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PREFACE

This report was prepared for the U.S. Geological Survey,
Research and Development Programs for Outer Continental Shelf
0il and Gas Operations. It presents a review of the state of
the art in the design and construction of offshore drilling
facilities that may be used in oil/gas exploration on the
northern Alaska Outer-Continental Shelf (OCS). It addresses
the hazards posed by the Arctic environment, reviews potential
development concepts and their vulnerabilities, and draws
conclusions as to the risks.

Exploitation of petroleum reserves on the Arctic Quter
Continental Shelf will require the development of new strate-
gies in exploratory drilling and production, if such activity
is to remain both safe and economically viable. A portion
of this technology has already been developed as a result of
experience.on the Alaskan North Slope, in the Canadian Arctic
Archipelago, and during the major activity in the Canadian
Beaufort Sea. Limited exploratory drilling experience exists
in the Alaskan Beaufort Sea. A formidable problem which
remains, however, is the development of safe permanent struc-

tures for offshore production in ice-prone Arctic areas.
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Since 1972, some initial experience has been gained with ex-
ploratory drilling in the shallow waters of the Canadian
Beaufort Sea using earth-filled islands, in deeper waters

of the Canadian Beaufort Sea using drillships, and with
man-made ice platforms in the Canadian Arctic Islands. Also,
some exploratory drilling was done in the shallow waters off
the north coast of Alaska. More recently, drilling was con-
ducted off the coast of Greenland using conventional drillships
during the summer months when icebergs were present. However,
fixed production platforms have been utilized only in Cook
Inlet, Alaska, where the ice problem is much more limited
than in the offshore Arctic.

A number of new concepts have been proposed, or are
being developed to deal with emplacement of structures in
ice-prone areas. These include caisson reinforced islands,
multi-season ice islands,* and monopod structures with cones
and other ice-breaking features. A few of these approaches
have been tested under field and laboratory conditions. The
other concepts are described and evaluated in relation to the

known environmental forces they must survive.

*x
Man-made grounded ice platforms are called ice islands

in this report.



In general, this study was limited to exﬁloration and
production structures fixed to the ocean floor or ice. Drill-
ships were excluded from the study since the near-term lease
sale of tracts will be in waters too shallow for operations.
The specific elements of the structures reviewed were the
foundation, support members, operating deck structure, gather-
ing lines, pipelines, risers, wellhead, temporary oil/gas
storage, blowout prevention, logistics support provisions and
general plans of operations. Emphasis was placed on those
elements of offshore structures that fall under the regulatory

responsibility of the U.S. Geological Survey.
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I. ARCTIC ENVIRONMENT

A. REGIONAL SETTING

1. Coastal Physiography

The offshore portion of the Alaskan Arctic encompasses
two major bodies of water, the Beaufort and Chukchi Seas.
The Chukchi Sea (Figure 1-1) begins at the Bering Strait
(66O N. latitude) and continues northward about 500 km (300
mi) to Point Barrow (71O N. latitude). Because of its irregu-
lar margin, the Chukchi includes more than 1,100 km (700 mi)
of the eastern Alaskan coast. The coastline is punctuated
with numerous capes and headlands. Between these headland
areas, there are gently-curving shallow embayments which are
exposed to the open sea. A few areas along the coast contain
strings of barrier islands backed by sheltered lagoons.

South of Capé Lisburne there is a very large embayment
between Point Hope and the Bering Sea. Generally known as
the Hope-Sea Basin, it is an area of considerable interest
for future petroleum exploration. The easternmost part of
the basin is a very shallow but large bay called Kotzebue
Sound,

The land bordering the shores of the Chukchi Sea con-
sists of flat coastal plains dotted with numercus lakes, ponds

and small streams. There are some interspersed areas of low
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rolling hills which rise to heights of a few hundred meters
above the coastal plain. However, the dominant feature of
the landscape is its flatness. Vegetation on the coastal
plain is mainly tundra which serves to accentuate the area's
barren appearance.

The Alaskan sector of the Beaufort Sea (Figure 1-2) ex-
tends from Demarcation Point (141O W longitude) to Point Barrow
(1530 30" W. longitude), a distance of approximately 610 km
(380 mi). The Beaufort Coast has many of the same coastal
features as the Chukchi. However, a much greater proportion
of the Beaufort coastline is bordered by barrier island chains
which lie several miles offshore. These islands provide a
great deal of protection to the mainland coast and many are
backed by shallow lagoons. The most exposed part of the Beau-
fort coast is found in the western sector, especially at Smith
and Harrison Bays where there are no offshore barrier islands.

One feature which is common along the Beaufort Coast, but
which is largely absent on the Chukchi coast, is a complex of
river delta systems. These deltas have been formed by river
systems which originate in the Brooks Range and flow northward
providing drainage for the Arctic Slope. Major river systems
include the Mead, Ikpikpuk, Colville, Kuparuk, Sagavanirktok,
Shaviovik, Staines, Canning, Hulahula, and Kongakut. During
the winter months, the rivers cease to flow as a result of
freezing. For several weeks in the late spring they thaw,

" and often flood the low-lying coastal areas.
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Land along the coast consists of narrow beaches bordered
by low but steep bluffs usually less than 3m (10 ft) in height.
In many places these bluffs are actively retreating as a result’
of thermal and wave erosion during the summer open-water season.
Behind the bluffs lies the low, flat Arctic coastal plain which
varies in width from 18 km (11 mi) at the Canadian border to
180 km (110 mi) at Point Barrow. The plain is underlain by
continuous permafrost with depths ranging to perhaps 600m
(2000 ft). The most significant feature of the plain is a
complex of thousands of small lakes and streams which cover

an area of 435,000 sq. km (168,000 sq. mi).

2. Coastal Bathymetry

The continental shelf of the Chukchi Sea is a flat, almost
featureless plain having average depths of 45-55m (145-180 ft).
(Creager and McManus, 1967). The slope gradients on the shelf
are extremely gentle. Maximum slopes reported are about 2
degrees but most are less than 2 minutes. The 20m (66 ft)
depth contour lies an average of 16 km (10 mi) offshore except
along the northeastern coast where relatively steep gradients
are found in the vicinity of the Barrow Sea Valley. Adjacent
to the exposed coast, the only significant bottom relief is
caused by scour depressions produced by dragging chunks of sea
ice and the keels of pressure ridges. Kotzebue Sound, in the

southeastern Chukchi, is very shallow and flat as a result of



siltation from the Kobuk and Noatuk Rivers. Depths average
12 to 14m (39-46 ft).

The continental shelf of the Alaskan Beaufort Sea is
relatively narrow, averaging about 80 km (50 mi) in width.

The shelf break occurs at depths of 70 to 75m (230-250 ft).
The slope gradients along the shelf are even more gentle than
those in the Chukchi. Consequently, relatively shallow water
may be found for considerable distances offshore. At Harrison
Bay, for - example, the 20m (66 ft) isobath lies as much as 72
km (45 mi) offsﬂore. In the eastern Beaufort, the slope is
somewhat steeper. At Camden Bay, the 20m (66 ft) isobath lies
18.5 km (11 mi) offshore.

The numerous lagoons formed by the barrier islands along
the Beaufort and Chukchi coasts are relatively shallow. In
Simpson Lagoon, the maximum water depths are 2.0 to 2.3m
(6.5 to 7.5 ft). Between Midway Island and Prudhoe Bay, depths
- range up to 8.0m (28 ft). South of Flaxman Island, maximum

depths are 2.3m (7.5 ft).
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B. GENERAL CLIMATOLOGY

The climate of Alaska's north coast is classified as
arctic by the National Weather Service. Summer weather is
characterized by cool marine winds, frequent but light pre-
cipitation and considerable cloudiness and fog. In winter,
the cloudiness decreases and very cold winds prevail. A light
snow cover is established by mid-September which persists
until June or July. Below freezing air temperatures are the
rule except in June, July, August and early September when
temperatures are normally about 4°C (40°F). Mid-winter tem-
peratures of minus 25°C to minus 28°C (minus 15°F to minus
20°F) are typical. Persistent winter winds may drive the
temperatures to minus 50°C (minus 60°F) or lower, making any
outdoor work difficult and often hazardous.

Most of our present knowledge of the Alaskan Arctic
. ¢limate is limited by a rather short data base. Systematic
collection of metecorological information in the area was not
begun until after World War II, when the Defense Department
establisﬁed military facilities along Alaska's northern coast.
Prior to this, only scant information was available from
native records, whaling ships, expeditions, and occasional
forays by aircraft.

Data from offshore areas are even more limited than the
immediate coast. Relatively few vessels, except for occasion-
‘al icebreakers, ever enter the Alaskan Arctic, especially in

winter. Summer marine traffic is normally limited to open
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water adjacent to coastal areas. Natural floating ice islands
and multi-year floes have received limited use as offshore
observation stations. The relatively transient nature of
these islands and floes, however, limits their usefulness in
assembling.a coherent picture of offshore climatic phenomena.
Vivid testimony to our lack of knowledge in the Arctic
offshore areas of Alaska is found in the recently published

Climatic Atlas of the Chukchi and Beaufort Seas (Brower et al.,

1977). This atlas is one of three such volumes prepéred for
the NOAA/BLM Outer Continental Shelf Environmental Assessment
Program (OCSEAP). Companion volumes include the Bering Sea
and Gulf of Alaska. The intent of this work was to provide a
detailed climatic profile of the marine and coastal regions of
Alaska. Although the Bering Sea and Gulf of Alaska volumes
are relatively complete in this regard, the Chukchi-Beaufort
Sea volume contains page after page of blank graphs with the
notation "Insufficient Data." More recent information exists,
but it has not yet been compiled in a form for analysis.
Remaining sections of this chapter discuss the climatic
phenomena of Alaska's north coast with particular reference
to those aspects which may affect offshore petroleum develop-
ment. Due to the sparsity of data for offshore areas, much of
the information is drawn from coastal stations such as Barter
Island, Barrow, and Kotzebue. In general, this information is
sufficient to generally describe conditions some distance off-

shore.



1. Temperature

Persistently low temperatures are one of the most con-
spicuous and troublesome aspects of the Arctic climate. 1In
winter, the sun is either below the horizon continuously, or
remains so low that very little solar radiation reaches the
ground. In summer, the maximum solar elevation is about 420,
but extensive cloud cover reflects much of the incident short-
wave radiation. Monthly radiation values vary from near zero
during the winter to an average of about 71 kilojoules/cm2 per
month in June (Swift et al, 1974). Lacking solar radiation,
heat input to the Arctic air is thus primarily derived from
longwave radiation emanating from the surface.

As a result of this phenomenon, air temperatures offshore
and along the coast tend to be somewhat milder and uniform
than at inland locations. Air temperatures above the polar
pack ice, for example, are not as cold as readings reached in
Alaska's interior because of heat radiated by the relatively
warm water below the ice.

Tabie 1-1 is a listing of representative temperature
information for nine coastal stations along the Chukchi and
Beaufort Seas. These locations are shown in Figures 1-1 and
1-2. An examination of the data in Table 1-1 shows that
coastal stations along the lower Chukchi are, on the average,
slightly warmer than stations along the Beaufort and upper
Chukchi. Both locations, nevertheless, are subject to similar

extremes in temperature, It is also interesting to note that
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there are less than 90 days on which temperatures exceed the
freezing point at all locations, and along the Beaufort coast,
there are less than 60 days.

From an operational standpoint, the temperature resulting
from wind chill is a more effective measure of the ability of
humans to work in the Arctic environment because it combines
the effect of wind and temperature on heat loss. As will be
discussed later, persistent winds are a common feature of the
Arctic coast. At Barrow, for example, a no wind condition
exists only 1.3 percent of the time (Searby and Hunter, 1971).
Table 1-2 is a wind chill chart for temperatures from 0°C to
minus 50°C (32°F to minus 58°F) and wind speeds of 0 to 50
mph.

