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I.  Summary of Objectives, Conclusions and Implications with Respect to
0CS 011 and Gas Development

The objective of this research unit is to develop a morphology of near
shore ice along the Beaufort, Chukchi and Bering coasts of Alaska, and
identify those features which may represent hazards imposed by ice conditions
on 0CS oil and gas development.

Winter and spring Beaufort and Chukchi Sea near-shore ice conditions
have been analyzed for 1973, 1974, 1975, 1976, and 1977. The chief objective of
this analysis was to assess hazards related to activities associated with
offshore petroleum developments.

Landsat imagery has been utilized to map major ice features related to
regional ice morphology. Following this, significant features from
individual Landsat image maps have been combined to yield regional maps
of major ice ridge systems for each year of study and maps of flaw lead
systems for representative seasons during each year of study. These regional
maps have, in turn, been used to prepare seasonal ice morphology maps.

The seasonal ice morphology maps show, in terms of a zonal analysis,
regions of statistically uniform ice behavior. The behavorial characteristics
of each zone have been described in terms of coastal processes and bathymetric
configuration.

Based on the combined seasonal morphologies, a zonal analysis of
potential hazards related to offshore petroleum development has been made for
the Chukchi and Beaufort seas. The hazards addressed are: safety of field
personnel performing offshore geologic reconnaissance, large-scale displacement
or deformation of fast ice sheet, the probability of formation of large ice
ridge systems which could bring large forces to bear on offshore structures,
and the possible fate of an under-ice o0il spill.

The general conclusion is that near shore sea ice behavorial patterns
are similar from year to year thereby yielding some predictability in terms
of offshore sea ice hazards to oil and gas development,

The implications are that geographical zones of different design and
construction criteria can be established in the offshore areas taking into
consideration the probability of damage to the structure by adverse ice
conditions and the relative risk imposed to the adjacent ecosystems.




II. 1Introduction

A. General nature and scope of study
Environmental concerns stemming from the possibility of petroleum-
related development on the Alaskan Continental Shelf have brought about
great interest in Alaskan coastal processes. The distinctive feature of
the arctic coasts of Alaska is that for a significant portion of the
year these coastal waters are covered by ice. Clearly, an understanding
of the dynamic morphology of ice in near shore areas is essential to an
assessment of environmental and personnel risks imposed by offshore
petroleum developments. The goal of this project has been to develop a
synoptic picture of ice behavorial patterns along the Alaskan coast and
to describe this morphology in such a way that the environmental and
human risks can be identified.

Obviously the greatest ice-related influence on environmental
hazards arising from petroleum development in ice-frequented waters
arises from containment of petroleum under or within the ice. For this
reason, it is necessary to develop a morphology of near shore ice
characteristics and address this problem through those characteristics.

A second hazard related to ice, although not environmental, is the
hazard personnel and equipment are subjected to when using ice as platform
in exploratory work. This risk can be evaluated through determination
of persistence of ice sufficiently stable to act as an exploration
platform.

The possibility of deposition of petroleum on the undersurface of
arctic ice, its possible toxic effects and the ultimate fate of such a
deposition should be considered. The problems involved include:

1) entrapment of light, water-soluable fractions of petroleum
under the ice barrier with resulting prolonged high con-
centration of these known toxic agents,

2) difficulty in detection and delineation of the extent of
the spill,

3) possible transport of petroleum beneath the ice or with
jce during dynamic events, and

4) clean-up difficultias caused by combinations of 1 through
3 and possible danger to personnel and equipment during
dynamic ice events.

Ice conditions vary significantly depending on season and geo-
graphic location. Although the morphology presented Tater will be more
complex, for the sake of this introduction two major zones of ice in
near shore areas need be considered. These are:

1) The "fast ice zone", the area generally shoreward of the
20-meter isobath with quite stable ice much of the ice year.
(December through June.)

2)  The “"shear zone", the area generally extending some distance
beyond the 20-meter isobath. In this zone the ice potentially
can undergo shear to the point of failure and move with respect
to the fast ice at any time.

Within each zone the year can be broken into several behavorial

periods. These are:
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Month

Fast Zone Period

Shear Zone Period

Oct. Freeze-up: Ice freezes in Freeze-up: Complex process with
place or is driven into near periods possibly including pack
shore areas and piled. ice, new ice pans, open water, etc.
Grounded ridges formed out Result is nearly complete covering
to the 20-meter isobath. of ocean with ice not stable and
The result is a stable sheet subject to motion.
of fast ice.

Nov. Stable: Ice within zone is  Semi-stable: Static ice can

Dec. stable with few leads result- extend several tens of km seaward

Jan. ing from shear. Cracks can beyond fast ice for several weeks

Feb. occur resulting from temper- at a time. Ice can fail in shear
ature-related tension at any time.
and tidal processes. Opening

Mar. and closing of these cracks Shearing and refreezing: Ice more

Apr. can cause micro-ridging. prone to shearing events and failure

May. Ice grows in thickness adjacent to edge of grounded ridges.
approaching 2 meters by end However, after failure with cesation
of period. of motion, tendency for ice cover

to be reestablished by freezing.

June Decay and break-up: Solar Close pack: successive shearing

July flux sufficiently great to events break-up ice into pans of
initiate melting. Grounded various size. Refreezing does not
ridges break up, fast ice take place. Ice subject to significant
melts close to shore, displacement resulting from currents
breaks up and melts farther and winds.
offshore.

Aug. Ice Free: Area generally Ice Free: Area generally free of ice

Sept. of ice except for grounded except for blown-in pack ice
remnants and blown-in pack and grounded features including ice
ice, islands.

B.  Specific Objectives
Specifically, this comprehensive morphology includes a synoptic picture

of the development and extent of fast

of pressure and shear ridges,
ice features including ice islands
and the interrelationships among t
In addition,
of hazards related

C.

The relevance of ice-related e
development should be considered in
related activities:
Production.

Relevance

ice, the construction and location
the locati

on and presistence of grounded

, stamuki, ridges and hummock fields
hese phenomena.

this comprehensive morphology is interpreted in terms
to petroleum development.

nvironmental hazards to petroleum
terms of four major phases of petroleum-
Exploration I, Exploration II, Development and

Each of these phases has particular ice-related problems.
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a. Exploration I. This activity is mainly geologic
mapping by seismic crews. Currently seismic mapping is being carried
out in the Beaufort Sea using fast ice as an operational platform rather
than using boats during the relatively short and undependable open water
season. Although few, if any, environmental hazards are created by this
activity, hazards are imposed on the crews performing such work. The
ice morphology developed here has been interpreted in terms of persistence
of various ice zones and the period (if any) that exploration activities
can be carried out from the ice within these zones.

b. Exploration II. During this phase, test wells are
drilled--very likely from temporary structures including man-made gravel
islands, anchored drill ships, movable platforms, etc. The choice of
temporary structure used will depend in part on the morphological be-
havior of the ice in the location where a test well is desired. For
instance, areas with a high incidence of hummock fields and shear ridging
would be poor locations for anchored drill ships and might require
artificial islands. A poor choice here might result in higher explo-
ration costs and possibly environmental risk resulting from petroleum
products spilled by damaged exploration equipment.

C. Development. During this phase, permanent structures
are constructed for drilling of permanent wells and extraction facilities.
Collector pipelines are laid and other permanent facilities are constructed.
The considerations involved in the placement of these structures include
the probability of ice piling around and upon man-made islands, ridge
keel gouging of pipelines and also the effect of the facility on the
morphology of near shore ice and this in turn on the quality and nature
of habitats. ' _

The information provided here will obviously yield information
about ice piling and the probability of bottom plowing. Through the
morphology of near shore ice including the dynamics of jce behavior near
natural obstructions to ice motions, descriptive models of the impact of
the creation of man-made islands on the morphology of near shore ice can
be developed. This can then in turn be related to impact on near shore
habitats.

d. Production. This phase of petroleum-related activities
would take place over a span of many years. Consideration has to be
given to the probability of adverse ice conditions over a period as long
as twenty years and how these conditions relate to structures designed
to support pumping and piping of crude petroleum. Within this period
the greatest environmental hazards would arise from the possibility of a
large oil spill. Because of the ice cover on the ocean most of the
year, there is a great probability that a spill will become associated
with the ice. In addition the presence of ice may even enhance the
probability of a petroleum spill during the jce season. The ice morphology
presented in this report has been interpreted in terms of the fate of an
0i1 spill created at a time when it could become incorporated into the
ice and at times when spilled oil would become trapped under the ice:
what transport might take place, how much spreading might occur, how
long entrappment might last, and when release might occur. Also based on
the morphology developed, consideration has been given to favorable
locations for production facilities and to anticipation of techniques
which may be used to deal with specific spills through prediction of the
ice behavior to be expected within statistically-determined zones of
uniform behavior of ice. Finally, consideration has been given to

12




possible destruction of underwater facilities as a result of ocean-floor
plowing by grounded sea ice features within each statistically-determined
zone of uniform ice behavior.

III. Current State of Knowledge

With the exception of site-specific studies performed by other
investigators concerning locations of ridges and ice edge locations,
this report represents the public domain state of knowledge of the
coastal-wide morphology of near-shore ice conditions as outlined in
Section II.B.

13



IV. Study area

A. Geographic area

The area of this study can be divided into two different regions.
Thie first region consists of the Beaufort Chukchi Seas, extending from
Demarcation Point in the eastern Beaufort Sea to Nome on the south side
of the Sea-ward Peninsula. This region encompasses approximately 2500
kilometers of coastline, extending from approximately 141° to 169° west
longitude and 64°30' to 71°30' north latitude. The coastline is ir-
regular in shape, consisting of numerous bays, points, capes, and lagoons.
The lagoons are bordered on the seaward side by long, narrow islands
less than 4 meters elevation.

There is little human habitation in this region, especially along
the Beaufort Sea coast. Nome, Kotzebue, Barrow, and Prudhoe Bay are the
major population centers with populations of 3000, 4000, and 1000 respecti-
vely. There is one year-round native village with a population of
approximately 200 along the Beaufort Sea coast east of Barrow, located
in the Colville Delta. The only other permanent human habitations along
this coast are three military Distant-Early-Warning stations at Lonely,
0liktok Point and Barter Island and the oil fields at Prudhoe Bay.
However, there are several native villages along the coast between
Barrow and Nome, most having populations less than 100 persons.

The second region consists of the Bering Sea, extending from Bering
Strait in the north to the Aleutian Islands in the south. This region
overlaps slightly with the Beaufort-Chukchi region from Bering Strait to
Nome.

The Bering Sea region emcompasses approximately the same length of
coast line as the Beaufort-Chukchi region, extending from approximately
157° to 168° west longitude and 53°30' to 65°40' north latitude. The
coast line is very irregular in shape and consists of numerous bays,
points and capes as well as several large islands, notably Nunivak and
St. Lawrence Is. Several large rivers empty into the BEring Sea, including
the Yukon, Kuskikwim, and Kuichak Rivers.

Major settlements in the region consist of Nome, Unalakleet, Bethel,
Cape Newenham, Dillingham, King Salmon, Naknek and Cape Sarichef. There
are numerous other villages and encampments in the region, having
populations less than 100 persons.

B. Physical setting. The bathymetry varies significantly in the
area of study. In the Beaufort Sea the 80-meter isobath is approxi-
mately 70 kilometers offshore from Barrow to Demarcation Point and is
the approximate edge of the continental shelf. The sea floor drops off
very sharply from there to depths of 4000 meters.

The bathymetry of the Chukchi Sea is quite different from that of
the Beaufort Sea. The maximum depth of the Chukchi Sea is approximately
70 meters. However, for most of the Beaufort and Chukchi Seas the
bathymetry is not known accurately, especially the shelf areas of the
Beaufort Sea.

The Pacific Gyre and the Bering Strait current are the major
currents in the Beaufort and Chukchi Seas. The Pacific Gyre is a large
clockwise flow of water that dominates the water currents in the Western
Arctic Ocean. It results in an east-to-west flow of water in the Beaufort
Sea. The Pacific Gyre does not directly affect the flow of water in the
Chukchi Sea. The Chukchi currents are dominated by the northerly flow
of water through the Bering Strait and into the Arctic Ocean.




The amount of tidal fluctuation varied significantly throughout the
study area. At Point Barrow the range of the diurnal tide (the difference
between mean higher high water and mean lower low water) is 12 centimeters
(0.4 feet) along the entire Beaufort Sea coast from Barrow to Demarcation
Point. However, the tides in the southern part of the Chukchi Sea are
much greater; the diurnal range at Kiwalik in Kotzebue Sound is approxi-
mately 80 centimeters (2.7 feet) and at Nome is approximately 50 centimeters.
These are still relatively small fluctuations but they may measurably
affect the ice conditions along the coast. The size of the tidal fluctu-
ations is a function of the latitude; the tides generally decrease in
size with increasing latitude. ’

The amount of daylight, i.e., the period from sunrise to sunset,
undergoes large seasonal variations at high latitudes. At Barrow, the
northern most point of land in this study, the sun does not set during
the summer months from late May to late July, while the sun is below the
horizon from approximately late November to ]ate January. The conditions
at Nome, the most southerly point in the study area, are similar although
not as extreme.

The bathmetry for the Bering Sea is similar to that of the
Chukchi Sea except that with the presence of more and large rivers the
sedimentation rate is higher and the shallow regions extend farther offshore,
notably in Norton Sound and Kuskokwim Bay. The depths range to 40
fathoms (80 meters) for most of the sea but drops off rather sharply to
2000 fathoms (4000 meters) south of 56° north Tatitude.

