
oiled areas is shown in Figure 7-1. Line l denotes the smoothed minimum 
thicknesses and Line 2 the maximum thicknesses. The weekly observations 
by the Atmospheric Environment Service at Cape Parry (Gillet Bay) have 
been included for comparison. In general, once the ice thickness exceed
ed 50 cm, the variation was about equal to 20 percent of the average 
thickness. There was a strong correlation between snow cover and ice 
thickness. The drift pattern established in the fall remained in-
tact throughout the winter. Conseauently, the thin ice was consistently 
l ocated beneath the drifts, and the thick ice in wind swept areas. 

The relationship between ice thickness and snow cover for Cape Parry was 
examined to determine if the variations observed in Balaena Bay were 
simply a local phenomenum. Since only a single thickness was recorded for 
each observation, data for the period from 1970 to 1975 was used to 
construct a band of variations in thickness with time (Appendix 270). 
Although minor deviations could be detected, the trend was identical to 
that observed in Balaena Bay. The thin ice consistently corresponded with 
thick snow cover, and the variation in ice thickness was approximately 20 
per cent of the average thickness. In general, the snow cover had greater 
impact on ice growth than did variations in the ambient air temperature . 
During the winter of 1974-75, the average ice thickness was about 30 cm, 
or 15 per cent thinner than normal, while the mean monthly temperatures 
during the growth period were l and 8°C lower than normal, with the 
exception of February. The total precipitation during the same period 
was 2.6 cm , or about 20 percent higher than normal. 

The composition of the ice was similar to other areas in the landfast 
zone. Between November and June a total of 19 cores were analyzed. The 
mean salinity was 4.56°/ 00 , with a standard deviation of 0.63%. Generally 
salinities in the upper 5 cm of the sheet were in the order of 10 to 15°/ro 
and the skel etal layer was about l to 2°/oo above the average. Apart from 
the disturbance near the oil lens , salinity profiles taken in oiled ice 
did not differ appreciably from measurements in clean ice. Several 
representative profiles are shown in Figure 7-2. 
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Figure 7 - 2 
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In an at tempt to differentiate between the effects of snow cover and 
included oil on i ce growth, all ice thicknesses were modified to a zero 
snow equivalent val ue. The technique developed by Leakey and modified 
by Burns (1974) , was employed. The reduced data is presented in Figure 
7-3. Although this approach effectivel y reduced the scatter to about 
10 percent, no distinct pattern could be differentiated between oi led 
and unoiled areas . If the oi l did i ncrease the thermal resistance of 
the sheet, then contaminated areas should have appeared thinner. 
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By exam1n1ng the relative heat transfer coefficients for a three layer 
system of snow, ice and an included oil lens, some understanding can be 
gained of the relative effect of an oil lens on the thermal properties 
of the ice sheet-snow cover composite. This theoretical treatment will 
also aid in the subsequent interpretation of temperature profiles described 
in Section 7.2.4. 

Although for the purposes of heat transfer calculations the oil-ice inter
faces wi ll be considered distinct and planar, in actuality, there will be 
a certain roughness factor at the oil-ice boundary. From observations at 
Balaena Bay, the upper oil-ice interface wi l l be quite rough and indis
tinct in nature with the oil filling the voids for a height of 2 to 5 cm 
into the porous skeletal layer. The much increased surface contact area 
due to the mixing of oil and ice in this layer may enhance the heat ex
change from the oil to the ice. From core observations, the lower oil
ice interface is very smooth where the new ice has formed below the oil. 
No significant migration of oil was observed across this i nterface. No 
definite evidence of ice crystals joining their two interfaces was ever 
observed at Balaena Bay. Only the coefficient for conductive and convect
ive heat transfer wil l be considered. All other energy fluxes, such as 
radiation, convective heat transfer from the ice-air and ice-water inter
faces, evaporative heat losses and latent heat supply, although important 
components of the overall energy balance, will be assumed approximately 
of the same order of magnitude for both oiled and unoiled areas within 
the range of interface temperatures encountered during the growth season. 

The mode of heat transfer through the ice and snow is primari ly solid 
body conduction. However, in the oil lens, heat transfer by free convect
ion may be significant. Free convection results when a normal fluid 
whose density varies inversel y with temperature is placed between plane 
surfaces (in this case, ice), and cooled from above. Theoretically, in 
the spring when mean air temperatures rise above the water temperature 
and the heat flux reverses direction, there can be no free convection 
through the oil lens. Free convection is commonly described for specific 
geo~etries in terms of the product of two dimensionless variables, the 
Grashof (Gr) and Prandtl (Pr) numbers. The Nusselt modul us (Nu) is a 
rati o of the convective heat transfer coefficient (h) to the conductive 
heat transfer coefficient k .1 where L .1 is the oi l lens thickness . 

01 01 

Loil 

For a fluid enclosed between two plane horizontal surfaces , of which the 
upper surface i s at a lower temperature than the lower one, an unstable 
density stratification is created. This situation does not give rise to 
convection currents as long as the Gr Pr product is low. However, when 
this parameter reaches a value of around 1700, a f ree convection flow 
pattern known as Benard cell convection arises, (Ekert and Drake, 1959). 
This laminar flow situat ion has been described experimentally by the 
empirical expression Nu= 0.107 (GrPr) 0

•
3

, and is maintained up to a Gr 
Pr product of about 47,000. Above this value there is a transition to 
irregular turbulence. In forced flows, the Reynolds numb~r is normally 
the criterion for transition . However, with free convection such as 
exists in an oil lens, the establishment of turbulent conditions is marked 



by a cri t ical va lue of GrPr (Rayl e i gh Number). For t he anal ogous case 
of an oi l l ens i n an i ce sheet, irregul ar turbu lence is cons i dered to be 
f ull y es t ab l ished for a Ray l ei gh number of 3 x 70 5 • Globe and Drapkin 
(1959) , made a large number of turbul ent heat t ransfer measurements for 
enc l osed f l ui d layers over a Pr# range of 0.02 to 8750 and a Rayl eigh 
number range 3 x 105 to 7 x 109

• The ir empirical correlation is 
Nu= -. 069(Gr) 0

•
33 (Pr ) 0

- "
07 (McAdams , 1954) . Tabl e 7- 7 shows that the 

physical prope r ti es of the two crudes used i n t hi s experiment di ffe r 
mainly in respect to viscosity . At a gi ven temperature , Swan Hills crude 
is about 2.5 tirres mo re viscous than Norman ~/ells crude. For the purpose 
of eva luat ing the effec t of viscosi ty differences on convective heat 
transfer t hrough an oil lens i t is suffic ient to cons ider Nu= f(GrPr ) 11 ! 
As GrPr is a function of u- 1 it can be calculated that there wil l be about 
25% l ess convective heat t ransfer across a Swan Hill s oil l ens . than 
Norman Well s . Densi ty and viscosity dependence on temperature wi ll effect 
any calcu l ations of Nu by less than 70% over the range - l5°C to 0°C. It 
shou l d be emphasized that other uncertainties surrounding several of the 
phys ical properti es in Table 7-7 (k .7, k. , Cp .7, B .1) could easily 

0 1 1ce 01 01 

effect any calculation of convective heat transfer by a similar amount . 
In an effort to establ ish a worst case situation all subsequent ca l cu l a
tions are presented fo r Norman We ll s crude or other oi ls of simi lar 
viscosity. The l ami nar flow region covers a Nu modul us range of l t o 2.7 
\'1hile t he turbulent regime presently covered by exper imental data ranges 
from an Nu of 6.58 at GrPr = 3 x 10 5 to a Nu of 787 at GrPr = 7 x 109 for 
Norman Well s crude. 

As the Grashof number i s a function of 6TL 3 (where 6T is the temperature 
differenti al across an oi l lens) the Nu number for both laminar and 
turbulent conditions can be expressed in terms of 6T and Loil. 

For a natural first-year i ce sheet such as that at Ba l aena Bay, there 
are upper and lower t heoretical li mi ts that can be placed on the para
meters 6Toi l and Loil" 

The oil lens thickness i s dependent on the quantity of discharge and the 
variation in ice thickness present at the time of discharge . As the ice 
grows , di f ferences in snow cover of about 20 cm observed at Balaena Bay, 
resul t in different l ocal growth rates . Using meas ured values, the 
spread in ice thickness between points of minimum and maximum snow cover 
has been pl otted vs mean i ce th i ckness (Figure 7-4a). The maximum 
variation in ice thickness observed at the cessation of growth was 30 to 
35 cm . Using this curve as a guide it can be seen for instance , that if 
a discharge was made i n January a max imum oil lens t hickness of 20 cm 
could be realized . Thi s i s based on t he assumption that t he oi l th i ck
ness cannot exceed natural ice cover variations. Sessi l e drop theory 
places the minimum oil lens thickness at about 0.8 cm. Consequently , for 
practica l purposes, t he expected oil l ens thickness wou l d range from 
0.8 to 30 cm . 

The temperature drop (6T) across an oil lens will be governed by the 
ove ral l temperature gradi ent present i n the ice sheet at any given t ime , 
the lens thickness and the Nu modul us . For simple conduction, the ratio 
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= L 

fi 

fi is rela ted to the Nusselt modulus by the expression: 

substituti ng (4) in (3) gives 

h = Nu k .1 01 

~l 01 

R2 = L · 1 __ 0=-1c....:,__ 

Nu k .1 01 

(3) 

(4) 

(5) 

Substituting (2) and (5) in (1) the total thermal resistance of an 
oi l lens can be expressed as 

R . l 01 L . l 01 
(Nu+l )k .1 01 

(6) 

The temperatu re gradients across an oil lens and ice sheet will be 
equal when (Nu+ l) k .1 = k. ie . at a Nu modulus of about 14 . 

0 1 1ce 

As previously stated , Nu can be expressed as a function of 6T and L .
1 01 

( 7) 

If the temperature gradient through the ice sheet (Grad) i s known, the 
thickness of an oil lens can be expressed i n terms of 6T, Nu Grad, and 
the ratio k. 

1 ce 
~ l 01 

Figure 7-4b shows representative temperatu re gradients measu red by control 
chai ns from November to May . The peak temperature gradient, 0.2°C cm- 1 , 

occurred in January. By substituting for L .1 in (7) , 6T .1 = f(Nu , Grad) 
01 01 

can be obta ined for both laminar and turbulent regimes as foll ows : 

Laminar l <Nu < 2.6 6To il = (0.38 Grad Nu 0
•

1
)

0
-

83 (8) 

Turbulent 6.58 <Nu< 187 6Toi l = (0.29 Grad Nu 0
•

0 1
) •

7 6 (9) 

Substi tuting a range of ice temperature gradients observed at Bal aena Bay 
(0 .06 to 0.2 cm- 1 ), the corresponding theoreti cal temperature drops that 
could be encountered in pract i ce are about 0.6 to l .5°C for the laminar 
case and 0.54 to l.33°C for the turbulent case. 
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Using these parameters for 6Toil and Loil, a plot was generated showing 
curves of equal Nu modul us plotted against temperature drop across an oil 
lens and oil lens thickness (Fi gure 7-5). 

O IL LENS TEMPERATURE DIFFERENT IAL VS O I L LENS TH IC KNESS 
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This theoretical treatment indicates that for extremely thick lenses of 
25 to 30 cm, it is possible to have the situation where with Nu= 50, the 
temperature gradient across the oi l lens is only l /4 of the gradient 
through the ice sheet. This effect was never observed at Balaena Bay 
where none of the thermistor chains indicated an oil lens much greater 
than 2 cm (mean lens thi ckness from coring data was 2.08 cm, 20 cm max.). 
Therefore, it can be seen from Figure 7-5 that for most of the oil inclu
ded i n the ice during these tests the Nu modulus was in the range 1 to 3. 
The experimental temperature profiles in Figures 7-12 and 7-14, show a 
gradient through the oil lens of about 6 times that of ice. This agrees 
with the theoretical result using Nu approx= 2.2 . 

With an understanding of the possible heat transfer mechanisms present 
in an included oil lens, the overall heat transfer coeffi cient (U) of the 
oil-ice composite can be evaluated for various oil lens thicknesses. For 

79 



comparison a similar coefficient was calculated for an ice-snow compos
ite to provide a direct measure of the relative importance of oil and 
snow in effecting heat flux through the ice sheet. 

The heat transfer coefficient of a composite i s simply the inverse of the 
sum of the individual thermal resistance of the different materials (see 
equations 2, 6). 

Therefore: 

u. 1ce + snow = 

Uice + oil = 

L. 
1 ce 

-k-. -
1 ce 

+ 

Lice + Li ce 
( Nu+ l) k . l -k -. -

01 1ce 

( l O) 

( ll ) 

The unit thermal conductance for uncontaminated ice with no snow, ie. a 
one material system i s referred t o as U. where: 

1 ce 

u. 1ce = k. 
1 ce 

Li ce 

Figure 7-6 shows the ratio U. plotted as a function of mean 1 ce + snow 
uice 

ice thickness for snow depths of~ 10 and 30 cm. Due to the insulating 
effect of the snow, the ratio is always less than unity . It can be seen 
that a 10 cm snow cover, which represented an average fo r the test site 
at Balaena Bay , would effectively reduce the overall heat transfer 
coefficient by an average of 50% over the growth peri od . 

Figure 7-7 shows a similar ratio, 

Uice + oi l for discrete oil lens thicknesses from 

uice 
0.75 to 30 cm. The corresponding Nusselt modulus indicating the degree 
of convective heat transfer present, and a representative value of 
~T .

1 
are tabulated for each curve. A reasonable constra int introduced 

0 1 
to enhance the comparative nature of the graph is that the thickness of 
the composite L .

1 
+ L. used to calculate U. + .1 is equal to the 01 1ce 1ce 01 

clean ice thickness used to calculate the base value of Uice· Thi s seems 
acceptable because in any discharge the oil would seek out the points of 
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Figure 7 - 6 EFFECT OF SN OW ON THE O V ERALL HEAT TRANSFER 
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Figure 7 - 7 EFFECT OF OIL ON T H E OVERALL HEAT TRANS FER COEFF I CI ENT 
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m1n1mum ice thickness. This distinction only becomes important in the 
calculations where L .1 is an appreciable part of L. (ie. for 10 to 30 

01 ice 
cm lenses). The curves in Figure 7-7 show that a maximum decrease in ice 
growth (or heat flux) will be caused by the thinnest (0.75 cm) lens where 
there is no convective heat transfer present. Even this "worst case" over 
most of the growth period of the ice sheet causes less than a 15% reduction 
in heat flux over the non-oiled case. This appears insignificant when 
compared to the 50% vari ation in heat flux due to changes in snow cover 
alone. For a lens of 2 to 5 cm corresponding to that commonly observed 
at Balaena Bay, the heat flux is reduced by only about 7% at an ice 
thickness of 50 cm. Curves 7-7 show that to get any real increase in 
heat flux due to large Nu numbers the oil lens must be 10 to 20 cm thick . 
Even then, the magnitude of the increase i s general ly less than 10%. A 
30 cm lens would occur so near the end of the growth process that the 
absolute increase in heat fl ux due to the oi l would be mi nimal . This 
theoretical treatment of heat transfer in the snow, ice, oil composite 
appears to confirm the field observation that compared to the natural 
effect of snow cover, an included oil lens causes an ins i gnifi cant change 
in heat f l ux through the ice sheet during the growth process. 

The insulating effect of an included oil lens diminishes as the lens 
thickness and associated Nu modulus increases, until wi th very thick 
l enses i n the order of 25 cm it is possibl e to actually enhance ice 
growth by a small amount. 

This theoretical treatment applies only to included oil l enses with ice 
above and below the oil. The significant thermal effect of an oil lens 
prior to formation of new ice below the oi l (7 to 10 days following di s
charge) has been discussed in Section 6.2. Modifications to the ice 
temperature profiles during and after this inclusion period are discussed 
in subsequent sections. 

In suIT1Tiary , snow cover has a profound effect on ice growth . Once the 
snow stabilizes, a strong correlation exists between the depth of cover 
and ice thickness. The oil, in seeking the highest possibl e level, tends 
to accumulate in domes or thin sections of ice, where t he natural t hermal 
resistance is high. The thermal effect of a typical oil l ens is equivalent 
to between 5 and 8 cm of ice. This represents l ess than 20 percent of 
the natural variation in ice thickness late in the season. Convective 
heat transfer increases as the thickness of the oil increases. Under 
certain conditions, a very· t hick oil lens could actual ly enhance ice 
growth. In general, the oil has relatively insignificant effect on ice 
growth. 

It should be noted that the values quoted herein for such parameters as 
Nu modu l i are based on reasonable assumptions and a knowledge of the 
particular materials, but in the absence of substantiating experimental 
data, must be treated as approximate only. 
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7.3 Observed Effects of Oil on Ice Growth 

The following analysis is based primarily on an interpretation of temper
ature profiles. A total of 30 eleven point thermistor chains were embed
ded in the various test areas, and three control chains were placed in 
undisturbed ice. The desi gn of the chains and the spacing of probes are 
detailed in Section 5.3.3. For simplicity, all chains are designated 
first by the test number, then the chain number, and finally the probe 
number, if relevant. For example, NW3-5-8 indicates the eighth probe 
from the top on the number 5 chain in the Norman Wells 3 test area. 
Similarly, the control chains have been designated Cl, C2 and C3. The 
profi les are viewed in chronological sequence, starting with the NW3 
discharge in November 1974, and progressing to the NW? and SH2 discharges 
in April 1975. The schedule of discharges is shown in Table 5-2 . During 
this period over 400,000 ice temperatures were recorded, however, only 
representative trends are considered herein. Typical thermistor chains 
from the late fall, depth of winter , and early spring periods are compared 
with control chains. 

In comparing temperature profiles over a long period, diurnal effects and 
rapid changes in the ambient air temperature must be taken into account. 
The resulting departure from linearity tends to be transient, and not 
truly representative of the long term trend. A typical example is the 
Cl profi l e on January 29, shown in Figure 7-8. In the preceding three 
days, the air temperature dropped 7.8°C. The transient effects are far 
more difficult to isolate in oiled areas, where the added thermal res i s
tance of the oil causes a realignment of gradients. In most cases , 
adjacent control chains have been included with the profiles through 
oiled areas, as an aid to separating oil induced effects from externa l 
influences . Although the magnitude and response time for a given 
disturbance will vary with snow cover and depth in the ice, the controls 
provide a general indication of the prevai l ing trend. 

As might be expected , the diurnal fluctuation is relatively insignificant 
during the depth of winter, and increases i n the spring, as the leve l 
of solar radiation increases. Table 7-2 shows the observed variation 
in temperature over a 24 hour period for a typical control chain on 
Apri l 12. The absolute change in air temperature was 9.6°C , while the 
variation at the 5 cm level in the ice was 2.l°C. The corresponding 
values for the same chain on December 10 were l .9°C and 0.25°C respect
ively (Table 7-3) . 

Variations in the water temperature were examined to determine whether 
the vertical gradient cycled in a predictable manner. In general, the 
water was warmest immediately below the ice, and dropped about 0. 3°C 
within 20 to 60 cm. The water temperature ranged from -0. 9 to -l.6°C , 
and varied by as much as 0.2°C in a 24 hour period . It was impossible 
to trace the long term trends at a given depth, si nce as the ice thicken
ed, the position of the thermistors changed relative to the bottom of 
the ice. The mean mo nthl y water temperatures as well as the standard 
deviation for given depth groupings are presented in Table 7-4. 
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TABLE 7-2 

CONTROL CHAIN l, APRIL 12-13 

TEMPERATURES (°C) 

DEPTH (cm) 1800 h 2200 h 0200 h 0600 h 

+100 Air - l l . 53 -14. 82 -18.16 -21. 17 

+8.2 Snow - 9.22 - 8.99 -10.95 -12 .24 

+4., Snow - 8.95 -1 0.37 -10. 34 -11.16 

-5.l Ice - 9.32 - 8.53 - 9.47 - 9.56 

-10., Ice - 8.98 - 9.82 - 9.46 - 9.48 

-20.0 Ice - 9.27 - 8.86 - 9.30 - 9.23 

-40.0 Ice - 8.43 - 8 .52 - 8.79 - 8.73 

-59.2 Ice - 8 .69 - 7.45 - 8.09 - 8 .02 

-99.2 Ice - 3.80 - 4. 51 - 5. 90 - 5.84 

-139.2 Ice - 2.85 - 2.87 - 2.49 - 2.49 

-179. 8 Water - 1.13 - 0.78 - l . 15 - l . 20 

Clear sky, approximately 16.5 hr daylight 

Air temperature range (lm) - 11 .53 to - 21.17°C 
Snow depth 12cm 

Water temperature -0.78 to -l.20°C 

Ice depth 150cm 

Absolute thermistor error! O.Ol°C at 0°C 

1800-1500 

1500 h 

-16.59 

-13.33 

-11. 77 

- 8.70 

- 9. 77 

- 8.79 

- 7. 96 

- 7.53 

- 3. 66 

- 2.84 

- 1. 18 

! 0.03°C at -20°C , -40°C 

ABSOLUTE 
l 700 h CHANGE(°C) 

-16 .7 9.64 

-11. 79 

-10.87 

-10.67 2. 14 

- 9.00 0.84 

- 8.79 0.44 

- 8.06 0.83 

- 7. 16 1. 53 

- 4.46 2.24 

- 2. 77 0. 38 

- 0.83 0.42 

add ! 0.02°C up to 20°C on either side of a known point 

Repeatability error involved in comparing l probe over short time period 

- negligible. 
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DEPTH 0100 h 

+100 Air -29.60 

+8 .2 Snow - 25.29 

+4.1 Snow -20.23 

- 5.l Ice -12.34 

-10.l Ice -11.53 

-20.0 Ice 9.71 

- 40 .0 Ice - 6 . 21 

-59.2 Ice - 2.67 

-99.2 Water - 1.1 2 

-139.2 Water - l .54 

-179 .8 Water - l .38 

Clear sky, 0 hr sunlight 

Ice depth, 68cm. 