Using hourly values of temperature and corresponding
surface wind reports for Barrow, Searby and Hunter (1971)
developed probability curves for equivalent chill temperatures
on a monthly basie (Figure 1-3). The curves are generally
applicable to coastal locations along the Beaufort Sea. With
respect to outdoor working conditions, these curves illustrate
the high probability of encountering dangerous temperatures
during almost all times of the year. Subfreezing equivalent
temperatures, for example, may be encountered with a 90-percent
probability during all months except July and August. Consid-
erable danger from freezing exists when equivalent temperatures
drop below minus 36°C (minus 24°F). Such conditions exist at

least half of the time from November through March.
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Offshore work in the Arctic may expose personnel to the
possibility of immersion hypothermia which involves loss of
body heat to water. The survival time of human beings in the
sea is directly related to sea surface temperatures, and to
a lesser extent, human behavior and condition. Table 1-3

depicts approximate survival times due to immersion hypothermia.

Table 1-3. Approximate Survival Time
Versus Water Temperature

Water Exhaustion or Expected Time
Temperature (°F) Unconsciousness of Survival
32.5 (and below) 15 min 15 - 45 min
32.5 - 40.0 15 ~ 30 min 30 - 90 min

40 - a0 30 -~ 60 min 1 - 3 hrs

50 - 60 1 - 2 hrs 1l - 6 hrs

60 - 70 2 - 7 hrs 2 - 40 hrs

70 - 80 3 - 12 hrs 3 - Indefinite
B0 Indefinite Indefinite

Source: Searby and Hunter (1971)

The survival times given are only first order approxima-
tions since there are many uncontrollable physiological fac-
tors. Nevertheless, it is clear that any immersion in Arctic
waters where temperatures remain close to 0°C (32°F) year
round is a very serious matter. For human transport to off-
shore facilities by boats, aircraft or over ice, accidents in-

volving immersion will reqguire prompt emergency rescue response.
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2. Precipitation

Precipitation over most of the Arctic coast is very light,
usually less than ten inches annually in the Beauforf and
northern Chukchi Seas. Kotzebue Sound in the southern Chukchi
Sea can receive up to 20 in. of precipitation each year as a
result of storms which migrate northward across the Bering
Strait. The arid to sub-arid conditions which prevail are due
mainly to low temperatures which prevent water vapor buildup
in the atmosphere, and secondarily to ice cover which prevents
the evaporation of water below it. As a result, the relative
humidity is generally high (60-920%) but the absolute humidity
is very low.

Rain accounts for the major part of the annual precipita-
tion. July and August are the wettest months because they are
the warmest months and also because the protective ice cover
has melted. Snow may fall during any month of the year and the
ground is normally snow covered from mid-September until June.
Total annual snowfall averages 12-60 in. along the North Slope
coastal statioﬁs. To the socuth, snowfall increases to a maxi-
mum of 20-70 in. in Kotzebue Sound. Southern areas are also
more prone to blizzard conditions because of occasional cyc-
lonic storms which pass through the region in the winter.

Other precipitation phenomena include rime ice, a deposit
of granular ice which occurs over coastal regions throughout
much of the year and hoarfrost in winter. Representative
precipitation data are shown in Table 1-4. Station locations

for these data can be found in Figures 1-1 and 1-2,
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3. Surface Winds

Surface winds along the Arctic coast tend to blow at a
fairly constant rate throughout the year, Yearly means of
10-15 mph are typical of all exposéd coastal locations and
completely calm conditions exist less than 5 percent of the
time at most coastal stations. Table 1-5 summarizes surface
wind conditions for stations along the Beaufort and Chukchi
coasts.,

High winds may occur at any time of the year although
maxXimum velocities have occurred historically in the coldest
months. Tin City and Barter Island tend to be the worst
locations for strong steady winds. Both stations experience
gale-force winds about 5 percent of the time during winter.

In contrast, the other coastal stations experience such winter
winds only 1 percent of the time, or less.

The persistent Arctic wind can pose a number of opera-
tional difficulties for offshore development. Wind chill,
previously discussed, is probably the most serious problem.

At Kotzebue, for example, winter monthly minimum temperatures
of minus 25°C (minus 13°F) coupled with average wind speeds of
15 mph, produce an equivalent chill temperature of minus 45°C
(minus 49°F). This wind chill can freeze exposed flesh within
one minute. Strong winds have a marked effect on snowfall

during the winter months. In addition to driving the snow as
it falls, thus creating visibility problems, it also forms

deep drifts which hamper surface transport. Wind may also
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cause a number of ice-related problems. During the summer
months, for example, strong offshore winds may drive the pack
ice into the nearshore area. This occurs occasionally east

of Point Barrow and seriously interrupts the summer barge and
shipping routes along the North Slope. Any offshore construc-
tion in unprotected areas might also be affected by this

phenomenon.

4. Cloud Cover and Visibility

Cloudiness is a prevalent condition along the entire
Arctic coast. Over 60 percent of the days are cloudy on an
annual basis. During the summer and early fall, cloudiness
occurs more than 70 percent of the time. Apparently this is
due to the presence of open water and higher temperatures.
During the summer, cloud types tend to be uniform and color-
less stratus.

Fog is the major restriction to visibility in the Arctic.
Dense fog can be expected to occur 30 to 100 days each year
along the coast. Offshore and inland areas are much less
prone to fog. Advection fog ié the commonest form along the
coast, caused by relatively warm, moist air moving over a
cold surface. This situation normally occurs during the open
water season in summer and early fall. Areas along the Chukchi
Sea coast may have advection fog for up to 15 to 20 days per
month in summer (Arctic Institute of North America, 1974).

Advection fog tends to persist because of strong temperature



inversions, almost always present in the Arctic, which prevent
turbulent dissipation.

During winter months, radiation fcg is common over coastal
and inland areas. It develops under sharp temperature inver-
sions during very cold weather. Radiation fogs are character-
istically shallow and low in density. Steam fog is another
common coastal phenomenon which is caused by a differential in
the air and water temperature. Open water leads, which occur
in the fast ice zone adjacent to the coast, are often surround-
ed by steam fog which appears as a iow, clinging layer. In
extreme cases, steam fogs may reach a height of 1,500m (5,000
ft) but as a rule, they are shallow and quickly dissipated by
the wind.

Under fairly specific conditions, an additional form is
ice fog. At temperatures of about minus 37°C (minus 35°F) and
lower, water vapor sublimates on hydrocarbon molecules or other
suitable nuclei forming an ice crystal fog. Such fogs normally
occur when the air is calm in the immediate vicinity of human
settlements with heavy water usage. Ice fog may vary from
15 to 150m (500 to HBOG ft) in thickness and visibility may be
reduced to near zero (Arctic Institute of North America, 1874).

Table 1-6 presents monthly summaries of fog conditions
(all types) at three Chukchi Sea coastal locations and at two
on the Beaufort coast. It is apparent from the data that
there are wide variations in visibility limitations imposed

by fog due to both season and location. In general, summer
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fogging conditions are at least twice as bad as winter condi-
tions in most of these places. Secondly, the data appear to
indicate that conditions along the Beaufort coast are somewhat
more uniform than ccnditions along the Chukechi. Barrow and
Barter Island, for example, have quite similar conditions
throughout the year. Tin City and Kotzebue, on the other hand,
have radically divergent amounts of fog although the seasonal
trends are similar.

Aircraft operations of all types will undoubfedly play a
major role in development of the Arctic offshore region. Both
ceiling (cloud height) and visibility are extremely important
parameters which define flying conditions. Brower et al (1977)
have combined ceiling and visibility data into a useful set of
tables which can be used to determine the percentage frequency
for which various sets of flying minima can be determined.

This information is duplicated in Table 1-7.

Searby and Hunter (1971) made a study of flying conditions
at seven North Slope airstrips: Prudhoe Bay, Barter Island,
Deadhorse, Kavid River, Nora Federal, Pingo, and Sagwon. The
general conclusions of their study indicated three aspects of
flying weather on the Neorth Slope: first, relatively unfavor-
able conditions are greatest during the April-May and August-
September periods; second, flying conditions tend to improve
with distance inland; thifd, any two locations will not neces-

4

sarily experience weather conditions below minimum at the same

time.



Table 1-7. Visibility and Ceiling Conditions
at Arctic Coastal Stations (Brower et al., 1977)

{Percent Frequency of Occurrence, All Months and All Hours)

Visibility (in miles} Caeiling Vigibility {in miles)
{in feet)
23 2% 21 2% 2% 2% 20 a3 1% 21 2% 2% m% 20
58 69 60 61 62 82 62 | >1.800 61 B3 64 65 68 68 e8
61 63 64 B4 65 68 66 | »1.500 84 66 68 68 70 71 72
65 67 63 69 69 70 71 | >1.200 867 69 71 72 73 74 76
68 72 73 M4 75 78 76 | > 1,000 70 73 75 78 718 79 80
71 74 75 718 77 718 78 | > 900 'g M 14 78 77 19 80 81
74 77 19 79 80 B 82 (> s00|3 73 76 79 80 8t 83 84
E 77 80 81 82 B3 B4 84 [> 700|T 74 78 80 82 83 85 86
& 79 83 84 8 88 87 88 |> s00 5 76 80 82 84 85 87 88
82 88 83 8 90 91 92 | > s00 77 81 B4 B8 88 89 01
84 88 90 9 93 94 84 | > 400 78 82 86 87 89 91 92
86 809 92 93 985 96 97 | > 300 78 83 87 88 91 93 95
85 90 92 93 96 98 09 | = 200 78 83 87 89 92 95 07
8 50 92 94 96 98 100 | = 100 78 83 87 89 92 98 08
85 90 92 94 96 98 100 |= O 78 83 87 B89 92 96 100
52 68 58 659 60 61 62 | =1,800 82 83 B84 84 85 85 85
56 69 61 62 63 64 65 | =1,500 8B4 86 87 87 87 BB 88
57 62 64 65 68 87 68 | =1200 88 88 89 89 90 90 90
59 64 66 67 868 70 71 | >1,000 88 90 9t 92 92 93 93
60 65 68 68 70 71 72 | = 900 89 9t 92 93 93 83 04
& 81 67 69 70 72 1713 74 | = B0O 9 92 93 04 84 95 95
2 62 68 7t 72 73 7% 76 | = 700 90 93 O4 95 95 96 96
E 64 70 713 784 715 77 78 | > 80010 9 84 95 66 96 7 97
68 72 76 77 18 80 81 | > s00 92 04 98 98 97 98 98
67 74 77 79 80 82 B3 { = 400 92 95 98 97 98 98 98
68 76 80 82 B84 86 88 { ™ 300 92 985 98 97 98 99 99
70 78 82 84 87 90 93 { = 200 92 95 97 97 98 99 99
70 78 83 85 88 93 97 | = 100 92 95 97 97 98 99 100
70 78 83 85 88 93 100 {= @ 92 05 97 97 98 99 100
> 1,800 65 67 68 68 68 69 69
= 1,600 73 75 18 17 17 77 77
> 1,200 77 80 81 8 82 83 83
= 1,000 B0 83 8 81 88 86 87
> po0(f 82 85 87 87 88 88 88
= 80012 64 87 89 90 01 91 91
> 700|5 85 89 91 92 93 93 93
> 6§00 86 91 53 94 94 95 95
> 500 3 87 82 94 95 96 96 97
= 400 88 92 95 98 97 98 08
= 300 88 93 98 97 08 99 99
= 200 88 93 98 97 98 99 100
= 100 88 93 9 97 98 98 100
= 0 B8 93 96 97 98 99 100




5. Optical Phenomena

A number of optical phenomena are present in the Arctic
which make certain operations more difficult to accomplish
than in areas of more temperate climate. Unfortunately,
there are no quantitative data available with which to judge
the probability of occurrence of such events. However, they
are sufficiently common to be credited with numerous accidents,
particularly those involving aircraft. Before proceeding with
a discu§§§9p”9f these phenomena, it is useful torexamine the
natural light cycle in the Arctic because of its unique nature
and because it is responsible for a number of these optical
problems. The northern Alaska coast receives constant sun-
light for about two and one half months during the summer.

At Barrow, the sun is above the horizon continuously from May
10 to August 2. Conversely, there is a long period of winter
darkness. At Barrow, the sun is below the horizon from
November 18 to January 23. However, during the winter months
when the sun is not more than six degrees below the horizon,
there is sufficient twilight to carry on a number of activi-
ties without artificial light. Figure 1-4 shows the daylight/
darkness cycle at Barrow. However, as mentioned above, there
is a twilight period which extends into the shaded area on
both sides of the graph.