The surface water currents vary from summer to winter in the Bering
Sea. During the summer the currents flow predominantly north through
the Bering Strait. A small counter clockwise gyre exists in Norton
Sound. However, during the winter only part of the currents appear to flow
north through the Bering Strait. The major current flow consists of a
Targe counter clockwise flow up the Alaska coast and down the Siberian
coast. The small gyre in Norton Sound has disappeared. (A1l current data
is from the BLM-OCSEAP Climatic Atlas, Bering Sea, Vol. III, 1977.)

The tidal fluctuations in the Bering Sea are even greater than in
the Beaufort-Chukchi region. The dirunal tide (mean higher high water
to mean lower low water) fluctuations vary from 36.6 centimeters on St.
Lawrence Island to 689 centimeters at the mouth of the Naknek River.

These fluctuations are sufficient to significantly affect the winter
ice conditions along the coast.

The annual variations in daylight hours are less extreme in this
region than in the Beaufort Sea region. At the Bering Strait, the amount of
daylight varies from continuous (i.e., the sun does not set) from 12 to
30 June to approximately three hours on December 22. However, in the
southern part of the Bering Sea, the daylight hours vary from seventeen
hours on June 20 to seven hours on December 22.

C. Climate. The climatic conditions along the Beaufort Sea coast
are relatively uniform from Barrow to Barter Island. The mean annual
temperature at Barrow is -12.6°C with a record maximum of +26°C and a
record minimum of -49°C. The normal yearly water equivalent precipi-
tation at Barrow is 12.4 centimeters with an average yearly humidity of
80 percent. The mean yearly snowfall is 72.6 centimeters. The average
windspeed at Barrow is 18.9 km/hr from the east; the maximum wind
velocity was 93 km/hr from the west. The prevailing wind directions are
from the east-northeast to east-southeast.

15




The weather conditions at Barter Island are similar to those at
Barrow. The Barter Island mean annual temperature is -12°C with a
maximum of +26°C and a record low of -51°C. The normal yearly water
equivalent precipitation is 17.9 centimeters with a normal yearly snow-
fall of 113 centimeters. The humidity at Barter Island averages 80
percent. The average windspeed is 21.0 km/hr with a record maximum of
130 km/hr. The prevailing winds are from the west from January through
April and from the east from May through December.

The climate along the Chukchi Sea coast from Barrow to Nome is
warmer, wetter, and somewhat more variable than along the Beaufort Sea
coast. The climatic conditions at Kotzebue are similar to those along
the Beaufort coast. However, Kotzebue, being farther south, is somewhat
warmer with a mean annual temperature of -6.2°C. The record maximum and
minimum temperatures are +20°C and -47°C, respectively. Kotzebue receives
slightly more precipitation than Barter Island, 22.3 cm water equivalent
per year and 120 cm of snowfall per year. However, the humidity is
slightly lower at Kotzebue, averaging 78 percent. The yearly average
windspeed is 20.8 km/hr from the east with a maximum recorded windspeed
of 149 km/hr from the southeast. The prevailing winds are from the west
from May through August and out of the east the remainder of the year.

Nome is on the Bering Sea side of the Seward Peninsula and therefore
has weather somewhat different than that of the areas described above.
The mean annual temperature at Nome is -5.1°C with a record high of
+25°C and a record low of =39°C. The precipitation at Nome is nearly
twice as great as at anywhere in the Chukchi or Beaufort Seas. The
normal yearly water equivalent precipitation at Nome is 41.8 centimeters.
However, the amount of snowfall is 137 centimeters, only slightly greater
than at Barter Island and Kotzebue; a larger percentage of the precipi-
tation occurs in the form of rain. Despite the higher precipitation,
the average yearly humidity at Nome is 72 percent, considerably less
than at Kotzebue or Barrow. The average windspeed at Nome is 17.3 km/hr
from the north, off the hills of the Seward Peninsula. The maximum
recorded windspeed at Nome was 88 km/hr from the southwest. Although
the average yearly prevailing winds are from the north, the monthly
averages are more variable. From December through March the winds are
from the east, from the north April through May, from the west-southwest
from June through August, and from September through November are again
from the north.

The monthly mean temperatures for the Bering Sea range from
-18°C in February to +12° in July with extremes ranging from -36° to
+22°C. The higher temperatures are generally to the south.

The mean annual total water equivalent precipitation along the
Bering Sea coast ranges between approximately 50 to 100 centimeters.

The snowfall ranges from 70 to 200 centimeters annually.

The wind speeds average 20 km/hr along the coast with some areas
recording windspeeds in excess of 100 km/hr. The predominant wind
directions vary from due north to southeast.
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V. Sources, Methods and Rationale of Data Collection

A. Selection of Scenes for Apalysis

The primary sources of data for this study were Landsat I and
Landsat II band-7 imagery. Landsat acquired images of the same 160
kilometer square area once every eighteen days. In the high latitudes
of the Beaufort and Chukchi Seas, overlap of succeeding days' images of
up to 80 percent occurs. In the Beaufort Sea, a given area may be
imaged up to four days in a row. In the Chukchi Sea and Bering Sea
the overlap decreases with decreasing latitude so that in the Nome
vicinity, an area will be imaged up to three days in a row. Twelve
days' images are required for continuous coverage from Demarcation Point
to Point Barrow. A minimum of six days' images are required to con-
tinuously cover the Chukchi Sea coast line from Point Barrow to Nome.

Each eighteen-day Landsat cycle was used as a data set. Several
cycles of images were mapped for each year from 1973 through 1976,
depending on the availability of the images. Landsat does not obtain
imagery from approximately mid-November to early February in the Beaufort
and Chukchi Seas because the sun does not rise above the horizon at those
latitudes during that time. Consequently, February is the earliest that
images are available for these areas. Cycles of Landsat images were
mapped for the following periods, depending on availability of images:
(1) midwinter (mid-to-late February to early March); (2) late winter
(mid-to-late March); (3) early spring (late March to late April); (4)
late spring (May to mid-June); (5) summer (late June to mid-July); (6)
late summer (late July to mid-August); and (7) late fall to early winter
(late October to mid-November).

The choice of Landsat cycles used for this study depended primarily
upon the cloud cover of the scenes of each cycle and the number of
images available. Some Landsat scenes were not available from NASA due
to dense cloud cover. Other images with up to eighty percent cloud
cover were obtained from NASA but not used. The usefulness of the
images in a cycle was determined on an image-by-image basis. Two criteria
were used. First, there needed to be enough coastline showing on the
image to match a coastline overlay to the image. Generally, if even a
small section of the coastline or coastal river was visible on the
image, the image could be lined up with the overlay, using the latitude
and Tongitude marks on the image. The latitude and longitude marks were
not usable by themselves due to the difference in projections of the
Landsat image and the Lambert conic conformal map overlay. The second
criteria required that significant ice detail be visible through the
cloud cover. "Significant" ice detail varied from scene to scene. For
example, a low-contrast scene with moderate cloud cover but showing open
leads in the ice has informational value whereas a scene with the same
cloud conditions but not showing open leads may be useless for ice
mapping. Generally, Landsat cycles with fewer than five usable scenes
were not considered for detailed analysis. Exceptions included scenes
used in stationary ice and open water maps (see below).

The Landsat cycles used in this study are shown in Figures V-1
through V-18 for the Beaufort Sea Figures V-19 through V-35 for the
Chukchi Sea, and Figures V-19 through V-30 for the Bering Sea. The
location, area and extent of each scene and the scene identification
numbers are shown.
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B. Mapping Technique

The images chosen for analysis were obtained at a scale of
1:500,000 from the EROS Data Center, Sioux Falls, South Dakota. The
EROS Data Center produces 1:1,000,000 scale, 1:500,000 scale and 1:250,000
scale black and white prints of available Landsat imagery as standard
products. The 1:1,000,000 scale images were too small to accurately map
details while the 1:250,000 scale imagery was too expensive. Therefore,
the 1:500,000 scale imagery was chosen as a compromise between cost and
resolution of detail.

General overlays of the Beaufort Sea, Chukchi Sea and Bering Sea
coastlines including the major rivers were drawn in ink on clear acetate.
The base maps used for the overlays were the 1:500,000 scale sectional
aeronautical charts. These maps are published by the U.S. Department
of Commerce using the Lambert conformal conic projection (standard
parallels 49°20' and 54°40'). This projection is the closest to the
Landsat projection found. The error in locating points on the Landsat
image using the base map overlay is approximately a kilometer.

The technique used in mapping the ice on each Landsat image is as
follows. First, the base map overlay was placed onto the image and the
two were lined-up as closely as possible. Then a blank sheet of clear
acetate was placed over the base map overlay. The coastline and rivers
were drawn onto the blank acetate. Then the ice features were also
drawn onto this acetate from the Landsat image. Finally, the bathymetry
obtained from National Ocean Survey (formerly Coast and Geodetic Survey)
nautical charts was drawn onto the map.

The initial interpretation was made using a blue-line copy of the
acetate map. The distinguishable ice features, such as flaw leads,
ridge systems, areas of smooth ice, etc., were identified primarily from
Landsat image but other data (see below) were also used. The interpreted
results were then transferred to a copy of the original acetate ice map
in the form of labeling nomenclature which was then reduced to page size
(approximately 1,000,000 scale) for publication. These annotated ice
maps of each Landsat image were the preliminary data products.

C. Creation of Composite Data Products
The preliminary ice maps of the individual Landsat scenes were

used to create secondary, composite data products. The first generation
of composite data products consisted of maps of edge of contiguous ice
and of ridge systems for the Beaufort, Chukchi and Bering Seas.

A composite map showing the edge of contiguous ice, defined as the
seaward boundary of the currently stationary ice was made for each
Landsat cycle. The composite for each cycle was prepared by making a
mosaic of the maps of the scenes in the cycles and outlining the contiguous
jce edge. When the ice conditions were rapidly changing the significant
changes in the edge of contiguous ice were observed from one day to the
next, the edge of jce on the latest image was used in the compsite map.
The mosaic was then transferred to mylar, drawing in the contiguous ice
edge, the 20-meter isobath, the coastline and the major rivers. Each
composite map of contiguous ice edges contained either the data of all
of the cycles for each year studied or the data for each season for all
the years studied. Four years' data were used, 1973 through 1976, and,
generally, three seasons, winter, early spring, and late spring - early
summer. In addition, a map showing the average ice edge and the variation
from the average was made for each season. Finally, the averages of the




three seasons were combined on one map to show the seasonal migration of
the ice edge. The above maps are discussed in Section VI.

Yearly composite maps of the ridge systems visible on the Landsat
imagery were made using the same method used for making the contiguous
ice edge maps. One composite map was made for each ice year from 1973
through 1976. The four composite maps were compiled into one map of
"all-time" ridge systems. These maps are discussed in Section VI.

The second generation of data products utilizing the preliminary
and composite ice maps consists of ridge density maps, sea ice morphology
maps and ice hazard maps for the Beaufort and Chukchi Seas. The ridge
density maps were prepared from the all-time ridge system maps by visually
delineating the areas of differing ridge density. The sea ice morphology
maps were prepared from various sources including contiguous ice edge
composite maps, ice ridge density maps and other data listed below.
Morphology maps were prepared for the Tate fall to early winter ice
season (approximately October to early March) and the midwinter to late
spring ice season (approximately mid-March to late May - early June).
The morphology maps contain information on the various ice conditions
such as average edge of ice, fast ice, ridge occurrences, areas of
smooth ice, fast-moving ice, hummock fields, etc. The ice hazard maps
used all of the above sources of data for determining the type and
lTocation of ice conditions that may be hazardous to offshore structures
and ship traffic. The hazards include areas of heavy ridging, con-
tinuously changing ice conditions, ice islands, etc. The ice hazard
maps are discussed in detail in Section VIII of this report.

Other data products, compiled directly from Landsat imagery, included
maps of stationary ice and open water. The term "stationary ice" as
used here defines ice that was observed to have remained unmoved by wind
and currents during breakup of the near shore ice from one Landsat cycle
to the next. Stationary ice is either grounded or attached to grounded
ice. The stationary-ice maps were prepared by superimposing two images
of the same location, but acquired at different times, on a viewing
screen. The ice which had not moved during the time interval between
the two images was mapped by placing a sheet of mylar over the viewing
screen and tracing the outlines of the stationary ice onto the mylar.
One such map was made for each year from 1973 through 1976 (see Section
VI for the Beaufort Sea only).

The open-water maps show the progressive increase in open water
occurring in the near shore areas from the start of the melt season
until the end of summer for the years 1973 through 1976 for the Beaufort
Sea. The open-water maps were prepared by overlaying a sheet of mylar
on each Landsat image and tracing the outline of the extent of the open
water. Data from all available imagery were used. One map was made for
each year showing the annual migration of the edge of the open water.
The maps are discussed further in Section VI.

D. Ground Truth

This project has conducted numerous aerial reconnaissances
along the Beaufort and Chukchi coasts with the objective of relating
ice conditions and features with patterns observed on Landsat images.
This effort was always placed at a disadvantage because of the six-week
to two-month delay between Landsat data acquisition and the availability
of hard copy imagery for reconnaissance purposes. Hence, only the most
stable ice could be compared directly with imagery. In areas of unstable
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ice it was necessary to note and photograph ice conditions during the
reconnaissance and wait two months for the comparison process. The
difficulty with this was that nearly always the reconnaissance overlooked
a feature of apparent significance on the Landsat imagery.