TABLE 7-3 

CONTROL CHAIN l , DEC. 10 

0600 h l 000 h 1300 h 

-30.02 -29.93 -30.00 

-25.16 -24.72 -24.55 

-20.36 -20.12 -20.02 

-12.39 -12.41 -12.42 

-11. 59 - 11 . 64 - 11 . 64 

- 9.82 - 9.88 - 9.90 

- 6.29 - 6.26 - 6.40 

- 2. 71 - 2.73 - 2.76 

- 1. 12 - 1.11 - l . l 0 

- l. 53 - l. 52 - l. 52 

- l . 38 - l . 37 - l. 37 
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ABSOLUTE 
2000 h CHANGE(°C) 

- 31.49 1.89 

- 26 .99 

-21. 11 

-12.59 

-11.78 

-1 0.02 

- 6. 50 

- 2. 81 

- 1.10 

- 1.50 

- l. 35 

0.34 

0.25 

0.25 

0. 31 

0.29 

0. 14 

0.02 

0. 04 

0.03 



TABLE 7-4 

MEAN MONTHLY WATER TEMPERATURE AND STANDARD DEVIATI ON (°C) 

DEPTH BELOW 
ICE SHEET (cm) NOV DEC JAN FEB MARCH APRI L MAY 

20- 30 - 1. 11 - 1 . 32 -1 . 22 -1. 46 

(0.08) (0.17) (0 .16) (0. 11 ) 

40-65 -1. 25 - 1 . 54 -1.54 - 1. 56 - 1. 27 

(0.12) (0.10) (0 .10) (0. 13) (0 .17) 

80-105 -1 . 51 - 1. 36 -1. 57 

(0.09) (0 .12) (0.10) 

Selected profiles from control chain Cl for the period November 15 to 
May 22 are shown i n Figures 7-8 and 7-9. Throughout t he wi nter thi s 
chain was reasonably representative of t he thermal regime in uncontamin
ated ice. To min imize diurnal effects , all prof iles were taken at 1800. 
Figure 7-8 demonstrates t he progressive cool ing of t he sheet, which con
tinued unt i l early February . The gradient s tend to be st abl e and rela
t i ve ly l i near. Fi gure 7-9 shows t he general warmi ng t rend. By the end 
of April , t he i nternal temperature of t he i ce was lower than the air 
temperature. The ice conti nued to grow, however , unt il about the middl e 
of May . The ice thickness was approximated by extrapol ati ng t he t hermal 
gradient near the bottom of the sheet to i ntersect the observed water 
temperature. Due to t he f ragil e and indi sti nct nature of the skeletal 
layer, reso l ution was limited to about± 2 cm. The probl em was partic
ularly acute late in the spri ng , when the gradient through the ice was 
close to vertical. 

7.3.1 Late Fall 

The NW3 discharge on November 14 was t he first fu l ly instrumented 
tes t . The average i ce t hi ckness at the t i me was 55 cm , and t he 
growth rate was approx imately 0.7 cm per day. Profil es from t he 
three act ive thermi stor chains i n the test area both at the t i me of 
the discharge _and 23 days after are shown in Fi gure 7-10 . Cont rol s 
Cl and C2 have also been inc luded, as t hey represent the extreme 
profil es on November 14. The snow cover at Cl was 12 cm, as compared 
to 30 cm at C2 . This is reflected i n a general depress i on of the 
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temperature of the ice from between 1.5 and 2.0°C, and an increase in 
thickness of about 20 cm. The change in these two profiles in the 
subsequent 23 days clearly demonstrates the relative significance 
of natural variations. By December 7, the ice thickness at Cl in
creased approximately 20 cm, while the growth at C2 was less than 
10 cm. As well, the difference in internal temperature had narrowed 
to 0.5°C at the 45 cm level. 

The three test profiles were init iall y very similar. The ice temp
erature at a given level varied less than 0.7°C, and the ice thick
ness was within 5 cm. Although located in thi nner ice, the NW3-5 
chain was not oiled, and behaved in a similar manner to the contro l 
chains. The NW3-2 and NW3-3 chai ns were oiled, and exhibited a 
distinct plateau, or displacement of the profile through the oil on 
December 7. In both cases, the temperature immediatel y above the 
oil was about 0.5°C lower than Cl at the same depth, l.3°C lower 
than C2 and 2.8°C l ower than NW3-5. However, less than 10 cm of new 
ice had formed beneath the oil at NW3-3 and only 4 cm at NW3-2. The 
average growth at the two control chains during the same period was 
15 cm. The variation in profiles displayed by the two oiled chains 
could have been due to differences in snow cover, thickness of the 
oil or size of pools. 

The short term effects of the oi l on the temperature gradient can be 
seen by compari ng the profiles from NW3-2 immediately prior to, dur
ing and after the discharge (Figure 7-ll). From the profile taken 
one hour prior to discharge, the interface was between 53 and 54 .5 cm . 
Introducti on of the oil, which was at about 0°C, caused a transient 
peak to occur when the oil struck the thermistor immediately below 
the ice. Simultaneously, the water temperature rose O.l °C, likely 
as a result of upwe l ling. One hour later, the water temperature 
returned to its pre-spill value and the ice temperatures were dep
ressed at the growing interface by 0.2°C. Temperature depressions 
of up to 0.05°C were felt up to a depth of 45 cm. One day after the 
discharge, the profile clearly displayed the effect of the oil l ens 
on temperature gradients. The oil lens appeared to be about 2 cm 
thick j udging by the points of slope change. The ratio in temper
ature gradients between the oi l lens and the ice immediately above 
the oil was 12, which compares with the theoretical ratio in thermal 
conductivities between ice and oil of 15. This would indicate that 
very little convective heat transfer was taking place at this time. 
In 24 hours the temperature of the ice-oil interface had been lowered 
by 0.9°C due to the presence of an oil lens . Heat flux through the 
ice sheet is proportional to the temperature gradient 6T/L .. The ice 
introduction of an oil lens had the immediate effect of reducing local 
heat flux by a factor of 2.5. 

Thi s lower temperature gradient between 35 and 55 cm was a transient 
effect as can be observed by plotting the profile at 7, 14 and 21 
days following discharge (Figure 7-12). After 21 days, the profile 
had smoothed out again with only a local perturbation through the 
oil lens. By extrapolating the profile above the oil lens to inter-
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Figure 7 - 9 CONTROL ICE TEMPERATURE PROFILES 
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cept the water temperature, it appears that the lens caused an 
effective 3 to 5 cm reduction in growth in the first three weeks. 
Unoiled ice around NW3-3 had grown about 15 cm. Therefore, the oil 
lens appeared to cause a 20 to 30% reduction in heat flux. The 
theoretical curves produced earlier describing the effect of an oil 
lens under steady state conditi ons (Figure 7-7) would predict a 
reduction from 10 to 20% at an ice thickness of 55 cm. 

7.3.2 Depth of Winter 

Temperature profi l es associated with the double discharges, SHl on 
December 7 and NW4 on December 9, display short and long term 
responses simi lar to NW3 (Figures 7-13, 14). 

Considering SHl-3 one hour prior to discharge, the ice-water inter
face is seen to fall on the dense array of probes at 68.5 cm (Figure 
7-13) . Snow depth around the chain on December 7 was 12 cm. One 
day after the test, the temperature in the lower 10 cm of the sheet 
had been depressed by about 0.9°C while the upper 58 cm had exper
ienced a temperature rise of up to l.2°C at a depth of 20 cm. It is 
doubtful if the increase reflected by the probe at the 4 cm level 
was due to the oil, but rather fluctuations in the ambient air 
temperature. 

By December 18, the temperature gradient was almost parallel to that 
prior to discharge. The presence of the oil lens was indicated by 
a sharp temperature drop of up to 1 .l °C between 66.5 and 68.5 cm. 
By December 18 , there was definite evidence that a new ice interface 
had formed below the oil lens. Allowing for 1 to 1. 5 cm of oil, a 
new ice-water interface position of 71 .5 cm on December 18 would 
indicate that less than 2 cm of ice had formed in the preceding 11 
days, yielding an average growth rate of approximately 0.16 cm per 
day. By December 21, the ice had grown to 72.5 cm. In the period 
December 7 to December 21, control profiles with similar snow cover 
indicated a growth of about 10 cm . A profile from Cl on January 29 
has been included to demonstrate that the oil lens did not have a 
significant effect on either the thermal regime or ice thickness 
after seven weeks. 

Norman Wells 4 discharge took place at 1900 hours December 9. Con
s idering the NW4-4 chain over the same time period as SHl - 3, no 
substantial difference between the two types of oil can be seen 
(Fi gure 7-14) . Detailed temperature trends through the lens are not 
avai l able on NW4-4 as the ice on discharge day had not yet grown to 
include the dense array of probes. Consequently, the l ocalized 
steepening of the temperature gradient seen on SHl-3 is not seen on 
NW4. Ice thickness at spi ll time was 63 cm. The plot on December 
10 shows the characteristic clockwi se rotation of the profile to 
warmer temperatures above and cooler bel ow the 40 cm level. Thi s 
trend continued until December 18. Then, between December 18 and 
December 24, the temperature gradient rapidly smoothed out and ret
urned closely to its pre-spil l shape. As with SHl-3, the recovery 
of the temperature profile about ten days following the spi ll coin-
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Figure7 - 13 CONTROL AND SH1 TEMPERATURE PROFILES 
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Figure 7 · 14 CONTROL AND NW4 TEMPERATURE PROFILES 
0 ~-~-------,--'--.---~-~------.---...:----~-----,--.---.-------, 

~ 
(.) 

(/) 
(/) 

-10 

- 20 

- 30 

-40 

-so 

w - 60 
z 
::.:: 
u 
I 
1-

w 
u 

- 70 

- 80 

- 90 

- 100 

- 110 

7 

' ' 

6 

' ' 
5 
\ 

\ 

4 

\ 

'' \ ' \ 

\ 
\ 

' ' ' ' 
' \ ' \ ', \ 

' \ ' \ ', \ 

8 ' 

'\ ', 
' ' '\ ', 

' ' '\ ', 
' \ ' \ ', \ 

' \ 

' ' '\ ',, 
' ' 

' ' ' ' ', ' 
' ' ' ' 

'\. ', 
' '\ 

' 
' ' ' ' '\ 
' '\ 

' ' ' ' 
' ' 

', ' 
' ' 

' ' ' 

' \ 
\ ' 

\ \ 

\ ' 
\ ' 

\ \ 
\ \ 

\ \ 
\ \ 

\ ' 
' '\ 

' '\ ' ' 
\ \ \ \ 

\ ' \ \ '-- , __ -------
' '\ ' ' ' 

\ 
\ 

' ' ' ' '\ ' ' 
NORMAN WELLS 4 

T I ME AND DATE OF D ISCHARGE: 2123 D E C 9 

LEGEND 

T H ERMISTOR C H A IN O ATE T IME 

l. NW4 DEC 9 1845 (Pre-Spill ) 

2. Cl DEC 9 2123 

3. NW4 DEC JO 2100 

4. N W4 DEC 18 1 800 

5. NW4 DEC 24 1800 

6. NW4 JAN 4 1800 

7. NW4 JAN 29 1800 

8. Cl JAN 29 1800 

' '\. 

' 

' ' ' ' ' ' ' ' ' '\ 
' '\ 

' '\ 
' '\ 

' ' 

' ' ' 

' '\ 

- 120 .___...__ _ _.___~--L--...L..--'----L---L- ---1- __JL-_L..._.l__.J....__..L.._ ...J__....L.._....L_...L _ _j 

-18 -1 7 - 16 -15 -14 -13 -1 2 -1 1 - 10 - 9 -8 -7 - 6 - 5 -4 - 3 - 2 -1 O 

TE M PE R AT U R E ( 
0
c ) 

95 



cided with the formation of a new ice interface below the oil lens. 
Between December 21 and 24, the temperature of the probe immediately 
below the oil lens fell from -l. 5°C to 2.l °C, indi cating that about 
1 cm of new ice had formed. 

The immedi ate reduction in heat flux throughout the sheet following 
the introduction of oi l is clearly demonstrated by the reduced 
grad ient in the i ce . The increased thermal resistance of the oil, and 
the enhanced heat exchange at the re l ativel y smooth oil-water inter
face, tend to retard ice growth. Once a layer of ice has formed 
beneath the oil, the temperature profi le quickly assumes its initial 
grad ient. 

On the basis of the SHl - 3 and the NW4-4 chains , there would appear 
to be only minor differences between the Norman We ll s and Swan Hills 
crudes. However, a detailed comparison is difficult because of the 
limited number of chai ns actually in contact with oi l. As well, 
variations in oil lens thickness and snow cover severely li mit th e 
signifi cance of apparent deviations . 

The oi l lens thicknesses derived from thermistor plots are not 
preci se . However, to core beside a chain would alter or destroy a 
lens. Wi th probes spaced at 2 cm intervals, the probable error in 
estimati ng the thickness of a lens was l ikely within l cm . Labor
atory and theoretica l studies of the pool ing characteri stics of the 
two crudes indi cate a minimum practical l ens thickness of about 0.8 
cm . From video observa tions at the time of discharge, the oil 
covered be tween 30 to 40 percent of various test areas , yieldi ng 
an average oil thickness of about 3 cm . Aided by adjacent cores 
and diver observations, the error for most chai ns cou ld be reduced 
to about 0.5 cm . 

7.3.3 Early Spring 

The two discharges, SH2 and NW7 were undertaken on April 12 and 15, 
at an ice thickness of approximate ly 150 cm . The sheet was rapidly 
warming, and the average i ce growth subsequent to the tests was l ess 
than 15 cm. After about the middle of April, it became difficult to 
estimate growth from the thermistor cha i ns, as the temperature of 
the ice below the 140 cm level was very close to the water temper
ature, and on occas ion higher. Although growth was not always 
apparent from the chains, it was confirmed by coring . As well, the 
profiles became trans i ent in nature, and no l onger displayed the 
li near or near steady state behavior, characteristic of the late fa ll 
and winter. 

Profiles from the SH2- l and the C3 chains were very s imilar at 1700 
hours on April 12, just pri or to the discharge (Figure 7-1 5). The 
sharp temperature fluctuation of about 0.4°C immediately above t he 
interface , was likely due to density currents in the water column. 
Twenty four hours after the test, Cl had uniformly warmed by about 
0.3°C, while the test chain decreased approximately 0.5°C over its 
entire depth. By April 19, seven days after the discharge, the 
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control had continued to warm evenly, while SH2-l exhibited the 
characteristic rotation, with a depressi on in temperature in t he 
lower 30 cm of ice. The time taken to adopt this profile was 
considerably longer than in earli er discharges, where it was observed 
within 24 hours. However, the effects of the oil were sti l l very 
pronounced. 

Although the entire sheet was warming, the gradient had not recovered 
after three weeks. The temperature was depressed relative to the 
control, and 17 cm of new ice had formed beneath the oil. It is 
difficult to isolate the external factors, but the slow recovery 
could in part be due to upward migration of the oil. By May 11, oil 
was detected at the 93 cm level, or about 50 cm above the lens. 

The NW7- 2 chain was interesting , in that a distinct warm wave t hat 
was detected in C3 at the 60 cm level on Apri l 15, appeared on the 
test chain one week later. This transient temporarily masked 
fluctuations due to the oil. By May 11, the shape of the profile 
was s imilar to SH2-l, but the temperatures were not as depressed. 
The general instability in the spring makes direct comparisons 
difficult, but no marked variat ions could be detected between the 
Norman vJel l s and Swan Hi 11 s crudes . 

The compared study of oiled and unoiled temperature profi les 
demonstrated a number of interesting features . Firstly, the temper
ature gradient in the ice immediate ly above the oil is sharply 
reduced. In the case of the NW3 test, a reduction in the temperature 
gradient of 56 percent was observed within 24 hours after the 
discharge, while a reduction of 32 percent was observed in the same 
period after the NW4 discharge. This reduction cou ld be due to a 
numbe r of factors, including the added thermal resistance of the oil, 
al t erations in brine drainage, and enhanced heat exchange at the 
oil-water interface. Until suitable conditions develop for the 
formation of a new sheet below the oil, the heat of fusion, which 
is typically about 70 cal g- 1 , is not available, causing a furt her 
depression in the temperature. Studies by the Frozen Sea Research 
Group indicate that the heat of formation may account for between 
50 and 60 percent of the total heat input into a growing sheet. 

Norman Wells and Swan Hills crudes tended to have a similar impact 
on the thermal regime of the ice. For the oil lens thickness of 2 
to 4 cm commonly encountered in Balaena Bay, t he insulating effect 
of the oil was partially offset by convective transfer within the 
lens. The net reduction in heat flux through the ice as a result 
of the oil was less than 10 percent. Although the convective 
transfer might be as much as 25 percent lower in the more viscous 
Swan Hills crude , the effect was insignificant in comparison to 
natural variations. 

There was no evidence of a substantial modification in temperature 
profiles as the oil migrated upward through the ice. However, the 
brine channels represent no more than 3 to 5 percent of the ice 
by volume, even l ate in the me lt phase. 
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Figure 7 - 15 CONTROL AND SH2 TEMPERATURE PROFILES 
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7.4 Observed Effects of Oil on Ice Depletion 

Ice growth in Balaena Bay ceased by about May 20. Signs of surface melt 
were already evident in a number of oiled areas. The progressive change 
in surface conditions i s detai l ed in Section 6.4. Consequently, only the 
thermal aspects, as reflected by temperature profi l es, ice thickness 
measurements, and radiation levels, will be considered in this section. 

The genera l trend in uncontaminated ice i s best demonstrated by control 
chain C3 . By May 4 the surface was warming faster than the ice could 
respond, and the profile was beginning to curve (Figure 7-16 ). Prior to 
th i s date the profi l es had been essentially linear. The surface contin
ued to warm until May 11, at which t ime the internal temperature of the 
ice was approximately 2°C cool er than either of the interfaces. Between 
May 9 and May 14 the ambient air temperature dropped from +5 to -9°C 
(Figure 7-17), causing a correspondi ng depression in the temperature in 
the upper level s of the i ce . By May 19 the temperature profile through 
the ice was close to linear , and remained this way until about May 27. 
From May 21 onward the air temperature was progressively warming , reaching 
a high of 14°C by June 26 . Diurnal variations of over 6°C were common 
dur ing this period. On June 6, the day prior to the first ful l scale 
burn , t he coolest observed temperature in the i ce was -l. 8°C , while the 
water temperature was -1 .4°C, and the air temperature 2.6°C. The water 
temperature remained close to winter average of about -1 .8°C until June 
4, then began to warm at the rate of about 0.1 °C per day (Fi gure 7-18). 

By May 22 there was no s i gnificant difference between the thermal regimes 
of oil and unoiled i ce . Representative profiles from five of the tes t 
areas and two control s ites are shown in Figure 7-19. Substantial oil 
migration had occurred, and the brine channels were saturated with oil 
to within about 15 cm of the surface. The SH2 chai n i s the only location 
where an oil lens could be pos iti vely identified. There was a distinct 
drop of about 0.7°C ac ros s the lens. Since convective heat transfer in 
the oil i s in part dependent on the temperature gradi ent , it was felt 
that convection would be relatively insignifi cant in comparison to con
duction, and the i nsul ating effect of the oil would be far more pronoun
ced . The disturbances in the NW4 and SHl chains at the 80 cm level were 
trans ient. The warmer temperatures exhibited by all oil ed chai ns near 
the surface, was likely a direct res ult of increased radiation being 
intercepted in the upper levels of t he sheet . 

Once the oil began to surface it had a marked effect on ice ·depleti on. 
Initia lly the oil appeared as a slight discolouration in the snow . 
Althoug h barely detectable, it reduced the albedo by between 30 and 50 
percent (Section 6.4). Si nce the level of absorbed solar radiation 
varies inversely with albedo, the contaminated areas melted much more 
rapidly than did the surrounding snow. As the underlying snow melted, 
the oil formed in smal l enclosed me lt pool s. In most areas the snow 
effectively contained the oil, and horizontal migrati on wa s limited to 
about one metre. Since the albedo of an oil l ens on water is about 0. 1, 
or less than 20 percent that of uncontaminated snow, the melt rapidl y 
acce lerated once the pool s formed . Oil was splashed up on the surrounding 
snow by wind and wave action , and the pools grew in size , finally becoming 
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Figure 7 - 17 DAILY MEAN AIR TEMPERATURES MAY 1 TO JULY 1 
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Figure 7 · 19 COMPARATIVE TEMPERATURE PROFILES MAY 22 
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interconnected. By early June a number of melt holes had developed in 
the oi led areas. The si gnifi cance of these holes is questionabl e, since 
they tend to form at old core holes. However, simi l ar melt holes did not 
develop in the uncontaminated ice, whi ch had also been cored. By June 
27, th~ NW3 and NW4 test areas were essentially free of i ce, and t he 
enti re test area was open by June 30. The surrounding ice sheet remained 
intact until July 6, when it was driven onshore by a high wind . The 
average ice thickness at the time was 15 cm. 

The most significant factor in advancing the melt was the reduction in 
albedo caused by the oil . At the beginning of May there was no evidence 
of oil on the surface, and the average albedo was 0.78. By May 9 small 
oiled patches of snow were starti ng to appear and the average albedo of 
the test sites dropped to 0 .70, as·compared to 0.75 for the control a~eas. 
The sp read continued to increase until June 6, when the average albedo 
of the test site was 0. 15, or less than 34 percent that of the uncontam
inated snow. The albedo in one of the more heavily oiled areas was 0.03. 
Consequent ly the energy i nput in to the oiled areas was substantiall y 
greater . The cumulative absorbed solar radiation for both the average 
and extreme conditions in the test area are shown in Figure 7-20. The 
curves are the cumulat i ve product of the integrated direct and di ffused 
incoming solar radiation and the average daily absorpt iv ity . Measurements 
at 14 sta tions were used in determining the average absorptivity (1 .0 
albedo) for the test area. 