The following optical phenomena frequently occur in the
Alaskan Arctic. Information for this section was gathered

from Swift et al (1974).
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Figure 1-4. Daylight/Darkness Cycle at Barrow, Alaska (Arctic Institute of North America, 1974)



a. Terrestrial Refraction (Mirages)

Atmospheric temperature inversions, which are a common
Arctic feature, cause a greater than normal refraction in the
lower atmosphere. This results in distortion of shapes and
positions of objects seen at a distance. Objects which nor-
mally lie beyond the horizon may be lifted into view (looming)
and objects normally visibie may fall below the horizon

(sinking).

b. Terrestrial Scintillation (Optical Haze)

Optical haze is produced by irregular refraction effects.
This is due to the passage, across the line of sight, of air
parcels whose densities differ slightly from that of their
surrcundings. This effect is caused normally by isclational
heating of the earth's surface resulting in thermal turbulence
in the surface layer of air. Optical haze is manifested by a
blurred or distorted landscape. In temperate climates, this
phenomenon may be observed as ""heat waves" which rise from

asphalt surfaces on warm, sunny days.

¢. Ice and Snow Blink (Sky Map)

Snow blink appears as a bright, white glare on the under-
side of a cloud layer. It is produced by light reflection

from a snow or ice-covered surface.

d. Whiteout
Whiteout is a phenomenon in which the observer appears

to be engulfed in a uniformly white glow. Neither shadows,



clouds, nor horizon are discernible and depth perception and
orientation are completely lost. Two conditions produce
whiteout: 1) a diffuse, shadowless illumination; and 2) a
uniformly monochromatic white surface. Both conditions
commonly occur in the Arctic.

Whiteout has been known to occur under a cloud ceiling
in a crystal-clear atmosphere with ample, comfortable light,
and a visual field filled with trees, telephone poles, quonset
huts, and oil drums. However, the probability of such an
occurrence is considerably lessened if mountains or patches
of sky are visible.

Whiteout is a serious problem for pilots in landing,
take-off and taxiing. Low flying, especially at altitudes
of 300m (984 ft), is particularly hazardous and has resulted
in numerous accidents. Ground activities, including walking

and vehicle operation, may also be affected.

e. Snow Blindness (Niphablepsia)

Snow blindness is a medical condition characterized by
impaired vision or temporary blindness. Caused by reflection
of ultraviolet light from snow surfaces, it is a serious prob-
lem in the Arctic becaﬁse of low sun elevations which create
a greater incidence of sunlight reflection. Northern sunlight
also contains a higher percentage of ultraviolet than encoun-

tered at lower latitudes.
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C. SEA ICE

Sea ice is the most pervasive feature of the Arctic off-
shore environment. With the exception of a narrow band of
- open water close to the coast each summer, sea ice dominates
the Arctic Ocean at all times. It is a dynamic feature, in a
nearly continuous state of motion or potential motion. Dis-
tant meteorological and oceanographic events may have profound
effects on local movement because of the ability of ide to
transmit forces may miles. Knowledge of the mechanisms re-
sponsible for such ice movements is still rudimentary.

As anh engineering material, sea ice poses numerous
challenges resulting from the variety of physical states,
shapes, sizes, and strengths which it exhibits. Strength,
for example, is determined by a multitude of conditions in-
cluding temperature salinity, age, crystal structure, gas
content, rate of deformation, shape and size. These variables
are not all related and their combined effects have yet to be
quantified into precise engineering formulas which can be used
to determine the forces which ice might exert on offshore
structures.,

In spite of certain fundamental gaps in our knowledge
regarding the sea ice environment, considerable information
has been developed which lays the groundwork for the solution
of many offshore development problems. Industry, academic

and government programs within the past five to ten years



have added a major increment to our knowledge of sea ice con-
ditions in the Alaskan Arctic. This section of the report
briefly summarizes those conditions. (A more complete dis-
cussion of sea ice problems, as related to offshore develop-

ment, is given in Section IV of this report.)

1. 8ea Ice Zonation

For ease of discussion, the sea ice environment can be
divided into a number of zones, each having more or less dis-
tinct properties from the others. Profiles of this zonation
are shown for late winter and spring conditions in the Beaufort
Sea (Figures 1-5 and 1-6). It should be recognized that this
is an arbitrary characterization, and that the boundaries shown
are subject to considerable variability in time and space.

Major features of each zone are discussed below.

a. Landfast Ice Zone

The landfast ice zone can be further subdivided into:

(1) the bottom-fast ice zone; and (2) the floating-fast ice
zone, (Figure 1-6). The bottom-fast ice zone is formed by ice
which is in continuous contact with both the shoreline and the
sea floor. The extent of the bottom-fast zone increases sea-
ward during the winter months as more ice is frozen solid from
the surface to the sea floor. Its maximum extent is generally
at the 2m (6.6 ft) isobath, which may vary from a few meters

~ to several kilometers offshore.
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The bottom-fast zone is relatively smooth in appearance
although small grounded ice features and pressure ridges pro-
vide some surface relief. The surface of the ice is also
marked with tidal cracks which result from flexure of the ice
in response to ocean tides and other water motions. Many such
cracks are formed as the margin of the zone moves seaward.

Older cracks refreeze, forming irregular scars.

Large scale motion within the bottom-fast zone is believ-
ed to be negligible during the period of time when it is in
close contact with the bottom (Shapire and Barry, 1978). How-
ever, prior to fall freeze-up and after the spring thaw begins,
appreciable movement is possible. There is also some evidence
of localized ice motion even during winter months. Hanson et al
(1978) report several instances of ice movement across beaches
near Barrow, Alaska, which occurred in December and January
(1977-78). This phenomenon known as "ice push" resulted in
two barrier islands being completely overridden by bottom-fast
ice at least 60 cm (2 ft) thick. It is attributed to either
wind stress or to abnormal pressure from the offshore pack ice.

The floating-fast ice zone (Figure 1-6) extends from the
edge of the bottom-fast ice, in a seaward direction, to the
boundary of the zone of grounded ridges. The seaward limit of
this zone is normally taken as the 18m (60 ft) isobath, although
considerable variability occurs from year to year and at differ-
ent locations along the coast. In the Beaufort Sea, a signi-

ficant part of the area occupied by the floating-fast ice zone



lies shoreward of the barrier islands. In this protected area,
the ice is primarily first-year ice, with some fragments of
multi-year drift ice embedded in it. Small pressure and shear
ridges may also be found within-the fast ice zone. 1In areas
unprotected by islands, sizeable pieces of multi-year floes
and ice-island fragments may be incorporated to create formid-
able ice masses (Kovacs, 1976). If grounded, these features
help to stabilize the first-year ice.

During the winter months, movement of ice in this zone
is an item of considerable interest for offshore development.
This is especially true of the Beaufort coast because of po-
tential near-term development prospects. Inside the barrier
islands, where the floating ice is relatively protected, net
winter movement is believed to be in the range of a few meters
(Shapiro and Barry, 1978). Such motion is attributed to ther-
mal expansion and contraction, or to largef meféoroloéical
events. During freeze-up, wind and currents can move the
young ice sheet distances of several hundred meters. There
is less concern during this period, however, because the ice
is thin and relatively weak,

OQutside of the barrier islands, two groups of investiga-
tors have measured winter ice movement. The oil industry has_
completed four years (1975-1979) of ice movement studies at
locations between Flaxman Island and Harrison Bay. They
reported net winter movement on the order of tens of meters

outside the barrier island (Cox, 1978). Weeks and Kovacs (1977)
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monitored movements of floating-fast ice sheets during March,
April, and May (1976-77) in the vicinity of Narwhal Island
(northeast of Prudhoe Bay). They observed gradual maximum
movements of more than 60m (200 ft) during a winter season.
.It is difficult to draw even a tentative conclusion from this
limited set of measurements, however, because the floating ice
sheet seaward of Narwhal Island is relatively narrow (less
than 15 km (9 mi) wide). In other coastal locations the
floating ice =zone may‘extend for distances up to 80 km (50 mi).
Thus, it is logical to suspect that larger movements are
possible. Weeks (1978) has subsequently stated that during a
winter season cumulative movements in excess of 100m (330 ft)
must be presumed possible anywhere within the floating-fast
ice zone. However, in stabilized or protected areas, deforma-
tion rates are slow and do not cause override or pile-up
events.

No measurements of floating-fast ice movement are avail-
able for the Chukchi Sea except in the most northerly part
near Point Barrow. It is presumed that considerable ice motion
occurs at most locations along the coast with the possible
exception of inner Kotzebue Sound. This is based on the fact
that winter and spring ice processes in the Chukchi Sea are
much more dynamic than in the -Beaufort Sea. The Chukchi has
a relatively narrow margin of fast ice which is in contact
with a constantly southward moving drift ice system. This

system has a shearing effect on the edge of the fast ice sheet.
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The inner portion of Kotzebue Sound has a much wider margin
of fast ice than the exposed coast. Nevertheless, the outer
edge of this ice sheet is also subject to drift ice shear
which may, in turn, create some ‘instability in the attached
ice,

A final comment regarding the floating-fast ice =zone
concerns its crystalline structure. Recent work by a variety
of investigators is summarized in Shapiro and Barry (1978).
Briefly, previous studies of the formation of sea ice had
shown that ecrystals which compose the ice sheet are elongated
normal to the plane of the ice sheet and parallel to the direc-
tion of growth such that the crystallographic c-axis lies in a
horizontal plane. Subsequent work showed that the c-axis is
not randomly oriented in the horizontal but, instead, tends
to align in preferred directions. More recent investigations
in the Beaufort Sea have shown that there is a consistent
orientation in the horizontal plane of the c-axis of the
crystals which form the land fast ice sheet. Furthermore,
this alignment may extend for tens of kilometers. Available
data indicate that this alignment reflects mean current pat-
terns in the area.

These findings have significant implications for offshore‘
development. For example: (1) The preferred alighment causes
the strength of the ice to be different in different directions.
Perfect alignment tends to increase the compressive strength

of the ice in some directions so that the maximum force which



ice can exert against a structure will also be increased; (2)
Thermal expansion and contraction of the ice may be direction-
ally dependent on the crystal orientation (Shapiro and Barry,

1978).

b. Pack Ice Zone

Seaward of the fast ice zone lies the pack ice zone
(Figure 1-6) which has three subdivisions within it: +the
zone of grounded ridges; the floating extension; the drifting
polar pack ice. Before discussing the characteristics of each
subdivision, it is worthwhile to examine a number of major
ice features which may occur within the general limits of the

pack ice zone.

(1) Pressure Ridges. Pressure ridges are formed

from the interactions or collisions of ice sheets. They con-
sist of a pile of ice blocks which are forced upward to form
sails and downward to produce keels., When initially formed
(first-year ridges), the ice blocks are poorly bonded to one
another and are, consequently, relatively weak. Large ridges
which survive the summer melt season are known as multi-year
ridges. They are much stronger than first-year ridges because
melted water percolates into the open spaces between the ice
blocks and subsequently refreezes to form a solid, void-free
body of ice.

Pressure ridges may achieve impressive dimensions.

Sail heights of free floating ridges as high as 13m (43 ft)



have been seen and there is one submarine report of a keel
depth extending to 47m (150 ft) in the pack ice zone {(Lyons,
Unpublished Data). However, the vast majority of ridges have
sail heights less than 4m (13 ft) and keels less than 12m

(40 ft). Studies of sail heights have shown them to have a
negative exponential size distribution (Weeks, 1978). Sail
height-to-keel depth ratios have been investigated by Kovacs
and Mellor (1974) who found a range from 1:3 to 1:9 in first-
year ridges with an average of 1:4.5. Multi-year ridges have
an average ratio of 1:3,

Pressure ridges may occur as solitary ice masses
surrounded by sheet ice or embedded in heavy multi-year floes
of considerable thickness. Quite commonly, however, they
occur in a long continuous row which may extend for tens of
kilometers (Kovacs and Mellor, 1974). Such ridge systems are
created by shearing action between stationary fast ice and
moving pack ice.l Grounded ridge systems are common in the
Beaufort Sea. Kovacs (1976) reported one such feature in a
shoal area off Oliktok Point which extended approximately
40 km (25 mi). Ridge systems have been known to survive
several seasons in a grounded state. Eventually they float
free and break up into massive fragments (floebergs) of con-

siderable strength.