In general, it was found that while major ice features (for instance,
ridge systems 50 m wide and 10 km long) can nearly always be identified
on Landsat imagery, smaller features cannot be identified with any
degree of regularity. The chief parameters here were found to be solar
elevation angle, degree of snow cover and haze. It is not always apparent
upon inspection of a single Landsat image that haze, for instance, is
diminishing detectability of ice features. Often this only became
apparent upon inspection of two overlapping images from successive days.

Perhaps the most useful ground truth information was obtained in
June of 1974 when we obtained 1:20,000 scale panchromatic photography
along a several hundred km flight line in the Beaufort Sea, followed a
few days later by a NASA U-2 flight obtaining 1:120,000 scale color
infrared photography and the acquisition of a good-quality Landsat image
a few days later. On this data, it was possible to conclusively relate
measurable ice features with patterns identified on Landsat imagery.

E. Applicability of Techniques Developed to Other Places Where
Near Shore Ice is a Hazard.

The chief utility of Landsat data was found to be the
detection of large ridge systems and lead openings by direct observation
and observation of ice piling and shearing events Targely by inference.
The analysis of the ice hazards depends on the gathering of sufficient
data to make possible the development of a synoptic picture of ice
conditions. This, in turn, depends on two factors: the commitment of
the spacecraft for data acquisition and a sufficiently adequate number
of cloud and haze free occasions when data could be obtained.

Other than data availability two other factors need be considered:
the nature of the hazard and the size of the area under consideration.
The techniques used here have been developed to determine rather large
zones of somewhat broad hazard description.
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VI. Results

A. Interpretation of Ice Maps

1. Selection of jce features pertinent to morphology. The
individual maps of each Landsat scene were examined and annotated in
terms of ice conditions observed on the sequence of images to which the
individual image belonged. This exercise served to develop a historical
perspective of ice behavior along that portion of coast. Descriptive
histories, even with associated maps do not in themselves constitute a
morphological description of ice behavior. In particular, the salient
features of several year's ice dynamics must be compared to determine
the patterns of ice behavior.

In order to accomplish this task, the maps which had been prepared
were examined to find the mapped characteristics which could be compared
from season-to-season and year-to-year.

One obvious class of characteristics found was large ridge systems.
Ground truth exercises, described in section VD, had shown that maps
based on Landsat imagery could be expected to show the locations of
large ridge systems with a good degree of confidence.

A second class of characteristic found useful for development of a
near shore ice morphology was the location of the seaward edge of con-
tiguous ice. The term "contiguous ice" is used rather than "fast ice"
because of the widespread useage of the term "fast ice" by various
authors to describe a variety of conditions related to near shore ice.
“Contiguous ice" means ice contiguous with the shore and continuous to
the first break. Often the first break is the flaw lead. However, it
could be the edge of open ocean or a polynya. For brevity these maps
are labled "ice edge maps."

These two classes of features, recorded on as frequent a schedule
as possible were found to be a suitable basis for formulating a near
shore ice morphology related to hazardous conditions. Their utility is
discussed in the next two sections.

2. Edge of contiguous ice. The edge of contiguous ice is
often the boundary between "pack ice" and "shore fast ice. " However, it
should be realized that within a short period of time, the edge of
contiguous ice can vary by tens of kilometers. This is particulary true
off the Beaufort coast where the edge of contiguous ice has been observed
to range from the 20-meter isobath to a point 30 to 40 km seaward. The
cause of these extensions appears to be an absence of sufficient winds,
currents and interval forces within the ice sheet to keep individual
pans within the pack ice from freezing together. This condition can
persist for several weeks before sufficient forces exist for failure to
take place along lines considerably closer to shore.

When observing conditions similar to these, some observers define
the "fast ice" as being defined by the ice called "contiguous" here.
Others insist that the true "fast ice" is defined by the ice which would
remain adjacent to shore after a major shearing event and subsequent
failure of the ice sheet. Those who use the latter definition generally
associated well-grounded ridge systems and other ice features with this
stable edge of ice. Our results have shown sufficient exceptions to
this association to cause us to not use this definition except in the
most general sense and develop ice descriptions for each zone which can
be identified to have uniform ice behavior.
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Maps showing edge of contiguous ice have been made showing ice
edges for different dates in 1973, 1974, 1975,.1976, 1977. These data
have then been combined from each year showing late winter, early spring,
and late spring average ice edge maps, and where appropriate, these
average seasonal maps have been combined to show the seasonal migration
of the average ice edge.

3. Ridge system maps. Ridge system maps are useful in
several ways leading to development of a near shore ice morphology.
Ridges located within the existing contiguous ice sheet observed on the
earliest available Landsat images each year, serve as a record of earlier,
unobserved, ice event. Where they are grounded, ridges often--but not
always--serve as anchoring points for the near shore ice sheet. By
mapping ridges created for each year and comparing year-to-year it is
possible to determine variability of dynamic jce events from one year to
the next. Compilation of several years' ridge data onto one map shows
the persistent locations of this type of feature, at the same time
implying year-to-year persistence of the conditions responsible for
ridge creation.

B.  BEAUFORT SEA RESULTS

1. Contiguous Ice Edge Maps

a. VYearly Ice Edge Maps: For each year of study a single

map has been prepared showing the edge of contiguous ice for each Land-
sat cycle yielding useful data. Throughout these maps it should be
noted that generally the contiguous ice edge is not mapped for late
spring. This is often because near shore flooding and melting had
occured, destroying the contiguous aspect of the near shore ice although
vast areas remain in place. These vast areas of ice have been mapped
under the heading; “stranded ice."

1). 1973 (Figure III-1)

7. 2-19 March Landsat cycle. During this time the
edge of contiguous ice was quite far off shore. The individual Landsat
image maps drawn for these dates merely indicate that the edge of ice is
beyond their boundaries. This information is indicated here in terms of
a series of lines indicating that the edge of ice was no closer to to
shore than these lines.

ii. 31 May--17 June. Where it could be identified
the edge of contiguous ice has been mapped.

2). 1974 (Figure VI-2)

i. 25 February--14 March. Shown by a dashed line,
the edge of ice is never far from the 20-meter isobath except in the
vicinity of Camden Bay. Compare this edge with the edge for 2-19 March
the previous year.

ii. 15 March--3 April. Indicated by the dotted
line, the edge of ice has remained very nearly constant except for the
eastern Beaufort where it is now considerably closer to shore.

iii. 20 April--8 May. Indicated by alternating dots
and dashes, contiguous ice was well off shore during this period and
only the shoreward 1imit is shown here for much of the Beaufort Sea.

iv. 13-30 June. Shown by a line consisting of two
dashes followed by a single dot, the edge of ice shows some agreement
with earlier ice edges but also indications of the advanced season and
decay of ice in Harrison Bay.
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3). 1975 (Figure VI-3)

1. 20 February--10 March. Only one good Landsat
cycle was found for this year showing the edge of contiguous ice.

During this time there is an indication that the edge of ice had been

considerably farther off shore until just recently and was now nearly

coincident with the 20-meter isobath for much of the Beaufort coast.
4). 1976 (Figure VI-4)

i. 22 October--8 November. This ice edge, shown
by a dashed line is the only extensive ice edge data obtained in the
fall season during the entire study. It shows the edge of contiguous
ice roughly coincident with the 20-meter isobath along the western
Beaufort and significantly seaward of that line east of Harrison Bay.

ii.  6-23 February. This ice edge is indicated by
a dotted line. For most of the Beaufort coast, the edge of contiguous
ice is beyond the area mapped by the individual Landsat images. Only in
the vicinity of Barrow is the actual ice edge mapped.

iii. 24-12 March. This ice edge is shown by a
sequence of dots and dashes. For a good portion of the Beaufort coast
this line is nearly parallel to the 20-meter isobath--tending however,
to bridge over indentations in this contour.

5). 1977 (Figure VI-5)

i. 12 February-9 March. This Landsat cycle yielded ice
edge data between February 26 and March 9 across the eastern and western
portions of the Alaskan Beaufort Coast. It is interesting to note that
except at Barrow, this ice edge is significantly far seaward of the 20-meter
isobath. It appears reasonably safe to assume that the ice edge for these
dates extends across the unobserved area directly linking the two observed
portions. At Barrow the ice edge does coincide with the 20-meter isobath.

1i. 9-26 March. Data indicates that the contiguous
ice edge for these dates is even further from shore than during the previous
Landsat cycle with the exception of the Barrow vicinity where the ice
edge is in the same location.

iii. 27 March -14 April. This Landsat cycle yielded data
from Barter Island to eastern Harrison Bay and From Barrow eastward to
SMith Bay. The eastern portion is considerably shoreward of previous ice
edges and very nearly coincides with the 20-meter isobath. Off Barrow the
ice edge has remained coincident with the 20-meter isobath. However, to the
east of Barrow the edge of contiguous ice now curves around Point Barrow shoreward
of the 20-fathom isobath to a location that remains constant throughout the
ice year.

iv. 14 April-01 May. Data for this Landsat cycle
begins opposite the Canning River and continues beyond Barrow. Now, the
edge of contiguous ice is nearly coincident with the 20-meter isobath along
the entire coast where even it is observed.

v. 2 May-30 June. The edge of contiguous ice was observed
during this period across the central Beaufort coast. During this time it was
again located significantly far seaward of the 20-meter isobath.

vi. 25 June-15 July. Data for this Landsat cycle exists
between July 6 and July 8. During this time the ice edge was observed off the
Beaufort coast between the Canning and Colville Rivers. On July 7 the ice edge
was again found far off shore. Shortly following that, on the 6th it was again
located along the 20-meter isobath.

iv. 31 March-17 April. The observed edge of contiguous
ice for this date is shown by aline consisting of a dash followed by two dots.
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The data indicate that during theis Landsat cycle the edge of contiguous ice
moved considerably shoreward. The earlier images obtained in the eastern
Beaufort show the edge of contiguous ice for off whore while the later images
show the ice edge much closer to its normal position. Comparison of data
obtained on March 12 and 14 show this to actually be the case in the central
portion of the Beaufort Sea.

b. Seasonal Ice Edge Maps: The data representing the various
edges of contiguous ice have been recompiled for each season yielding sufficient
informatin to warrant analysis: late winter (February-March_, early spring
(June-July) and late spring--early summer (June July). The reason for these
groupings is obvious; to determine whether each season can be characterized
by a single, generalized ice edge representing that season. The results of
this analysis will be discussed in order of season.

1). Late Winter Ice Edge. Data form the following Landsat
cycles are utilized: 2-19 March 1973, 25 February-14 March 1974, 20 February-
10 March 1975, and 24 February-12 March 1965. These ice edges, with the
exception of the 1973 data show a good degree of similarity--running paraliel
and off shore from the 20-meter isobath, and bridging across landward
indentations of the 20-meter isobath. The 1973 ice edge has been discussed
previously--it was located very far off shore, well beyond the near shore
area (Figure VI-b5).

2). Early Spring Ice Edge. Data from the following
Landsat cycles were utilized: 15 March-3 April 1974, 31 March-

17 April 1976. It is difficult to justify a characterization of ice during
this period by means of only two recorded ice edges. However, the
indication appears to be that of similarity with the late winter ice

edge. The most striking deviation is in the western Beaufort where the
1976 data show the ice edge closer to the 20-meter isobath than any

other data--indicating that during early spring at least a degree of
variability in ice edge in this region (Figure VI-6).

3). Late Spring--Early Summer Ice Edge. The following
Landsat cycles were utilized: 31 May--17 June 1973 and 13-30 June 1974.
Again, while it is difficult to justify conclusions drawn from just two
data sets, it is worth noting that the 31 May--17 June data coincide
with the 20-meter isobath in the western Beaufort. This location is
somewhat landward of the bulk of other ice edge data in this region but
it does not represent a highly significant deviation. East of Harrison
Bay the 1973 data strike significantly seaward. However, this is not
considered to be a seasonal morphological feature; other data have shown
that this phenomenon can occur in any season. What this does show,
however, is that this can occur even this late in the ice season.

The mid-June 1974 data are the only ice edge information repre-
senting contiguous ice which show the decay of near shore ice to points
will within the 20-meter isobath. This is only true for mid Harrison
Bay to points westward, To the east of Harrison Bay the edge of con-
tiguous ice is again located roughly along the 20-meter isobath
(Figure VI-7).

2. Ridge System Maps
a. Yearly Ridge System Maps: For each year of study a
single map of the Beaufort coast has been prepared from the individual
Landsat image maps showing the ridges observed during that year. No
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attempt has been made here to identify the date of formation of each

ridge. The object of this mapping exercise was to identify those locations
where ridging does occur in order to relate this phenomemon with bathy-
metric features including depth and isobath configuration. Mapping on

a yearly basis was performed in order to provide information regarding
year-to-year persistance in location and severity.

1). 1973 Ridge System Map: This map shows a cluster of
major ridges offshore between Prudhoe Bay and Harrison Bay and a few
ridges very close to shore in the western Canadian Beaufort. The ridges
mapped well inside Harrison Bay are Tocated in shallow waters and were
very likely created at time of freeze-up (Figure VI-8).

2). 1974 Ridge System Map: Here ridges were found
throughout the length of the Beaufort coast. Of particular note are two
prominent hummock fields in outer Harrison Bay where the compiex of
ridge ice have been represented by a series of dots covering the area of
the hummock field. Also worthy of note is the fan-shaped focus of
ridges centered on the headland just east of Camden Bay (Figure VI-9).