Between May 9 and June 6 an average of 6000 cal cm- 2 was absorbed over 
the test area, while on ly 4800 cal cm- 2 was absorbed at the control sites. 
In the same period 10,000 cal cm- 2 was absorbed i n one of the more heavily 
oiled area s. The limi t ed divergence between the control and test areas 
until the end of May , directly reflects the percentage of the total area 
contaminated. On June 1, melt pools and oiled snow represented only 
15 percent of the surface area (Figure 6-9) . By June 6, oil was exposed 
over 47 percent of the site. It is unrealistic to extend the compari son 
beyond this date, due to fallout and other disturbances associated with 
the cleanup . 

The distribution of absorbed solar energy within the ice sheet is 
cons i derab ly affected by the oil. With natural ice, approximately 40 per
cent of the energy penetrates to the 30 cm level (Hobbs, 1974). However, 
much of the energy i s intercepted by the oil in the brine channe l s, caus
ing a higher energy level near the surface . As wel l , even a very thin 
oil film on a melt pool s serves as an effective barri er. During periods 
of high radiation, oil film temperatures as much as 10°C higher than the 
underlying water were recorded (Section 6. 4). The average temperature 
difference was about 7°C . In accordance with the Stefan-Boltzmann Law , 
the longwave outgoing radiation is proportional to the fourth power of 
the absolute temperature , and consequently the f l ux from the oiled mel t 
pools was approximately 10 percent larger than from the melting i ce 
surface . The average emi tted l ong-wave rad iation from melting ice during 
the month of May is 625 cal cm- 2 day -i. On this 
basis, an additiona l 1750 cal cm- 2 would have been radiated from the 
heavi ly oiled areas between May 9 and June 6, yi elding a net gain of 
3450 ca l cm- 2 relative to the control areas, or suffi cient energy to 
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Figure 7 · 20 CUMULATIVE RADIATION MAY TO JUNE, 1975 
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melt an additional 50 cm of ice. 

On June 11, six cores were recovered from the control sites, and two from 
heavily oiled areas: The average thickness of the natural ice was 157 .5 
cm, whi l e the average thickness of the oiled ice was 107 .5 cm . The 
prec i se agreement between the observed and t heoretical enhancement of ice 
depl eti on caused by the oi l is somewhat co incidental, consideri ng the 
broad ass umptions made regarding surface heat exchange . However, it does 
suggest tha t the order of magnitude of the principa l energy component s 
is correct. 

Although some general patterns would appear to exist, it is impossible 
to draw any firm conclusions as to the significance of the location of 
the oil in the ice on i ce depletion. Measured ice thicknesses from the 
middl e of May to the break-up of the sheet on July 6, are shown in Figure 
7-21. Until about the end of May, the variation between oil and control 
areas appeared to be random . In general, the thickness of the ice varied 
directly wi t h the depth of the lens. Ice thicknesses in the NW3 and NW4 
test areas were consistently thinnest , and the NW7 and SH2 test areas 
thickest. Although oi l was first detected on the surface in the SH2 
test area , it was not re l eased as rapi dly as was the oil in lenses cl oser 
to the surface. By June 7, most of the oil had been re l eased in the NW3 
and NW4 test areas. Oil continued to flow from the ice in the SH2 test 
area un t il about June 20. The fact that the NW4 and SHl tests were 
conducted at the same t ime, yet the ice was consistently thicker in the 
SH2 area, would suggest that the properties of the oil might have some 
bearing on depletion. 

The cl ean- up activities, which commenced on June 7, disturbed the natural 
processes. By removing the oil, the absorptivity of the contaminated 
areas was substantially reduced, while traffic and fal l out increased the 
absorpt i vity of the surrounding ice. If undisturbed, the oiled areas 
would likely have been free of ice between two and three weeks prior to 
the break-up of the sheet . 
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Figure 7 · 21 ICE DEPLETION MAY TO JULY 
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8.0 PHYSICAL AND CHEMICAL PROPERTIES OF OIL 

8. 1 Weathering of Oil 

Due to the large number of samples involved, chromatographic analysis 
was found to be the best technique for assessing changes in the properties 
of the crudes. Through gas chromatography (GC), it is possible to separ
ate, identify and then quantify the various components of an oil. On the 
basis of changes in composition, not only the extent, but also the nature 
of weathering can be determined. With additional tests, this information 
can be correlated with changes in physical properties. 

The results of the gas chromatography were presented in the form of per
cent area covered by a specified hydrocarbon group. For this analysis 
the fol l owing groups were selected; C1 to Cs, Cs to C5, C5 to C1, C1 to 
Ca , Ca to C10, C10 to C1 2, C12 to C16 and C15 to C24• The chromatogram 
was stopped at carbon number 24. Under normal conditions, hydrocarbons 
above hexadecane do not evaporate significantly (Mackay 1973, Scott 1975), 
and therefore the C16 to C24 group was employed as a reference, to assess 
the relative evaporation of other components. Initially, fresh samples 
of both Nonnan ~/ells and Swan Hills crude oil were weathered under con
trolled conditions in a laboratory. This was done by placing trays of oil 
in a wind tunnel at a fixed temperature. Periodically, each sample was 
weighed in situ, and a small quantity of oil was recovered for GC analysis 
and the measurement of selected properties. The ratio of the area of 
each hydrocarbon group to the area of the C16 to C24 group was expressed 
as a percent ( percent area ratio) and plotted against the percent 
evaporated by weight for the total sample (Figures Bl, 82). A series of 
curves relating the physical properties to the percent oil evaporated 
was also developed (Figures 83 to 88). 

The followin g procedure was employed in analyzing subsequent samples. A 
GC was run and the percent area ratio determined for each hydrocarbon 
group. Then, depending on the type of crude, either Figure Bl or Figure 
82 was used to estimate the percent evaporated or the degree of weather
ing. Theoretically, each hydrocarbon group should indicate the same per
cent evaporated for the entire sample. In fact, this is not the case. 
There are normally variations of several percent between the groups, 
and care was necessary in interpreting the data, particularly in the 
early stages, when weathering was relatively small . There are two basic 
causes for the apparent discrepancy. Firstly, crude oil is not perfectly 
consistent. Variations in composition were detectable between successive 
drums. To minimize this effect, a composite sample was used in preparing 
the curves. Secondly, there are a number of limitations associated with 
the experimental technique. 

The rate of evaporation of a complex mixture of hydrocarbons, such as a 
crude oil, is very difficult to quantify. The rate is dependent on the 
turbu l ence characteristics of the atmosphere, or the mass transfer coef
ficient, as well as the properties of the oil. The rate of evaporation 
of a specific compound or group of compounds depends primari ly on the 
concentration, vapour pressure , and the activity coefficients of the 
hydrocarbons in the liquid phase. Generally, lower carbon number compounds 
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have a higher vapour pressure, and evaporate faster. Evaporation al so 
increases with temperature, and the ratio of vapour pressures for 
various components does not remain constant. Thus, the nature of evapor
ation at 25°C may be different from that at 0°C. Scott (1975) has quant
ified these processes by calculating first-order evaporation rate constants 
and Arrhenius activation energies for the components of Arctic diesel oil. 
Thi s work demonstrates the complex nature of the temperature dependence 
of oil evaporation. At low temperatures, there is a tendency for better 
fractionation during evaporation. The low carbon number compounds are 
lost preferentially, producing GC's as shown in Figure 8-1. However, if 
the oil is unmixed, some of the components which would otherwise evaporate 
will be shielded, and there will be a preferential retention of the lower 
carbon numbers (Figure 8-2). 
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NW2 

To allow for these considerations greater emphasis was placed on values 
for percent evaporated derived from the mid range carbon number groups 
that appeared consistent with each other and the aging history of the 
sample. The derived percent evaporated and changes in the physical 
properties for all samples are shown in Tables Bl to 84. Typi cal evap
orati on rates for oil samples in ice and on the surface are presented 
in Tables 8-1 and 8-2 . 

TABLE 8-1 
OIL EVAPORATION IN ICE 

OCT 23 NOV 15 DEC l 0 JAN 21 FEB 21 MAY 9 MAY 10 
Percent 
Evaporated 2% 3% 5% 2% 2% 5% 37% * 

SH l DEC 7 DEC l 0 DEC 30 JAN 22 FEB 18 MAY 13 JUN 3 

Percent 
Evaporated 0% 0. 5% 1% 1% 1% 1. 5% 18% 

* Surface sample 

TABLE 8-2 

OIL EVAPORATION ON SURFACE 

NWC DEC 24 JAN 11 JAN 20 JAN 24 FEB 6 
Percent 
Evaporated 7% 20% 25% 24% 28% 

SHC DEC 24 JAN 4 JAN 20 FEB 26 
Percent 
Evaporated 1. 5% 9% 7% 19% 

While the oil was incorporated in the ice very little evaporation occurred. 
This is reasonable, when it is cons idered that the ice is relatively solid 
during the depth of winter, and serves as an effective barrier to weather
ing . However, surface evaporation was pronounced even at sub-freez ing 
temperatures. ~ithin 24 hours of being exposed, the oil samples shown 
in Table 8-2 were covered by a layer of snow 1 to 2 cm thick. Some of 
the oil was absorbed by the snow. The snow remained in place for the 
duration of the tests. In spite of this, evaporat ion rates as high as 
25 percent were recorded within one month. Considerabl y higher rates 
would likely occur if the oil were exposed to the atmosphere. 

A comparison between derived oil properties and those measured i n the 
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field is presented in Table B5. In general, there is close agreement . 
The field viscosity readings are suspect, i n that the oil was thought 
to contain traces of ice crystals. This was indicated by the non-Newton
ian behavior of the _oil, and the difficulties in obtaining consistent 
values for the same sample. Water in oil analyses conducted at the site 
indicated on ly trace quantities of water. However, tests were not done on 
all samples , due to the limited sample size. A Fann type viscometer, 
which measures viscosities at a constant shear rate, was used in the 
laboratory tests, and as a rule should produce more accurate values than 
the Ostwald viscometer used i n the field. 

A number of the early gas chromatograms were examined to determine if 
there was significant dissolution of the oi l , while in contact with the 
water. Three peaks, benzene, methylcyclopentane (MCP) and n-heptane were 
considered. The solubility of these compounds decreases from benzene to 
MCP ton-heptane, while the vapour pressure decreases from MCP to 
benzene ton-Heptane (Table 8-3) . If the weathering of a crude oil were 
due solely to evaporation, then the relative ratios of these components 
in the oil would change in accordance with their vapour pressures. If 
for example, the peak area of these compounds from the GC, were originally 
10:10:10, for MCP, benzene and n-heptane, a weathered ratio might appear 
as 8:9:10, indicating that relatively more MCP had evaporated than the 
less volatile benzene. The ratio also shows that the benzene has evap
orated more than then-heptane. Similarly , due to the difference in 
solubilities, the same ratio of 10:10:10 may be expected to change to 
9:7:10 if there were sign ificant dissolution occurrinq. 

TABLE 8-3 

SOLUBILITY AND VAPOUR PRESSURE OF CONTROL COMPOUNDS 

COMPOUtlD VAPOUR PRESSURE SOLUBILITY 
(Atm} at 25°C mg. , - i 

Benzene CsHs 0. 125 1780 

Methlcyclopentane CsH12 0. 181 42 

n-Heptane C1H1s 0.060 2.9 

A simple method of discriminating evaporation from dissolution is thus to 
compare the three peak areas before and after exposure to envi ronmental 
conditions, and look for evidence of evaporation or dissolution. If the 
peak areas of the original oil are MCP 0 , B0 , and nHo, and after weather
ing are MCP 1 , B1 , and nH 1 for MCP, benzene and n-heptane, t hen if there 
i s only evaporation, the benzene value will tend to remai n roughly pro
portional to the mean of the other two. Expressed in symbols: 

= 
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If dissoluti on takes place (alone or in addition to evaporation) this 
ratio should rise. If hal f the benzene dissolves, the ratio should double. 
Table 8-4 gives values for this ratio for some early sampl es. To estab
lish a basis for comparison, ratios from samples that were not exposed 
to water were used to compare with later samples. The unweathered samples 
ranged from 4.38 to 5.41 with an average of 4.98. A ratio of 6 or higher 
might be expected to indicate some dissolution. The ratios of samples 
that had been in contact with the water did not go above 5.68. A 11 t 11 

test for t he null hypothesis using the unweathered samples as one group, 
and the other samples as the second group, gives 11 t 11 as 0.7, when the 
degrees of freedom equals nine. The level of signifi cance at the 10% 
probabi l ity is 1.83, indicating that the null hypothesis cannot be di s
proven , or that the extent of disso l ution is below the level of detect
ability in terms of oi l composition. 

Metal analysis performed on samples of unweathered Norman Wells and Swan 
Hil l s crudes are presented in Table B-6. Because the sulphur content of 
both crudes was si gnificant, l. 76 and 2. 90 percent respectively, it was 
decided to analyze both weathered and burned samples, to determine if the 
sulphur was being concentrated in the oi l, or being released to the env
ironment. The evaporated sample of Norman Wells crude had a sul phur 
content of l .9 percent, while the burned sample had a sulphur content 
of 2. l percent. These results indicate that the sul phur content of the 
oi l remains relatively constant. Ass uming that approximatel y 95 percent 
of the oil either evaporated or burned, then about 2000 kg of sul ph ur 
was released into the atmosphere. 

8.2 Hydrocarbon Content of Water Samples 

The non-biological water sampling concentrated on measuring temperature 
and salinity profiles and dissolved hydrocarbon content in the water 
column. 

The hydrocarbon content was measured us ing pentane extraction and gas 
chromatography analysi s. Some problems were encountered in early samples 
as a resul t of loss of pentane by evaporat i on dur ing shipping . However, 
th i s was remedied by improved bottling techniques with subsequent samples. 

The total amount of hydrocarbon in the pentane sampl e was estimated using 
gas chromatography, and the aqueous concentration cal cul ated from this 
number. Later samples were analyzed using helium vapour phase extraction, 
a mo re sensitive and accurate techn ique which also enabled the identific
ation of individual compounds. For example, if 5 ml of pentane were 
used to extract the hydrocarbons present in one litre of water, and a 
GC injecti on of 10 microlitres (µl) of the pentane gave a peak area 
correspondi ng to l microgram (µg), t hen by proport ion, the amount of 
hydrocarbon in the pentane sample is 500 µg or 0.5 mg. The aqueous con
centration i s then calculated to be 0.50 µq ,- 1 • 

An upper limit exists as to the concentration in water of a particular 
dissolved hydrocarbon . This limit is the saturat i on concentration and, 
for prac t i cal purposes , cannot ce exceeded. In t heory, this means that 
only so much of a particu l ar hydrocarbon can be dissolved in a particular 
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SAMPLE 
NUMBER 

14 

17 

24 

32 

15 

18 

19 

24 

SAMPLE 
AND DATE 

NWC Dec 8 

NW2 Oct 23 

Nv/3 Nov 14 

NW4 Dec 9 

N\.11 Dec l 0 

NW2 Nov 15 

NW2 Dec 10 

NW3 Dec 10 

Ice Core 

NW3 Dec 10 

O - 5cm 

5 - 10cm 

l O - 18cm 

TABLE 8-4 

.OIL SAMPLE DISSOLUTION RATIOS 

PEAK AREAS 
BENZENE MCP 

2011 4010 

1857 4410 

1845 4238 

1691 4085 

562 968 

1860 3873 

1512 3425 

1304 2586 

1481 3454 

1777 3754 

1698 3849 

n-HEPTANE 

112 

4797 

5254 

5128 

4067 

2217 

4558 

4328 

3571 

4964 

5442 

5258 

RATIO 
MCP + n-HEPTANE 

BENZENE 

4.38 Original samples 
5.20 from barrels 
4.94 prior to 
5.41 discharge. 
4.98 Avg. 

5.67 

4.53 

5.13 

4.70 

5.68 

5. 17 

5.36 



quantity of water, and beyond that level, that hydrocarbon will no 
longer dissolve. This limit of saturation value is quite small. The 
limit for one of the most soluble crude oil components, that of benzene, 
is 1,780 mg ,- 1 in distilled water, and 1,391 mg ,- 1 in sea water (Mackay, 
1975). This is a very soluble component and other relatively soluble 
components such as toluene and xylene have solubilities of only 515 and 
175 mg ,- 1 respectively. The majority of crude oil components have a 
solubility under 10 mg ,- 1 and can be ruled out so far as significant 
dissolution is concerned. A high solubility does not necessarily mean 
that a hydrocarbon will dissolve to the solubility li mi ts. The rate of 
formation of dissolved hydrocarbons is dominated by vertical eddy diffus
ivity drift and it appears that in these tests the eddy diffusivity was 
low enough to result in dissolved concentrations about a factor of 100 
below the saturation concentration. 

Resul ts of the water sampling program are shown in Table 8-5. Al though 
the samples were recovered close to exposed oil lenses, the oil concen
trati ons were very low. At these concentrations, even a sl ight contam
ination of the sampling apparatus coul d have a significant effect on the 
results. As well, sma l l oil droplets were detected in the water column 
a number of days after a discharge. One of these droplets in a litre 
of water, would substantially alter the apparent hydrocarbon content. 
Initially, it was thought that contamination by undissolved hydrocarbon 
mi ght be detected by close examination of the GC's, since undissolved 
crude oil retains a similar composition to the original oil , while 
dissolved oil reflects the solubility of the various components. This 
was not possible, due to the very low concentrations. However, as a 
resul t of the various sources of contaminat ion, t he measured hydrocarbon 
content, was likely higher than the average for the water column. 
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SAMPLE 

NW2 , S. Corner 
NW2, E. Corner 
NH3 , test+ 20hr 
NW3, NW edge 
NW4 , test+ 10hr 
NW4, s. Corner 
NW4 , E. Si de 
MW6 
NvJ7 
SHl , pre spi 11 
SHl , test+ 3 days 
SHl , S. Corner 
SHl , E. Side 
SHl 
SHl 

Surface water at 
tidal crack 
Out side SH2 

Control from Bay 
200m from site 
2m below ice in 
centre of test area 

TABLE 8-5 

WATER SAMP LES 

DATE 

Dec 23 
,Jan 20 
Nov 15 
Jan 21 
Dec 9 

Dec 23 
Jan 21 
Feb 15 
Apr 15 
Dec 7 

Dec 10 
Dec 23 
Jan 21 

Feb 23 

Jun 4 
Jun 6 

,Jun 11 

Jun 16 
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DISSOLVED HYDROCARBON 
CONCENTRATION (mg. 1 -1} 

0.5 
Not detectabl e 

1.3 
Not detectable 

4.6 

0.2 
0.2 

.006 

.0107 
4.4 

Not detectable 
1. 3 
0.32 
0.054 
4.38 

0.119 
0.110 

0.038 

0 .14 



9.0 OFFSHORE INVESTIGATION 

9.1 Si te Survey and Selection 

The pri ncipal object i ves of the offshore studies were to investigate the 
spreadi ng of crude oil under sea ice in the presence of a current, and 
the interaction of oi l with a pressure ridge keel . Initially, a series 
of tes t s using up to 1000 gallons of oi l had been pl anned, but in response 
to concerns expressed by local residents, only two discharges were con
ducted. 

On the basis of work undertaken by the Frozen Sea Research Group, a 
cur rent i n the order of 12 to 15 cm s- 1 had been spec i fied. On March 
27, a series of current measurements were made in the Cape Parry area to 
establish the best location for the tests. Currents were examined along 
lines running both east and west from the Cape to a distance of about 
30 miles (Figure 2-2) . The currents were relatively stable , and ranged 
from a l ow of 2.4 cm s- 1 to a hig h of 5.0 cm s- 1 • In an attempt t o 
locate hi gher velocities, a l ine was t hen examined north of the Cape. 
A current of about 10 cm s- 1 , flowi ng to the northwest, was found 28 km 
north of the Cape. Readings taken on several occasions over a 10 day 
period to confirm the current's stability in both magnitude and direction 
gave an average readi ng of 9.75 cm s- 1 ± 3%. 

To minimize the possibility of the tests having an impact on waterfowl, 
which mi ght subsequently nest at Cape Parry, a site was finally selected 
at 33 km on a bearing 018 degrees true from the PIN MAIN radar. Here 
the ice sheet was stable, and neither open water nor recently refrozen 
leads could be located between the site and the Cape or along the 
probable route of the oil. The smooth sheet selected was approximately 
four mi l es long in the east-west direction by one mile wide, and was 
bounded by smal l pressure ridges . The ice had an average thickness of 
1.1 m. The water depth was i n excess of 100 m, and the salinity constant 
at 31°/oo to a depth of 12 m. Due t o the configuration of the pressure 
ridges it was possibl e to conduct both tests from a single dive hole, 
simply by moving the position of the discharge. Figure 9- l shows the 
general layout of the test area. 

9.2 Oi l Discharges 

Both discharges were conducted by hand pumping the oil at ambient air 
temperature {-l6°C) into a 10 cm diameter aluminum sleeve, which extend
ed approx imately 5 cm below the ice sheet. The discharge rate was about 
0.016 m3 min- 1 (3.5 gal min- 1 ). The entire operation was monitored on 
the surface by means of an underwater video system, and a diver wi th a 
closed circuit breathing system was employed for still photo9raphy. 