(2) Ice Islands. Ice islands in the Beaufort Sea

are tabular icebergs calved from the Ellesmere Island ice shelf

and transported to the area by the Pacific Gyral (Figure 1-7).

1-37



(1) Aion pock

{2) Maud-Jeanette drift vegion

(@ Fast-ice sector (@) Spitsbergen pack

(4} Taimyr pack Eliesmere tonstal

{3 Severnaya Zemiya pack (® Lincoln Sea drift

(B Northeast Barents Sea pack {0 Boffin Bay pack )
06J

Figure 1-7. Major Polar Drift Streams (Kovacs, 1972)
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Ice islands may remain circulating within the Gyral for tens
of years (Kovacs and Mellor, 1974). |

Ice islands achieve impressive dimensions and it is
questionable whether man-made structures other than perhaps
artificial islands could survive a direct encounter with a
moving large ice island. Those found in Alaskan coastal
waters are typically smaller fragments 30 to 100m (100 to 330
ft) across and 12 to 30m (40 to 100 ft) thick (Kovacs and
Mellor, 1974). However, they can be much larger in deeper
waters. One island known as "T-3," which was used as a drift-
ing scientific station, had initial dimensions of 6 km (4 mi)
wide by 14 km (9 mi) long (Weeks, 1978). Ice islands are
also very strong since they are composed of fresh water ice.
Fortunately, such large ice features would be grounded in the
waters of the Beaufort Outer Continental Shelf before hitting
any structure.

Little is known about the numbers and distribution
of ice islands. An oil industry ice reconnaisance study in
1972 indicated the presence of more than 400 islands along
the Alaskan coast (Kovacs and Mellor, 1974). Recent ice
island sightings have been less numerous.

Information regarding the ultimate fate of ice
islands is scanty. Many become grounded, and are worn down
by normal weatherihg processes and by the abrasion of passing
ice. Others may break up into smaller ice islands. Some

have escaped the Pacific Gyral system by becoming entrained
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in the Transpolar Drift Stream and the East Greenland Drift
Stream (Figure 1-7).

The first subdivision within the pack ice zone (Figure
1-6) is an area of grounded ridges which marks the location
. of the first winter interaction between the edge of the land
fast ice and the drifting polar pack. This is also called
the shear or stamukhi zone. Typically, it occurs in water
depths of 15 to 23m (50 to 75 ft), although in some years the
depth may extend to the 40m (130 ft) contour.

The grounded ridge zone consists primarily of shear and
pressure ridges which are formed by collisions between the
moving pack ice and the relatively stable fast ice. The
ridges may be interspersed with floes of first-year and multi-
year ice and with ice island fragments. Many of the ridges
are grounded, and this grounding is thought to provide stabil-
ity to the fast ice sheet which is attached to the ridges.
Grounded ridges are also believed to protect the fast ice from
the pack ice by transmitting forces into the sea floor (Shapiro
and Barry, 1978).

Large, well-grounded ridges may survive through more than
one season; those do tend to be very strong. Many of the
ridges do not survive the summer melt, however. They frequent-
ly float free and ultimately become entrained in the pack ice.

The zone of grounded ice normally appears as a well-
defined band along the Beaufort coast during the winter months.

Its width is usually less than 100 km (60 mi) and the ice



comprising it shows variable degrees of deformation as one
moves along the coast (Weeks, 1978). 1In the Alaskan Beaufort
area, the degree of deformaticn decreases west of Barter
Island.

Between the grounded ridge zone and the drifting pack
ice, there is sometimes another zone called the floating ex-
tension, which develops from ice that has grown seaward after
the grounded ice zone is formed in early winter (Figure 1-6).
It is.composed of sheet ice and floating ridges which become
incorporated as the ice sheet freezes. Because this zone is
exposed to constant incursions by moving pack ice, it is an
area of active ridge formation, although the ridges do not
ground as they do closer to shore. This zone is also charac-
terized by frequent flaw leads (fractures) which form in
response to ice stress.

The last zone is the drifting polar pack ice zone which
begins at the margin of the continental shelf. The polar
pack lies within a clockwise moving circulation system known
as the Pacific Gyral (Figure 1-7) which extends from the
Beaufort shelf to the North Pole. This circulation is driven
by winds of relatively high and constant velocity,

Winter conditions in the pack ice are characterized by
large multi-year floes surrounded by thinner first-year ice
up to 2.3m (7.5 ft) thick (Kovacs and Mellor, 1974). Multi-
year ice is estimated to comprise 60 to 70 percent of the area

rof the polar pack with first-year ice occupying 25 to 35



percent and open water leads accounting for 1 to 5 percent..

Pressure ridges are a ubiquitous feature of the polar
pack. The number of ridges varies from 17 to 32 km (24 to
50 per mi). The majority of these ridges have sail heights
of less than 4m (13 ft) and keel depths of less than 15m
(50 ft). Much larger features occur occasionally. Wadhams
(1977) identified 45 pressure ridge keels with drifts ex-
ceeding 30m (100 ft) from a submarine sonar profile of 3,900
km (2,300 mi) length taken northwest of Greenland. The deep-
est observed keel along this track was 42m (140 ft).

Almost constant motion is one characteristic which dis-
tinguishes the polar pack ice from the other ice zones. It
is also a feature which makes this area much more hazardous
for offshore development than the fast ice zone. Studies
done as part of the AIDJEX project, and some done under OCSEAP
sponsorship, measured ice drift at various times of the year.
Both found that drift in the southern Beaufort Sea paralled
the coastline and the mean geostrophic wind field. Winter
speeds averaged 20 km (13 mi)/month and up to 80 to 100 km
(50 to 62 mi)/month in summer (Shapiro and Barry, 1978).

A brief summary of selected winter ice zone characteris-

tics is found in Table 1-8,
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2. Annual Ice Cycle

Descriptions of cyclic ice phenomena in the Arctic are
complicated by the exceptional variability of conditions which
can occur from year to year. Not only is there a wide tempor-
al variability in the cycle, but there can be significant
differences in the physical events which take place. Any des-
cription, therefore, will suffer from a degree of imprecision.
With this caveat, the following is a summary of the "typical"
sequence of events which occur during an annual ice cycle in
the Alaskan Arctic. The dates given may vary by two weeks to
a month. |

New ice formation in the land-fast zone begins in late
September to early October. Under the influence of .falling
temperatures, ice crystals begin to form and mesh, creating
a thin, slushy surface layer. If the sea is rough, this
layer will be broken up into circular pieces called pancake
ice which eventually fuse to form an ice sheet with a rough
surface texture. If the sea is smooth, and the temperature
low, the ice will form rapidly into a smooth, textured sheet.
During October, the ice continues to thicken and, by the middle
or end of the month, may form a continuous sheet which extends
beyond the barrier islands in the Beaufort Sea and across
Kotzebue Sound in the Chukchi.

As the fast ice is forming, a number of changes begin to
occur which affect the location and motion of the polar pack.

Normally there is a steepening of the barometric pressure



gradient resulting in a wind shift from offshore to onshore.
Offshore winds during the summer months tend to prevent the
polar pack from encroaching the coast. With this wind shift,
however, the pack ice moves toward the shore and the develop-
ing fast ice zone. Concurrently, there is an increase in the
size of the polar pack due to the addition of new ice at the
pack margin. The rate of shoreward motion depends almost
entirely on wind conditions. Fall storms may drive the pack
toward the coast with both considerable speed and force,

During the early fall, when the land-fast ice sheet is
continuous but thin, a zone of interaction is established
between the land-fast and moving pack ice. This zone generally
forms in depths of 15 to 20m (50 to 66 ft). If the force of
the pack ice is of short duration and limited intensity, only
the outer edge of the fast ice is affected, resulting in light
ridging and low surface relief. If, on the other hand, the
force is great and of long duration, spectacular ridging may
occur.

By November or December, a zone of grounded ridges is
formed which prevents further shoreward incursions by the pack
ice and stabilizes the land-fast ice inside the 15m (50 ft)
isobath. The land-fast ice is also thickened sufficiently to
resist deformation from most forces.

Throughout the winter the zone of ridges may expand sea-
ward. Ridging on the outer edge can still continue, although

ridges normally do not become grounded because of increasing
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water depths. As winter progresses, the polar pack tends to
become more massive as loose, multi-year floes are frozen in-
to the main body of the pack. This increases the inertia of
the pack so that more force is required to move it toward the
shore. Storms decrease during the winter season resulting in
an overall effect of less frequent and intense incursions by
the pack into the fast ice zone. By March or April, the fast
ice may extend to the 30m (100 ft) isobath and may be rela-
tively stable inside that limit. '

In late May, rivers along the North Slope begin to melt
and flow northward into the Beaufort Sea. Since the estuaries
are filled with ice, the river discharge empties onto the sur-
face, resulting in large areas of flooded ice along the coast.
This flooding begins the melting cycle, and by early June,
melt ponds are found throughout the fast-ice surface. Through
June, there is a gradual melting and weakening of the ice.

At about the same time, a lead begins to form in the
eastern Beaufort at the mouth of the Mackenzie River. This
lead expands rapidly and extends westward to about the Colville
River Delta by mid or late July. With the initiation of the
summer fast-ice breakup, the pack ice also begins to decay.

By the time the fast-ice sheet has disintegrated (July-August),
the southern edge of the pack consists of broken floes rather
than continuous ice and thefe is usually a large open lead
between the pack and the shore.

Breakup continues along the shore through July and August.
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The area of the coast from the Colville River to Point Barrow
is normally the last to break up because of prevailing east-
northeasterly winds. There is usually some open water from
early August to mid or late September along the length of the
Beaufort coast. Summer storms, which can push the pack ice
into the shore, may occur at any time during this so-called
navigable season. Normally, these closures last for only a
few days, but in bad years the entire navigable season may
last only a few days. Figure 1-8 shows the maximum and

average retreat of the polar pack along the Beaufort coast.

3. Long-Term Ice Conditions

Any long~term Arctic endeavor which requires large eco-
nomic commitments, must consider potential variability in the
environment over the development period. 1In the case of off-
shore petroleum, the development cduld'i;ét for as long as
40 to 50 years. Unfortunately, inferences about the vari-
ability in climate, ice, and oceanographic conditions cannot
be based entirely on the recent, more detailed records. It
is necessary to consider events over a much longer period to
arrive at reasonable inferences about conditions which might
occur during several future decades.

As previously noted, the environmental data base for the
Alaskan Arctic coast is extremely limited prior to World War
II. It has improved enormously in each succeeding decade

since then, but almost everything up to that point is dependent
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upon fragmentary records and recollections of native settlers.

Nevertheless, some attempts have been made in the last
several years to reconstruct certain environmental events on
a longer time scale. Hunt and Naske (1978) have compiled records
of early expedition ships, whalers, and trading vessels in an
effort to develop historical ice conditions dating from the
mid-1800's. Rogers (1978) has examined historical temperature
records as a means of correlating ice conditions with tempera-
ture. Their results, although not completely satisfactory for
extrapolation to long-term forecasts, are indicative of certain
trends in climate and ice conditions. Their findings are
summarized below.

The Hunt and Naske work was directed toward an examina-
tion of the pack ice edge at various times of the year. The
edge of the pack is particularly important in summer months
because it limits coastal shipping and other logistics when
it is close to the cbast. The pack could similarly constrain
petroleum development activities. Hunt and Naske developed a
series of maps, one of which is shown in Figure 1-9, which
illustrate differences in the pack location during various
time periods from 1860 to 1970. The composite analysis of all
the maps indicates that the years from 1940 to 1970 have had
significantly more open water in August and September than the
period 1860 to 1919. .However, temperature records from Barrow,
as analyzed by Rogers (1978), indicate a cooling trend since
1921, and this trend has been accompanied by an increasing

severity of ice conditions since about 1953,
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Differences in Beaufort and Chukchi Sea Ice Conditions

Much of the foregoing information was developed for ice
conditions in the Beaufort Sea since the majority of recent
research has been focused in that area. In general, the basic
conditions and processes described are applicable to the
Chukchi as well. Variations are more a matter of degree than
kind. The following discussion highlights some of the more
fundamental differences which have been observed.