3). 1975 Ridge System Map: Not many ridges were mapped
for this year. However, in consistency with the previous two years, the
greatest density of ridging occurs well offshore between Prudhoe and
Harrison Bay (Figure III-10).

4). 1976 Ridge System Map: Again, as in 1974, major
ridges were found throughout the Tength of the Beaufort coast. It is
interesting to note these ridges are almost entirely located beyond the
20-meter isobath. This is a strong indication that these ridges were
formed after early winter. Again, as in previous years, the greatest
ridge density occurs offshore between Harrison and Prudhoe Bays. Again,
the fan-shaped assembly of ridges occurs in Camden Bay (Figure VI-11).

b.  Composite Ridge System Map: This map shows the combined
ridge systems for 1973, 1974, 13975, and 1976. Here ridge density trends
noted on the yearly ridge maps become more.clear (Figure VI-12):

1). The greatest density along the Beaufort coast is
found far offshore between Harrison and Prudhoe Bay.

2). A secondary maximum ridge density occurs in a fan-
shaped pattern in eastern Camden Bay.

3). There is an indented area across inner Harrison Bay
with a moderate tendency toward ridging. '

4). A cluster of ridges occurs seaward of Midway and
Cross Islands with a tendency toward greater density between the islands
and the 20-meter isobath.

5). The focus of the fan-shaped ridge cluster in eastern
Camden Bay is located significantly landward from the 20-meter isobath.

3. Stationary Ice Maps

a.  Stationary vs. Contiguous Ice

During winter along the Beaufort Sea coast, large ridges form in a
zone parallel to the shore. These ridges have keel depths sufficient to
Cause grounding out to approximately the 20-meter bathymetric contour.
This zone of grounded ridges varies between a few kilometers and many
tens of kilometers in width and effectively shields the smoother ice
inshore from the effects of pack ice motion. The zone of immobile ice
is usually referred to as the "fast ice zone."

When summer break up occurs, these grounded ridges are often the
last ice forms to dislodge. These areas were not mapped in terms of
edge of contiguous ice because they are not contiguous with the shore.
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Yet the ice does remain bottom fast and is an important part of the near
shore ice regime. Three questions need to be answered regarding these
stationary ice areas. 1) Where are these areas located? 2) Do they
occur in the same locations each year? and 3) How long do they last in
the summer?

b.  Method of Analysis

The data base used in this study of stationary ice was Landsat
band-7, 70 mm imagery projected onto a screen at 1:500,000 scale. The
prOJect1on device used was an International Imaging Systems additive
colorviewer. In order to determine which ice was stationary, two images
taken at different times of the same area were projected simultaneously
onto a screen. The two images were lined up by matching coastal fea-
tures visible on both images. A transparent overlay with the coastline
and major rivers drawn in was then laid on the screen. The areas where
the ice had not moved were then traced onto the overlay.

C. Problems of Analysis

Images of the Beaufort Sea are not readily available in the mid and
late summer because the area is often covered by clouds. As a conse-
quence, only two or three sets of images for each year were available.
This made repeat coverage from year to year not generally possible.

There were also problems determining which was stationary ice and
which ice had moved. Because the margin of error due to the difference
in projection of the Landsat image and the overlay maps was approxi-
mately 1 km, ice that appeared to move less than 1 km was generally
considered to be stationary. \

The time period between images was also important. Generally, if
the images were one Landsat cycle (18 days) apart, the ice could be
considered stationary if it had not moved. However, occasionally the
only sequence of images available were only a day or two apart. Small
drift rates during these times were difficult to observe.

. d. Compos1te Stationary Ice Map (Figure VI-13)

Four years' data were analyzed for stationary ice - 1973, 1974,
1975, and 1976. The data were combined on one map extending from Point
Barrow to Herschel Island. The smallest stationary ice object plotted
was approximately a kilometer in diameter. Analysis of this map shows
that:

1). Stationary ice is generally located inshore of the
20-meter bathymetric contour. Inshore areas that are generally clear of
stationary ice include the majority of Harrison Bay and the immediate
river mouth vicinities.

2). Areas where stationary ice recurs were difficult to
determine because of insufficient data. One area where it recurs and
seems to last most of the summer is along the 20-meter contour north of
the Colville River in Harrison Bay. Each year a large hummock field
forms, causing a seaward bulge in the edge of the fast ice that persists
until late summer. Another area where stationary ice was seen to recur
was between 0liktok Point and the Sagavomirktok River, extending from
shore to the 20-meter contour.

3). 1In 1976, stationary ice was last seen to exist on 2
August only in a small area west of Harrison Bay. The next image of the
area was not obtained until 20 August (one Landsat cycle later). By
then, the stationary ice had disappeared completely. Therefore, it can
be concluded that stationary ice is generally gone by mid-August. One
exception to this was seen in 1974. A large piece of a ridge system
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north of Oliktok point was observed to remain throughout the summer of
1374 and was still there in the spring of 1975. However, it did not
remain as stationary ice in 1975.

4. Open Water Maps
Maps of open water of the Beaufort Sea were prepared at 1:500,000

scale from Landsat imagery. There were prepared in three sections entending
from Point Barrow to Demarcation Point for the years 1973 through 1977. The open
water was mapped from the Landsat image by overlaying a prepared mylar base map
onto the image and drawing the boundaries of the open water on the mylar. A
different symbol was used for each Landsat scene for which open water was mapped.
In addition, the date of the image was indicated on teh mylar with a 1ine drawn
to the open water area.

The open water maps shown the chronological increase in open water extent
for each season, usually starting sometime in June and continuing through
August, when the nearshore region generally became clear of ice. An area
was considered to be open water if ti contained no statonary ice and less
than 50 percent floes smaller than t kilometers in diameter. Cases where
ice moved into an area after it had been ampped as open water were not
indicated.

5. Ice Island Observations and Frequency

a. Ice Islands - background

For approximately thirty years the existence of "ice islands" in
the Arctic Ocean--particularly in the Pacific Gyre has been established.
These features are tabular floes of freshwater ice ranging in size from
dimensions on the order of km downwards. Their thickness can be as
great as 35 m. It has been reasonably well established that they ori-
ginate from the Ellesmere Ice sheet. The number and size distribution
of these features are not known. The Ellesmere Ice sheet does not calve
continuously and it is possible that all existing ice islands were
created in a small number of calving events. Ice islands ablate at the
exposed surface and could be expected to possess a relatively long
lifetime. However, there have been several observations of grounded ice
islands along the Beaufort coast having broken into several pieces.

Further, at Teast one large ice island has been observed to exit the
gyre and enter the Atlantic Ocean.

Ice island have been considered to constitute a threat to offshore
facilities because their bulk is capable of obtaining a momentum many
times greater than any conventional floe. For this reason it would be
very useful to be able to develop statistical data representing their
number, size distribution, and frequency of occurrence in nearshore
Beaufort waters.

b.  Results of Analysis of Imagery for Ice Island Data

Because of the potential value derived from determining statistical
information concerning ice islands, each Landsat image used was examined
explicitly for evidence of ice islands. It was thought that even if no
ice islands could be observed directly, large ice islands would drift
differentlially from pack ice because of their deep draft and Teave an
identifiying wake in their trail. (This is the case for the large ice
feature located on Hanna's Shoal--see Section D.)

Unfortunately, no ice islands were observed directly or indirectly
on the Landsat imagery. On two occasions stranded and broken-up ice
islands were observed along the Beaufort coast during aerial reconnais-
sance operations. In both cases the broken-up island was approximately
300 m in diameter.
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Attempts were made to identify these ice features on Landsat imagery.
Positive identification could not be made in either case. In the first
case, the ice island was observed well inside the contiguous jce between
Admiralty and Smith Bays (1974). The exact position was difficult to
determine however, because of rather poor navigation equipment on the
aircraft used. The second ice island was observed during a 1976 photo-
graphic reconnaissance trip. It was located well by navigational equip-
ment on board the aircraft and also by its location with respect to
other ice features in the vicinity. Both grounded ice islands were
located in water on the order of 20 m in depth. (These results are
discussed in Section VC.)

C.  CHUKCHI SEA RESULTS
1. Contiguous Ice Edge Maps
a. Yearly Ice Edge Maps: For each year of study a single
map has been prepared showing the edge of contiguous ice for each Land-
sat cycle yielding useful data.
1). 1973 (Figure VI-14)

7. 2-19 March. Available data is shown by a
dashed 1ine. Later seasonal ice maps will show the ice edge data for
this date to be rather unusual in the outer Kotzebue Sound region.
Usually on this date the edge of contiguous ice is located well off
shore--bridging across the mouth of the Sound as far west as Shismaref.
Here the edge of ice appears to cross the mouth at Cape Krusenstern.

It should also be noted that between Point Hope and Cape Lisburne there
is a portion of coast where the edge of contiguous ice coincides with
the shore.

ii.  7-24 April. Available data is shown by a
series of dots. Again as will be seen later, the edge of ice is con-
siderably landward of its normal location in Kotzebue Sound during this
period. Again, although in a slightly different location, the edge of

contiguous ice coincides with the shore line in the vicinity of Cape
Lisburne.
i1i. 31 May-17 June. These data are shown by a Tine
of dots and dashes. Note that by this time much of Kotzebue Sound is
free of ice and several less protected areas are free of ice at this
time.
2). 1974 (Figure VI-15)

3. 25 February--14 March. Contiguous ice edge
data for this date are shown as a series of dashes. Note how far out
into outer Kotzebue Sound this ice edge is found, yet it nearly touches
the shore south of Point Hope and again approaches the shore near Cape
Lisburne. Beyond Cape Lisburne this jce edge remains far off shore
until it reaches Cape Franklin.

ii.  2-19 April. Ice edge data for these dates are
shown as a series of dots. Generally closer to shore, the ice edge for
this date follows the shoreline configuration more closely than did the
earlier ice edge. Note that at Cape Lisburne this ice edge does meet
the coast.

jii. 26 May--12 June. Represented by alternating
dots and dashes, the ice edge on this date is generally closer to shore
than the dotted line representing the April ice edge. In some places,
however, the contiguous ice edge even for this late date can be found
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seaward of the earlier edge--indicating that the edge of ice does not
merely retreat with advancing season.

iv. 13-30 June. Contiguous ice edge data for this
date are represented by a sequence consisting of two dots and a dash.
Note that this ice edge is the most seaward of the four plotted for this
year in the region just southeast of Point Hope. This ice is most
likely pans which have been driven into this location and compacted
somewhat. Farther north, the ice edge for this date can be seen to be
quite close to shore except at Pt. Franklin where the April ice edge was
actually closer to shore.

3). 1975. Note the unusually close similarity between
the ice edges shown for this year (Figure VI-16).

i. 20 February--9 March. Data for this period are
represented by a series of dashes. Again, as in previous years, this
earliest ice edge extends farthest seaward in outer Kotzebue Sound and
off Cape Lisburne.

1i. 28 March--14 April. The contiguous ice edge
for this Landsat cycle is indicated by a line of two dots followed by
two dashes. Note that north of Wales, the edge of contiguous ice now
extends farther seaward then previously. This occurred as a result of
s-ridge build-up of a large hummock field in this Jocation. This ice
edge becomes adjacent to the coast south of Point Hope--as do all other
ice edges for this year. (None was recorded for late June as was shown
for the previous year.) This jce edge also coincides with the coast at
Cape Lisburne as March ice edges have done in previous years.

1i1i.  6-23 April. Ice edge data for this date are
shown by a series of dots. This ice edge is similar to the previous ice
edge except on the exposed sides of the Seward Peninsula and Cape
Lisburne. 1In both cases the ice edge now extends considerably farther
seaward.

iv. 30 May--16 June. Data are shown for this date
by a dot-dash sequence. Where these data were available they did not
differ greatly from the previous ice edge data.

4). 1976 (Figure VI-17)

i.  6-23 February. Shown by a dashed line, this
ice edge differs significantly from other winter ice edges which have
been mapped for this period: This ice edge indents far into Kotzebue
Sound while previously for this date the edge of ice has been far
seaward, well into outer Kotzebue Sound.

11. 24 February--12 March. Shown by a dot-dash
sequence, this ice edge appears similar to ice edges drawn for the same
date on previous years. Note that at Cape Lisburne it indicates no ice
adjacent to the coast for a considerable distance. To the north, this
ice edge generally resembles ice edges drawn for previous years during
this period.

iii. 14-31 March. These ice edge data are shown by
a sequence of two dots followed by two dashes. While this ice edge
resembles others for this period in the vicinity of the Seward Peninsula
and Kotzebue Sound it differs somewhat to the north where it is unusually
distant from the shore in the vicinity of Cape Thompson and Cape Lis-
burne. Farther north, between Icy Cape and Pt. Franklin this ice edge
advances unusually far seaward followed by a rapid coastward motion.
North of Pt. Franklin this behavior is repeated somewhat.
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jv. 19 April--6 May. Shown by a series of
dots, the contiguous ice edge data for this date are as unusual as the
data shown for 6-23 February: Here, instead of indenting toward and
into Kotzebue Sound, this ice edge actually bridges across out Kotzebue
Sound. It would seem that the winter and spring data were interchanged.
Farther to the north, the springtime data continues to exhibit this
unusual behavior--remaining far seaward.

b. Seasonal Composite Maps

7Y.  Late Winter. Shown here are the ice edge data for
late winter (February-March) Landsat cycles, 1973 through 1976. These
data indicate some interesting trends showing areas tending toward a
high degree of variability in ice edge location. While one might
expect a focusing of ice edge locations at exposed headlands (Wales,
Point Hope, Cape Lisburne, Pt. Franklin, and Barrow), Pt. Lay is not
similarly exposed but yet the ice edge data there also exhibit this
behavior pattern (Figure VI-18).