Prior to the first discharge, the diver examined the underside of the 
ice and reported it to be perfectly flat. Several attempts were made 
to assess roughness, but the variations were less than 2 to 3 mm. Dis
charge No. l, which consisted of 180 gallons of Norman Wells crude took 
place between 1410 and 1453 hours on April 8. Although some oil initial
ly spread several metres upstream of the sleeve, most of the spill moved 
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Figure 9 - 1 OFFSHORE TEST SITE - GENERAL .LAYOUT 
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Figure 9 · 2 PLAN · OFFSHORE DISCHARGE 1 
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in the general direction of the current. The oil did not fl ow as large 
sessile drops, but rather as an assortment of complex shapes, ranging 
from patches several sq uare metres in area to drops less than one cm 
across . Movement was primaril y in the form of advancement of the lead
ing edge of the ma in pool of oil, and closely resembled the static tests 
conducted in Balaena Bay . A number of fin9ers would extend from the 
pool, fina lly join, then grow in width to cover the encompassed patch 
of ice (Plate 9-1). What appeared to be slush balls were generated in 
the irregularities along the edge of the pool, and particularl y in the 
voids cut off by fingers. These transparent balls ranged from 10 to 30 
cm across and contained small droplets of oil. It is only possible to 
hypothesize as to the cause of these balls, but it i s likely due in part 
to the cold relative temperature of the oil, and friction along the 
skeletal layer. A similar, but not identical phenomenon has been 
observed in Balaena Bay, where the oi l is heated close to the ambient 
water temperature . 

On completion of the pumping, spreading appeared to stop, although the 
diver felt he could detect a sli ght creep along the edges. The oil 
assumed an irregular , finger- like shape, measuring about 14 m long in 
the direction of the current and 7 m wide (Plate 9-1). Clear patches 
of ice, up to 0.5 m l ong and oriented in the direction of the current, 
were scattered through the lens. Several large patches of oil had 
separated f rom the ma in pool. The path taken by the oi l was marked by 
small beads of oil along the ice. For a distance of about 7 m around 
the main lens, small droplets of oil could be detected on the ice . 
Well after completion of pumping, very small droplets, less t han 0.1 cm 
in diameter, were suspended in the water column. The average thickness 
of the lens was 0.60 ± 0. 10 cm. 

Plate 9 · 1 Typical pattern of oil discharge No. 1 after completion of pumping - April 8, 1975 

118 



The second discharge was conducted approximately 10 m up current from a 
small fi rst year pressure ridge. The ridge was quite irregul ar, and had 
a kee l depth of no more than one to t wo metres. Un li ke the first dis
charge, the surrou~d ing ice sheet wa s rough. A series of depressions 
or 'troughs', up to 0.5 m deep and 8 m wide, were detected running 
paral l el to the pressure ridge. The troughs were roughly 5 m from the 
ridge, and may have been a direct result of the f l ow pattern under the 
keel. Thi s roughness influenced both the movement and final disposition 
of the oil . 

As the oil was released, it flowed in the direction of the current and 
towards the pressure ridge (Figure 9-3). Withi n several metres of the 
discharge point, flow became unstable and long fingers or 'ri vulets' 
broke from the ma i n body of oil (P la te 6-2). The rivulets, which 
resembled elongated sess il e drops, were about 2 to 5 cm in width, and 
varied in length. The velocity of the rivulets was between 5 and 7 
cm s- 1 , or about one-half that of the current. Although flow in the 
rivulets appeared to be unstable, they tended to continuously follow 
the same course, suggesting that minor depressions in the ice sheet 
were influencing both the direction of flow and stability. Ice crystals 
which had been broken from the skel etal layer , were observed floatin9 
near the rivulets, which might indicate that the oil was cutting a path, 
but the diver coul d not detect any variation. Small flecks and streaks 
remained after passage of the oil, but in general the ice was clean. 

Upon reaching the trough, the oil flowed parallel to the pressure ridge, 
and gathered in a pool (Plate 9-2) . After completion of pumping the pool 
measured about 6 m by 3 m and the maximum depth of oil was 10 cm. Once 
the oil reached the pool, it stabil ized, and did no t appear to be affect
ed by the current. The edges of the pool had the characteristic sessile 
drop shape, and slowly creeped outward as the pool filled . A maximum 
oil depth of 11 .4 cm was measured at the west end of the collector arm, 
which extended from the pool (Figure 9- 3) . As the rivulets approached 
the arm there was a definite increase in velocity. Since the oi l in 
both t he pool and the arm did not appear to be influenced by the current, 
the change in velocity was likely due to gravita tional forces. Unlike 
drops coalescing , the rivulets immediately entered the main body of oil 
without hesitation (Plate 9-3). There was a progressive decrease in the 
s i ze of the rivulets between the discharge point and the arm . 

9.3 Subsequent Site Inspections 

On May 8 , the site was overflown and no trace of oil could be detected . 
On May 28, a patch of oiled snow, measuring approximately 8 m by 5 m, 
was clearly vis ible from the air near discharge No. 1. Oil was located 
under the snow, above the pool from the second discharge. Three cores 
were taken from the first discharge and two from the second. The cores 
very closely resembled those from t he spring discharges in Ba l aena Bay. 
The ice had grown to a depth approximately 12 cm below the lens, thereby 
incorporating the oi l in the ice. One core recovered just beyond the 
ma in pool from discharge No. 1 cont ained droplets similar to those 
observed during the test. There were no apparent variations resulting 
from the current. 
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During an inspection on May 30, three cores were taken across the second 
discharge area. One core hole penetrated an oil lens 10 cm thick. 
Subsequent analysis indicated an oil concentration in the ice above the 
lens of 3.3%. The decreasing lens thickness progressing back toward the 
ridge delineated the trough observed by the divers, and confirmed their 
estimates of lens thickness at the time of discharge. This also confirm
ed the fact that no substantial change in lens thickness occurred between 
the day of discharge and the formation of new ice below the oil . 

On June 8, at 0200, a burn was conducted at the offshore site. Essent
ially, all the oil appeared to have surfaced at that time, and the site 
condition before and after burning followed descriptions of the Balaena 
Bay test site . This was the last observation of the offshore site. 
The ice in that area broke up and moved away in late June. 

9.4 Conclusions 

The offshore study was hampered to some extent by the relatively small 
quantity of oil finally permitted, and the reduction in tests. It is 
impossible, with the limited data, to draw any firm conc lusions as to 
the influence of current. The oil performed in a similar fashion during 
static tests in Balaena Bay. For example, rivulets were generated when 
the oil was released beneath a dome in the ice, while a pool was created 
if the release was below a depression. However, there were some notable 
differences offshore: 

1. With both discharges, the 
oriented in the directi on 
random with static tests. 
elongated . 

direction of fingers tended to be 
of the current . The direction was 

As well, the fingers were far more 

2. In both cases, the mass of oil moved down cu rrent from the 
discharge point. The probability that the first discharge hit 
on the up-current side of a depression, and the second discharge 
on the down-current side of a dome is remote. 

3. Although there were gravitational forces present in the second 
offshore discharge, current did appear to have a definite 
influence on the movement of the oil at the offshore site. In 
static tests at Balaena Bay, even with an exit veloc ity 20 times 
greater, and with the oil striking a well defined dome on the 
undersurface, rivulet velocity was much less than that observed 
offshore in the presence of a current . 

4. The tests provided some indication of the importance of surface 
roughness and under-ice topography. The numerous clear patches 
in discharge No. l , are indicative of small irregularities on 
the ice (Plate 9-1). Since the average oil thickness was about 
l .75 cm, and the maximum stable thickness was about 0.8 cm, the 
clear areas had to be a minimum of about 1.0 cm thicker than 
the surrounding ice. This roughness would have a considerable 
influence on the boundary condition for both the oil and the 
current. The large area coverage of the oil would suggest that 
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the sheet was relatively smooth. It is more difficult to 
interpret the behavior of the oil and the current for the second 
discharge. The fact that the trough existed gives some indication 
of the influence of the pressure ridge keel on current flow. 
However, the oi l stabilized once it reached the main pool , suggest
ing that gravitational forces were dominant. 

5. The pressure ridge keel, although small, presented a m1n1mum 
barrier of about 75 cm over the entire length examined. Even 
in the presence of a considerably higher current, the trough 
and keel combined would hold back an enormous volume of oil. 

6. Once encapsulated in the ice, the oil performed in an identical 
fashion to that observed on static tests with much larger 
volumes. Other work indicated that this process of being included 
in the ice sheet with a fresh interface below .the oil took less 
than one week. 
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10.0 CLEAN-UP 

• 

The initial terms of reference specified that in situ burning was to be 
the prime recovery ·technique. However, in January 1975, the decision 
was made to extend the tests as long as poss ible , which necessitated a 
re-evaluation of the clean-up procedures. To obtain the desired level 
of recovery with in situ burning, it was considered essential that the 
clean- up be completed prior to break-up of the ice sheet. The longer 
the test period was extended, the greater the chance of the sheet failing. 
Consequently, provision was made for an open water clean-up. Although 
in s itu burning ultimately proved successful, most of mechanical tech
niques were tested, in anticipation of their possible use. 

10.l Mechanica l Equipment 

Following is a summary of the containment and recovery equipment which 
was stockpiled at the site, the proposed application, and the features 
or li mitations as determined from the test program. 

~) Oil Boom: 

Three hundred and fifty feet of 40 inch inshore-offshore oil boom was 
available to close off the mouth of the large bay (Figure 4-2). The 
boom would have been insta lled had oil been detected outside the test 
cove. Two hundred feet of 18 inch inshore boom was available for herding 
slicks. At no time was there sufficient water in the melt pools to permit 
the use of this boom. By late June the boom could have been installed 
in several of the l arger melt hol es, but by this time virtually all the 
oil had been recovered. 

b) Skimmers: 

With several minor exceptions, there was insuffi cient water or oil in the 
melt pools to utilize skimmers properly. The skimmers could have been 
used in melt holes, had there been a requirement. However, this would 
have been a very time consuming and costly procedure, due to the large 
number of isolated holes, and the problems associated with handling and 
separating the oil. 

c) Pumps: 

A light weight, el ectric, centrifugal pump with a modified intake was 
tested over a three month period. It proved effective in skimming oil 
lenses over approximately 5 cm. An oil in water emulsion was produced 
with thin films. The emulsions tended to be unstable, and normall y 
broke down in a matter of minutes. At subfreezing temperatures, ice 
build-up in the lines was a problem. With some relatively minor modif
ications this could be resolved. A two inch diameter centrifugal pump 
was routinely used to transfer both pure and recovered oil. At -40°C, 
it was possible to pump Swan Hills crude, which has a pour point of -4°C. 

d) Sorbents: 
Vegetable fibre, synthetic hydrocarbon polyner and plastic filament 
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sorbents in a variety of standard forms were tested. In all cases, they 
fel l far short of the stated performance. In general, the products did 
not have sufficient strength to permi t normal handling, once oiled . 
Delamination was a ·major problem, particularly with the vegetable fibre 
sorbent . Even using a special wri nger, which coul d be adjusted to each 
manufacturers specifications, it was impossible to get more than two or 
three applications out of the sheet or roll material. The rolls had to 
be cut into short lengths simply to draw them across the water to the 
wringer. Due to the difficulties in handling, it was not cost effective 
to wring the material . Limited use was made of the vegetable fibre and 
polymer sorbents in the pillow and boom form. The plastic filament was 
totall y ineffective with either of the crude oi l s. In general, sorbents 
would appear to have very limited appli cation in large spills, with the 
possible exception of "polishing ". 

e) Beehive Burner: 

A coni ca l shaped, light weight concrete, floating burner was supplied 
by Gulf Oil Canada Limited. The design was similar to a unit developed 
for burning sumps. Due to the limited depth of water in the mel t pools, 
it was impossible to properly test the device. However, it is doubtful 
if it would have a general application in large spill s, since its 
maximum rate of consumption is about 10 gallons per hour. 

Arrangements had been made to obtain a broad range of open water clean
up equipment from the Delta Environmental Protection Unit, if required. 
As well, various methods for on site incineration were investigated i n 
detail. Although technically feasibl e, the transport of the large 
compressors presented special probl ems. In general, open water clean-up 
techniques would have had very limited impact even in the relatively 
sheltered environment in Balaena Bay. Moreover, the cost of the clean
up would have been substantially higher. 

10.2 In Situ Burning 

On June 5, several melt holes broke through the ice in critical locations. 
The total area of oiled melt pools decreased from 45 percent to less 
than 30 percent of the area of the test site. Much of the oil was 
being swept down through the holes by the tidal flush, and being rein
corporated in the ice. Consequently, the decision was made to conduct 
the first burn June 7. 

The condition of the site iITJTiediately prior to the burn is shown in 
Plate 10-1. A detai led mapping was prepared from aerial photographs 
(Figure 6-12). Thirty-one percent of the surface wa s covered by oiled 
melt pools and 16 percent by oiled snow. The film thickness in the 
individual pool was measured. Approximately 22 m3 (4800 gallons) of oil 
was available for burning. This represented 41 percent of the total 
oil discharged, and about 50 percent of the oil remaining, when evap
orative losses were taken into account. The maximum film thickness 
observed was 15 cm. · 

Most of the major poo l s were interconnected. The bl ack 'Fabrene ' in the 
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retaining skirts had enhanced local melting , and the oil tended to 
spread around the edges. In several locations, the oi l and tidal flush 
had cut trenches over 30 cm deep between pools. The uncontaminated snow 
was very wet , and ~ffectively contained the oil. With the exception of 
one smal l crack, which extended to the north-west, all the oil was con
tained within the snow berm (Figure 6-12). In the preced i ng two weeks, 
several small gaps had developed in the berm, which were quickly repaired. 
In general, the snow berm was a very effective barrier. 

Although several small burning tests had been conducted, there was some 
concern that the removal of light ends by evaporation wou l d limit the 
effectiveness of burning. Consequently, six drums of gasoline were 
poured into the larger melt pools. This ultimately proved unnecessary. 
Even by mid July, the oil could be ignited simply by pouring a small 
quantity of gasoline or naptha on several squares of paper towel. On 
thin films, a piece of sorbent made a better burning platform. 

At the time of burn on June 7, the winds were bl owing at about 5 mph 
from the east. A deep pool in the centre of the NW4 skirt was ignited 
first. The flames rapidly spread to the NW3 and NW? test areas . Within 
a matter of minutes, the flames were reach ing over 15 m into the air. 
The thick black plume rose 500 m before spreading below a cloud layer 
(Plate 10-2). Secondary fires were started in the SH2, NW6 and SHl 
test areas. Within 20 minutes about 80 percent of the site was in 
flames. After about 30 minutes the fires tended to die down. When 
reignited, they would only support combustion for several minutes. Fed 
by natural drainage from other areas, pools in the NW4 and NW? test 
areas continued to burn for over 12 hours. Approximately 20 m3 (4400 
gallons) of oil was removed, for an effectiveness of about 90 percent. 

The heat produced by the first burn was sufficientl y intense to cause 
oil entrained in the surrounding snow to flow into the burning pools. 
Some of the pools were sl ightly enlarged, although the burn did not melt 
as much s now as was expected. In mos t areas, the snow remained between 
30 and 40 cm higher than the level of the pool s. The snow dyke remained 
intact. A distinct cracking sound could be heard during the burn, 
suggesting the water was boiling, and possibly the oil was atomizing. 
Substantia l combustion was occurring well above the pools. The melt 
pools which initially had very thick films were surprisingly clean, with 
only a thi n fi lm of oil and residue on the downwind sides (Plate 10-3). 
Globes and small pools of residue, varying in consistency from a grease 
to a heavy tar were deposited on the surrounding snow (Plate 10-4). 
Soli d films, similar to a thick polyethylene sheet were located in 
several pools. They had sufficient strength that they could be lifted 
off the water by one corner . The burn was not as comp 1 ete in the sma 11 
isolated pools, which had thin films. The remaining oil was quite heavy 
but still fluid, and of an average thickness of about 0.5 cm. A number 
of samples of residues, of various consistenci es were analyzed (Tables 
B3 and B4). In all cases the specific gravity was less than one. 

No evidence of fallout could be located within several miles of the site. 
This was primarily due to the atmospheric conditions at the time. In 
mid April, a test burn was conducted with 0.2 m3 of oil. The wind was 
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Plate 1 0 - 1 Aerial view of test site and camp on June 7 prior to the first burning operation. 

,,, - .. 

Plate 10 · 2 Smoke plume from the burn on June 7 rising to a cloud base at 500m. 

127 



... , __ .... 

--

Plate 10 - 3 Oil residue on ice and snow fo llowing the first burning operation on June 7. 

Plate 10 - 4 Example of tarry residue remaining in isolated patches, June 7. 
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blowing at between 25 and 35 mph , and the plume spread out along the i ce . 
The snow was noticeably discoloured. Within one week all the snow had 
melted as a result of the dusti ng. 

Oil continued to flow from the brine channel s and surrounding snow . A 
well defined drainage pattern naturally developed, and most of the oil 
gathered in pools in the NW4 and NW7 test areas. A second burn was 
conducted on June 8. Although almost equall y violent, it was of much 
shorter durati on. No more t han 4 m3 (900 gallons) of oil was removed . 
It was impossible to ignite some of the smal l er pools. 

A third burn was undertaken on June 13. By this time the flow of oil 
from the brine channels had slowed considerably. Approximately 5 m3 

(11 00 gallons) of oil was available for burning, of whi ch no more than 
50 percent was removed . The f lame did not spread , and it was necessary 
to ignite each pool . Most of the water had drained from the ice, and 
the res idue was depos ited on the si des and bottoms of the melt pools 
(P lates 10-5 and 10-6). The resi due tended to be very vi scous and would 
not readil y support combustion. 

On June 16 , i t was estimated that between 2 and 6 m3 of oil and residue 
remained on the ice. The flow of oil from the ice had almost complete ly 
stopped, as the melt had reached the initial level of the lenses in most 
areas. A number of sma ll burns were conducted on June 17. The remaining 
clean-up effort was devoted to the manual removal of residue with shovels 
and sorbents . 

Typica l surface conditions are shown in Pl ate 10-7. The tarry res idue 
was hosed, scraped and shove ll ed into oil drums or pits cut into the ice, 
where it was burned with gasoli ne . Sorbents were used to herd sma ll 
pieces of float ing res idue to the sides of pools, and to recover very 
thin films and sheens. The operation was extremely labour intensive. 
A two man crew could recover only one 45 gallon drum (0.2 m3

) of residue 
in a ten hour day. By June 25, the large number of open areas and t hi n 
spots made working on the ice very hazardous. By June 27 , all the 
accessible residue had been removed, and activities on the ice were 
terminated. 

The entire test area was free of i ce by June 30. The tidal crack was 
very pronounced, but the sheet was essentially intact. The average i ce 
thickness was between 20 and 30 cm . Very little oi l was evident on the 
water. On July 7, the i ce was broken by a 15 to 20 mph wind from the 
west, and driven on shore close to the camp . Most of the ice grounded, 
and loose residue was swept up on t he beach. As the ice rotted in t he 
shallow water, the remaining oil and residue were swept on shore. 

Although the contami na tion was concentrated in a small i nl et just to the 
south of the camp, traces of oil could be detected along 900 m of shore
line (Figure 11 -1 ). The residue tended to form in tarry clumps or bal l s 
on the beach (Pl ate 10-9) . The clumps , which varied in size from about 
2 to 15 cm, were sufficientl y firm that they could be picked up with a 
shovel. Approximately 0.6 m3 (130 gallons) of residue was recovered in 
this manner . Upon completion of the clean-up, the only evidence of oil 
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Plate 10 - 5 Patch of oiled snow following the third burn on June 13/75. 

Plate 10 - 6 General view of surface conditions following the th ird burn. Note the dried melt pools. 
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Plate 1 Q . 7 Ice surface conditions on June 20, about halfway through manual residue clean-up operations. 

Plate 10 - 8 Close up of beach showing patches of heavily weathered residue before clean-up. 
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Plate 10 - 9 View from the time lapse camera position showing the test area as open water on July 7. 
L9w hills in background are on the South shore of Baleana Bay (}5 KM away. 

Plate10·10 Visual appearance of test cove and beach on August 26, 1975. 
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was a thin film on the shingles in the tidal zone. This was estimated 
to represent no more than about 1 .0 m3 or 1.8 percent of the total oil 
discharged. When inspected on August 28, 1975, there was very little 
evidence of oil along the beach. 

10.3 Effectiveness 

In situ burning proved to be extremely effective with both Norman Wells 
and Swan Hills crudes. Oil exposed on the surface for up to six weeks 
coul d be ignited as long as the film thickness was over approximately 
0.5 cm. All but the heavily burned res idues could be ignited with the 
addition of fresh oil, from the ice . In an attempt to determine the 
natura l drainage patterns, the snow cover was not altered. However, a 
number of strategical ly placed trenches would have substantially reduced 
the area of surface contamination. The efficiency of burns would have 
been higher, due to t he thicker oil fi l ms and the residue woul d have been 
more concentrated. 

A precise mass balance was impossible, due to the difficulties in 
accurately determining rates of evaporation for the weathered and burned 
components. The prevailing wind speed, temperature and pool size were 
applied to a correlation developed by Matsuga and MacKay (1975) to 
estimate the total evaporation to June 7. As well, wind set-up and edge 
effects made the accurate measurement of film thicknesses extremely 
difficul t. In both cases the probabl e error was in the range of 10 t o 
20 percent. 

Following is a summary of the dominant terms in the balance: 

Evaporation to June l 10 m3 

Burn No. 1 ' June 7 20 m3 

Burn No. 2' June 8 4 m3 

Burn No. 3, June 13 2 m3 

Burn No. 4, June 17 1 m3 

Residue removed from ice 5 m3 

Residue removed from shore 0.6 m3 

Oil on beach 1 m3 

TOTAL 43.6 m3 

A total of 54 m3 (11,900 gallons) of oil was discharged, leaving 10.4 m3 
(2300 gallons) unaccounted for. Since all samples of residue had a 
specific gravity of less than one, and t here was no evidence of si nking, 
it is doubtful if much oil was lost to the water. The apparent discrep
ancy likely resu l ted from the fai l ure to include evaporation between 
June 7 and July 7, and the difficulties in accurately estimating weather
ing and film thicknesses. The fact that less than three percent of the 
oil reached the beach, and oil sl icks were not detected in the bay, would 
indicate that the bulk of the oil either evaporated or was burned. 
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In conclusion, in situ burning was both effective and efficient. With 
i deal surface conditions and the proper timi ng over 80 percent of the 
oi l could be burned with re l at i vely little effort. However, the removal 
and disposal of the residue is very time consuming and labour intensive. 
It should be noted that the work was undertaken in a smal l sheltered 
cove, primari ly because the sheet rotted in place . Under more typical 
offshore conditions, the sheet would have failed several weeks earlier, 
greatly reducing the effect i veness of the cl ean-up. 
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11.0 ENVIRONMENTAL IMPACT OF TESTS 

A biological study of the test site was conducted over the period 
August 1974 to August 1975. Sampling and analytical procedures have 
been outl ined in Section 5.4.4. 