Ice conditions in the Chukchi are slightly less severe
than those in the Beaufort. The maximum average thickness of
fast ice, for example, is in the range of 1.2 to 1.5m (3.9 -
4.9 ft) (Arctic Institute of North America, 1974). In the
Beaufort, the fast ice thickness in late spring is about 2m
(6.5 ft). Limited data suggest that pressure ridges are about
the same size as in the Beaufort but the zone of grounded
ridges is less well-defined. Pressure ridges in the Chukchi
tend to occur as discontinuous bands along the coast. The
heaviest ridging is found on the north sides of headland areas,
where southward moving ice grounds and piles up on shoals
which extend seaward (Figure 1-10).

The Chukchi Sea is more dynamic than the Beaufort, par-
ticularly in spring and winter (Shapiro and Barry, 1978).
After freeze-up, the Beaufort is essentially a vast area of
static ice. In contrast, the Chukchi has a much narrower band
of contiguous ice (Figure 1-10). The outer edge of this band

is being ercded constantly and transported southward toward
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the Bering Strait. Although some of the ice moves through the
Strait, much of it grounds on the seaward jutting shoals, which
extend from the numercus capes and headlands (Shariro and Barry,
1978).

The constant southward movement of ice produces another
phenomenon which is largely lacking on the Beaufort; namely,
open water. Ice which is swept seaward or southward often
leaves behind gaps of cpen water where the ice was formerly
attached. On the south side of headland areas, these gaps
may be quite large and are known as polynas (Figure 1-10).

Along the more exposed edges of the contiguous ice, the gaps
are more linear and narrow, and are called flaw leads.

The season cycle in the Chukchi is somewhat similar to
that of the Beaufort. In the northeastern Chukchi, freeze-up
occurs later and breakup sconer than along the Alaskan Beaufort.
This allows a longer period for navigation or offshore construc-
tion. By July, for example, there is usually a navigable lead
open to Point Barrow (Arctic Institute of North America, 1974).
A relatively warm northerly current from the Bering Sea helps
to prolong the open water season through most of September.

Freeze-up begins in October.



D. OCEANOGRAPHY

This section of the report summarizes existing conditions
with respect to waves, currents, and tides in the Beaufort and
Chukchi Seas. Relatively few data are yet available for the
Chukchi Sea except in the most northern parts, in the vicinity
of Barrow.

In temperate locations, where ice is not a factor, waves,
currents, and tides are among the most important environmental
criteria which must be considered in the design of an offshore
structure. In Arctic areas, ice is the foremost problem and
will povern the design of almost all structures now contemplat-
ed for Arctic use. Nevertheless, serious consideration must
still be given to oceanographic parameters, but for somewhat
different reasouns than in temperate zones. Waves, for example,
attain relatively low heights in the Arctic compared to the
Gulf of Mexico.

However, waves can still produce serious erosion, and may
overtop any structure of insufficient height. Currents are
also important with respect to erosion. Tides, particularly
meteornlogical tides (storm surge), can produce large devia-
tions from mean sea level. They are therefore similar to
waves because they pose an overtopping threat to offshore
structures.

Unfortunately, the existing historical data base for waves,

currents, and tides is rather short. The 0il industry has



completed a one-year program of oceanographic measurements and
there are several years of current observations from the OCSEAP
program. Existing field data are limited, for the most part,
to fragmentary summer observations. Two proprietary studies

of oceanographic extremes using hindcast methods have been
performed although the results have not yet been verified with
measured data.

Given these limitations, it is difficult to develop a
coherent picture of wave, current and tidal conditions on the
Beaufort Shelf. The following discussion is therefore con-
fined to examples which illustrate the general magnitudes of
oceanographic phenomena and should not be construed as design
conditions. Table 1-9 summarizes various observations and

measiurements which are drawn from the discussion that follows.

1. Waves

Wave generation by winds along the Alaskan north coast is
limited to the summer open-water season. Since the pack ice
retreats a relatively short distance offshore during most
summers, the environment is characterized by low, short-period
waves except during storms with winds that blow parallel to
the coast. Sellman et al (1972) found that 90 percent of the
waves in the vicinity of Point Barrow were less than 1lm (3 ft)
in height. Wiseman et al (1974) made similar observations near
Pingok Island and near Point Lay on the northern Chukchi coast.

Wave measurements had a characteristic energy peak between 2
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and 3 seconds with significant heights (average of the highest
1/3 of the waves) of 20 to 30 cm (0.6 to 1 ft). Visual obser-
vations by numerous sources tend to confirm the mild wave
climate which normally prevails during summer.

Much more severe waves can occur under certain circum-
stances. During some summers, for example, the pack ice has
been observed to retreat as far as 190 to 260 km (120 to 160
mi) off the coast. Under these conditions, severe and rapidly
moving storms proceeding across the shelf can generate waves
over a long fetch. Carscla (1952) made shipboard observations
of average wave heights on the order of 4 to 5m (13 to 17 ft)
during a storm which occurred near Point Barrow in August,
1951.

High waves have also been reported along the Canadian
portion of the Beaufort Shelf. Kovacs and Mellor (1974) des-
cribe a storm which occurred near Mackenzie Bay in September,
18970. This storm, wﬁich lasted for 36 hours and sustained
winds of 104 km (65 mi)/hr, apparently produced offshore waves
9m (30 ft) high as judged from visual observations. Work con-
ducted as part of the Canadian Beaufort Sea Project contained
a hindcast of wave conditions in Mackenzie Bay (Berry et al,
1877). Results indicated that waves of about 9 or 10m (30 to
35 ft) could be expected to occur on an average of once every
50 years in areas having water depths greater than 75m (250 ft).

Although the evidence provided above is far from conclu-

sive, it suggests that waves occasionally can occur which are



much more severe than normal conditions suggest. However,
wave conditions may be very site specific. Along the Alaskaﬁ
Beaufort coast, shallow water and the presence of barrier
islands, may strongly influence the wave climatology. Without
a detailed analytic consideration of these factors, it is
difficult to predict what influence they will have on waves
which are formed in deep water and subsequently move toward

the coast.

2. Currents

Although detailed descriptions of thé Beaufort Shelf
circulation are not yet available, a sufficient number of
observations exist to depict the magnitude of events which
occur under normal conditions. Most measurements to date
have been made in relatively shallow water during the open
water season. Nevertheless, some limited data are available
for the outer shelf, and under ice, during the winter months.

During the open water season, currents are primarily
wind-driven and have relatively small geostrophic and tidal
components. In sheltered lagoons and in the shallow areas
of the exposed coast, current speeds of less than 50 cm/sec
(1.0 kt) have been measured. Seaward of the 50m (165 ft)
isobath, slightly higher current speeds have been noted.
Hufford (1975), at a water depth of 54m (173 ft) north of
Barrow, measured currents up to 60 cm/sec (1.2 kt); Aagaard

and Haugen (1977) and Aagaard (unpublished data) measured



similar speeds in somewhat deeper water north of Oliktok and
Lonely. The dominant direction in these three sets of data
was eastward, with periodic, but shorter-duration, westward
flow.

Winter measurements beneath ice indicate that tides are
the principal driving mechanism. Consequently, speeds are
low, in the range of 10 cm/sec (0.2 kt) or less (Barnes and
Reimnitz, 1977 and Aagaard and Haugen, 1977). Barnes and
Reimnitz (1973) reported one under-ice measurement of 25 cm/sec
(0.5 kt). However this was made at a shallow location where
the ice is believed to have restricted the tidal flow.

There are few detailed studies of currents in the Chukchi
Sea. Nevertheless some information concerning its gross cir-
culation 1s available from both Russian and American observa-

tions. These observations are summarized in the Alaskan Arctic

Coast (Arctic Institute of North America, 1974), from which the
following informatidn was obtained.

Currents along the Chukchi coast are dominated by a north-
ward flow of water from the Bering Strait. This flow is thought
to be maintained by a pressure-induced north sloping sea sur-
face. Several studies have indicated that this flow is uniform
in speed and direction from surface to bottom. Russian scien-—
tists in 1945 reported average current speeds of 45 cm/sec
(0.9 kt) for summer and 10 cm/sec (0.2 kt) for winter. The
direction of the primary current is generally parallel to the

coast, with eddies and reversals noted in nearshore areas.



Winds have been observed to slow the current, occasionally

reversing its direction through the Bering Strait.

3. Tides

Variations in sea level on the Beaufort Shelf are pro-
duced by both astronomical and meteorological forces. Astro-
nomic forces, primarily due to the sun and moon, are respons-
ible for the normal tidal fluctuations experienced in large
bodies of water. Along the Beaufort Coast, these fluctuations
are small with mean ranges of 10 to 30 cm (0.3 - 1.0 ft).
Tidal motion is normal to the coast, and the tides occur with
semi-diurnal frequency. Because of their small amplitudes,
astronomical tides are a minor concern for offshore develcop-
ment.

Deviations in sea level produced by meteorological forces
are a significantly greater problem along the Beaufort Shelf.
These deviations, known as storm surges or storm tides, are
produced by wind stress waves set up by Coriolis forces and
barometric pressure differentials acting on the water surface.
They are normally associated with storm systems which origin-
ate near the Aleutian chain, and which move northward through
the Bering Strait. Occasionally, storms moving eastward from
the Siberian Shelf produce surges along the Beaufort Coast.

The most severe surgeé, often accompanied by high waves,
occur during September and October when there are large

stretches of open water. Winter surges, as late as February,



may also occur, but they are normally less severe than during
the open water season (Aagaard et al, 1978). Negative surges
have also been observed, and appear to be more frequent in
winter.

There are no direct measurements of storm surge eleva-
tions, but secondary observations of strandlines above the
coastal beaches provide evidence of their general magnitude.
These studies indicate that positive elevations of 2 to 3m
(6.5 to 10 ft) occur occasionally along the Beaufort Coast
(Aagaard et al, 1978). Unfortunately, there are insufficient
data to develop recurrence intervals for extreme events.
Historical records suggest that a 3m (10 ft) surge is relativ-
ely rare and might occur only once every 25 to 100 years along
parts of the coastline with a westerly exposure,

A few observations of negative surges indicate that they
are smaller than positive surges, i.e., on the order of 1m
(3 ft) or less. Negative surges are potentially dangerous to
ships or other floating vessels in the Arctic because the
relatively shallow water provides little draft clearance in
many areas.

Along the Chukchi Coast, astronomical tides are reported
to be small, averaging about 30 cm (~1 ft). Storm surge has
not been studied in detail. The maximum reported sea level
variation is 1.8m (5.8 ft) (Arctic Institute of North America,

1974).



E. GEOLOGY

This section of the report provides a brief overview of‘
geologic features and processes that are of particular inter-
est to Arctic offshore petroleum development. In particular,
it examines the nature of sediments and their distribution,
subsea permafrost, gas hydrates, and ice gouging. Regional
seismicity is also covered. The geographic focus of the dis-
cussion is the Alaskan Beaufort Shelf although some_information
on the Chukchi Shelf geclogy is also provided.

As is the case with other disciplines, knowledge of the
offshore geology of the region is the product of recent scien-
tific investigation. Almost all of the information has been
collected within the last ten years as part of a concerted and
ongoing effort to understand the Alaskan environment. Within
the past five years, this effort has been intensified by the
Federal government's OCSEAP work and by numerous petroleum
industry studies. Although a great deal has been learned,
many of the conclusions drawn have been tentative, since much
of the recently collected data have yet to be synthesized.
Thus, the information provided in this section represents an

interim review which may be subject to substantial revision.

1. Bottom Sediments

The bottom sediments of the shallow shelf areas are of
special interest because they represent a possible source of

construction materials for the ''first generation" of Arctic
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offshore structures; namely, artificial gravel¢islands.
Coarser substances, ranging from silty sands to gravels, are
the most desirable construction materials. Within this range,
gravel is the most preferred, although finer materials can

be u=ed.