2). Mid-Spring. Shown here are the ice edge data for
mid-spring (April-May) Landsat cycles, 1973 through 1976. Again as with
the late winter data there are zones of great location stability and
other areas with a high degree of variability. Generally while there
appears to be a greater overall uniformity of ice edge location here,
less stability is indicated off Point Hope and Point Lay (Figure VI-19).

3). Late Spring--Early Summer. Shown here are the ice
edge data for late spring and early summer (May-June) 1973 through 1976.
These data show that in some regions (Kotzebue Sound, for instance)
there can be a high degree of variability at this time while other
lTocations exhibit a tendency toward more uniform ice edge behavior.
Because of the absence of data from each year in some locations, some
indicated trends--particularly those toward uniformity should not be
considered as particularly strong (Figure VI-20).

c. Average Seasonal Ice Edges
The composite maps of section b have been analyzed to produce a
single average ice edge for each season. In addition, the greatest and
least bounds of observed ice edge have also been shown in order to
document the reliability of the average ice edge for use in morpho-
logical modeling and hazard analysis.

1). Late Winter. The average ice edge for February-
March passes close to shore at Bering Strait and proceeds toward Kotzebue
Sound at a great distance from shore, bridging across the mouth of outer
Kotzebue Sound. North of Kotzebue Sound, the average edge is consider-
ably closer to shore than south of the Sound, finally passing just a few
km off Pt. Hope and Cape Lisburne. North of Cape Lisburne the average
ice edge follows the coastline at some distance until reaching Pt.
Franklin, where again the average edge is quite close to shore. The
average edge bridges across the coastal indentation between Pt. Franklin
and Barrow, passing that point at a distance of approximately 10 km
(Figure VI-21).

2). Mid-Spring. The average ice edge for this period
does not differ a great deal from the average ice edge for late winter
except for a tendency to lie closer to shore in some locations. It is
interesting to note that the envelope of greatest and least bounds is
much smaller during this season than during late winter--indicating
perhaps a steady-state condition during this period. However, the
variability in outer Kotzebue Sound is still quite large during this
season (Figure VI-22).
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3). Late Spring--Early Summer. The average ice edge for
this season is generally closer to shore than the previous season's
average ice edge. The envelope of maximum and minimum contiguous ice
edge loactions during this period is generally narrow except for the
vicinities of large embayments. For instance, in Kotzebue Sound the
envelope is large just as it has been in other seasons--only now it is
Tocated even farther inshore (Figure VI-23).

d. Migration of Average Seasonal Edge of Contiguous Ice
This map shows the three seasonal average ice edges described in
section ¢ plotted together so that the possibility of a systematic
change in ice edge Tocation can be investigated. When considering the
relationship between these ice edges, the envelope of maximum and minimum
ice edge Tocation must be borne in mind. For instance, both in Kotzebue
Sound and north of Cape Lisburne, there is a wide seasonal spatial
variation in average ice edge location and the immediate conclusion
might well be to consider any apparent seasonal motion of ice edge more
significant than opposite Icy Cape where the spatial variation is smaller.
However, in Kotzebue Sound the variation envelopes are all quite large
so that seasonal average ice edges located relatively close together
(late winter and mid-spring for instance) do not indicate a significant
variation. North of Cape Lisburne the envelopes are generally small so
that some credibility may be given to the mid-spring ice edge being
found more seaward then the late winter ice edge. At Icy Cape the
variation envelopes are small so that despite the proximity of the
average ice edges the seasonal progression shown may have statistical
significance.
Bearing these qualifications in mind the following observations can
be made from this map (Figure VI-24):
1). At Wales, Point Thompson, Point Hope, Cape
Lisburne, and Point Franklin there are at least small stretches of coast
where the average ice edge remains at the same distance from shore
throughout the three seasons. The mechanisms responsible for the agree-
ment of these average ice edges will be discussed in the development of
the Chukchi coastal morphology. It should be noted that at Wales, Point
Hope, and Cape Lisburne and Point Franklin the variation envelopes
are fairly large indicating that the ice edge varies in location during
each season. The agreement in average location at Pt. Thompson between
each season indicates that no seasonal trend is to be found in the
varying location of ice edge here.

2). North of Cape Lisburne there are significant reaches
of coast where the sequence of average ice edge distance from shore
varies uniformly with season. That is, late winter is furthest from
shore, mid-spring is intermediate, and late spring--early summer is
closest to shore.

3). Immediately north of both the Seward Peninsula and
Cape Lisburne the ice edge sequence for winter and spring is reversed.

4). The winter and spring sequence are reversed in
Kotzebue Sound. However, this trend would not appear if the 6-23 February
1976 data were removed from the late winter data set. This could only
be done if some valid justification can be found. The data here should
be taken to indicate a high degree of variability of contiguous ice
edge in this zone.
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d.  Chukchi Sea Ice Ridge Systems
1). Yearly Ridge System. These maps show locations of
ridge systems which could be recognized on Landsat imagery clearly as
ridge systems. The ridges identified are generally s-ridges which are
several km long.

i. 1973. Ridges were mapped in only a few locations
this year. It is interesting to note that they were found in Tocations
adjacent to headlands in all cases. These headlands were: the tip of
the Seward Peninsula at Wales, Point Lay and Point Franklin (Figure VI-25).

ii. 1974. The ridge pattern mapped for 1974 is
significantly different from the 1973 pattern. There appears to be a
tendency for ridges to be located on the south side of major embayments.
The large "V" shaped ridge northeast of Cape Lisburne was formed when
jce was driven southward toward the coast. It is interesting to note
that although the forces creating this ridge system were compressional
the ridges formed under shear failure (Figure VI-26).

iii. 1975. Ridge systems mapped for 1975 were even
fewer than previous years. No particular pattern was observed. In the
embayment between Barrow and Pt. Franklin a ridge was observed to follow
the coast in a way resembling the pattern found between Point Franklin
and Icy Cape the previous year. Off Cape Lisburne a long ridge system
was found in a position indicating flow of ice across Cape Lisburne.
Ridges in this location were not seen previously (Figure I1I-27).

iv. 1976. Three ridge systems were observed this
year north of Bering Strait. They have an interesting similarity in
that they all lie "north" of the three major headlands; Seward Peninsula,
Cape Lisburne, and Icy Cape (Figure I1I11-28).

2). Ridge System Composite (Figure III-29)

A1l ridge systems observed and discussed previously are plotted
together on this map. There are two objects of this exercise: The
first is to indicate where, over a long time period, ridging occurs.

The second is to determine whether, when seen together, the individual
yearly ridging patterns fit into a single morphological pattern.

The first objective is reflected in the general morphological and
hazard maps produced where long term average behavior is under con-
sideration. The second objective will help determine the year-to-year
reliability of the morphological picture developed. Under this second
category we should note upon examing the ridge systems drawn for each
year that the following behavorial patterns emerge:

i, Generally, the 1976 ridges are the most seaward in all
Tocations.
ii.  The 1973 ridges are the most landward in all locations.
Nevertheless,
i. A1l the ridges north of the Seward Peninsula

form a single pattern as do the ridges off Pt. Lay and Icy Cape and the
ridges south of Barrow indicating that although they occured in different
years, they represent a single morphological pattern.

ji.  The possible exception to this uniformity is
found at Cape Lisburne where the three year's data appear to indicate three
distinct patterns.

The general over-all pattern which emerges is that of streamlining
along the coast from Barrow to Point Lay with an abrupt seaward shift
seaward at that location to a new flowing pattern across the tip of
Cape Lisburne followed by a similar pattern across the tip of the Seward
Peninsula.




D. Bering Sea Results
1. Contiguous Ice Edge Maps

Ice conditions maps have been compiled from the individual Landsat
images shown as figures V-48 through V-57. These maps have been included in
previous quarterly and annual reports. Composite contiguous ice edge maps
have been complied but are not yet in manuscript form. The draft copies of
these maps have been used to compile the seasonal average ice edges which
have, in turn, been placed on a map showing the migration of the seasonal
average edge of ice. This map is shown here as figure VI-37. Manuscript
copies of the maps described above will be included in the final report for
this project. The main object of these maps is to enable the compiling of
the seasonal average map so, with time limited, the manuscript form of these
intermediate maps has been passed over.

a). Map of Seasonal Migration of Contiguous Ice Edge

This map shows the average edge of contiguous ice for winter,
late winter to early spring and mid-to-late spring. Data from the years 1973,
1974, 1975 and 1976 have been averaged to yield these seasonal average ice
edges.

In the Chukchi Sea region there is a tendency for winter ice edges to be
seaward of later ice edges. This appears to be a result of the rapid freezing
possible during the colder winter months. In the Bering Sea region this
phenomena only appears to occur in relatively protected areas. In most other
areas the average edge of contiguous ice remains relatively constant throughout
the ice season with the additional exception of the Yukon Delta. Two factors
appear to be responsible for this behavior:

1. Nearly constant ice motion away from shore. This behavior
occurs also in the Chukchi sea--notably in the Cape Thompson area where there
is also a tendency to maintain a constant edge of contiguous ice. Along the
Bering coast ice motion is not impeded to the south with the result that
this motion of ice away from shore is much more constant.

2. Tidal ranges along the Bering coast are quite large (see
Section IV) with the result that ice can be broken, set adrift and carried
seaward. Morphological details resulting from these phenomena are described
in section VIII.
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VII. Discussion:

A Discussion of the Models Developed to Describe the Extent
and Behavior of Near Shore Ice, Their Capabilities and Limitations

A. Capabilities

Despite the Timitation indicated above, the models developed
in the nest section represent the state of knowledge of comprehensive
regional ice morphology in the Chukchi, Beaufort, and Bering Seas available
in the public domain. Certainly the various zones delineated to describe
near shore ice morphology should be considered an initial stage of any
assessment of hazards related to activities of the offshore development
along these coasts.

The chief capabilities include:

1. an assessment of the relative safety of personnel and
equipment operating on offshore ice in the various zones
identified.

2. a preliminary assessment of the mid-winter to late
spring probability of major ice displacement occuring
in the zones jdentified.

3. a preliminary assessment of the probability of a
structure placed in each given zone having to withstand
the bearing load of a major ridge system.

4, a preliminary assessment of the probability of subsurface
structures being disturbed by bottom plowing by major
ridge systems.

5. a zone-by-zone assessment of the fate of a possible under
ice petroleum spill.

B. Limitations
The models developed here for Chukchi, Beaufort, and Bering Sea
ice morphology are based on statistical analysis of four years' ice
data. The models represent an average of conditions observed during
only those years. An obvious lTimitation, then, is the lack of really
long-term data and the possibility that the ice during the years observed
do not represent long-term average conditons.

In addition, even if by some chance the models do represent the
long term average conditions, there is little hint of what variability
in conditions should be expected over a span of twenty to thirty years.
Hence, it is not certain what range of ice conditions to anticipate
during the active life of an off shore oil field.

For instance, during this period of observation the melt season
weather conditions have been reasonably mild. Near shore ice has broken
up and melted in place. Grounded ridge systems have slowly broken
contact with the sea floor and drifted away. We have not had the
opportunity to access the potential hazard created if a major storm were
to occur during this period when great quantities of highly mobile ice
are present in the near shore areas.

Finally, the model developed here is only semi-dynamic in that only
a few processes involved in near shore ice morphology have been identi-
fied. ~To develop a dynamic morphology a much more extensive analysis
would be necessary.
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C. A Discussion of the Detectability of Ice Islands

At the outset of this analysis 1t was anticipated that ice
isalnds in the pack ice during winter and spring would be detectable because
their deep draft would make them susceptable to oceanic currents and to a
certain extent drive them through the pack leaving a wake behind. Only on
one occasion was anything like this observed and it was not possible to verify
the ice island possibility. (Actually, the image was acquired before the
initiation of this project.)

As stated earlier in this report, on two occasions, small ice islands
were observed apparently grounded in the contiguous ice zone. Both times
an attempt was made to locate the islands on Landsat imagery. Neither
time could they be found. In both cases, the islands had broken into several
fragments.

We now think that the best assessment of the number of ice islands could
be made by using summertime imagery of the polar pack. The analysis would
consist of looking for large pieces of ice with perhaps a small polynya
to one side. Week-by-week observation should show a slightly different
trajectory for an ice island over ordinary pack ice.
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VIII. Conclusions

A.  Beaufort Sea
In this section, the results described in Section VI are
interpreted in terms of seasonal morphologies of the Beaufort Sea near
shore ice regeme. Then, based on these morphologies, an assessment of
relative hazards has been made for the Beaufort near-shore area.

The development of a complete near shore morphology should be based
on an analysis of statistical data from several years where average
conditions and deviations from average conditions have been determined,
followed by detailed analysis of specific individual events to test the
validity of the conclusions drawn on the basis of the statistical analysis.
Here, four years' statistical data has been compiled and related to
specific ice events observed during the period of study. Rather than
being considered a completed product, this analysis should be considered
a starting point for further study.