Detailed species lists, and anal ysis results are provided in Appendix 
27E. 

11.1 General Descript ion of Test Cove 

Most of the land surrounding the East arm of Balaena Bay, where the oil 
spi ll sites are located, is relatively low with rounded hills and 
occasional steep cliffs near the shores. The ground consists mainly of 
elastic till with frequent boulders scattered due to the movement of 
glaciers. The underlying rock is limestone. 

The shoreline of the bay in the vicinity of the spill sites consists of 
shingle beaches (55%), steep, low cl iffs (20%), and narrow strips of salt 
marshes (25%) at the bottom of secondary bays (F i g. 11-1). Rocks and 
shingles cover the immediate subtidal area down to 2 to 4m, except in the 
smaller bays where muddy bottoms predominate with only scattered shingle 
and boulders. At depths greater than 3 to 4m, the bottom becomes smooth 
and muddy with randomly distributed rocks. The tidal action in the bay 
is relatively small , and results in rapid currents onl y at the narrow 
mouth of the bay (Station 1, Inset 1, Fig. 11-1). Even greater currents 
occur in the narrow, very shallow passage connecting the head of the bay 
with a further inland extension (Station 4, Inset 1, Fig. 11-1). The 
measured differences between high and low tides in September 1974 and 
July 1975 ranged from 30 to 42cm. The East arm of Balaena Bay is 
relatively shallow; most of the depths soundings made were 6 to 8m, and 
the greatest depth obtained was only about 16m. 

11.2 Biological Components of the Bay and Surrounding Terrestrial 
Environment 

Although the opportunities to observe the birds and mammals in the 
Balaena Bay area were rather limited, a considerable number of species 
were recorded (Tables El and E2). Eider ducks, loons and sea gulls were 
particularly coIT1Tion among the sea birds, and ringed seals were frequently 
observed in the bay. The terrestrial plant species (Table E3) are those 
of a typical high tundra ecosystem with very few low-growing shrubs 
(Salix spp) and sparse plant cover. Lichens represent a high proportion 
of the total plant community . 

Salt marshes, although not very extensive in depth, constitute a signif
icant portion (approx . 25%) of the shoreline in the vicinity of the oil 
spill area. The vertical zonation and species composition of the salt 
ma rsh regions studied are presented in Figure E-1. The dominant plant 
species was the grass Pucci nellia phryganodes . A surprising find was 
the moss Br yum ~arrat tii which exhibited a very definite zonation in the 
salt marsh where it was covered by seawater during most normal high tides. 
Only one moss species, Bryum nitidulum, has previousl y been observed at 
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Figure 11-1 BIOLOGICAL SAMPLING SITES-BALAENA BAY 
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this level in a salt marsh (Walton, 1922). Since colonies of nitrogen
fixing blue-green algae were abundant along the seaward edges of the 
salt marshes at Balaena Bay, these communities probably play an important 
role in introducing reduced nitrogen into the general ecosystem. 

Most of the shore in the vicinity of the oil spill sites consists of 
shingle beaches, and to a lesser extent of low limestone cliffs. Partl y 
because of the crumbly consistency of the rocky shores, and the ice
scouring activities in this M:!gion, practically no macro-al gae were 
found growing on this substratum. However, numerous rapidly growing 
microalgae and fiamentous brown and green seaweeds were found on shingles 
extending from high tide to about the 2m depth (Table E4 ) . The mariti me 
lichen Caloplacca elegans , and the black marine lichen Verrucaria maura 
were found in the splash zone. The only large seaweeds found along the
shingle shores were algae torn loose from the sublittoral zone by wave 
action (mainly Fucus distichus and Chaetomorpha spp. with associated 
pennate diatoms). Fucus distichus was the dominant seaweed below the 
ice-scouring zone, and the macro-algae in this area were generally 
covered with heavy layers of pennate diatoms, which due to their hi gh 
growth capacity probably account for a considerable portion of the total 
primary productivity in the area. The relatively high li ght transparency 
(attenuation coefficient, k=0.16, corresponding to a depth of 29m 
[euphotic zone] for the 1% surface light level) would allow rapid net 
photosynthesis to take place by plants in the benthic environment, which 
seldom extended beyond a depth of 8m. 

On the bottom of the narrow inlet of the bay (Station 1, Inset 1, Figure 
11-1), where there are rapid tidal currents and abundant rocky substrat
um with almost no silt cover, large kelps, Lcuninaria spp., as well as 
dense beds of Fucus , were observed . 

Lists of phytoplankton and zooplankton species are presented in Tables 
E5 and E6 . The zooplankton species are typical for arctic surface waters 
as observed by Grainger (1965). The presence of low-salinity surface 
water due to melting of ice (Table E7) was probably the mai n reason for 
the presence of numerous brackish-water rotifers and euryhaline algae 
such as Dinobryon sp. and green flagellates (mainly Pyrcunimonas spp. ) 
(Bursa, 1961 a,b, 1963). When Balaena Bay was first studied by us in 
August 1974, the surface temperature at the entrance of the bay (Station 
l, Inset l, Fig. 11-1, and Table E6) was +0.1°C and the phytoplankton 
appeared to be at its peak of development (5.2 x 10 5 cells per litre) . 
The dominant phytoplankton species were the diatoms Thalassiosira 
nordenskioldii and Nitzschia seriata, and the chrysophyte Dinobryon sp. 
A large number of young stages of copepods and rotifers were abundant. 
The station near the oil spill site (Station 3, Inset 1, Fi g. 11-1 and 
Table E6 ) surface temperature 5. 5°C was found in a much more advanced 
stage of development of the typical single-peak phytoplankton production 
of arctic marine environments. The population was already reduced due 
to grazing, and many species appeared chlorotic presumably due to 
nutrient deficiencies . The zooplankton population was well developed, 
and consisted largely of adult copepods, advanced copepodite stages 
and rotifers . 
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Among benthic invertebrates in the spill area, polychaetes were most 
numerous, particularly Pectinar ia spp. (Tabl e EB) . The bivalve Mytilus 
edulis was very abundant in the benthic envi ronment below 3m where it 
was attached to Fudus or to rocks. The bival ves Mya arenaria, Cypr ina 
islandica and a Macoma sp. were abundant in muddy and silty environments. 
Small invertebrates such as tartigrades, protozoans and nematodes were 
frequently observed in mud samples, or among algae covering rocks and 
shingles. No l arge invertebrates were observed i n the upper 2m shing l e 
zone, probably due to the abrasive action of waves and ice on this 
unstable substratum. Sea urchins (Strongylocentrodes drobachiensis) 
and large sea anemones (unidentified) were observed at high densities in 
the benthic environment immediately below the dense Fucus zone, and more 
scattered populations extended to greater depths. 

Little information is available about fish populati ons in the bay. Only 
the four-horned sculpin Myzocephalus quadriconris was observed frequent
ly by divers in the oil spil l area . However, the frequent presence of 
ringed sea l s indicated the presence of signi f i cant numbers of fish in 
Balaena Bay. 

11 .3 Results from Quantitative Biological Studies in Control 
and Oil Spill Areas to Test Potential Damage of the Oil 
Spi l ls to Marine Organisms 

No significant differences were observed between the abundance of zoo
plankton (Table E9) or phytoplankton (Table ElO) components from control 
and oil spill sites. Measurements of primary productivity at these 
locations also revealed no s i gnificant differences (Table El l), as was 
expected following the disappearance of the ice cover and removal of 
most of the weathered oil by burning. The primary productivity val ues, 
estimated to be about l .5 g. °C m- 2 day- 1 , compare favourably with the 
maximum values of about 0.4 g. °C m- 2 day- 1 obtained by Welch and Kalff 
(1975) for Frobisher Bay, ind i cating that t his is a relatively product
ive marine environment during at least part of the ice-free season. 

Phytoplankton samples were taken from different water depths under control 
and oil sites on June 4, when the phytoplankton population was still 
quite low and consisted mainly of naked dinoflagellates, cryptomonads 
and pennate diatoms, showed significant reductions in cell numbers 
presumably due to the presence of crude oil (Table El2). Similar 
samplings made during the productive season in July, 1975 in open water 
showed no significant differences between oil ed and control sites 
(Tabl e El3) as was expected. 

Although the weathered crude oil from the 1974-75 under-ice spills was 
quite effectively cleaned up by burning and other measures , certain 
portions of the nearby shore environment were unavoidably polluted to 
different extents for several weeks. Tests of photosynthetic capacities 
of salt marsh plants and algae from rocky and muddy shore areas were 
carried out in locations of different degrees of oil pollution as 
compared with control areas (Table El4). The degree of beach contam
ination present from July to August varied from scattered clumps of 
heavily weathered residue to a very thin film in the tidal zone, serving 

138 



to coat the shore area (Plates 10-8 , 10-9). The clumps were all 
subsequently buried, and the thin film had completely disappeared by the 
last site visit made August 26, 1975 (Plate 11-1) . 

As expected in areas contaminated with heavy residues (less than 0.5% of 
the shoreline affected) photosynthetic capacity was reduced by almost 
90%. Chlorophyll contents were much less affected. Some short term 
effects may be observed in rapid erosion of the limestone shi ngles and 
in the salt marsh areas. However, in view of the nature of plants 
colonizing the affected areas, (mainly annuals growing from spores), 
recovery will probably be quite rapid. 

Controlled spills of 40 to 50 1 with fresh and weathered Norman Hel l s 
crude oil were made on uncontaminated salt marsh areas as indicated in 
Fig. 11-1 (Inset 2). Percent cover of the major species in these 
sites are given in Table E2. Observations of the spill sites 6 weeks 
later show that the vegetation was extensively kil led by both fresh and 
weathered crude oil, except for the crucifer Cochleari a offi cinalis 
(scurvey weed) which appears to be surpri singly resistant to the very 
high level of crude oil applied (20 litres m 2 ). Only marsh plants 
above the water line at the time of oiling were affected by the spill. 

Toxicity experiments with fresh and weathered crude oil (collected from 
the under-ice oil spil l s before removal of the oil by burning) were 
carried out with fresh ly collected phyto and zooplankton populations 
f rom Balaena Bay (Tables E16 and El?). For the experiments, gl ass 
cylinders were used to contain the plankton samples . The cylinders each 
contained 1 .5 1 of seawater with plankton . Total hei ght of the water 
column wa s 25cm. Sufficient oil was added to the water surface to form 
a 2 cm thick layer, and the cyl inders were closed tiqhtl y with rubber 
stoppers t o prevent the escape of volatile components. The cylinders 
includin9 controls were kept at ambient temperatures (1 to 8°C) in a 
tent at Balaena Bay . 

Zooplankton populations were obtained by net tows, and the animals 
added to each cylinder as described in the heading for Table E16. The 
comb jelly Pleurobrachia pileus was extremely resistant to the presence 
of both fresh and weathered crude oi l, while young stages of the jelly 
fish Cyanea capillata were quite sensitive. Copepods were not immediat
ely affected, but with time stayed away from the water column near the 
oil surface, probably in response to the diffusion of toxic water 
soluble components into the water column. After 36 h, large numbers 
of copepods were killed, and the approximate 25% remaining live copepods 
stayed close to the bottom. In the control column, approximately 70% 
remained alive after 36 h, and most of the copepods were distributed 
throughout the water col umn. 

After 36 h, the oil at the surface was removed completely, and the zoo
plankton removed from the seawater by straining through a No. 20 nylon 
net. Freshly collected zooplankton was then added to the seawater in 
the cylinders that had origina ll y contained fresh, weathered or no 
crude oil. The seawater of both the crude and weathered crude oil 
cylinders was extremely toxic to the young jellyfish stages of Cyanea 
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capillata . They ceased to move within 30 seconds of being transferred 
to the filtered media, and the tentacles contracted after 2-3 minutes. 
The medusae stopped swimming after about 5 mi nutes, while the comb 
jel l ies appeared almost unaffected during t he next 24 h. The amphipods 
also appeared nearl y normal for this period of time in the weathered 
crude oil cylinders, but slowed down considerably in the fresh crude oil 
cylinder soon after the transfer, and were dead after about 24 h. The 
copepods stayed in the lower half of both t he fresh crude and weathered 
crude cylinders, while a fairly even distribution throughout the water 
column was observed in the control cylinder. After 24 h of transfer 
of copepods to the oiled seawater columns, about 80% were dead in the 
fresh crude oil and 60% in the weathered crude oil cylinders . All of the 
l ive copepods in these cylinde rs were found in the bottom 5-10 cm at 
this time . It is obvious that toxic components from the ori ginal crude 
and weathered crude oils added to the surface had diffused into the 
seawater during the initial 36 h period of the experiment. 

In the phytoplankton toxicity experiments, 1.5 litres of surface water 
containing Balaena Bay plankton in normal concentrations were used in 
the same experimental containers as for the zooplankton experiments. 
Twenty-four hours after adding the crude oi l (2 cm layer) and weathered 
crude oil to the cylinders, the oil was removed and 50 ml samples taken 
from control, crude and weathered crude oil cylinders for photosynthesis 
experiments. The samples were suspended at l m depth in the bay for 6 h 
with NaH 1-co , and rates of photosynthesis determined in the same way 
as for primafy productivity determinations. Table El7 shows an almost 
complete depression of photosynthesis by fresh crude oil, while 
weathered crude oil depressed photosynthes i s by over 80%. Since no 
crude oil was present during the photosynthesis experiment, toxic water 
soluble components of crude and weathered crude oil which had penetrated 
into the water column during the preced ing 24 h period must have been 
responsible for the inhibition of photosynthesis. It should be noted 
that this was an extreme case of toxic effects of the crude oi l , since 
the water col umn was only 25 cm deep and there was no movement of water 
under the oil layer as would be the case in an open ocean system. 

11 .4 Results from Laboratory Oil Toxicity Experiments 
on Cold Water Phytoplankton 

Two types of crude oil, Norman Wells and Atkinson Point, were used in 
these experiments. The growth of a phytopl ankton culture obtained from 
Balaena Bay in mid December, 1974 (mainly pennate diatoms) was compara
tively unaffected by 30% aqueous crude oil extracts of the two crude oil s 
(Table E18) . Thalassiosira nordenskioldii , an important component of 
the summer phytoplankton bloom in Balaena Bay (Table E6) was inhibited 
considerably by both crude oils at the 30% and 100% levels. On the 
who l e , Norman Wel ls crude oi l was more inhibitory to growth of the 
algae tested than Atkinson Point crude oil. 

Rates of photosynthesis in short term experiments were re l atively less 
affected, than growth rates by the presence of aqueous components of the 
two crude oils (Table El9 ) . Inhibitions by 100% extracts of the two oils 
for the different species and cultures ranged from 19 to 91 %, while the 
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30% levels caused a maximum inhibition of only 52%. 

11.5 Conclusions 

Balaena Bay is relatively rich in both plant and animal life, excepting 
the almost barren ice scoured zone al ong the upper 2 m of the benthic 
zone along the shores. Primary productivity rates during the summer 
plankton bl oom are also quite high, and the relatively abundant sea birds 
and seals in this area reflect the productivity of the bay. The rocky 
shores are very unproductive due to the combination of ice scouring and 
the easi ly eroded limestone rocks and cliffs. The relatively small salt 
marshes found in this area form an exception being densely covered with 
higher plants and algae~ including nitrogen-fixing blue greens. The 
terrestrial flora is relatively impoverished as is typical for most 
high arctic regions. 

Laboratory and field toxicity experiments demonstrated the damaging 
effects of fresh crude oil on physiological and behavioral activities 
of phytoplankton and zooplankton from Balaena Bay. Weathered crude oil 
was also toxic, probably due to small losses of low molecular weight 
toxic components while the oil was trapped in or under the ice at low 
temperatures. However, in most cases little practical effect was noted 
on phytop l ankton, and no effect on zooplankton and benthic organisms due 
to the winter oil spills. To a large extent, this must be due to the 
very effective cl ean up of the weathered crude oil before ice break-up. 
Only in very limited areas, where concentrated amounts of crude oi l were 
observed to coat the vegetation on intertidal shingl es or salt marshes, 
were considerable decreases in chlorophyll contents and photosynthetic 
capacities observed. The rocky shores are normally populated with 
rapidly growing small or microscopic algae, which often overwinter as 
resistant spores. Thus, it may be expected that even a heavy contamin
ation by crude oil in these areas woul d eventually be followed by at 
least partial recovery after a few years in response to general 
weathering and microbial degradation of the oil. Also, removal of 
weathered oil by erosion. Sa l t marshes i n this area woul d likely be 
more permanently damaged, but only l ong term studi es can prove or dis
prove these predictions. 

By July 25, when all shoreline clean-up was complete the only visual 
evidence remaining of t he tests was a very thin sheen of oil deposited 
in the tidal zone. The total quantity of oil represented by this thin 
film was no more than 10 barrels. A further site vi si t was made on 
August 26, 1975. By thi s time, there was no evidence of an oil sheen 
or emul sified oil anywhere on the shoreline in the vicinity of the tests .. 
Plate 11-1, shows the vi sual appearance of the test cove and beach 
on August 26, 1975. 
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12. 0 CON CL US IONS 

Following is a surrrnary of the principal conc l usions. The findings have 
been subdivided by ·topic. Where appropriate, re l evant sections of the 
report have been indicated in brackets . 

1. The Plume 

When crude oil is released in the water col umn, it rises towards the 
surface in conical shaped pl umes. Flow tends to be unstable and the oil 
breaks into parti cles of about 1 cm in diameter or less, wi thin a short 
distance of the orifice. Work by Topham (1975) indicates that much 
smaller particles would· result from a combined oil and gas released. 
Small particles remain suspended in the water column and could be 
transported considerable distances by currents. Dissolution was insig
nificant with the two crudes used in the tests (6.1 ) . 

2. ~rea of Contamination 

On striking the underside of the ice sheet, the oil radiates outward 
progressively fi l ling depressions in the underside of the sheet. Since 
most crudes naturally form sessile drops at an ice-water interface, the 
minimum film thickness is about 0. 8 cm. Spherical drops of a lesser 
diameter can exist, but these normally only occur near the periphery of 
the contaminated area, where t he probability of collision with other 
drops is small. The maximum film thickness i s controlled by the depth 
of depressions or variations in ice thickness, which are typicall y about 
15 to 20 per cent of the mean thickness , once the sheet exceeds 50 cm 
in thickness (6.1). Assuming sinusoidal rel ief, the average depth of 
oil for a large discharge would be in the range of 7 to 10 percent of 
the mean i ce thickness. The addition of gas would substantially enlarge 
t he area of contamination. The gas, being li ghter, will preferentially 
di splace the oil, causin0 it to flow towards the periphery. For solid 
ice cover, the total volume of oil and gas shoul d be used in determini ng 
the areal extent of con t amination. In mos t cases l eads, cracks and 
ridges are l ikely to limit spreading. It i s doubtful if advection 
currents of the magnitude normally encountered i n the Beaufort Sea, wil l 
have a significant effect on t he movement of oil under the ice sheet 
( 9 . 2) . 

3. Incorporation 

Due to the added thermal resistance of the oil, a lip of ice forms around 
each lens or pool within a matter of hours of the oil comi ng in contact 
with the sheet (6.2). The l ip effectively prevents further horizontal 
movement. The time required for a new sheet of ice to form beneath the 
oi l is primari ly a function of the thickness of the oil and the thermal 
gradient . During the late fall, when the gradient is steep and the 
lenses relatively thin, new ice was detected within about five days. 
This period increased to approximately seven days for a typical lens 
during the depth of winter, and over ten days in the spring. Once en 
trapped, the oil is stabilized. Weathering and degradation are min imal 
( 8. 1 ) . 
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4. Migration 

Throughout the winter the oil only penetrates between 5 and 10 cm into 
the loose skeletal ·layer on the bottom of the sheet. As the sheet begins 
to warm in the spring, activity intensifies i n the brine channels and 
the oi l begins to migrate upwards . Initi al ly the movement is slow; 
typica ll y in the range of 15 to 20 cm during the months of February and 
March. The rate of migration increases with the l evel of solar radiation 
and the ambient air temperature. Oil released in l ate April under 150 
cm of ice was detected on the surface within one hour. However, all the 
oi l i s not released until the melt actual ly reaches the level of the 
lens (6 .3) . The maximum concentration of oil in the ice, even late in 
the season, i s about 5 percent by volume. 

5. Effect of Oil on Ice Growth 

Although the thermal conductivity of most crude oi l s is about one fif
teenth that of natura l sea ice, the insulating effect is partially off-
set by free convection, once the lens is encapsulated. Convective heat 
transfer increases as the thickness of the oil increases, and under certain 
conditions a lens can actually enhance rather than retard ice growth (7.2). 
In genera l , the effect of the oil tends to be relatively insignificant 
in compari son to natural variations. The thermal resistance of the average 
oil l ens at Balaena Bay was equivalent to between 5 and 8 cm of ice, or 
less than 20 percent of the natural variation in i ce thickness late in 
the season. 