In the Alaskan Beaufort Sea, surface sediments along the
shelf are reasonably well mapped except on the inner shelf
west of Cape Halkett and east of the Canning River (Barnes
and Hopkins, 1978). Figure 1-11 shows the distribution of
bottom sediments. These sediments are extremely diverse and
range from over-consolidated clays to boulders. The predom-
inant forms are poorly sorted silty clays and sandy muds
containing varying amounts of intermixed gravels (Barnes and
Hopkins, 1978). 1In general, coarser sediments are found in.
the eastern part than in the west. Substantial deposits of
sand are available in shallow areas just north and extending
east of Prudhce Bay. Gravel can be found adjacent to the
coast from Camden Bay to the Canadian border.

In addition to surface deposits, there is some evidence
that coarse-grained (sand and gravel) sediments may be found
in substantial quantities beneath areas which are overlain by
finer-grained surface deposits. In one study, a series of
bore-~holes was made between Prudhoe Bay and Reindeer Island
to the north. The results are shown as a cross-sectional
profile in Figure 1-12. 1In this area, at least, there appears
to be a reasonably abundant supply of gravel at depths beginn-

ing 10 to 20m (33 to 66 ft) below the surface.
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The bottom sediment characteristics of the Chukchi Sea
have been described by Creager and McManus (1967). They are
illustrated in Figure 1-13. In general, these investigators
found that grain size decreases away from the shore or down-
stream from the source of sediment. Coarse gravel is almost
always found near cliffs, headlands, or with bedrock outcrops
on the seafloor. The only major.exception is found in the
northeastern Chukchi between Point Lay and Wainwright where
gravel was noted offshore but in relatively shallow water.
Sand is abundant at many locations inside the 20 to 30m (66
to 100 ft) isobath. Sediments become increasingly finer off-
shore although clay-sized particles are rare. The sedimentary
layer in the Chukchi is relatively thin, seldom exceeding 10m
(33 ft) and is often only 3 to 5m (10 to 17 ft) thick.

At present, there are two areas along the Chukchi Coast
which are of potential interest for petroleum development.
One of these areas lies between Wainwright and Point Barrow.
According to the sediment texture map (Figure 1-13), there
appears to be an adequate supply of sand-sized particles for
potential island construction. The second area lies within
Kotzebue Sound. Creager and McManus (1967) report that there
are gravel and sand deposits in southern Kotzebue Sound; the
northern edge contains generally sandy material. The central
portion, however, has various mixtures of silt and clay, or
silt and sand. It appears that although sand and gravel are

available, they are not found everywhere within the Sound.
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2. Subsea Permafrost

Permafrost is defined as '"the thermal condition in soil
or rock of having temperatures below 0°C (32°F) over at least
two consecutive winters and the intervening summer." Beneath
the seabed, permafrost may take several forms, ranging from
dry cold rock to sediments which contain both ice and a briny
liguid phase. From a petroleum development standpoint, perma-
frost which contains ice is the major concern, becagse of a
drastic change in soil properties when the ice is melted by
external heat source. Bottom water temperatures on the
Beaufort Shelf are generally below 0°C (32°F) and it is be-
lieved that subfreezing temperatures extend well below the
seabed (Hopkins, 1977). Recent OCSEAP investigations have
shown that ice-bonded permafrost is widely distributed on the
Beaufort Shelf, although conditions on the Chukchi Shelf are
as yet unknown (Weeks et al, 1978).

The distribution and character of subsea permafrost have
been studied by means of boreholes and seismic-refraction
methods in the Canadian Mackenzie River Delta, off Prudhoe Bay,
and in the Elson Lagoon near Barrow. Each of the three loca-
tions has different geological and oceanographic characteris-
tics and histories. It is therefore difficult to draw direct
comparisons or to generalize from these observations with a
high degree of confidence regarding the whole shelf. There are,
nevertheless, some consistent features among the three areas

which have led OCSEAP investigators (Barnes and Hopkins, 1978)



to a few tentative conclusions which follow:

a. Shallow, inshore areas where ice rests directly on
the seabed are underlain at depths of a few meters by ice-
bonded permafrost that may extend for a considerable distance.
Ice~rich permafrost, and seasonal freezing in an active layer,
must be anticipated wherever the water is less than 2m (6.5

ft) deep.

b. Ice-bearing permafrost was once present beneath all
parts of the Continental Shelf exposed during the last, low
sealevel stand and, consequently, relict ice-bearing perma-
frost may persist beneath any part of the shelf inshore from
the 90m (300 ft) isobath. Observed depths to relict ice-
bonded permafrost range from a few meters near the present

coast to 250m (825 ft) far off the Canadian coast.

¢. Ice~bearing permafrost is probably absent from parts
of the Beaufort Sea Shelf seaward from the 90m (300 ft) isobath,

although subsea temperatures are probably below 0°C (32°F).

Using these generalizations, OCSEAP investigators have
constructed a map (Figure 1-14) showing zones of probable
permafrost distribution on the Beaufort Shelf. It is evident
from this that any petroleum development which takes place
inside of the 20m (66 ft) isobath will probably have to con-
tend with permafrost conditions, especially during drilling

operations.
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Other major questions as yet unsolved, relating to perma-
frost distribution, concern the depths below the sea bottom
at which permafrost begins, and the thickness of the permafrost
layer. Studies done near Prudhoe Bay and the Sagavanirktok
Rivers have resulted in profiles shown in Figure 1-15. Near
Prudhoe Bay, the permafrost level drops very gquickly within a
short distance from shore. The Sagavanirktok profile, on the
other hand, shows that the permafrost level stays within 50m
(165 ft) of the surface at all locations where it is encounter-
ed. The thickness of the permafrost layer has not been mea-
sured at either location. Based on permafrost depths encoun-
tered at nearby onshore locations, theory suggests that perma-
frost may extend to depths on the order of 500m (1,650 ft) at

the Prudhoe Bay location (Barnes and Hopkins, 1978).

3. Frozen Gas Hydrates (Clathrates)

Frozen gas hydrates are a geological feature often en-
countered either with or beneath ice-bonded permafrost zones.
They occur as a latticework of gas and water molecules with a
typical ratio of one gas molecule to six water molecules. In
the frozen crystalline state, these hydrates exhibit no in-
herent pressures normally associated with gases in the fluid
state. If they are heated, the frozen hydrate may decompose
into either gas and ice or gas and water. The gas which is
released has a much greater volume and/or pressure than it had

in the frozen state. One cubic foot of saturated hydrate can



(8161 ‘SunjdoH 3 saueg)
J8A1Y yopiueaebes ay) pue Aeg soypnadd wodd aJ0ysjo ejeq 1s04jeuliad eesqns °¢1-1 84nbi4

(WU s 04wy peldefoid) DO UOIIDS0Y =~ —o=
Bujidwos puo‘Buiqoid ‘Buiig

uo pesDq |80Jj0Wied pepuog SN DJ0Q UO|IO0I}0Y e
PeUIDIA0 8141201 8A WOIY O A oS o
A pesoefosd o
m -/\-/\/l\(r\/ /\ / NNE -
o
_ l puD|s| GOO.-O 1 ] | I | { =291 4] M
wy gl $0 1303 2] 9 }0}) 4judA0BDg “
N S N
. 7 -061
/7 ! \ . J
\ . <
dl \-\ / s\ /L — u..
/ _A \/ \ =
R\ \ L 00|
\v) N \ z
T \ A . >
g \V/ ,\/.l!../_ %, e
@ K -
~ WY
Ay m %W V3 0%
5 @ =y ® ~
> p v
~ N @
.Illlllllllil/ — - O
| _ puDiS| _ | | | | | N0Q ISOM

N s

1-72



produce 160 standard cubic feet of natural gas. Because of
the high pressures which may result from thawing, frozen
hydrates are of obvious concern to offshore drilling opera-
tions.
Unfortunately, very little is known about the distribu-
tions of frozen gas hydrates in offshore areas. They have
been encountered in parts of the Canadian Beaufort, Mackenzie
Delta and in the Canadian Arctic Islands. Onshore studies of
frozen hydrates show that they are vertically limited to depths
of about 200 to 1,500m (660 to 5,000 ft) (Hunter et al, 1976).
There is indirect evidence that frozen gas hydrates, or
trapped gas, may have widespread distribution along the Alaskan
Beaufort Sea. Seismic reflection records from many areas of
the inner shelf show intermittent patches of acoustic energy
loss which, in other regions, have been found to be positively-
correlated with the presence of gas-charged sediments (Weeks
et al, 1978). 1In deeper water, Grantz et al (1975) found an
unusually strong seismic reflector which mimicked the seafloor
at depths of 100 to 300m (330 to 1,000 ft) below it. This
phenomenon occurred only where water depths exceeded 400 to
600m (1,300 to 2,000 ft). Grantz et al (1975) have postulated
that this reflector represents a cap of frozen gas hydrates
and sediment which acts as a structural trap for free hydro-

carbon gases below it.
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4, Ice Scour

Ice scour, also referred to as ice gouging, is a pheno-
menon caused by sea ice moving in contact with bottom sediments.
Ice scour is typically manifested as a linear or curvilinear
depression with flanking ridges of displaced seabed materials
(Figure 1-16). Scour marks may occur as solitary features or
in groups. Ice scour may be caused by any type of ice with
sufficient draft and momentum to penetrate the seafloor.
Pressure ridges are probably the most common type of‘ice
feature to produce major depressions in the seafloor, although
ice islands and their fragments are capable of scour as well.

Reimnitz and Barnes (1974) have conducted numerous studies
of ice scour on the Alaskan Beaufort Shelf. Scour densities,
depths of incision, and dominant trends are reasonably well
known in the region between Cape Halkett and Flaxman Island
inside the 15m (50 ft) isobath (Figure 1-17). However, such
information is lacking in deep water areas and in the eastern
and westernmost sectors.

Reimnitz and Barnes (1974) findings include the following
observations: Ice~-scoured relief tends to dominate the small-
scale shelf morphology between depths of 8 to 10m (26 to 33 ft)
out to at least 75m (250 ft). Ice scour marks have been ob-
served at depths exceeding 100m (330 ft). The greatest inten-
sity of scouring corresponds to depths where the zone of
grounded ridges (Stamukhi zone) is formed in 10 to 20m (33 to

66 ft) of water. Localized areas of intense scour are also



P EXTENT OF DISRUPTIONA

Figure 1-16. Profile of Idealized Ice Scour (Barnes & Hopkins, 1978)
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found on the seaward side of shoals. The density of scour
marks varies from nearly zero to over 100 per km (60 mi).
The lowest values occur in the shelter of barrier islands,
-off major river deltas, and on the shoreward side of bathy-
metric highs. Scour depressions show a preferred east-west
orientation, parallel to the Beaufort Coast at most locations.
Scour depths are commonly less than 1lm inside the zone of
grounded ridges. Beyond that zone, scour depths may be much
greater. The observed extreme on the Alaskan Beaufort Coast
is 5.5m (18 ft) in a water depth of 38m (125 ft). In the
Canadian sector, a 6.5m (22 ft) scour was reported in 40 to
50m (130 to 165 ft) of water (Lewis, 1977). Table 1-10
summarizes 1lce scour characteristics in the Alaskan Beaufort
Sea.

Toimil (1978) has performed a reconnaissance study of
ice scour in the eastern Chukchi Sea., The following observa-
tions were noted: fhe density of ice scour increases with
increasing latitude, increasing slope gradients, and decreas-
ing water depth; scour was cobserved to occur at least as far
south as Cape Prince of Wales; densities of over 200 gouges
per km (320 per mi) were encountered in water depths less than
30m (100 ft); no values higher than 50 per km (80 per mi) were
found in water depths deepther than 50m (165 ft); the maximum
depth at which evidence of scour was observed was 58m (192 ft)
and maximum incision depths were found in water depths of 36

to 50m (120 to 165 ft); an extreme incision depth of 4.5m
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(15 ft) was encountered at a depth of 35 to 40m (115 to 130
ft).