The ice year has been broken into two periods: Late fall to early
winter, and mid-winter to late spring. A map has been prepared for each
season showing areas of relatively uniform behavorial characteristics
which can then be described for each area. These two periods include
the times when ice hazards appear to be greatest. The division was
based on splitting the period of formation of the most stabel ice from
the later period when this ice is essentially static.

1. Beaufort Sea Near Shore Ice Morphology

a. Late fall to Early Winter Morphology: This period
includes the time of freeze-up to the establishment of stable ice within
the near-shore area. This period roughly corresponds to early November
through late January. Unfortunately, very few direct observations of
ice conditions during this period are available; in late fall cloudy
conditions prevail and between late November and early February no
Landsat data is normally obtained because solar depression angles less
than 6% generally do not provide good imagery. However, this project
was able to arrange with NASA to obtain imagery at solar depression
angles down to 0% during fall, 1976. These images were found quite
useful even at 0% solar elevation angle.

Other than interpretation of the few fall images which were obtained,
the construction of the late fall-early winter morphology was based
largely upon inference from later imagery and observation of processes
occuring at other times. This morphology is presented in the form of a
map of the Beaufort Sea near-shore area showing areas having statistically
uniform morphology conditions. These conditions are described in the
legend to the map (Figure VIII-1).
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Legend - Late Fall to Early Winter Morphology Map

I.

This zone contains generally smooth ice located in water less
than 10 meters deep. This ice is often formed in place but it can
consist of floes of recently formed ice rafted into location and
surrounded by a matrix of younger ice. In the latter case, rough-
ness is not uncommon, espcially around the rims of these floes.
Leads have often been opened in this area and subsequently frozen
over, providing long, broad avenues of smooth ice. These frozen-
over leads have often been subjected to compressive forces which
have formed pressure ridges within them. The ice within this zone
is completely formed by early January; it would be very unusual for
lead openings, other than tidal or tension cracks, to occur after
this date.

Shear ridging appears to be at a minimum within this Zone,
principally because sufficient anchoring mechanisms occur at the
edge of this zone, causing stress concentration at outer locations.
Because of their large draft, multiyear floes do not penetrate into
this zone but tend to pile up along the 10-meter isobath where they
ground and become anchors for ice located shoreward.

IIa-h, These areas are the active shear zone as soon as the anchor-

I1a.

IIb.

Ilc.

ing floes are established along the 10-meter isobath. S-ridges
form within this zone, adding strength to the newly formed ice
sheet. The sheet quickly builds seaward through growth of new ice,
attachment of floes, construction of new ridges and grounding of
multiyear floes. The dashed line represents the mean seaward
boundary of this activity. However, it should be recognized that

in the absence of disturbance, ice contiguous with the shore can
extend over 100 km seaward, remaining in place for weeks at a time.
On the other hand, until the ice in this zone is well stabilized,
leads can open and ridging or shear deformation can take place at
almost any location within it.

Pack ice motion is usually from east to west. When forces act
to cause compression along the line of contact between moving and
stationary ice, s-ridges are formed. This ridging activity appears
to be greater in some areas than in others. Details of ridging
activity are given in the following subsections.

This rather large area strectching from Cape Halkett to Barrow
has rather Tow ridging activity, although lead formation appears to
be rather frequent. This would suggest a relative absence of
compressive forces along this portion of the coast.

Moderate ridging occurs in this this area early in the ice
year as a result of ice being driven into Harrison Bay from the
east. This activity soon ceases as a result of the increased
strength created in the ice. Thereafter, coastal ice motions are
deflected along zone 1lc.

This zone of moderate ridging is created after the increased
strength of ice in zone 11b halts motions into Harrison Bay from
the east. Because of shoals Jjust shoreward of the 20-meter isobath,
large draft multiyear floes act as anchoring mechanisms for the
sheet of ice to the shoreward (Zone III). Ridges created in this
zone during early winter have a high probability of remaining in
place the entire ice year.



ITd.

Ile.

IIf.

I1g.

ITh.

This zone of high ridging frequency begins approximately
at the 20-meter isobath and extends seaward to the vicinity of the
40-meter isobath. Ridges in this zone are not well grounded and
can be severed by lead formation. However, following such an
event, there is a high probability of new s-ridge formation along
the boundary of the opened lead. Al1l along this zone, from Mikkelson
Bay to a point off Cape Halkett, long highly jdentificable s-ridges
can be formed by the combination of motion of pack ice toward the
west and by compressive forces as it is held against the fast ice.

This is a zone of moderate ridge formation extending from the
west side of Camden Bay to Mikkelson Bay. It is presumed that,
although westward slippage of seaward ice takes place here similar
to Zones 11c and 11d, compressive forces are not as great along
this section of coast. As a result, s-ridging is less pronounced.

This is a zone of high ridging frequency formed largely by
compression of pack ice against fast ice as the ice moves either
east or west. The compression is created when the moving pack ice
encounters jce held fast against the large headland in this vicinity.
Note that the zone of high ridging frequency extends considerably
shoreward of the 20-meter isobath. It is of interest to note that
the prevailing wind at Barter Island shifts from east in November
to west in December, returning to east in January and then back to
west in February. Hence, these ridges could be created by ice
motion in either direction.

This area has a low frequency of ridging. One possible
explanation for this phenomena is that when winds are from the
east, if ice motion in this vicinity takes place, it simply fails
in tension and pulls away from the shore with the result that no
compressive components exists to form large s-ridges. If, on the
other hand, the wind is from the east, the ice piles in compression
here and fails in shear to the north, forming Zone 11f. The com-
pression piles are not as visible as s-ridges hence the area is
mapped as having a low frequency of ridging.

Ridging frequency is increased in this zone as a result of the
shoreline being more nearly parallel to the direction of ice motion
with the result that east winds can cause creation of s-ridges.

This is an area of low ridging frequency in the middle of
outer Harrison Bay. It apparently forms because shoals to the
seaward cause grounding of multiyear ice features and pressure
ridges. As a consequence large s-ridges form to the seaward of the
shoals, providing additional protection.
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b. Mid-winter to Late Spring Morphology: The morphology
of near-shore ice during this period has been determined by direct
observation through Landsat imagery. Many areas with considerable ice
activity during the previous period are now static with very little
chance of violent deformation. However, tension and tidal cracks appear
and "work" as conditions change. Other areas are now static and have
very little chance of major failure resulting in s-ridging but have been
observed to develop crack patterns suggesting failure under shear. In
general, during this period the active edge of ice often moves further
from shore than the 60-meter isobath and then returns to that vicinity
during dynamic ice events.

The morphology of near-shore ice during this period has been
summarized in map form (Figure VIII-2). Based on the statistical data,
zones have been delineated which can be described in terms of a uniform
ice behavorial pattern within each zone. The behavorial patterns have
been described in the following legend.
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Legend - Mid-Winter to Late Spring Morphology Map

I.

Ia.

Ib.

Ic.

Id.

I1.

Ila.

IIb

Ilc.

I11d.
Ile.

Stable fast ice. The ice within this classification is usually
well formed by the beginning of February. With one possible exception
(denoted Ib), the ice in this category is sufficiently stable that
flaw leads form to the seaward throughout this period (somewhere
within category II). Hence, except for opening and closing of
tidal and tension cracks, the ice within this zone is static during
this period. The following subdivisions within this zone are based
on statistical occurrence of major ridges.

Zone of light ridging. Generally overlying shallow waters,
this ice is free from major ridges. Often large expanses of very
smooth ice can be found.

Zone of moderate ridging. A variety of conditions can be
encountered reflecting conditions during time of freeze-up. Multi-
year floes may be encased in a matrix of new ice. Large floes of
worked, first year ice may be broken by smooth, frozen-over lead
systems. Pressure ridging can be expected in these areas. There
is also a moderate probability of encountering an S-ridge created
some time during freeze-up.

Zone of intermediate ridging. Ice conditions are similar to
those described for zone 1d. However, the probability of large 5-
ridges is considerably increased.

Zone of severe ridging. The ice in these areas is likely
to be first year pack ice and multiyear floes - obviously not
formed in their present. Tocation. A great deal of ridging and
pressuring has taken place, creating large grounded hummock fields
in some areas. Note that these areas occur along the seaward
boundary of stable fast ice and often at points of inflection of
this boundary. These areas are the main anchors of the fast ice
system.

Zone of mid-winter - late spring flaw lead formation. The
areas within this classification are prone to flaw lead formation
at any time during this period. Following flaw lead formation, S-
ridging may occur, the lead may freeze over and remain static for
weeks at a time, the recently frozen lead may close, creating S-
and P-ridges, or the leads may open yet again. However, it is also
possible to have an extensive sheet of stable, unbroken fast ice
for long periods of time within this zone. Flaw lead formation
probability is low at the shoreward boundary of this zone, increases
seaward to a maximum probability, then begins to decrease further
from shore. The variability of ridge density is the major criterion
for the subdivisions within the zone.

Zone of moderate ridging with a high probability of flaw lead
formation. Ice behavior is related more to the Chukchi Sea morphology
than to the Beaufort Sea.

Zone of relatively low ridging probability, but prone to flaw
lead and polynya formation during this period.

Zone of moderate ridging, prone to flaw lead formation during
this period.

Zone of intermediate prone to flaw lead formation.

Zone of flaw lead formation with greatest probability of ridge
formation. Very often long S-ridges can be observed running the
length of this zone.
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ITf.
IIg.
I1h.
IT4.
I1j.
III.

Zone of flaw lead formation with intermediate ridge formation
frequency.

Zone of Tow probability of flaw lead formation with moderate
probability of major ridge formation. (Flaw leads are more likely
to be formed shoreward of this zone).

Zone of flaw lead formation with moderate ridge probability.

Zone of flaw Tead formation with Tow ridge probability.

Zone of low probability of flaw lead formation with Tow ridge
probability.

Generally zone of pack ice. Usually a flaw lead or recently
active flaw Tead (currently thinly frozen over) can be found between
this zone and zone I. P-ridging is a frequent phenomenon in this
zone and S-ridging can occur but the probability is much lower than
in the II zones.
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2. Hazards Resulting From Beaufort Sea Ice Morpholo
Based on the Beaufort Sea seasonal morphologies, an

assessment of relative hazard during the several phases of offshore
petroleum development has been made. The hazards jdentified are, of
course, related only to those aspects of the general over-all ice
morphologies identified here. These hazards include: 1) The relative
safety of field crews operating on the ice, 2) Possible ice motion
endangering drilling operations from temporary structures (anchored
drill ships, ice structures, pile structures, etc.), 3) The probability
of ice piling events posing obstruction to rapid surface evacuation from
potentially hazardous situations, 4) The potential for ice piling events
and subsequent damage to under sea structures from the subsurface
structure of the piled ice, and 5) The potential for increased bearing
load against bottom-founded structures as a result of piled ice.

Figure VIII-3 shows the Beaufort coast with several major hazard
zones delineated. The hazard zones have been chosen on the basis of a
rather uniform hazard potential within each zone. The zones have been
grouped into 5 major zones based largely on probability of ice edge
occurence and subdivided further largely on the basis of ridging pro-
bability. In the caption for Figure VIII-3 each major zone is described
followed by descriptions of the subzones.
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Legend - Beaufort Sea Ice Hazard Map

I.

IT.

This zone represents the most stable jce along the Beaufort
coast. After December it is extremely safe for surface travel,
(with one possible exception noted later) it has not been observed
to fail in shear between December and June (therefore deformations
are generally small), and ice piling is at a minimum.

Actually, this zone contains two subzones not shown here
determined almost entirely by depth of water. The first subzone
consists of water less than two meters in depth. The significance
of this zone is that by late winter, the ocean freezes to this
depth hence after that date this subzone should be very stable.
The second subzone consists of the balance of Zone I and contains
depths as great as 10 meters. These two subzones have not been
differentiated because the relative hazard between the two has not
been considered extremely great.

The greatest source of hazard observed to occur in this zone
was the mid-winter formation of thermal tension cracks. These
cracks occur generally during very cold temperatures in December
and open to a width of 2 to 3 m. Often the new ice formed in the
crack is drifted over with snow with the result that it does not
equal the thickness of the surrounding ice. On one occasion in
Prudhoe Bay a large piece of equipment and its driver were lost
when an attempt was made to merely drive across a frozen-over
tension crack. There appears to be some repetition from year-to-
year of these cracks; one major tension crack appears between
Thetis Island and 0liktok Point annually.

Ridging occurs within this zone only early within the ice
season with the participating floes generally on the order of 30-40
cm in thickness. Major ocean floor plowing should not be expected
from these events. After December and January the active edge of
ice is well seaward of this zone. No ice failure events have been
observed to occur which indicate deformation within this zone
between the end of January and the end of May. It is estimated
that an event resulting in 20 m deformation would have been obser-
vable by the techniques utilized here.

Like Zone I, this zone consists of stable fast ice during
late winter and early spring. However, the relative hazards
related to this zone are somewhat greater than those related to
Zone I. During the four year observation period reported here,
failure to the point of large scale displacement (10 km) was not
observed within this zone.

The zone has been subdivided generally in terms of ridge
density although not entirely with respect to that attribute.
Generally the zone is safe for surface travel during winter and
spring. Structures are subjected to varying amounts of ridging,
and varying amounts of displacement can take place. However, this
is still within the zone of "stable fast ice" generally held in
place by grounded ice features along its seaward edges. 0i] spilled
under this zone should encounter a relatively smooth undersurface
and might spread significantly for an under ice spill. This process
would be aided by Tunar and barometric pumping of water in the
confines between the ocean floor and bottom of the ice.
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IIa.