6. Effect of Oil on Ice Depletion 

On reaching the surface of the ice, the oil saturates the snow cover, and 
substantially reduces the al bedo. This causes an increase in the level 
of absorbed solar rad i ation, which acce l erates the process. Oiled melt 
pool s quickl y develop. The albedo of an oil film on water is about one 
quarter that of oil ed snow, and consequently the melt i s further accel 
erated. Oil is splas hed on the surrounding snow by wind and wave action, 
and pool s gradually en l arge until interconnected. New oi l is continually 
being released until the melt reaches the initial level of the oil lens 
(6.4). Once t he melt holes develop and surface drainage patterns are 
established, the sheet rapidl y deteriorates. Depending on the nature 
and location of the sheet, oiled areas are likely to be free of ice 
between one and three weeks in advance of t he gross failure of the sheet. 

7. Clean-Up 

In situ burning is both the most effi cient and effective method of removing 
oil from solid ice cover. Even after exposure on the surface for up to 
six weeks, both Norman Well s and Swan Hill s crude could be ignited by 
spri nkling gaso line or naptha on a piece of paper towel floating on the 
surface. A minimum thickness of approximately 0.5 cm was required to 
sustain combustion. With a high wind, the oil would be herded to one 
side of the pools, and much thinner f il ms could be burned . The effect
iveness of burning i s primarily dependent on the condition and thickness 
of the oil on the pools (10.2). On the first burn at Balaena Bay, 
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approximately 90 percent of the oil in the melt pools was removed. This 
decreased to 50 percent on the fourth burn, while the average was about 
80 percent. The removal of the residue is both time consuming and labour 
intensive. On the average, only 0.07 m3 (15 gallons) of residue was 
recovered per man-day. 

Caution should be exercised in extending these findings to offshore areas . 
Balaena Bay was selected for the tests because it was sheltered and the 
ice rotted in place. As a result, the maximum time was available for 
clean - up operations. A single crack connecting the test area with the 
tidal crack system would have greatly reduced the effectiveness of the 
clean-up, and caused a much larger section of shoreline to be contaminated. 
As well, the oil was injected inside containment skirts, and the precise 
position of each pool was known in advance. The film thickness was 
measured daily, and samples recovered to determine the timing of burns. 
Care was taken to prevent fallout on the surrounding ice; which would 
have accelerated the melt. Since offshore conditions vary greatly, it is 
di fficult to project the likely effectiveness of in situ burning in 
combating a major spill. However, even with reasonable car~ and unlimit
ed resources, it is doubtful if more than 70 percent of the oil could 
be burned in fast or stationary ice, and possibly 30 to 40 percent in 
the moving pack. 

8. Impact 

Even while the oil was being discharged, only trace quantities of diss 
olved hydrocarbons could be detected in the water column. In the pres
ence of strong currents, the small particles of oil, which remain sus
pended in the water, could be swept out of the area and have far reaching 
effects. This was not detected in Balaena Bay, but the discharges were 
relatively shallow and the currents feeble. Once the oil is incorporated 
in the ice, there is little opportunity for direct contact. Although 
the tests had no significant effect on primary productivi ty, th is mi ght 
have been due in part to the small area of contamination. Even in the 
centre of the test area, less than 35 percent of the ice was oiled. 
The greatest impact was observed along the shoreline. The photosynthetic 
capacity was reduced by almost 90 percent in several heavily oiled 
a re as ( ll . 3 ) . 

There were no observations of wildlife coming in contact with the oil in 
Balaena Bay. The high level of activity likely served as a deterrent. 
Only two oiled ducks were observed at the offshore site, but the location 
was sel ected because it was beyond the normal feeding grounds. It was 
impossible to determine if waterfowl can differentiate between oiled and 
clean melt pools. If they cannot, the kill from a major spill could be 
very large, since the melt pools develop several weeks earlier in the 
oiled areas. The locations for the tests and the experimental techniques 
were selected to minimize impact. Consequently, the findings cannot be 
directly extended to most offshore areas. 
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4. Migration 

Throughout the winter the oil only penetrates between 5 and 10 cm into 
the loose skeletal ·layer on the bottom of the sheet. As the sheet begins 
to warm in the spring, activity intensifies in the brine channels and 
the oil begins to migrate upwards. Initially the movement is slow; 
typically in the range of 15 to 20 cm during the months of February and 
March . The rate of migration increases with the level of solar radiation 
and the ambient air temperature. Oi l released in late April under 150 
cm of ice was detected on the surface within one hour. However, all the 
oil is not released unt i l the melt actua ll y reaches the level of the 
lens (6.3) . The maximum concentration of oil in the ice, even late in 
the season, is about 5 percent by volume. 

5. Effect of Oil on Ice Growth 

Although the thermal conductivity of most crude oi ls is about one fif
teenth that of natura l sea ice, the insulating effect is partial ly off-
set by free convection, once the lens i s encapsulated. Convective heat 
transfer increases as the thickness of the oil increases, and under certain 
conditions a lens can actually enhance rather than retard ice growth (7 . 2) . 
In genera l , the effect of the oil tends to be relativel y insignificant 
in comparison to natural variations. The thermal resistance of the average 
oil lens at Balaena Bay was equivalent to between 5 and 8 cm of ice, or 
less than 20 percent of the natural variation in ice thickness late in 
the season . 

6. Effect of Oil on Ice Depletion 

On reaching the surface of the ice, t he oil saturates the snow cover, and 
substantially reduces the albedo. This causes an increase in the level 
of absorbed solar radiation, which accelerates the process. Oiled melt 
pools quickly develop. The albedo of an oil film on water is about one 
quarter that of oil ed snow, and consequently the melt i s further accel
erated. Oil is splas hed on the surro undin9 snow by wind and wave action, 
and pools gradual ly enlarge unti l interconnected. New oil is continuall y 
be i ng released until the melt reaches the i ni tial level of the oil lens 
(6.4) . Once the me lt hol es develop and surface drainage patterns are 
established, the sheet rapidly deteriorates . Depending on the nature 
and locati on of the sheet, oi l ed areas are likely to be free of ice 
between one and three weeks in advance of the gross failure of the sheet. 

7. Clean-Up 

In situ burning is both the most efficient and effective method of removing 
oil from soli d ice cover. Even after exposure on the surface for up to 
six weeks, both Norman Wells and Swan Hills crude cou ld be ignited by 
sprinkling gasoline or naptha on a piece of paper towel floati~g on the 
surface. A minimum t hickness of approximately 0.5 cm was required to 
sustain combustion. With a high wind, the oil would be herded to one 
side of the pools, and much thinner films could be burned . The effect
iveness of burning is primarily dependent on the condition and thickness 
of the oil on the pool s (10.2). On the first burn at Balaena Bay, 
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approximately 90 percent of the oil in the melt pools was removed. This 
decreased to 50 percent on the fourth burn, while the average was about 
80 percent. The removal of the residue is both time consuming and labour 
intensive. On the average, only 0.07 m3 (15 gallons) of residue was 
recovered per man-day. 

Caution should be exercised in extending these findings to offshore areas. 
Balaena Bay was selected for the tests because it was sheltered and the 
ice rotted in place. As a result, the maximum time was available for 
clean-up operations. A single crack connecting the test area with the 
tidal crack system would have greatly reduced the effectiveness of the 
clean-up, and caused a much larger section of shoreline to be contaminated. 
As well, the oil was injected insi de containment skirts, and the precise 
position of each pool was known in advance. The film thickness was 
meas ured daily, and samples recovered to determine the t iming of burns. 
Care was taken to prevent fallout on the surrounding ice; which would 
have accelerated the melt. Since offshore conditions vary greatly, it is 
difficult to project the likely effectiveness of in situ burning in 
combating a major spill. However, even with reasonable care and unlimit
ed resources, it is doubtful if more than 70 percent of the oi 1 could 
be burned in fast or stationary ice, and possibly 30 to 40 percent in 
the moving pack. 

8 . Impact 

Even while the oil was being discharged, only trace quantities of diss
olved hydrocarbons could be detected in the water column. In the pres
ence of strong currents, the small particles of oi l, which remain sus
pended in the water, could be swept out of the area and have far reaching 
effects. This was not detected in Balaena Bay, but the discharges were 
relatively sha llow and the currents feeble . Once the oil i s incorporated 
in the ice, there i s little opportunity for direct contact. Although 
the tests had no significant effect on primary productivity, this might 
have been due in part to the small area of contamination. Even in the 
centre of the test area, less than 35 percent of the ice was oiled. 
The greatest impact was observed along the shoreline. The photosynthetic 
capacity was reduced by almost 90 percent in several heavily oiled 
a re as ( 11 . 3) . 

There were no observations of wildlife coming in contact with the oil in 
Balaena Bay. The high level of activity likely served as a deterrent. 
Only two oiled ducks were observed at the offshore site, but the location 
was selected because it was beyond the normal feeding grounds. It was 
impossible to determine if waterfowl can differentiate between oiled and 
clean melt pools . If they cannot, the kill from a major spill could be 
very large, since the melt pool s develop several weeks earlier in the 
oiled areas. The locations for the tests and the experimental techniques 
were selected to minimize impact. Consequently, the findings cannot be 
directly extended to most offshore areas . 
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13.0 RECOMMEN DATIONS 

This study, as a first step , focused on the behavior of oil in station
ary first-year ice·. As such , it has direct appl i cation to the fast 
ice zone. Although minor gaps exist, there is sufficient information 
to devel op effective countermeasures, and to assess the probabl e impact 
of a major spill. However, offshore drilling and related act i vities 
are proposed for the seasonal and permanent and polar pack zones, where 
conditions are very dynami c and t here is a large proportion of mul ti
year ice. Considerab le work is required simply t o delineate conditi ons 
in the two zones, let alone develop effective response procedures. 

Information on the composition, characteristics and movements of ice in 
both zones i s very sparse. Without data on the roughness of the under
side of the pack, it i s impossible to assess the probable depth and 
size of pools, and t he areal extent of contamination. As well, reli
abl e statistics are required on the frequency, orientat ion, size and 
dynamics of leads to properly eval uate t he significance of "lead matrix 
pumpi ng",and the spread of oil between fl oes. De t ail ed information on 
ice movement and associated paramete rs required for modelling is vital 
for predicting the ultimate di sposit ion of the oil. 

Studi es of the entrai nment and migration of oil in second and multi
year ice are of prime importance. Brine channels, by means of which 
the oi l reaches the surface in f irs t year i ce, do not exist in older 
ice. Consequently, ba rri ng cracks, "worm"holes and other flaws, the oil 
couldremain entrapped until the surface melt actually reaches the level 
of the oil. Surface contamination, even i n l imited quantities , and the 
interception of solar radiation by oil within the shecL , wi ll likely 
shorten the natural depletion rate , which is commonly estimated to be 
between four and seven years. However, at thi s stage, it is impossible 
to predict when the oil wi ll surface . Since t he ice is conti nuously 
moving, it i s also impossible to predi ct where the oil will surface. 
If the oil is re leased after one year, cl ean-up acti vities from a blow
out in MacKenzie Bay , might extend as far as Barrow, Alaska, while i f 
it takes two years, the oiled ice coul d be as far as Vamkarem, U.S.S.R . 

Because the pack is cont in uously converging and diverging, the width of 
the contaminated band will progressively increase with di stance from 
the discharge poi nt . After several years, oi led floes could be spread 
over a very large area. Since there will be insufficient time to mobil
ize a large clean-up force after the oil surfaces, some method of detect
ing the oil while it is stil l entrapped in the ice i s required. A number 
of techniques have been proposed , but none have been tested. 

Further work is al so requi red on the effects of an oil sl ick on sea ice 
formation, parti cularly under dynamic conditions. As wel l, long term 
studies of weathering and degradation are needed to assess the fate and 
impact of oil which is not recovered. 
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APPENDIX A 

EQUIPMENT SPEC IFI CATIONS 

MEASUREMENT ACCURACY 

FIGURE A-1 THERMISTOR CHAIN CONSTRUCTION 



APPENDIX 27A 

EQUIPMENT SPECI FICATIONS 

Sampling and Analytical Instruments 

a) Multimeter: manufactured by HEWLETT PACKARD 
Display Model # 34740A 
Multimeter Model # 34702A 
Battery Pack ~odel # 34720A 

Accuracy at 23°C ± (.01 % of reading+ .005% of range) 
Temperature Coefficient ± ( .0035% of reading + .001 % of range) /°C 

b) Salinity Meter: rianufactured by YELLOW SPRINGS INSTRUMENT CO. 
Model 33 

Accuracy : Salinity : Above 4°C ± .9°/ 00 at 40°/ 00 

± . 7°/oo at 20°/oo 
Below 4°C ± 1.1 °/oo at 40°/oo 

± 0.9°/oo at 20°/oo 

II Radiation Instruments 

a) Solari meter: manufactured by KIPP AND ZONEN 
Mode l CM6 

Effective wave length band measured: 300 nm to 2.5 nm 
Sensitivity: 1 g cal cm- 2 min- 1 ha s potential of 8 .4 mv 
Accuracy : within 1%; temperature coeff. 0.15% per °C 

b) Albedometer: manufactured by KIPP AND ZONEN 
Model CM7 

Effective wave length band meas ured: 300 nm to 2.5 nm 
Sensitivity: 1 g cal cm- 2 min -i has potential of 8.0 mv 

c) Net Radiometer: (Fritschen Type) 

manufactured by MICROMET INSTRUMENTS 
Model MNR 

Effective for all wave length bands 



Sensitivity: g cal cm- 2 min - i develops potential of 3.05 mv 

III Surface Weather and Ice Temperatures 

a) Anemometer: manufactured by TEXAS ELECTRONICS INC. 
Model #446 

b) Barometer: recordi ng type manufactured by TAYLOR INSTRUMENTS 

c) Telethermometer: manufactured by YELLOW SPRINGS INSTRUMENT CO. 
Mode l #47 

Absolute accuracy:± 1% of scale range 
Sensitivity and readability: ± 0.4% of scale range 

d) Thermistor Beads : manufactu red by YELLOW SPRINGS INSTRUMENT CO . 
Part# 44005X 

Time Constant (time for a thermistor to indicate 63% of a newly 
impressed temperature)= 1 sec. 

Dissipat ion Constant (power required to raise a thermistor l °C 
above surrounding temperature )= 8 mw/°C 

An error of 10- 5 °C was introduced by electrical heating of the bead 

Accuracy:± 0.01°C at 0°C 
± 0.03°C at -20 and -40°C 

add ± 0.02°C up to 20°C on either side of a known point 

(calibrated at 0°C , -20°C , -40°C) 
Repeatability error - negli gible 

IV Recording Instruments 

a) Scroll-Chart Recorder: manufactured by RUSTRAK INSTRUMENTS and 
modified by TEXAS ELECTRONICS INC. 

Model # 446 

b) Two-Pen Recorder: manufacture d by FISCHER SCIENTIFIC INSTRUME NTS LTD. 

Model # 5000 



c) Underwater Television Camera: manufactured by HYDRO PRODUCTS 
Model TC-125 

d) Colour Videocorder: manufactured by SONY CORPORATION 
Colour Videocorder Model AV-8400 
AC Adaptor Model AC-1000 

e) Datalogger with Scanner, Integrator, and Output Mechanisms : 
manufactured by VIDAR DATA ACQUISITION SYSTEMS 
Model 5400 DAS 

which included the following components: 
100 channel scanner 
Digital Volemeter: Non-linearity:± .015% full scal e 

Resolution:± .01 % full scale 
Time Stability:± .01 % per month 

Ohms Converter:± .026% for worst case 
Digital Printer 
Tape Punch 
10 Integrators 



APPENDIX 27A 

MEASUREMENT ACCURACY 

Solar Radia tion - combined error of Instrument Calibration, 
Vidar DVM, and Integrator< 8% of reading. 

Albedo - combined error of Instrument Calibration and HP multimeter 
< ± 10% of Albedo Value (Albedo> 0.2) 
< ± 13% of Albedo Value (Albedo< 0.2) 

Net Radiation - combined error of Instrument, VIDAR DVM and Integrator 
Drift. Difficult to quantify, owing to unstable 
integrator drift of approx. 80 µV h- 1 approaching the 
magnitude of instrument output. 
Generally the possible error exceeded± 50%. For this 
reason, Radiometer values were discounted in the 
analysis. 

Air Temperature - ~ ± 0.5°C at 5 m 
< ± 0.05°C at l m 

Water Temperature - ~ ± 0.02°C 

Ice Temperature - < - ± 0.04°C 
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Figure B - 7 CRUDE OIL SOLUBILITY VS PER CENT EVAPORATION AT 25 C 
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NO. SAMPLE 

14 NWC FROM 
ORM DEC 8 

15 NWl 
DEC 10 

16 NWl 
JAN 21 

17 NW2 FROM 
TNK OCT 23 

18 NW2 
NOV 15 

19 NW2 
DEC 10 

20 NW2 
JAN 21 

21 NW2 
FEB 21 

22 NW2 
MAY 9 

23 NW2 
MAY 10 

24 NW3 TANK 
NOV 14 

25 NW3 
DEC 10 

26 N~J3 
JAN 22 

27 NW3 
FEB 21 

28 NW3 
MAY 12 

29 NW3 
MAY 26 

30 NW3 
JUN 6 

31 NW3 
JUN 10 

32 NW4 FROM 
TNK DEC 9 

TABLE B-1 

PERCENT AREA RATIO AND CORRESPONDING PERCENT 
EVAPORATION FOR NORMAN WEL LS CRUDE 

Cl-C5 >C5-C6 >C6-C7 >Cl-CB >C8-C10 >Cl0-Cl2 >Cl2-C16 

25.2 15. 7 30 .0 36.6 57.5 44.5 84.6 
0.8 2.6 3.0 5.0 3.6 0 1.2 
0.02 1. 7 11. 2 24 57 49 86 

1.8 15 12.6 4 0.8 

0. 16 0.5 6.0 15.9 46 .4 44.9 85.6 
19 18 12 1 

32 16.5 31. 2 35.8 54 40.8 74.6 
1.8 2.2 5.6 6.2 6 10 

25.6 15. 1 29 36.0 56.6 43.8 81.4 
1 2.8 3.6 5 4.4 1.8 3.2 

19 .6 12.9 26.9 33.9 54.6 42.4 78 .6 
2.2 5 5 6.5 6 3.8 5.8 

28.6 16.7 32.6 38.8 60.8 47.3 82.9 
1 2 3.8 2.2 2 

26.7 16 .6 32.4 38.9 60.7 46.6 83.0 
1 2 2 2.6 2.2 

14.6 12. 1 21. 7 33.8 54.8 42.3 76.9 
4.2 5.2 8 7 6 4 7.8 

0. 18 0.75 5.4 15.7 65.4 
36.4 39 42 

21.4 14.4 28.4 33 .6 52.4 40.2 77 .5 
1.8 3 3.8 7 7.4 7.5 6 
8.9 9.9 22.9 33.6 59.4 46.9 87.1 
6.4 7.6 7.4 7 1 1 0.6 

17.2 14. 1 29.4 36.3 58.4 45.4 81. 3 
3 3.8 3 4.5 2.6 3.4 

22.2 15. 9 31. 7 38.5 60.3 46.0 82. 1 
18 2 2 36 0 2.8 

18 .9 13. 9 28.6 35.9 64.8 43 .6 79.9 
2.8 3.8 3.8 5 2 4 

0.63 12.2 40.3 
>40 41 

0.34 7.3 26.6 74.6 
36 31 10 

16.9 12 .8 26 .7 49.4 54.4 48.9 77. 7 
3.7 4.2 6 6 

17.9 14.2 29 .1 34.3 54.9 43.3 79.5 
3 3.7 3.5 6.2 6 2 4.2 

% 
>C16-C24 EVAP 

100 3 

100 17 

100 19 

100 2 

100 3 

100 5 

100 2 

100 2 

100 5 

100 37 

100 4 

100 7.5 

100 3.3 

100 2 

100 4 

100 41 

100 34 

100 6 

100 3.5 



TABLE B-1 

% 
NO. SAMPLE Cl-CS C5-C6 C6-C7 C7-C8 C8-Cl 0 Cl 0-Cl2 Cl2-Cl6 Cl 6-C24 EVAP 

33 NW4 14 .3 14.7 32.0 40.6 66 51.6 90.6 100 3 
FEB 5 4.2 3 2 

34 NW4 16.9 15. 3 31. 7 40.0 63.1 49 .0 86.3 100 2.5 
FEB 21 3 2.8 2 0 0.4 

35 NW4 12 .4 10 .6 24 .1 31. 9 53.9 42 .9 79. 4 100 6 
MAY 13 5 7 6.6 8 6.4 2. 2 5.5 

36 NW4 14.7 13 . 0 27.9 35.5 58 .1 45 .7 83.6 100 4 
MAY 27 4.2 4.4 4.0 5.8 3 2 

37 NW4 3.0 6.0 9.7 27.8 75.5 100 26 
2.2 26 33.4 29 9 

38 NW4 1.3 3.3 22.3 100 43 
JUN 13 

39 NW6 13 . 7 12. 6 26.0 32 .8 54 .1 42.9 78.7 100 5 
FEB 15 4.6 5.0 5.2 7 6.4 2.2 5.0 

40 NW6 0.08 0. 1 0.6 1. 2 12 .0 30.9 69.7 100 23 
MAY 10 16.5 22 ? ? 31 25 26 

41 NW6 3.5 4.7 14.5 25 50 41.4 78.2 100 12 
MAY 15 11 .6 10 .4 12.6 12 9 6 E 

42 NW6 0.56 4.3 35.4 100 43 
JUN 12 43 

43 NW7 0.7 9.7 24.5 51. 2 41. 2 75.8 100 20 
MAY 10 20 16 12 .4 8. 4 6 6 

44 NW7 l. l 17.5 35. l 79.8 100 27 
JUN 6 ? 27 19 4 

45 NW7 0.25 0.99 6.0 21.0 67.5 100 36 
JUN 11 37 36 

46 NW7 0.87 11. 5 100 
JUN 12 

47 NW7 .006 2 .1 37.7 100 50 
JUN 13 

48 NW3 1.4 5.7 41. l 100 42 
JUN 26 

49 SHORELINE 1.5 6.3 39 .1 100 42 
JUL 7 

50 SHORELINE 0. 011 l. 9 27.9 100 >50 
JUL 7 --

51 EVAP NWC 8.3 10 .6 23 .6 31 49.7 38.4 71.3 100 7 
DEC 24 7.4 7 7.0 8.6 9.0 11 .2 21 

52 EVAP NWC 0.5 0.9 4.6 11 .4 36. l 38 75 .2 l 00 20 
JAN 11 16.5 20 20 21 16 12 9 

53 EVAP NWC .06 . 21 1.8 6.5 34.8 40.8 77 .5 100 25 
JAN 20 17 24 26 17 7 6 

54 EVAP NWC 0. 34 2.5 7.8 34. l 40.4 76.6 100 24 
JAN 24 21 23 24 17 8 7 

55 EVAP NWC . 17 . 21 .9 3.4 30.7 43.2 81.8 100 
FEB 6 



NO. SAMPLE 

SHC FROM 
ORM DEC 7 

2 SHl FROM 
TNK DEC 10 

3 SHl 
DEC 30 

4 SHl 
JAN 22 

5 SHl 
FEB 18 

6 SHl 
MAY 13 

7 SHl 
JUN 3 

8 SH l 
JUN 13 

9 SH2 
MAY 10 

10 SH2 
MAY 27 

11 SH2 
MAY 29 

12 SH2 
MAY 29 

13 SH2 
JUN 12 

56 EVAP SHC 
DEC 24 

57 EVAP SHC 
JAN 4 

58 EVAP SHC 
JAN 20 

59 EVAP SHC 
FEB 26 

TABLE 8-2 

PERCENT AREA RATIO AND CORRESPONDING PERCENT 
EVAPORATION FOR SWAN HILLS CRUDE 

Cl-C5 >C5-C6 >C6-C7 >C7-C8 >C8-C10 >Cl0-C12 >Cl2 -C16 

25.8 14.8 30 .8 35.0 61.6 42.2 68 . 1 
0 0 0 0 0 0 

21.4 13. 9 30.0 33.6 51.1 37.9 68.9 
0.5 0.6 0.6 

18.3 13 .8 30.2 35.8 56.7 42.9 75 . 7 
0.6 0 6.5 

20 .6 15.2 33.4 39.3 61. 1 45.9 79.4 
0 .5 0. 1 8.5 

21 . 7 15.7 34 .3 40.3 62.9 50 .8 77 .0 
0.5 1.0 

12.2 10. 4 25.9 33.2 53.8 40.6 73.4 
1 . 6 1 . 2 0.8 2.6 4.5 
1.4 1. 3 5.2 11. 1 33 . 1 34. 7 69.9 
8 16 17 18. 6 18 . 4 18.8 22 
0. 12 0.58 2.3 3.0 7.4 15.2 32 . 5 