Toimil (1978) also noted the following differences be-
tween scour in the Beaufort and Chukchi Seas: in the Chukchi,
scour densities are variable and patchy under otherwise uniform
conditions; gouge trends in the Beaufort show a preferred
orientation, but this feature is poorly developed in the
Chukchi; in the Chukchi, ice scour is associated with, and may
be modified by, strong currents; the maximum water depth of
ice scour occurrence appears to be shallower in the Chukchi

Sea than in the Beaufort.

5. Seismicity

Most parts of the Arctic coastal plain and the continen-
tal shelf of the Beaufort Sea are aseismic, except for a
limited zone which extends offshore near Barter Island (Barnes
and Hopkins, 1978).‘ Seismograph studies begun in 1975 by the
University of Alaska show that this zZone is a continuation of
the earthquake belt which arcs through the Aleutian Islands
along the south shore of Alaska and then turns northward
through Cook Inlet and central Alaska (Figure 1-18).

In spite of a fairly limited data base, several charac-
teristics of the region's seismicity are known. All of the
earthquakes recorded thus far have been shallow. Offshore
focal depths have been less than 25 km (16 mi), and those on

the adjacent coastal plain have been less than 50 km (30 mi).
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Figure 1-19 shows the location and focal depths of earthquakes
in northeastern Alaska. The largest earthquake (ML = 5.3},
recorded within the last ten years occurred about 30 km (20
-mi) offshore from Barter Island. Aftershocks from this guake
indicate the presence of an ENE-WSW seismic trend along axial
traces of the offshore folded structures (Barnes et al, 1978).
Other earthquakes recorded in northeastern Alaska have all

had magnitudes smaller than 5.0,

A recent study prepared for the Alaska Subarctic Offshore
Committee by Woodward-Clyde Consultants (1978) examined po-
tential ground motion characteristics that might be associated
with earthquakes in the Beaufort Basin and southern Chukchi
Sea (Hope Basin) areas. Assuming a random earthquake source
in each area and a seismic event with a 100-year return period
of magnitude 6.5, Woodward-Clyde (1978) computed various ground
motion parameters and their associated return periods. It was
found that ground aécelerations of 0.05 g and 0.03-0.12 g could
be expected to occur, in the Beaufort and Hope Basins respec-
tively, on an average of once every hundred years. The associ-
ated maximum velocities were approximately 3.1 cm/sec (1.2 kt)
in the Beaufort, and 2.2 to 9.0 cm/sec (0.9 to 3.6 kt) in the
Hope Basin. However, Woodward-Clyde consultants warn that the
analysis is very sensitive to the seismicity level. If a
larger magnitude earthquake were to occur, the accelerations

and velocities would be significantly increased.
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F. ENVIRONMENTAL HAZARDS

Foregoing sections of the report have provided an over-
view of the environmental characteristics which are of concern
for offshore development in Arctic Alaska. A number of the
environmental parameters discussed pose difficulties or haz-
ards for offshore work. Some of these hazards relate to
operations, such as drilling or logistics. Other hazards are
more important to the design of structures and equipment.
Because of the uniqueness of the Arctic environment, it is
appropriate to review the difficulties which might be encount-
ered.

It should be noted that many of the problems discussed
are site specific and may not be found at all locations.
Furthermore, the problems are not unique to the Alaskan Arctic,
and some have been dealt with by industry in other Arctic

areas such as the Mackenzie Delta.

1. Location

Remoteness and inaccessibility are fundamental character-
istics of the Alaskan Arctic. In combination with the severe
climate, these factors pose formidable difficulties for logis~
tics of any type. Both the Beaufort and Chukchi coasts are
many hundreds of miles from major industrial and supply cen-
ters, and access routes are few and limited. Normal supply
efforts will require exceptional planning and scheduling such

as was done in the Prudhoe Bay development.



2. Ice

The presence of ice in some form in all but a few months
of the year is the single greatest environmental hazard posed
by the offshore Arctic. Because of the potentially great
forces which ice may exert, the relative importance of other
environmental concerns is decreased. The problems posed by
ice are manifold. For purposes of clarity and organization,
it is useful, therefore, to discuss ice in terms of its
natural zonation because each zone poses somewhat different
problems for development. The summer open water period is
also considered since it represents a seasénal zone of vari-

able duration and extent.

a. Bottom-Fast Ice

This zone includes an area of fairly smooth, stable ice
of predictable strength and dimension. It is considered the
safest zone in which to operate with current technology. The
primary hazards afe considered toc be large motions which can
occur in the ice during fall freeze-up and spring break-up.
Such motions can occur quickly with 1little warning. The
problem is mitigated somewhat by the fact that ice motion
normally occurs when the ice is thin or weakened by melting.
Nevertheless any structure contemplated for this zone must
withstand sheet ice pressure.or accommodate the ice motion.
Even during the winter months, some ice moticn is possible.

Instances of ice override, previously described in the text,



indicate that large sheets of ice may be broken from the main
fast ice sheet and move considerable distances when driven by

the wind.

b. Floating-Fast Ice

This zone begins at the edge of the bottom-fast ice and
continues seaward to the 15 to 20m (50 to 66 ft) isobath.

The offshore barrier islands are found within this zone. The
major hazard within the floating-fast ice is ice movement.
Unlike the bottom-fast ice zone, motion normally occurs in
winter. Inside the barrier islands, movements of a few meters
during the winter season can occur. Seaward of the islands,
larger seasonal movements up to 1 km (0.6 mi) have been ob-
served (Weeks and Kovacs, 1979). In both cases, ice movement
is unpredictable and may develop relatively rapid, even in a
matter of hours.

An additional hazard, which occurs much more frequently
outside of the islands than inside, is the presence of large
(up to several hundred meters in diameter) multi-year floes.
These floes are embedded in the fast ice and are stronger than
the surrounding first-year ice. The hazards connected with
any type of exposed structure in this zone are obvious. They
should be protected against significantly greater ice forces
than in the bottom-fast ice zone.

It is likely that surface transport would be used for

winter logistic support for structures located within both



bottom-fast and fleoating-fast ice. Ice surface transport may
entail the use of large, heavy vehicles requiring thick ice to
support them. Two operational problems are encountered with
this type of transport: the first is verifying the thickness
of ice along a proposed route; the second is detecting cracks
or leads in the ice which occur as a result of differential
movements (Weeks, 1978},

Ice thickness may be determined by direct drilling, a
tedious process, or by a pulsed radar system which is still an
experimental tool. Detecting cracks is somewhat more diffi-
cult since they tend to refreeze quickly and become covered
with drifting snow. If the ice is insufficiently thick, moving
vehicles may break through and become trapped. In darkness or
in blowing snow, travel over ice containing cracks may be peri-
lous. An accident caused by this exact situation almost cost
two men their lives in March, 1979, at a site north of Prudhoe

Bay (Weeks, personal comment).

c. Pack Ice

In this discussion, the pack ice zone includes the zone
of grounded ridges, the floating extension, and the drifting
pack ice. Year-round development and operation within the
pack ice presents formidable difficulties. The principle
hazards to structures in the zone are ice movements, which
may exceed 1 km per day, and encounters with such massive ice

features as multi-year ridges, floebergs, or ice islands.
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The zone of grounded ridges is an area of intense inter-
action, especially during its initial formation in early
winter. There is constant shearing and crushing motion between
-the fast ice and the drilling pack. Large pressure ridges,
tens of meters thick, may be formed and become grounded. With
time, the ridges may achieve greater strength through melting
and refreezing. Occasionally ridges pose a danger when they
become ungrounded in the summer, and drift along the coast.
There are some areas on the Beaufort Shelf where elongated
systems of shear ridges form in which large ridges are arrayed,
one after another, like furrows in a plowed field . (Weeks, 1978).
Such systems may extend for tens of kilometers. A drifting
ungrounded portion of such a system can be massive and hazard-
ous to any structure in its path.

Any type of surface travel or transport within the pack
ice zone is extremely hazardous and difficult. 1In contrast
to the fast ice, which is relatively smooth, the pack ice has
numerous deformations and major ice features embedded in it.
It is subjéct to large, unpredictable movements which create
wide leads, especially in early winter and late spring. Air-
craft, and perhaps air cushion vehicles, are the most likely

form of transportation.

d. Open Water

The open water zone is a summer phenomenon of extremely

variable duration and extent. It is wvital to the conventional



marine transportation system which resupplies much of the
North Slope during the summer season. In the future, petrol-
eum development equipment, supplies, and even offshore struc-
tures may be transported on barges or ships to the Arctic.
Conventional drillships, if they are used, will probably
operate during this season. Furthermore, it is likely that
much of the offshore marine construction required for petrol-
eum development will take place in open water.

The major problems in this zone are predicting the sever-
ity of ice conditions during the summer season and forecasting
the temporary movements of pack ice toward the coast. The
first problem has been studied by Rogers (1978) who has devel-
oped a method of correlating the severity of ice conditions
with temperatures which occur during the spring months. This
method, which appears to have some promise for predicting
summer ice conditions, may be very useful for planning summer
operations.

The problem of forecasting pack ice encroachments is less
tractable. Southerly pack ice movement caused by storm winds
may bring the pack into shallow water in a matter of hours.
Prior knowledge of such movement is especially desirable for
operating drillships, marine traffic, and other offshore
activities such as construction which may be endangered by
sudden shifts in the pack. Various predictive schemes exist
for forecasting pack ice motion, but none have been reliably

verified (Weeks, 1978). Furthermore, there are no real-time



-

remote sensing systems which are available to provide an early

warning of pack ice shifts.

e, Other Concerns

There are several other ice-related concerns which can
occur at any location where moving ice is present. They tend
to be less severe in the bottom-fast ice zone and in the
floating-fast ice zone which is protected by barrier islands.

Each is discussed in the following:

(1) Ice-Induced Vibrations. Ice-induced vibrations

could be generated by a contact of rigid structures or struc-
tural members with moving ice. At least one platform in Cook
Inlet, Alaska, suffered fatigue failures which were attributed
to excessive vibrations caused by ice. The platforms affected
by this problem were specially-designed caisson-legged struc-
tures. It is doubtful that this type of platform would be
used in the Beaufort or Chukchi Sea. Nevertheless, the pheno-
menon of the ice-induced vibrations may be of concern when

designing foundations, structures, vessels or machinery.

(2) Erosion. Ice-caused erosion may manifest itself
in several ways.  Structures such as artificial islands which
are made from fill materials may be subject to foundation
erosion by moving ice. In the Canadian Mackenzie Delta region,
various protection measures have been developed to protect

islands from erosion by ice and waves.



On a smaller scale, ice may abrade and consequently
erode more rigid structural materials such as steel, concrete,
or rock. A related problem, corrosion/erosion, may result in
the rapid decomposition of iron or steel. Corrosion is en-
hanced by the high oxygen content of cold Arctic waters. Oxi-
dized materials, which normally form a semi-protective coating,
are removed by ice abrasion, constantly exposing new metal to

corrosive action (Weeks, 1978).

(3) Ice Scour. Ice scour is a potentially serious
problem for equipment located at or below the seabed. Such
equipment might include pipelines, blowout preventer stacks
and subsea production systems. Protection for seafloor devices
must be provided. Two design solutions studied by industry are
burying such devices below the maximum probable scour depth;
and providing a shield or armor, around them. The present
problem with the burial strategy is that it is difficult to
determine a safe depth without overdesigning. 1In the Alaskan
Beaufort, for example, the maximum scour depth yet encountered
is 5.5m (18 ft) in 35m (114 ft) of water. It is not clear
whether this scour was formed recently, or at some time in the
past, when the sea level was much lower. However, it is diffi-
cult to assess the probability of such an event. Presumably,
it is sufficiently rare so that burying a pipeline in excess
of 5.5m (18 ft) could represent a significant overdesign unless

such deeper burial can be economically achieved. The problem



is compounded by the fact that scour depths vary with water
depth, slope angles, bottom sediments, and other factors.
The ultimate solution may well be that specific detailed site
studies will be required for each situation where burial is
required.

There are similar difficulties in designing a protective
shield around seabed equipment. The shield should be con-
structed to withstand the impact of drifting pressure ridges

whose size is difficult to predict.