IIb.

Ilc.

IId.

This zone is adjacent to Zone I and parallels the coast from
Barrow to Barter Island. Its chief distinction from Zone I is that
within it there is a greater ridging density. During winter and
spring few hazards should be encountered by surface operations.

The probability of deformation in this zone is greater than in Zone
I. During the four-year observation period reported here, failure
under apparent shear was observed on only a few occasions within
this zone. The failure resulted in crack formation in a stress
release pattern with displacements on the order of a kilometer.
Complete failure accompanied by s-ridge or lead formation was
observed on one occasion and has led to the distinction between
Zones Ila and IIb. The probability of lead formation is low and
the probability of encountering major obstructions during an
attempt to escape lead-forming events is not extremely great.

This zone does contain the shallow areas just seaward of the
Barrier Islands, however, and is often seaward of the 10-meter
isobath, although generally contained by the 20-meter isobath. The
ridge density was observed to be greater than in Zone I and con-
sequently ice piling events by older and thicker ice than in Zone I
are Tikely.

0i1 spilled in this zone would encounter a somewhat rough
under ice surface and therefore would spread less than in Zone I.
Similarly, however, clean-up operations would be hampered by the
ice surface roughness.

This has been designated a separate hazard area from Zone Ila
because of one lead-forming event occuring along the dotted line
distinguishing these two zones. It is interesting to note that
were Zone IIb not recognized, this would be the only significant
area in Zone Ila seaward of the 20-meter isobath. However, the one
lead-forming event observed indicates that this area is not as '
stable as the balance of Zone Ila and should be distinguished.
Within this zone then, there is greater hazard to surface parties
through the possibility of ice failure.

This is an area of relatively smooth ice surrounded by ice
which is statistically rougher in terms of major ridge systems. It
has often been found to contain floes of varying ages surrounded by
younger ice. Generally, however, both are annual ice. This has
been determined to be a zone of relatively low hazard to surface
travel. Dynamic jce events appear to be at a local minimum.
Deformation and lead formation has not been observed during winter
and spring. 011 spilled under this ice might spread but could well
be channeled by the smooth undersurface of the newer ice surrounding
the older floes.
and IIe. These are areas of heavy and moderate ridging respectively,
located inshore from the average location of flaw leads. Although
statistically quite rough, these areas are quite stable and often
contain large areas of grounded ridge systems. The chief hazard to
personnel performing surface operations comes from the probability
of lead formation, compounded by the difficulty imposed on attempts
at rapid escape by the great surface roughness. Clearly in late
fall massive ridge-forming events occur here and at least once, an
jce island fragment was observed grounded in this vicinity. It
would appear, then, that structures placed in these zones could
bear the load of ice piled from several meters above the sea
surface all the way to the ocean floor.
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ITf.

Ilg.

ITh.

II4.

011 spilled under this surface would most 1ikely beccme
trapped in many deep pools located between ridge keels and as a
result spread Tess than in other areas.

This is a large zone of moderate ridging located Targely
inshore from the average edge of winter and spring contiguous ice.
Hazards to crews performing surface operations vary somewhat de-
pending on proximity to the average location of flaw ieads where
there is the greatest chance of deformation or lead opening. One
arm of this zone extends well into inner Harrison Bay where surface
conditions are more stable than at the zones' seaward edge. Some
deformation and accompanying displacement has been observed in this
region during winter and spring. However, the ice has not been
observed to the point of creation of an edge of contiguous ice through
flaw Tead formation.

Structures placed in this region could be confrontsd with
massive ice piles and, in fact, Targe hummock fields irave bheen
observed in this zone. 011 spilled under this zcric weild encounter
fairly significant resistance to its spreading as a result of the
under surface roughness of this zone,

This is a zone of severe ridging located shorzward of Li»
shoreward Timit of the observed envelope of flaw leads. Lorated
northwest of Cross Island, it is often the site of massive s-ridges
formed in November and early December. Many of these ridges are
apparently well-grounded and remain in place well into summer,
Cracks have been observed here in mid-winter, but the ica ras not
failed to the point of major lead formation and fcliowed by (is-
placement along the lead.

Surface operations in this area would involve an eiement of
risk related to the chance of lead formation and the reijative
impediment to surface travel presented by the ice surface. Struc-
tures could very well have massive ice piles adjacent to them and
available to exert relatively large forces against them.

An 0il spill would tend to pool under this ice and have its
spread thus retarded.

This zone is the east end of an area of severe ridging. This
portion lies shoreward of the flaw lead zone. Hazards in this zone
are essentjally the same as those described for Zone Ilg.

This is a rather large zone of moderate ridge density lying
shoreward of the shoreward edge of winter and spring contiguous
ice. In two places this zone is shoreward of areas of more severe
ridging between it and the shoreward edge of contiguous ice while a
large area actually borders this edge. A good portion of this zone
lies seaward of the 20-meter isobath. This circumstance might
raise a question concerning the stability of that portion. Cer-
tainly there is very little reason to believe that ridge systems in
these rather deep waters are grounded. However, this ice is stable.
The apparent reason is coastline geometry.

This area is statistically safe for surface travel. However,
considering the above observation, escape precautions should be
made when operating beyond the 20-meter isobath.

Structures placed in this zone could encounter major ridging
events. Deformation could take place in the exposed region and
dislocation is a serious possibility in the region beyond the 20-
meter isobath.
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I1j.

ITk.

ITI.

ITIa.

0i1 spilled under this ice could be expected to pool somewhat
because of the moderately rough undersurface.

An additional hazard in this subzone not encountered by other
subzones in the II group is the possibility of ice island occur-
rences because of the large area with water depths greater than 20
meters.

This is a zone of severe ridging located shoreward of the flaw
lead zone. Because this zone lies seaward of the 20-meter isobath,
its stability should be held in question. However, the flaw lead
has consistently been observed along its seaward edge. Hence,
while surface operations might be performed, precautions should be
made to make certain that evacuation could be made quickly.

Structures placed in this zone would not only be endangered by
the possibility of major ridge-building events but also by the
possibility of ice island transects across the zone during open
water and freeze-up periods.

An under ice oil spill located here would probably not spread
greatly as a result of the enhanced underwater topography.

This is a zone of moderate ridging lying to the east of _
Barter Island. Like Zone IIj, much of this zone lies seaward of
the 20-meter isobath. Hazards described for this zone are essenti-
ally the same as those described for IIj except that the probability
of a major ridge confronting a structure is diminished and the
pooling effect of an underwater o0il spill is similarly decreased.

This major zone is defined by the statistical envelope of
observed flaw leads. During mid-winter flaw leads quickly freeze
over after formation while during Tate spring they tend to freeze
much more slowly and as a result remain active much Tonger. During
the mid-winter periods when the Beaufort flaw lead has frozen in
this vicinity, a vast area seaward of this area is often constituted
of contiguous ice. The term "flaw lead" looses its significance
during this period. However, when a flaw lead does appear it has
the greatest probability of occuring within Zone III.

Hazards in Zone III are significantly greater than in Zone 11
because of the flaw lead probability and because this zone lies
almost entirely seaward of the 20-meter isobath making visits of
ice islands and other deep-draft ice features very possible. Under
ice 01l spills located within this zone face a high probability of
exposure to the water surface through the creation of flaw leads.

It should be noted that whereas Zone II could be thought of
as having a good probability of remaining static throughout winter
and spring, with the result that large ridge probabilities could be
thought of as indicating stability through grounding and consequent
anchoring of ice, a high ridge probability in this region indicates
a high probability of instability through flaw lead formation
and ridge-building events.

Major ice displacements are possible in this zone at any time
associated with lead-formating events and ice deformation. This
possibility is found throughout this zone and should be kept in

mind in terms of the subzones defined beTow.
This zone rounds Pt. Barrow joining the Beaufort and Chukchi
Seas. It represents an area of moderate ridging and a very narrow
focus of flaw lead location. It should be considered extremely
hazardous for surface operations. Structures placed in this zone
would be confronted by almost constant ridge-building events. An
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011 spill located here would be pooled significantly by the ice
bottom topography but would also face a high probability of exposure
to the water surface and incorporation within the ice over a large
area through lead and ridge activity.

ITIb. This is an area of high probability of flaw lead formation
with a Tow probab111ty of r1dg1ng During winter and spring there
is often new ice being formed in this vicinity. It should be
considered extremely hazardous for surface operations. Structures
p]aced in this zone may very well have a high probability of escaping
major ridge-building events. However, their interaction with the
often newly-created ice within this zone should be considered
carefully. Further, the probability of ice island visits may be
enhanced by coastal configuration here. 0i1 spilled within this
zone would have a high probab111ty of incorporation into new ice
and transport with pack ice motion.

Illc. This is a large area of low probability of major ridging
oriented parallel to the coast and located far beyond the 20-meter
isobath. It should be considered 51gn1f1cant1y hazardous for
surface operations. A structure placed in this zone would have a
Tow probability of encountering a major ridging event but ice
island visits would be qu1te possible. 011 spilled under this zone
would not be pooled by major ridges and would have a large pro-
bability of incorporation into the pack ice through lead formation.

ITId. This zone runs parallel to the coast for much of the length
of the Alaskan Beaufort Sea. It possesses a moderate probability
of ridge building events, few impediments to ice island visits and
a good chance of being located seaward of the flaw lead. For
these reasons the zone should be considered hazardous for each of
the activities considered here under "hazards".

ITTe. This is a relatively small zone of moderate probability
of major ridging located inshore of Zone IIIf (descr1bed next)
possessing a high probability of major ridging. It is generally
somewhat stable but flaw leads have cut across it. Presuming
suitable precautions are taken, surface operations could be per-
formed in this zone. Structures placed here could well be con-
fronted by by major ridge-building events while there is a small
probability that because of the bathometric configuration, some
protection from ice island visits may be afforded. 071 spilled
under this zone would very likely be pooled by the bottomside ice
configuration

ITIf. This is a large zone of great probability of major ridging
running parallel to the coast from Harrison Bay to Flaxman Island.
This zone also has a great probability of containing the flaw lead.
And, because it is largely located over waters deeper than 20
meters, there is a good chance of an ice island visit.

Surface operations in this zone should be considered fairly
hazardous due to the compounding effect of great ridge density and
probability of lead formation events. Structures placed in this
zone would be subject to major ridge-building events and at least
the potential for ice island visits. 0i1 spilled under this zone
would very likely be pooled significantly by the underside con-
figuration of the ice. However, there would also be a great pro-
bability of near future oil incorporation into ice piles through
lead formation and ridge-creating events.
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Illg.

ITIh.

ITIj.

Iv.

This is a narrow zone of light ridging located beyond Zone
II1Id. The hazards related to this zone are essentially the same as
the hazards in Zone II1Id except that the probability of flaw lead
formation between this zone and shore is even greater, and the
possibility of an ice island visit is enhanced while the probability
of major ridging is decreased.

This is a zone of low probability of major ridge building
events but with little obstruction to ice island visits. The
probability of a flaw lead formation between a point located in
this zone and shore is very great. During lead-forming events
there is a good chance that field crews could flee dangerous situations
to nearby points but not escape to shore by surface transportation.
Structures, while largely free from major ridge-building events
could very well be confronted by ice islands. An under ice 0il
spill would probably spread significantly and soon be introduced
into the pack ice.

This zone possesses a low ridging probability and a high
probability that flaw leads are located to the shoreward. Hazards
are essentially the same as Zone IIIh.

This zone contains ice with a moderate probability of major
ridge formation as a result of ice interaction with the shore, yet
there is a high probability that flaw leads will be found shoreward
of this zone. Because of the shore-Tinked aspect of its morphology
and hazards, it has been differentiated from Zone V which is
essentially pack ice.

Surface operations in this zone should not be performed without
provisions for non-surface evacuation. Structures placed in this
zone will be subject to at least a finite probability of major
ridge formation, while ice island and floeberg visitations are
entirely possible. 0i1 spilled under this zone would tend to be
pooled significantly by major ridges but be subject to introduction
to the ocean surface during lead-forming events.

This zone is essentially the pack ice zone. Here, influence
of shore on ice morphology and hazards has been reduced to regional
influences. In the region north of the Beaufort Sea there are
periods of stable ice extending up to six weeks duration. During
that time, field operations could be carried out here subject to
the provision for non-surface evacuation if necessary. However,
the relative danger is actually diminished from that in Zones III
and IV because of the smaller chance for major shear deformation in
this zone. It is very unlikely structures will ever be placed in
this zone. An under ice 0il spill would essentially be a spill
into pack ice.
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B.  Chukchi Sea

In this section, the results described in Section VI are
interpreted in terms of seasonal morphologies of the Chukchi Sea near
shore ice regime. Then based on these morphologies, an assessment of
relative hazards has been made for the Chukchi near-shore area.

1. Chukchi Sea Morphology

The ice year has been broken into three periods: mid-

winter, early spring and late spring. The morphology of the Chukchi Sea
ice is much more dynamic than the Beaufort Sea morphology. While the
Beaufort Sea exhibits a vast area of static ice with an occasional much
larger area attached, there is an almost constantly active flaw lead
along the Chukchi coast with new ice being formed, detached, piled,
and transported almost constantly. For that reason the morphology of
Chukchi ice has been described in a somewhat different way from the
morphology of Beaufort Sea ice.