28 28 29 
0. 1 0.7 3.6 26.4 34 . 7 72 .2 

26 26 21 19 18 
0 .9 3. 1 14 .7 28.5 52.7 54 . 3 69.9 
8 .5 8.4 6.6 3.8 6 1 

0 .2 3.7 20.7 74 
29 27 

0.45 0.22 0.97 1.4 6 . 1 24.2 74. 5 
11 22 26 29 28 25 

0 . 16 3. 5 31. 7 
30 35 

9.7 10.8 26 .6 33.8 56.1 44.2 77. 7 
1 . 5 2 0.5 

0.6 3 .1 11. 9 20.9 50.0 44.7 80.9 
9 8 9.4 9 10 .0 

3.0 3.9 13 .4 23 .2 54.6 46.7 82.0 
5.6 6 7.6 9 6 

0.8 1.0 0.5 11. 4 41. 5 42.3 76.3 
8.4 1. 9 26 19 15 12 

% 
>Cl6-C24 Evae 

100 0 

100 0.5 

100 

100 

100 

100 1. 5 

100 10 

100 28 

100 26 

100 8 

100 28 

100 24 

100 33 

100 1. 5 

100 9 

100 7 

100 19 



TABLE B- 3 

DERIVED PROPERTIES OF THE 
NORMAN WELLS CRUDE SAMPLES {AT 0°C} 

SAMPLE SAMPLE 0/ DERIVED DERIVED DERIVED DERIVED IC 

NUMB ER & DATE EVAP. VISCOSITY DENSITY POUR POINT SOLUB ILITY 
{c~} 9 cm-3 oc ~~m 

14 NWC , DEC 8 3 11 0.850 -45 26 
15 NWl , DEC 10 17 28 0.880 -27 10 
16 NWl, JAN 22 19 32 0.882 -25 8 
17 NW2 , OCT 23 2 11 0.848 -47 27.5 
18 Mv/2 , NOV 15 3 11 0.850 -45 26 
19 NW2, DEC 10 5 12 0.853 - 42 23 
20 NW2, JAN 21 2 11 0.848 - 47 27 
21 NW2, FEB 21 2 11 0.848 -47 27 
22 NW2, MAY 9 5 12 0.853 -42 23 
23 NW2, MAY 10 37 180 0.407 -11 0.25 
24 NW3, NOV 14 4 12 0. 852 - 43 25 
25 NW3, DEC 10 7.5 13 0.858 -38 20 
26 NW3, JAN 22 3. 3 11 0.851 -44 26 
27 NW3, FEB 21 2.2 11 0. 849 -47 27.5 
28 NH3, MAY 12 4 12 0.852 -43 25 
29 NW3 , MAY 26 41 220 0.920 -7 0 
30 NW3, JUN 6 34 160 0.903 -1 3 1 
31 NW3, JUN 10 6 12 0.855 -40 22 
32 NW4, DEC 9 3.5 11 0.851 -44 25 
33 NvJ4 , FEB 5 3 11 0.850 -45 26 
34 NW4, FEB 21 2.5 11 0.874 -46 27 
35 NW4, MAY 13 6 12 0. 855 -43 25 
36 NW4, MAY 27 4 12 0.852 -43 25 
37 NW4 , JUN 6 26 50 0.892 .-20 4 
38 NW4, JUN 13 43 300 0.923 -5 0 
39 NW6, FEB 15 5 12 0.853 -42 23 
40 Nv-/6 , MAY 10 23 45 0. 888 -22 6 
41 NW6 , MAY 15 12 18 0.869 -32 14 
42 NW6, JUN 12 43 300 0.923 -5 0 
43 NH7, MAY 10 20 35 0. 885 -25 8 
44 Nv-/7, JUN 6 27 60 0.894 -11 3.8 
45 NW7 , JUN 11 36 170 0.904 -1 3 0 
46 NW7 , JUN 12 >50 >400 >0. 94 >O 0 
47 N\~7 , JUN 13 > 50 >400 >0. 94 >O 0 
48 NW3, JUN 26 42 300 0.922 -8 0 
49 RESID . JUL 7 42 300 0.922 -8 0 
50 RESID. JUL 7 >50 >400 >0. 94 >O 0 
51 EVAP. DEC 24 7. 1 13 0. 858 - 39 20 .5 
52 EVAP. JAN 11 20 35 0.885 -25 7.5 
53 EVAP. JAN 20 26 55 0. 892 -20 4 
54 EVAP. JAN 24 24 50 0.890 - 22 5 
55 EVAP. FEB 6 33 90 0. 901 -14 1 



TABLE B-4 

DERIVED PROPERTIES OF THE 
SWAN HI LLS CRUDE SAMPLES (AT 0°C) 

SAMPLE SAMP LE O! DERIVED DERIVED DERIVED DER IVED JO 

~lUt18ER & DATE EVAP. VI SCOS ITY DENS !TY POUR POINT SOLUB IL !TY 
(cp) g cm- 3 oc ppm 

SHC, DEC 7 0 32 0.837 -5 29 

2 SH l , DEC 10 0.5 32 0.838 -5 28 

3 SH l , DEC 30 < l 33 0.838 -5 27 

4 SH l , JAN 22 < l 33 0.838 -5 27 

5 SH l , FEB 18 34 0 .839 -4 27 

6 SH l , t~AY 13 l. 5 36 0.840 -3 26 

7 SH l , JUtl 3 18 200 0.870 +9 8 

8 SH l , JUN l 3 28 400 0.888 +15 2 

s SH2, MA.Y 10 26 350 0.883 +13 3 

10 SH2, MAY 27 8 80 0.860 +3 17 

11 SH2, ~'AY 29 28 400 0.888 +1 5 2 

12 SH2 , MAY 29 24 30C 0.880 +12 4 

13 SH2 , JUN 12 33 500 0.89 +17 0 

56 EVAP. DEC 29 l. 5 36 0.840 -3 26 

57 EVAP . JAN 4 9 95 0.862 +4 16 

58 EVAP. JAN 20 7 70 0.858 +2 17 

59 EVAP. FEB 26 19 210 0.874 +13 8 



TABLE 8- 5 

MEASURED AND DERIVED 
DENSITIES 

D E N S I T Y 
SAMPLE SAMPLE DERIVED MEASURED MEASURED 
NUMBER & DATE @ 0°c AT TEMP. CORRECTED TO 0°C 

16 Nv/l , JAN 22 0.882 0.872@ 15 °C 0.882 
MH2, OCT 24 0.848 0.831 @ 15 °C 0.844 

18 Nv/2 , NOV 15 0.850 0.832@ 15 °C 0.845 
19 Nv/2, DEC 10 0.853 0.839@ 15 °C 0. 850 
20 NH2, JAN 21 0.848 0.829@ 17 °C 0. 843 
21 NW2, FEB 21 0.848 0.831 @ 15 °C 0.844 
24 Nv/3, NOV 14 0.852 0.836@ 20 °C 0.850 
26 NW3, JAN 22 0.851 0.838 (ii 15 °C 0.849 
27 Nv/3, FEB 21 0.849 0.835 @ 15 °C 0.848 
32 Nv/4 , DEC 9 0.851 0.834 @ 15 °C 0.846 
34 NW4, FEB 21 0.849 0.836@ 15 °C 0.849 

1 SHl , DEC 7 0.837 0.823 @ 15 °C 0.836 
3 SHl , DEC 30 0.838 0.822@ 17 °C 0.838 
4 SHl , JAN 22 0.838 0.819@ 20 °C 0.838 
5 SHl, FEB 18 0.839 0.819 @ 20 °C 0.839 



Sulphur 

Aluminum (A1 203) 

Barium 

Ca lei um (CaO) 

Copper 

Iron (Fe ) 

Lead 

Magnes ium (MgO) 

Ni ckel 

Sili con (S i02) 

Sod i um(tla 20) 

Ti n 

Vanadium 

Zinc 

TABLE B-6 

METAL ANALYSIS OF 

UNWEATHERED CRUDE OI L SAMPLES 

NORMAN \,/ELLS 

1.76% 

<0 .5 p.p.m. 

<0 .5 p.p.m. 

<0.5 p.p .m. 

<0. 5 p.p .m. 

0.3 p.p .m. 

0.5 p.p.m . 

<0 .5 p.p. m. 

l p. p.m. 

<0 .5 p.p.m. 

<l p.p.m . 

<0 .5 p.p.m. 

3 p.p.m. 

SWAN HILLS 

2.90% 

<0 .5 p.p .m. 

<0. 5 p.p.m. 

5 p. p.m. 

<0 .5 p.p.m. 

0.3 p. p.m. 

20 p.p .m. 

<0. 5 p.p.m. 

<0 .5 p. p.m . 

<0 .5 p.p.m. 

p.p.m. 

<0 .5 p.p .m. 

<0 .5 p. p.m . 

20 p.p.m. 



APPENDIX C 

Table C-1 CORE LOGS 



TABLE C-1 
CORE LOG 

ICE SNOW CORE OIL LENS OI L LENS AVERAGE 
DATE LOCATION THICKNESS THICKNESS LENGTH THICKNESS DEPTH SALIN ITV° /ro 
Oct 3 Bay 12.7cm 
Oct 7 15-1 8cm 
Oct 11 19cm 1. 3cm 

Oct 17 26 .5cm 
Oct 29 NW l 33cm Tr. 

NW2 33cm Tr . 
NW3 38cm 0 
SH l 38cm 0 

Nov 3 Bay 40.5-44cm 
NW4 46cm 7cm 

Nov 20 MW4 51 cm 20cm 
Dec 17 mJ3 71cm 25cm 
Dec 21 NvJ2 75cm 

NW3 75cm 
Dec 23 NW2 72cm 

NW3 77cm 
N\..!4 75cm 
SH l 79cm 

Dec 30 NW4 74cm Tr. 67cm 
SH l 8fcm 

Jan 6 NW2 84cm 13cm 36cm 
Jan 27 NW6 96cm 19cm 

NW6 105cm 13cm 
NH6 93cm 23cm 
N\..J6 118cm 5cm 

Feb 7 NW6 120cm 
Feb 18 SH l 108cm 107cm 1.8cm 61cm 
Feb 21 MW2 128cm 10cm 125cm 35cm 

NH3 90. 1 cm 53.3cm 86cm 3 cm 59cm 
MH4 127cm 10cm 127cm 1. 3cm 60cm 

Feb 23 Control 3 112cm 20cm 4.5 



TABLE C-1 
CORE LOG 

ICE SNOW CORE OIL LENS OIL LENS AVERAGE 
DATE LOCATION TH ICKNESS THICKNESS LENGTH THI CKNESS DEPTH SALIN ITY 0 

/ 00 

Feb 23 SHl 140cm 10cm 4.8 
Mar 1 Nvi2 133cm 10cm 4.9 

N\-/4 124cm 5cm 4.3 
Mar 18 NW2 130cm 27cm 

M\>/6 130cm 27cm 137cm 121cm 4.7 
NW6 138cm 17cm 139cm 121cm 4.4 

Mar 19 m16 143cm 20cm 127cm 3 cm 110cm 5.3 
Mar 20 SHl 120cm 20cm 120cm 60cm 4. l 
Mar 21 N~J2 128cm 10cm 

N\.J6 130cm 27cm 3.7 
Ma r 22 NW3 118cm 25cm 104cm 4.7 

SHl 145cm 11cm 130cm 4.6 
Mar 26 NWl 139cm 15cm 136cm 129cm 5. l 

NW2 130cm 20cm 126cm 30cm 4.6 
May 9 NW2 163cm 33cm 
May 11 SH2 168cm 168cm 158cm 
May 12 Nv/7 160cm 160cm 160cm 

SH2 189cm 
NW3 132cm 31cm 132cm 1 cm 20cm 

May 13 N\.J4 150cm 20cm 1. 5cm 6.2 
SHl 168cm 18cm 168cm 68cm 

May 15 NW6 25cm 
NW2 132cm 132cm 1.5cm 32cm 

NW6 152cm 152cm 4 cm 11 4cm 3.7 
Nv/1 10cm 

May 16 NW8 195cm 195cm 

SH2 160cm 160cm 3 cm 151cm 

NW8 195cm 195cm 

May 19 NvJ3 118cm 31cm 113cm 1 cm 69cm 

NW3 130cm 13cm 130cm 

May 20 NW4 36cm 18cm 136cm 3 cm 58cm 



TABL E C-1 
CORE LOG 

ICE SNOW CORE OIL LENS OIL LENS AVERAGE 
DATE LOCATION THICKNESS THICKNESS LENGTH THICKNESS DEPTH SALINITY 0 /oo 

May 20 ~1~!6 149cm 28cm 2 cm 11 5cm 4.2 
May 21 SHl 171cm 8cm 

SHl 172cm 5 cm 74cm 
N\,/7 152cm 43cm 1. 5cm 145cm 

t1ay 24 M\r/2 169cm 169cm 1 .5cm 43cm 
Nl~2 169crr 169cm 1 .5cm 43cm 3.75 

May 26 Control 137cm 33cm 
N\,/3 130cm 15cm 

NH3 130cm 31cm 0.5cm 58 . 5cm 
N\,/1 134cm 25cm 

Control 142cm 18cm 

May 27 tlW4 147crr 8cm 3 cm 63cm 
SH2 164cm 1 . 5cm 2 cm 154cm 

t~ay 29 Pana rctic 168cm 7cm 1 cm 150cm 
Panarctic 148cm 

Jun 10 m,14 160cm 160cm 8cm 
N\,/4 102cm l 02cm 
NW6 130cm 130cm 2 cm 91cm 
NW3 118cm 118cm 3 cm 20cm 

Jun 12 SH2 132cm 132cm 3 cm 126cm 
NW4 94cm 94cm 1 cm 38cm 

SH2 160cm 160cm 2.8 

Jun 13 rn,17 135cm 135cm 2 cm 62cm 

SHl 116cm 116cm cm 20cm 



APPENDIX D 

Figure D-1 Extremes of Ice & Snow Depths, Cape Parry 1970-75 

Figure D-2 Monthly Mean Temperatures - Balaena Bay 1974-75 

Figure D-3 Monthly Mean Temperatures - Cape Parry 

Figure D-4 Cape Parry ~Ji nd Reg ime 

Figure D-5 Duration of Dayli9ht 

Figure D-6 Albedo Sites P) Thermistor Chain Posit ions 

Figure D-7 Typical Hourly Albedo Changes 

Table D-1 Daily Heather Summary for Period of Albedo Measurements 



Figure D - 1 EXTREMES O F ICE & SNOW DEPTHS , CAPE PARRY 1970-75 
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Figure 0-2 
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Figure D - 4 CAPE PARRY WIND REGIME 
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Figure D · 5 
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Figure D- 6 

I 
I 

0 

\ 

\ 

I 

N 

,, 

... ... _ 

1 0 

ALBEDO SITES AND THERMISTOR CHAIN POSITIONS 

,,, ,, 
,, ,, 

,, ,, ,, 

0 5 

,, 
,, ,, ,, 

,, ,, 

,, ,, ,, 

- - - - ~ - o c1 ---

20 30 m 

,, 
,, ,, 

,, 
., 

; ., .,, 
-------, -- - --- ... ... ... 

' \ 
I 

camp2som~ 

0 3 
10•04 

0 2 

0 3 

met. 
-.. • tower 

... ... ... 

ALBEDO SITES 

0 1 

I 

I 
I 

I 
\ 

,, 
I 

I 
I 

\ 

I 
\ 

\ 

\ 

0 C3 

04 

0 1 

I NW1 I : 
.., .., I 

......... _ - ; 

• 
THERMISTO R CHAINS 0 

\ 

I 
I 



Figure D-7 T Y PICAL HOURLY ALBEDO CHANGES 
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TABL[ 8-1 

DAILY \.IF.ATHER Sl 1tAf.\l\RY FOP PERIOD OF ALBEnO MEASUREMENTS 

DATE CLOUD /10 TEt1PERATURE ( °C) PRECIPITATIOt! CEILING (m) SOLAR 
1000 1300 1900 2300 1000 1300 1900 2300 RADIATION 

MAY (ca l cm 2min I ) 

9 7 0 0 2 +4 +10 +7 +l 700 to 2000 0.91 
10 3 0 10 10 0.89 
11 10 10 9 10 +l + 4 -J -4 Trace snov; <200 
12 10 10 10 10 - 5 l - 5 - 6 II II <200 0. 65 
13 10 10 10 10 - 8 - 6 - 9 - 7 2cm sno\<1 <200 
14 10 10 lO lO - 9 - 9 -9 -1 0 l . 3cm snow blowing <300 
15 9 2 0 l - l 0 - 4 - 2 - 5 CAVU 
16 10 10 9 0 - 5 - 2 -5 -10 Trace <300 0. 71 
17 0 0 0 3 - 8 - 6 -6 -10 
18 0 0 0 0 -8 - l -4 -9 CAVU 0.98 
19 10 lO 5 10 -8 - 5 - 4 - 9 Rain 2100 , l .3cm snow 
20 10 lO 3 10 - 8 - 8 - 8 -10 3cm blowing S nO\</ <300 0.78 
21 8 0 0 0 -8 - 6 -9 -11 Trace 
22 0 0 0 l -11 - 2 - 5 - 8 CJl.VU l. 01 
23 0 2 10 10 -7 - 3 -4 - 5 
24 10 lO 10 10 -5 - 2 -2 - 3 Fog ,Li gh t rain,Tr. snow <300 0. 60 
25 10 5 0 0 - 2 + l 0 -4 
26 3 7 7 l -8 + l - 2 -3 Trace 
27 0 10 0 0 - 6 - l -l - 4 Trace <700 0.89 
28 4 5 0 l - 6 - 2 0 - 2 CAVU 
29 5 2 6 10 - 4 0 +l -3 CAVU 0.99 
30 10 10 10 10 - 3 - l - 2 -2 Trace <300 
31 10 7 7 9 -l + 2 +3 -l 0.8cm snow 0900-1 200 2400 <1000 Variabl e 0.83 to 1.10 
JUN 

l 9 10 9 10 +5 - l +l 0 Ra in 1200 + <1000 
2 10 10 10 10 +l + l +l Ra in all day <700 0.55 
3 10 10 + l +2 <300 
4 10 10 10 + 3 +2 0 <700 0.61 
5 8 10 10 10 +2 + 3 +2 +2 <700 

NOTE: All radiation measurements at approximately 1300 hrs. 
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TABLE El 

BIRDS OBSERVED AT BALAENA BAY IN THE VICINITY OF THE OIL 
SPILL SITES , JULY 17 - 22, 1975 

SPEC IES COMMENTS ·NESTING 

Gryfa l con 

Rough-legged hawk 

Common eider 

King eider 

Oldsquaw 

Arctic loon 

Red-throated loon 

Semipalmated sandp iper 

Semipalmated plover 

Pectoral sandpiper 

Snow bunting 

Northern phalarope 

Lapland longspur 

Gl aucous gull 

White winged scoter 

Surf scoter 

Whistling swans 

Parasitic jaeger 

Pomarine jaeger 

Common raven 

Falco rusticatus 

Buteo lagopus 

Somateria millissima 

Somateria spectabilis 

Clangula hyemalis 

Gavia arctica 

Gavia stelfota 

Ereunetes pusi llus 

Charadrius semipalmatus 

Erolia melanotus 

Plectrophena:x: nivalis 

Lobipes lobatus 

Calicarius lapponicus 

Larus hyperboreus 

Melanitta deglandi 

Melanitta perspicillata 

Olar columbianus 

Stercorarius parasiti cus 

Stercorarius pomarinus 

Corvus cora:x: 

Pair observed nesting 
in nearby cliffs 
Uncommon 

Frequently observed 

Common 

II 

II 

Rare 

Common 

II 

Uncommon 

Common 

II 

II 

II 

Uncommon 

II 

II 

II 

II 

Common 

1 Nesting inferred from behavior or presence of old nests. 

Yes 

Yes 

N 

N 

N 

N 

N 

Yes 

N 

N 

N 

N 



TABLE E4 

SEAWEEDS AND BENTHIC MICROALGAE IDENTIFIED IN BALAENA BAY NEAR SPILL SITES 
JULY, 1975 AND THEIR APPROXIMATE ZONATION AND RELAT IVE ABUNDANCE 

1. UPPER SHINGLE ZONE: (extend ing from high tide level to about 2m depth) 

Calothrix scopulor>urn 
OsciZZatoria spp. 
Chroococcus sp. 
Pennate diatom spp. 
Protoderma marinwn 

(nitrogen-fixing blue-green) 
(blue-green filaments) 
(coccoid blue-green) 

(dominant green forming light green coverinq on 
shaded side of shingles and cobbles) -

Sphacelaria arctica 
Pylaiel la Zittoralis 
Ralfsia fungiformis 

(dominant filaments - brown) 
(filaments - brown) 
(crustose brown) 

2. LOWER SHINGLE-COBBLE ZONE: (extending from 2 - 4m below tide level) 

Fucus distichus spp. evanescens 

Chaetomorpha Zinwn 
C. melagoniwn 
Tube-forming Navicula, sp. 
Melosira sulcata 
Nitzschia closteriwn 

(dominant brown macroalga forming main 
Fucus belt) 

(fine filamentous green) 
(coarse filamentous green) 
(diatom) 
(centric diatom) 
(pennate diatom) 

In addition t o the above algae, large amounts of epiphytic Sphacelar ia 
arctica and smaller amounts of the other algae observed in zone 1. 