3. Climatic Hazards

Although ice is clearly the primary challenge with respect
to engineering and design in the offshore Arctic, weather and
climate pose difficult operational constraints. A brief enum-

eration of these concerns follows.

a. Temperature

The sub-zero air temperatures which prevail most of the
year create extremely inhospitable outdoor working conditions.
In the winter it is necessary to wear layers of bulky clothing
which reduce work efficiency and often obscure lateral vision.
Wind chill severely compounds the low temperature effect.
Machinery, which must operate in low winter temperatures, is
frequently temperamentzl and certain materials are subject to
brittle fracture. Low water temperatures are an obvious human

hazard at any time of year. Survival times are short and



rescue efforts may be difficult. However, experience obtained
at Prudhoe Bay and even in the Cook Inlet has allowed the
development of techniques and precautions for minimizing ex-

posure to these hazards.

b. Wind
Persistent and moderately strong winds contribute to low
temperature problems through windchill effects and also impair
visibility by blowing snow and creating blizzard-like condi-
tions. Occasional hurricane-force winds, in summer and fall,
are a design consideration for offshore spructures as they

create high waves and storm surges.

¢. Superstructure Icing

Superstructure icing may be a problem during fall months
when there is sufficient wind to create sea spray, and the
temperatures are low enough to freeze it. Although most per-
manent structures would not be significantly affected by icing,
vessels having a high center of gravity, such as drillships or

crane barges, could be vulnerable.

d. Low Visibility/Optical Phenomena

Periods of impaired visibility due to darkness, fog,
blowing snow, whiteout, etc., are common in the Arctic. These
pose difficulties for logistics, particularly flying and over-
ice surface travel. An important concern is the ability to
detect and track oil spills which may occur during the winter

darkness.
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e. Weather Forecasting

Reliable weather forecasting is vital during the summer
transit and construction season. It is also necessary in
- winter for planning logistics. However, present standards
for Arctic forecasting are relatively poor in comparison with
temperate regions. This is due to a paucity of historical
data, and a lack of reporting stations, especially offshore.
Furthermore, remote sensing systems capable of obtaining high
resolution data under conditions of clouds and darkness, have
not been deployed in operational weather satellites (Weeks,

1978).

4, Geological Hazards

Potential geological hazards include bonded permafrost,
gas hydrates, coastal erosion, and seismicity. The severity

of each hazard may vary greatly as a function of location.

a. Permafrost

The presence of permafrost is an important consideration
in the design and construction of offshore structures and
pipelines. If offshore permafrost is disturbed by heating,
ice within the permafrost will melt, and this can result in
subsidence of the surrounding sediment. If permafrost is
close to the surface, structure foundations may need to be
insulated or refrigerated to protect the permafrost. Pipe-

lines containing hot o0il may alsc require insulation or



refrigeration. These precautions are standard practice on

the North Slope. 1In offshore locations, protection of perma—'
frost is especially important due to the difficulty of making
repairs, and because subsea permafrost usually exists at
warmer temperatures (in combination with varying salinity
content). Hence, it is disturbed more easily than terrestrial
permafrost (Barnes and Hopkins, 1978).

Permafrost can also pose difficulties during drilling and
production operations. Hot drilling muds and oil aré capable
of thawing permafrost around the well bore. If the permafrost
should subsequently refreeze (freeze-back), the resulting
pressure could damage the casing. This problem was encountered
on the North Slope and in the Canadian Arctie. It has largely
been solved through proper well bore and casing design and

through changes in drilling procedures.

b. Gas Hydrates

Gas hydrates are a problem which has not been fully
evaluated at the present time. They are capable of reducing
the mud weight in the well during drilling as a result of the
heating and decomposition of the hydrate. If the change in
well pressure is not noted or if it cannot be controlled, a
damage to the well head may result. At least one blowout in
Canadian Arctic exploratory wells has been attributed to

hydrates (Pinlott, 1976).



A perplexing problem related to hydrates is detection
prior to drilling. Short of a direct encounter, there is no
positive method for locating them. Indirect evidence, dis-
cussed previously, suggests that they may be widespread on

the Beaufort Shelf.

¢. Coastal Erosion

Oceanographic origin and ice erosion of the beaches and
bluffs along the coast is not a hazard, prer se, but may be an
important consideration in the design and construction of pipe-
lines which must make coastal crossings. Erosion rates are
very rapid along the Beaufort coast, averaging 1 to 5m (3 to
16 ft) annually. 1In an extreme case, a high bluff retreated
60m (192 ft) during a single storm (Barnes and Hopkins, 1978).
Landfalls of submarine pipelines must therefore be sited .
appropriately to minimize the hazard of exposure. It is also
worth noting that onshore facilities, such as camps and staging
areas which may be used for many years, must also be located a

safe distance inland.

d. Seismicity

Present evidence indicates that the Arctic coastal areas
have low seismicity with the exception of one seismically-active
zone near Barter Island. This area lies to the east of the
first-proposed Beaufort lease sale tracts. Recent seismic
records for this location show that earthquakes of magnitudes

1 to 4 have occurred in the past several years. It is believed



that the potential for an earthquake of magnitude 6 exists
(Weeks et al, 1978). If such an earthquake did occur, nearby
lease tracts may experience some motion but probably not
enough to do serious damage.

Further evaluation of this hazard may be required. The
seismic history is presently too short for a definitive assess-
ment of the potential seismicity. Faults are not well mapped
and there is insufficient data for precise determination of
the ground motions associated with a possible earthqﬁake in

that area.

5. Oceanographic Hazards

Oceanographic phenomena including waves, currents, and
storm surges are largely design considerations for offshore
structures. They constitute hazards only to the extent that
they are unknown. Relatively simple engineering solutions
are available to deal with them if reasonable estimates of

their magnitudes can be obtained.

a. Waves

Waves are a less serious concern in the Arctic than in
temperate areas because they are generally smaller and occur
only during one to three months of the year. The principal
concern from waves is their potential for overtopping struc-
tures and their erosive properties. Artificial £ill islands

are especially vulnerable because of their construction



material and normally low freeboard. Erosion may be a sub-
stantial problem in island construction if the island is not
properly designed. Storm waves are capable of leveling an
unprotected island within a matter of days. The danger from
wave overtopping is the risk of inundation of drilling equip-
ment and supplies. There is additional hazard to human life,
if such an event were to occur suddenly, without warning.
Consequently, various designs have been developed by offshore
operators in the Canadian Arctic to prevent this from happen-

ing. They are discussed in Section II.

b. Currents

A knowledge of currents is required to assess the poten-
tial for scour around the foundations of bottom-founded struc-
tures. Present information, although meager, suggests that
the general magnitude of normal currents is quite low and that
scour should not be a major problem. However, additional in-
formation is needed for both storm-generated currents and for
currents beneath ice. It is probable that high currents are

associated with large storm surges known to occur in the region.

c. Storm Surge

Storm surges pose a number of risks for offshore struc-
tures. Similar to waves, they are capable of inundating
structures having insufficient freeboard. It is also likely
that severe surges may be accompanied by high waves since they

tend to occur near the end of the open-water season when there
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A is maximum fetch between the land and pack ice. Since surges
are wind drive, they may also be accompanied by fragments of
floating ice. However, such fragments should be small, and
should not present a serious structural design problem. Thus,
beside the hazard of inundation by waves and surge, there may
be an additional danger of being overridden by ice. This is
clearly a much more serious problem.

Winter surges, although less frequent and severe, may
cause movement in otherwise stable ice. Winter surgés up to
1.4m (4.5 ft) have been observed on the Beaufort coast.
Structures which may be sensitive to sudden ice motion such
as grounded barges or artificial ice islands, could be advers-

ely affected (Weeks et al, 1978).

6. Summary

A brief summary of the principal development hazards is

shown in Table 1-11.
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II. CURRENT TECHNOLOGY OF OIL/GAS
EXPLORATION IN THE BEAUFORT SEA

During the last five years, the Canadian offshore
industry has gained considerable Arctic experience through
exploratory operations conducted in the Mackenzie River
Delta and Arctic Islands in the Beaufort Sea. They have
used engineering concepts closely adapted to local environ-
mental conditions. The Canadian experience can be applied
to Alaskan offshore exploration if proper attention is given
to environmental differences which may exist between the
Canadian and Alaskan Beaufort Seas, particularly, the fact
that ice deformation north of the Mackenzie Delta is appreci-
ably less than at sites of the Alaskan Beaufort Sea (Weeks,
private communication). In addition, some near-shore explora-
tion experience, gained over the past few years within the
barrier islands at Prudhoe Bay, has allowed further identifi-
cation of problems and applicable solutions.

Emphasis in this section has been placed on the explora-
tory drilling concepts (artificial sand/gravel platforms and
grounded-ice platforms) that are limited to these shallow
waters (20m (66 ft). In water depths greater than approxi-
mately 15m (50 ft), the formidable problem of moving and
Qrinding ice ridges would have to be faced by any structure
placed in such areas. Direct experience in this area, other

than with drillships, has not been attained; therefore,



concepts for deeper waters are not discussed in this section.

Table 2-1 presents a summary of development approache;
which have already been demonstrated or are in planning stages
by either Canadian or U.S. operators.

Most of the existing experience in Arctic exploratory
drilling has been accumulated by Imperial 0il Ltd., recently
renamed: Esso Resources Canada (ERC) Ltd.* (sand/gravel
islands), Panarctic 0il Ltd. (floating ice islands), and by
Dome Petroleum Ltd. (drillships). The discussion in this
section concentrates on describing these concepts. Although

drillships are mentioned only briefly, they were excluded

from the scope of this review.

A. SAND/GRAVEL ISLANDS

1. Description

Sand and gravel islands are artificial structures com-
posed of fill materials. In practice, temporary islands have
been built from sand, gravel, and silt, or various combina-
tions of these materials. Although only temporary islands
(lasting one or two seasons) have been built to date, the
technology apparently exists to construct permanent islands
(lasting 20 to 30 years) which should be able to endure for the

life of an oil/gas reservoir. The technology for permanent

* For simplicity the name Imperial 0il will be retained in
the following parts of the report.



Table 2-1. QillGas Industry Preferred Approach to Arctic Offshore Operation

Canadian Operators

Dome Petroleum
Imperial Qil (ERC)
Panarctic Oil

Sun Oil

American Qperators
Atlantic Richfield
Exxon

Gulf Oil
Mobil Oil
Sheil Oil
Sohio (BP)

Standard Qil (Chevron)

Union Oil

Supporting Industry
Global Marine

Reagan Company
Sedco~Sealog
Vetco Company

Approach
Drill Ships

Sand/gravel islands, monocone
Floating ice islands
Sunken barges, sandl/gravel islands

Approach

Causeways

Sandlgravel islands, ice istands
(grounded), monocone/monopod

No independent research

No independent research
Sand/gravel islands (?)
Sand/gravel islands, causeways
Sand/gravel islands, monocone
Ice Islands (grounded)

Approach
Surface effect vehicles
Subsea completion
Ice cutter
Subsea completion



islands is discussed in Section III of the report. Temporary
islands constructed in the Mackenzie Delta since 1872 include
14 built by Imperial 0il Ltd. and two by Sun 0il Ltd. Three
sand/gravel islands in the U.8. Beaufort Sea have been com-
pleted, one by Exxon in 4 feet of water west of Duck Island,
and two by Sohio (BP) in 10 feet of water about 1.5 miles off
the Sag River delta (Wilson, 1979) and in 3 feet of water.

Islands have been built within the fast-ice zone in
water depths ranging from 1lm (3 ft) to 14m (46 ft).l An is-
land in deeper water, 19m (63 ft) is now being built by
Imperial 0il Ltd. Most of the islands constructed in water
depths greater than 3m (10 ft) have been circular in shape
while those in shallower depths have usually been rectangular.
The rectangular shape is chosen where the wind is generally
in one direction, and the smaller dimension can then be
oriented to wave action and ice forces. The island surface
area is usually about 2 to 2-1/2 acres, which is the minimum
required to accommodate a drilling rig, supplies and personnel
(Riley, 1978).

Islands have been built in both summer and winter. The
choice of construction season and the method of construction
depend on the availability of fill materials. 1In general,

three methods of construction have been utilized,