3. MUD ZONE: (extending from about 4 to 8m or more, scattered cobbles and 
boulders with attached seaweeds) 

Fucus distichus ssp . evanescens 
Desmarestia aculeata 
Chaetomorpha melagoniwn 
C. Zinwn 
Sphacelar ia arctica 
Laminaria saccharina 
Halosaccion ramentacewn 
Polysiphonia arctica 

(domi nant brown seaweed) 
(sub-dominant brown) 
(dominant green) 
(also abundant green) 

(kelp, occasional individuals) 
(red tubul ar seaweed) 
(branched red seaweed) 

Pennate diatoms occur abundantly as epiphytes on seaweeds and on 
surface of mud layer. 



TABLE ES 

ZOOPLANKTON SPECIES IDENTIFIED FROM HORIZONTAL ANO VERTICAL ZOOPLANKTON TOWS 
AT 3 STATIONS IN BALAENA BAY , AUGUST 13, 1974. 

(SEE INSET l, FIG. 11-1 FOR STATION LOCATIONS ) 

(++++=dominant; ++=common; +=present) 

STATIONS 

SPECIES l 2 3 
(mouth of (near oil 

Bay) (mid-Bay) spill site) 

Medusae 

Sarsi c. princeps + + 

Cyanea capillata 
(jelly fish) 

+ + 

Unidentified spp. + + + 

Ctenop hora 

Pleurobrachia pileus + + 

Rotifera 

Unidentified spp. + + + + + 

Copepoda 

Calanus glacialis + + 

Pseudocalanus minutus + + + + + + 

f..:icroca lanus pygmaeus + + + 

Eurytemora her dmani + + + + + + 

Limnoca lanus grimaldi + + + + + + + + + + + + 

Acartia spp. + + + + + + 

Oithona similis + + + 

Unidentified spp. + + + 

Nauplii + + + + + + + + 



TABLE E6 

PHYTOPLANKTON SPECIES IDENTIFIED FROM HORIZONTAL PHYTOPLANKTON NET SAMPLES 
(l-2m IN DEPTH), AND TOTAL CELL NUMBERS FROM WATER SAMPLES TAKEN AT 4m DEPTH 

AT 3 STATIONS IN BALAENA BAY, 13 AUG. 1974. 
(SEE INSET l, FIG. 11-1 FOR STATION LOCATIONS .) 

(++++=dominant;++ =common;+= present) 

STATIONS 
SPECIES 1 2 3 

(mouth of (near oil 
Bay) (mid-Bay) spi 11 site) 

Thalassiosira nordenskioldii + + + + + + + + + + + + 
Nitzschia seriata + + + + + + + + + + + + 
Dinobryon sp. (chrysophyte ) + + + + + + + + + + 
Chietoceros decipiens + + + + + + 
C. breve + + + + + + 
C. lorenzianus + + + + + + 
Tha?,assioslra gravida + + + + + + 
Leptocylindrus danicus + + + + + + 
Nitzschia delicatissima + + + + + + 
Acnanthes taeniata + + + + + 

Skeletonema cos tatum + + + 
Coscinodiscus oculus- iridis + + + 
C. centralis + + 

For•osira glacialis + + 

Fhizozolenia sp. + + 
Chaetoceros diadema + + 
C. gracilis + + + 

C. Socialis + + + 

C. mitra + + + 

Fragillaria oceanica + + + 

Tha lc.ssi othr,'.x ni tzschioides + + + 

Ceratium arcticum (dinofl ·ell ate) + + + 

Peridiniv.rr1 pellucidum " + + + 

Total cell number (cells z-1 X 10- 5 ) 5.2 2.4 2. l 



TABLE E7 

CHEMICAL AND PHYSICAL PARAMETERS OF WATER IN BALAENA BAY AT CONTROL 
AND OIL SPILL SITES, JULY 19, 1975. 

(FOR STATION LOCATIONS SEE INSET 2, FIG. 11-1) 
(N.B. VALUES FOR CONTROL AND OILED STATIONS WERE ALMOST IDENTICAL). 

PHYSICAL AND CHEMICAL 
PROPERTIES 

Temperature (°C) 

Salinity (o/oo ) 

pH 

CO2 cone. (mMole z-1) 

SURFACE 

6.2 

13 

7.7 

0.92 

DEPTH 

lm 4m 8m 

6.5 6.4 3.8 

14 30 32 

7. 8 8.2 8.2 

0. 96 l. 72 l. 87 



TABLE E8 

BENTHIC INVERTEBRATE SPECIES IDENTIFIED FROM DREDGE AND EDMAN SAMPLES 
FROM 4-8m AT CONTROL AND OIL SPILL SITES, JU LY 17-22, 1975. 

(SEE INSET 2, FIG . 11-1 FOR SAMPL ING LOCATIONS.) 

(+ + ++=dominant; ++=abundant; +=present) 

SPECIES 

Polychaeta 
Pectinaria granulata 

Pectinaria 

Spirorbis borealis (on Fucus) 

Amphitrite 

Un identified spp. 

Pelecypoda 

Macoma 
. l Mya arenar1.-a 

Cyprina islandica 

Mutilus edulis1(on seaweeds & rocks) 
Unidentified sp. 11 II II II 

Echinoidea 

Strongylocentrodes drobachiensis1 

Holothuroidea 
Cucumar ia sp . 
Cucumaria sp . 2 

Decapoda 

Hyas coarcticus 

Amphipoda 

Un identified sp . 

Cnidaria 

Large unidentified sea 
Hydrozoans epi phyt ic on 

1 More common in shallower 

anemone l 

seaweeds 

benthos (2- 4m) 

CONTROL SITE 

+ + 
+ + + + 

+ + 

+ 
+ + 

+ + 

+ + 

+ 
+ + 

+ + 

+ + 

+ + 

+ 

+ + 

+ + 

+ 
+ 

STATIONS 

OI L SPILL SITE 

+ + 

+ + + + 

+ + 

+ 

+ + 

+ + 
+ + 

+ 

+ + 

+ + 

+ + 

+ + 

+ 

+ + 

+ + 

+ 



TABLE E9 
QUANTITATIVE DETERMINATION OF ZOOP LANKTON ORGANISMS FROM VERTICAL 
ZOOPLANKTON HAULS AT OIL SPILL AND CONTROL SITES IN BALAENA BAY 

JULY 20, 1975. 

ORGANISM 

Copepods 

Copepod nauplii 

Medusai 

Echinopluteus larvae 

NO. OF INDIVIDUALS m-3 

Control 
l 2 

1,600 780 

2,100 1,700 

32 31 

l , 100 920 

Oil Site 
l 2 

1,300 

780 

6 

310 

2,690 

1,900 

41 

1 , 500 



TABLE El O 

PLANKTON ORGANISMS IN MIDWATER SAMPLES UNDER CONTROL AND OIL SPILL 

SITES AT BALAENA BAY, FEB. 7, 1975 

Dinoflagellates 

Cryptomonads 

Pennate diatoms 

Chrysophyte flage l lates 

Total phytoplankton 

Tintinnids (protozoans) 

Ce 11 s l - l x l O -3 

CONTROL OI LED 
l 2 l 2 

8. l 

0.5 

l. l 

0.7 

10.4 

0. 3 

6.2 

0.7 

l. 2 

0.2 

8.3 

0.5 

6.0 

0.4 

1.3 

1.2 

8.9 

0.2 

5.2 

1.4 

0.8 

1.6 

9.0 

0.4 



TABLE Ell 

PRIMARY PRODUCTIVITY AT CONTROL AND OIL SPILL STATIONS IN BALAENA 

BAY, JULY 19-20, 1975. 

SAMPLING DEPTHS 

m ) 

4 

8 

Average Total 
productivity 

( 0 -2 -1 ) mg Cm day 

(SAMPLES WERE INCUBATED IN SITU FOR 24 H) 

PRIMARY PRODUCTIVITY (mg° C m-3 day-1) 

CONTROL STATIONS 
1 2 

114 

216 

156 

l ,470 

73 

230 

182 

OIL SPILL STATIONS 
2 

105 

283 

223 

l ,560 

61 

226 

143 



TABLE El 2 

ABUNDANCE AND DEPTH DISTRIBUT ION OF PHYTOPLANKTON 

AT CONTROL AND OILED SI TES ON JULY 18, 1975 

SAMPLING LOCATION AND DEPTH (m) 

Control l Control 2 Oiled l Oiled 2 

Types of algae 4 8 4 8 4 8 4 8 

Diatoms: 
Centric 5 51 16 2 29 53 20 82 47 3 58 67 

Pennate 382 8() 5,633 9 163 3,711 137 186 3,931 49 81 2,172 

Total 387 111 5,649 11 192 3,764 157 268 3,978 52 139 2,239 

Dinoflagellates: 

Armoured 8 l 7 8 3 l 10 6 4 9 5 7 

tlaked 170 68 19 28 62 70 55 28 12 19 65 5 
Total 178 69 26 36 65 71 65 34 16 28 70 12 

Other fla gellates: 

Total 142 39 12 136 76 17 681 45 5 210 101 14 

Total phytoplankton: 707 219 5,687 183 333 3,852 903 347 3,999 290 300 2,265 

J 



TABLE El 3 
ABUNDANCE AND DEPTH DISTRIBUTION OF PHYTOPLANKTON 

AT CONTROL AND OILED SITES ON J UNE 4, 1975 

SAMPLING LOCATION AND DEPTH (m) 

CONTROL OILED 

TYPES OF ALGAE 2.4 3.5 4.5 5.0 6.5 2.4 3.5 4.5 5.0 6.5 

Diatoms: 
Centric 8 0 4 0 8 0 l 2 2 16 

Pennate 89 64 55 54 70 20 40 35 54 55 

Total 97 64 59 54 78 20 41 37 56 71 

Di nofl age 11 ates: 
Armoured l 0 0 0 l 0 0 2 0 

Naked 48 82 41 67 75 23 33 39 70 27 

Total 49 83 41 67 75 24 33 39 72 27 

Other flagellates: 

Total l 08 255 156 303 165 34 24 30 74 25 

Total Phytoplankton 254 402 256 424 318 78 98 106 202 123 



TABLE El4 

PHOTOSYNTHETIC CAPACITY AND CHLOROPHYLL CONTENT OF VEGETATION IN SALT 
MARSH AND ON ROCK AND MUD ENVIRONMENTS FROM CRUDE OIL-POLLUTED SHORE 

AREAS AS COMPARED WITH THOSE FROM UNCONTAMINATED CONTROL AREAS IN 
BALAENA BAY, JULY 19-20, 1975 

SAMPLING 
AREAS 

Salt marsh 

Rock algae 

Mud algae 

DEGREE OF 
LOCAL OIL 

cmlTAMINATION 

Control 

Medium 

Heavy 

Control 

Med ium 

Heavy 

Control 

Medium 

Heavy 

CRUDE OIL 
RESIDU~S 
(mg/cm) 

3. l 

32 

145 

2.2 

32 

156 

1.2 

45 

128 

PERCENT 
PHOTOSYNTHETI C 

CAPACITY 

l 00 

25 

13 

l 00 

31 

10 

l 00 

23 

2 

PERCENT 
CHLOROPHYLL 

CONTENT 

l 00 

66 

11 

100 

67 

24 

100 

82 

18 



TABLE El5 

COVER ESTIMATES FOR CONTROL AND OIL SPILL SITES IN SALT MARSH. 
PLOT l WAS OILED JULY 21, 1975 WITH WEATHERED NORMAN WELLS CRUDE OI L 
(20 l m- 2), AND PLOT 2 WITH FRESH NORMAN WELLS CRUDE OIL (20 Z m-2). 

PLOTS 3 AND 4 ARE CONTROL SITES 
(SEE INSET 2, FIG. 11-1, FOR LOCATION OF SPILLS.) 

Plot1 

Species 
Puccinelli a phr yganoides 

Wilhelmsic physodes 

Brywn mar1•atii 

Puccinellia andersonii 

Cochlear ia officinalis 
. 2 

Carex spp. 

1 Estimated areas of plots: 

2 Mainly Car ex subspathacea . 

PERCENT COVER 
1 2 3 

90 65 75 

80 80 80 

8 8 4 

0 0 

5 35 30 

2 2 2 2 1(2.5m ); 2(2.0m ); 3(2.0m ); 4(2.0m ). 

4 

90 

80 

4 

5 



TJ\.BLE El 6 

RESULTS OF EXPERIMENTS ON TOXICITY OF CRUDE AND WEATHERED CRUDE OIL 
ON MARINE ZOOPLANKTON SPECIES FROM BALAENA BAY, JULY 19-21, 1975 

EXPERIMENTAL DESIGN AND PROCEDURE EXPLAINED IN TEXT. 
(3 COMB JELLIES, 3 MEDUSAE, l YOUNG JELLYFISH, 2 AMPHIPODS AND 

CA.500 COPEPODS PER CYLINDER) 

SPECIES 

PZeurobrachia piZeus 

Medusae 
(unidentified) 

Cyanea capiZZata 
(jellyfish) 

Amphipods 
(unidentified) 

Copepods 
(several species) 

* 

EFFECTS OBSERVED* 

IMMEDIATE 

Attracted to oil 
surface; normal 
swimming movements 

12 H · 36 H 

Occasionally touching Less active 
oil surface; normal but still 
behavior normal 

Stayed near bottom; Near bottom; sl ow Dead 
bells pulsating movements 

Stayed near bottom; Slow movements near Dead 
swimming bottom 

Norma l activity 
migrating up and 
down 

Copepods active, 
frequently touch
ing oil layer 

Normal activity Slower 
movements 

Copepods sti l l active Many dead 
but avoiding upper copepods 
5 cm. water l ayer on oi l 

surface . 
About 25% 
still a 1 i ve 
in bottom 
5cm l ayer 

Somewhat more rapidly damaging effects noted with fresh, compared with 
weathered crude oil. 

• 



TABLE El 7 

EFFECTS OF CRUDE ANO WEATHERED CRUDE OIL ON RATES OF PHOTOSYNTHESIS 
OF PHYTOPLANKTON SAMPLES FROM BALAENA BAY, JULY 19, 1975 

(RESULTS REPRESENT AVERAGE VALUES FROM DUPLICATE EXPERIMENTS) 

SAMPLE 

Control (no oil added) 

+ Fresh crude oil 

+ Weathered crude oil 

RATE OF PHOTOSYNTHESIS 
(% OF CONTROL) 

l 00 

2 

17 



TABLE E18 
EF FECT OF DIFFERENT CONCENTRATIONS OF AQUEOUS CRUDE OIL EXTRACTS 

ON GROWTH OF BOREAL AND ARCT IC PHYTOPLANKTON .. 
IN OPEN AND CLOSED SYSTEMS 

• 

GROWTH (% OF CONTROL~ 
ORIGIN AND CONC. 4 DAYS 11 DAYS 19 DAYS OF AQUEOUS CRUDE 

SPECIES OIL EXTRACT OPEN CLOSED OPEN CLOSED OPEN CLOSED 

Chaetoceros Atkinson Point: 
septentr>iona 'lis 30% 110 76 115 92 

100% 55 74 105 86 

Norman Wells : 

30% 50 42 75 86 
100% 16 18 14 12 

• Tha las siosira Atkinson Point: 
nordenskioldii 30% 64 24 76 55 25 18 . 

100% 26 6 20 8 20 9 

Norman Wells: 

30% 36 18 33 8 
100% 14 9 8 5 

Balaena Bay mixed Atkinson Point: 
Culture (Amphipr>ora 30% 186 102 76 97 
and Navicula spp. 100% 146 87 44 52 dominant ) 

Norman Wells: 

30% 100 58 88 95 
100% 48 26 75 44 

Phaeodactylwn Atkinson Point: 
t r icornutwn 30% 98 68 97 91 

100% 54 42 78 72 

Norman Wells: 
30% 74 37 84 90 

100% 13 5 43 6 



TABLE E19 
EFFECT OF DIFFERENT CONCENTRATIONS OF AQUEOUS CRUDE OIL EXTRACTS ON 

PHOTOSYNTHETIC RATES OF BOREAL AND ARCTIC PHYTOPLANKTON 

SPECIES 

Chaetoceros septentrionalis 

ORIGIN AMO CONC. 
OF AQUEOUS CRUDE 
OIL EXTRACT 

Atkinson Point: 
30% 

100% 

Norman Wells: 

30% 
100% 

Thalassiosira nordenskioldii Atkinson Point: 
30% 

Balaena Bay mixed culture 
(Amphiprora and Navicula spp. 
dominant) 

PhaeodactiZwn tricornutwn 

100% 

Norman Wells: 
30% 

100% 

Atkinson Point: 
30% 

100% 

Norman Wells: 
30% 

100% 

Atkinson Point: 

30% 
100% 

Norman Wells: 

30% 
100% 

PHOTOSYNTHETIC RATE 
-~ % OF CONTROL) .. ) 
1 11 

93 
73 

85 
9 

77 
52 

91 
52 

48 
32 

76 
42 

93 
81 

88 
12 

73 
26 

64 
14 

82 
47 

87 
44 

74 
48 

72 
19 

98 
70 

86 
16 



FIGURE El 

DIAGRAM OF ARCTIC SALT MARSH SHOWING VEGETATIONAL ZONES 
IN RELATION TO LEVELS OF HIGH AND LOW TIDE 

Zone 6 

Zone 5 High tide 

Zone 4 

Zone 3 ca. 35 cm. 
Zone 2 

Zone 1 Low tide 

ZONE 1: Often bare mud o;· turf where marsh is eroding, or where silt deposits. 
Pennate diatoms observed, and frequen t colonies of nitrogen-fixing 
clue-greens (Rivularia sp.) in some areas. 

ZONE 2: Dark bluish -green thick mat of al gae dominated by the xanthophyte, 
Vaucher ia sp., and blue-green Oscillator ia spp. Several species of 
pennate diatoms and the blue-green nitrogen-fixing al ga Anabaena sp ., 
were also present . Nematodes and prot ozoans were obser ved in the 
alga l and soil layer in zones 2-4. 

ZONE 3: 

In wet depressi ons and ti dal ponds in salt marshes : Dominant: 
Chaetomorpha linwn. Subdominant: Enteromorpha sp., Rhizocloniwn sp . , 
and Ulothr i x sp .. Bottom mud densely covered by pennate diatom 
spec i es and blue-greens. 

This zone is domi nated in most 
Overlapping to some degree are 
the dicot Wilhelmsia physodes . 
matforming algae as in Zone 2, 
absent . 

l ocat ions by the moss Brywn marratti . 
the grass "Puccinellia phyganodes and 
The soi l layer is covered by the same 

where the moss layer i s spar se or 

ZONE 4: "Puccinellia phryganodes i s dominant, and Wilhelmsia physodes sub
dominant. Al so occuri ng is the scurvy-weed Cochlearia officinalis . 
The soil i s covered by mats of the same al gae as observed in Zone 2. 
The green al ga Enteromorpha sp. 

ZONE 5: "PuccineUia phryganodes and Wilhelmsia physodes are co-dominant . The 
sedges Carex subspathacea and C. ursina, "Puccinellia andersonii and 
Cochlearia officinalis occur in low numbers. 

ZONE 6: Elymus arenarius, "Puccinellia andersonii, Carex r otundata, C. subs
pathacea, C. ursina, Cochlearia officinalis, Salex glauca, Dr>aba 
nivalis, Oxytropis nigresence, Hedysar wn mackenzii , Dryas integrifolia, 
Eriophorwn angustifoliwn, Umbellicaria decussata . On rocks and 
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• 

shingles: the lichens CaZopZaca eZegans , Centatia nivaZis, C. 
cucuZZata, ThcimnoZia sp . 