Figures VIII-3, VIII-4 and VIII-5 contain the morphological description
of Chukchi Sea ice behavior. Two fundamental ice features have been
utilized to construct these maps: The edge of contiguous ice which
essentially coincides with the flaw lead, and large massive ridge systems.
In some respects these two ice features are independent of one another;
the edge of contiguous ice is, in general, controlled by season~—-being
farther off shore during winter and advancing toward shore with advancing
season while the Tocation of large ridge systems appears to be controlled
mainly by bathymetric configuration.

Because of this relative independence, the major influence or
change in the near shore morphology will be seen to be the changing
Tocation of the edge of contiguous ice. Lest this seem an over simpli-
fication of the near shore morphological processes, it should be pointed
out that at some places a direct relationship has been noted. In
particular, north of Bering Strait s-ridges have been observed to build
seaward extending the edge of contiguous ice in that direction while
elsewhere the edge of contiguous ice is retreating toward shore.

The Chukchi Sea Ice Morphology Maps have a much different appearance
than do the Beaufort Sea Maps. One major reason for this is the oppor-
tunity for ice to move out Bering Strait. A1l during the late winter
and spring period, ice moving events take place along the Chukchi coast,
often creating shear ridges along shoals jutting seaward from the string
of capes and headlands which are so prominent along the coast. Increasingly
as one travels to the south, the edge of contiguous ice between headlands
is more poorly defined and the ice contained is more prone to seaward
motion leaving areas of open water behind. In general, there is often a
Tead system extending the Tength of the coast from Barrow to Cape Lisburne.

Just south of Cape Lisburne and north of Point Hope is an area with
a constantly reformed polynya.

South of Point Hope the effect of ice motion out Bering Strait is
even more prominent. Another recurring polynya occurs just southeast of
Point Hope formed by southward ice motion. Kotzebue Sound is generally
covered by stable ice during much of the ice year, but the presence of a
zone of weak and often moving ice just seaward hints that this sheet of
ice is probably potentially unstable.

At the southern end of the Chukchi Sea is Bering Strait. Just
north of the Strait is a large system of shoals where large extensive
shear ridges can be built during ice motion out the Strait.
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2. Hazards Resulting From Chukchi Sea Morphology
Based on the Chukchi Sea morphology described in the
previous section, the question of hazards related to offshore petroleum
development has been addressed. Map IV-7 shows a number of hazard
descriptor areas having sufficiently uniform conditions within each area
that a hazard description could be written for each area.

The hazards addressed include: the safety of crews and equipment
used to perform surface exploratory operations, an assessment of the
possible load-bearing ice surface imposed on structures resulting from
ice piling events, the possible plowing of the ocean floor by ice piling
events, and the possible fate of petroleum spilled in each descriptor
area.

The following table describes the hazards related to each of the
descriptor areas defined on map IV-7

CHUKCHI SEA ICE HAZARDS

Legend - Chukchi Sea Ice Hazard Map

1. This is an area generally safe for travel from January through
early June. Depending on conditions at freeze-up, ice seaward of the
islands can vary from smooth to very rough. In front of

Barrow, this zone narrows to a strip 200 m wide.

This is not an area of major ridging and surface structures
would be subjected to a minimum of hazards resulting from ice
piling or keel plowing of the ocean floor.

Fall and early winter 01l spills could be transported away
or incorporated into permanent ice. From early winter till breakup,
under ice spills would remain trapped except for transport through
occasional tension and tidal cracks.

2. An area of moderate ridging formed early in the ice year,
this area is generally safe for surface travel from January through
early June. Chances of lead formation toward seaward with the
advance of the season. There is also moderate hazard to structures
resulting from ice piling and keel plowing.

Fall and early winter o0il spills are very likely to be trans-
ported away with ice motion. Later spills are likely to be trapped
under the ice and pooled between ridge keels until spring when
thawing and breakup of the ice would cause lead pumping and trans-
port of the oil.

3. An area of moderate ridging formed early in the ice year
is subject to lead formation with low probability from January
through March. Lead formation is very likely after that date.
Surface travel is least hazardous during January through March and
moderately hazardous at other times. Because of dynamic ice events
in this region, this area should not be considered for the location
of camps.

Surface and subsurface structures subject to damage by moderate
ridging and keel plowing of the sea ice at almost any time during
the ice year.

0i1 spills would be subject to transport or incorporation into
piled ice at any time during the ice season. The longest period
during which an 0i1 spill would not be subject to ice motion is on
the order of two to three weeks.
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4, This is an area subject to moderate ridging activity at any
time during the ice season. Since lead formation is frequent

during the ice season as well, surface travel is extremely dangerous
at any time and is actually less hazardous farther offshore.

Surface and subsurface structures are subject to damage by
ice piling and plowing during the entire ice season.

011 spilled in this region during the ice season would soon
become subject to lead pumping and incorporation into ice piles and
ridges. There would be a high probability of transport within one
week of the spill. Clean-up attempts would be made difficult by
the possibility of ice motion.

5. An area of severe ridging seaward of the normal edge of stable
ice at any time during the ice season, this is an extremely hazardous
area for exploration activities. In addition, surface structures

would be constantly subjected to piling events and subsurface

structures would be subjected to damage by ice keel plowing.

011 spilled in this region would very likely be incorporated
into piled ice, pumped onto the surface by lead activity and
incorporated into newly-forming ice within leads.

6. An area of severe ridging just shoreward of the mid-winter
edge of fast ice, this region should not be considered stable.
However, during mid-winter, ice here might remain in place two to
three weeks at a time. By mid-spring, the boundary of fast ice is
lTocated along the shoreward edge of this zone.

The safety of surface operations in this zone is similar to
that of Zone 4 except that the increased ridging in Zone 6 would
make retreats to safer ice more difficult in case of dangerous ice
conditions, and the increased piling in this area increases the
probability of parties being caught in truly hazardous situations.
Camps should not be established in this area.

Surface and subsurface structures would be subjected to damage
by great amounts of ice piling and plowing --- perhaps as severe as
any place along the Beaufort/Chukchi coast.

011 spills generally would be located under mobile ice
subject to piling events most of the ice year. However, during
mid-winter spills might be trapped under stationary ice for as long
as six weeks. Lead formation is a possibility at any time during
the ice year.

7. An area of severe ridging just offshore the springtime edge
of stable ice. This area is generally stable from mid-winter to
mid-spring. Because of the ridging exposure offered ice by the
configuration of Point Barrow, even this area should be considered
hazardous for prolonged surface activity. (See description of Zone
6). The hazards associated with this zone are similar to Zone 6
except that there is a Tonger period - up to two to three months -
when the ice may not be subject to motion.

8. This area is subject to severe ridging offshore of the late
spring edge of contiguous ice yet inshore of the early spring edge

of stable ice. The ridges in this zone are formed early in the ice
year and generally remain in place until the melt season. Surface
exploration activities are not extremely hazardous. However, because
of the wide variation in location of the springtime edge of fast

ice, the relative safety of this zone is not as great as its counter-
part along the Beaufort coast.
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Surface and subsurface structures would be subject to damage by
ridging and plowing events generally only at the beginning (November-
December) and end (June-July) of the ice season.

0i1 spills in this zone during November and December could be
transported away with near shore jce motion or incorporated into
ice piles in the near shore area (within this zone or even inshore
of this zone). From December until early June, an under-ice oil
spill would most likely remain trapped under the ice in this area.
After June sufficient Teads and cracks exist that the oil could be
pumped to the surface by ice activity.

9. An area of moderate ridging formed early in the ice year,
this area is located offshore of the late spring ice edge but
inshore of the early spring ice edge. This zone is similar to Zone
2 on the other side of Barrow in terms of hazard. Generally safe
for surface travel from January through June. Chances of lead
formation increase seaward with the advance of the ice season.
Moderate hazard to structures exist resulting from ice piling and
ice keel plowing.

Fall and early winter oil spills would probably be trans-
ported away with any ice motion. Later spills are likely to be
trapped under the ice and pooled between ridge keels until spring.

10. This is an area generally free from major ridges running from
south of Barrow to near Pt. Franklin and is located seaward of the
late spring ice edge but shoreward of the early spring ice edge.
Because of the great statistical variation of the ice edge in this
region, the description of this area and Zone 11 should not be
considered entirely accurate. One reason for the wide variation of
behavior here is the Tocation of these areas in waters considerably
deeper than 20 meters, and hence, the absence of significant grounded
ice features to provide anchoring mechanisms for fast ice. This
stiuvation is reversed on headlands (Pt. Barrow, Pt. Franklin, Icy
Cape, etc.) where many of the identified near shore zones are

located within the 20-meter isobath.

This area tends to be free from lead activity from mid-winter
until mid-spring. However, surface travel should be considered
hazardous even at those times because of the wide variation in
behavior mentioned above.

Surface and subsurface structures are relatively free from
hazards due to major piling and plowing events. Subsurface oil
spills may be pooled under stationary ice for up to a month at a
time but lead activity and ice motion would eventually result in
the pools of o0il breaking up and being redistributed.

11. This area, generally free from major ridges, runs from south
of Pt. Barrow to north of Pt. Franklin and is located seaward of

the early spring ice edge but shoreward of the mid-winter ice edge.
Because of the reasons described for Zone 10, the boundaries of this
zone are not well defined. The hazards described for Zone 10 also
apply to this zone. However, the probability of stationary ice

here is even less than in Zone 10 and the possibility is generally
restricted to the period December-February.

i2. This is a broad zone subject to moderate ridging running from
Barrow to Pt. Franklin and located shoreward of the late spring ice
edge. Although this is a generally stable zone with some grounded

jce features, the relative hazard to surface travel increases as
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one progresses seaward. Some lead activity has occurred here
during winter months although, statistically, this area is con-
sidered stable from December through late June.

Under-ice oil spills would be trapped under generally stable
ice from December through June with a Jow probability of transport
or major pumping onto the surface by lead activity.

Surface and subsurface structures would be subjected to
hazards due to moderate ice piling and plowing events early (Novem-
ber-December) and late (June-July) in the ice season.

13. This zone of ice extends from shore to the area of moderate
ridging and is entirely within the late spring edge of ice, being
wide in areas of embayment and narrow across headlands. Although
this zone extends along the entire coast it has been divided into
smaller zones because some characteristics of the ice change from
place to place.

Ice topography in this zone is dependent on conditions at
the time of final freeze-up, usually has occurred by the end of
December. The ice surface topography will vary from location to
location and from year-to-year. The surface can at times be suffi-
ciently smooth for the operation of wheeled vehicles. At other
times it consists of a jumbled pile of small plates of ice about 30
cm thick and 2-3 m across presenting a major obstacle for even foot
travel. Ridging generally does not occur in this zone and, in
fact, usually forms the seaward boundary of this zone.

Structures placed in this zone would be subject to relatively
hazardous conditions due to piling and plowing. By the end of the
ice year most first year ice is on the order of 2 m thick and as a
result considerable expanses of the ice in this zone will be frozen
to and into the bottom. This is particularly true in lagoon areas
such as Pt. Franklin. Because of this and the long 1ife of the ice
zone, under-ice oil spills could spread considerable distances
along this zone.

14. This zone adjacent to Pt. Franklin appears to exhibit ice
behavioral characteristics somewhat different from ice zones
adjacent to other headlands. Very little ridging appears to occur
here and the edge of contiguous ice varies ]ittle from season to
season. This behavior appears to be explained by the fact that the
ocean floor profile drops off rapidly to 20 meters along this
section of coast and the same profile is maintained much of the
Tength of this region. Hence, ridging resulting from differential
motion under compression (“shear ridging") is confined to a very
narrow zone and may not be of sufficient extent to be resolvable on
a lLandsat image. This zone may be quite narrow and consist of a
single shear ridge perhaps 50 m wide.

Obviously this zone is hazardous for surface travel because
of the high degree of activity within it and structures would be
endangered by the constant ice motion.

15. This is a broad zone of moderate ridging located seaward of
the late spring edge of contiguous ice but shoreward of the mid-
winter ice edge. The statistical variation of the edge of this

zone is relatively small, hence, the boundaries of this zone should
be considered fairly well-known.

Surface travel in this zone should be relatively safe from
December through late March, with increasing risk toward the sea-
ward side. Structures placed here would be exposed to moderate
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ridging before December and after March. Underwater oil spills
be contained under the ice from December through March and
subject to transport at other times.
16. This is a zone of moderate ridging inshore of the late spring
edge of ice and located between Pt. Franklin and Icy Cape. This
zone is generally stable from December through late March and could
be used for surface exploration with a reasonable degree of safety
during this period. Structures are subject to jice motion, piling
and plowing before December and after April. Under-ice oil spills
could be expected to be trapped under the ice.
17. This is a continuation of Zones 13 and 1. Though this zone
may be free of ridging, the surface can vary considerably from
place-to-place and from year-to-year. (See description of Zone
13).
18. This zone of relatively stable ice between December and
February has a high probability of spatial variation. It is
located off Icy Cape and seaward of a zone of moderate ridging.
While from time-to-time stable contiguous ice exists here, its
suitability for surface travel is very poor. It is subject to
being broken off at almost any time to join the adjacent pack ice.

This area is subject to ice motions at any time during the ice
year with stable ice perhaps two weeks at a time between December
and March.

0i1 spills under this region would soon be introduced into
the pack ice.

19. This is an area of severe ridging located between the early
spring and late spring boundaries of contiguous ice. This zone

lying off Icy Cape is located over Blossam Shoals with water depths
on the order of six meters. Early in the ice year ice grounds on
these shoals and remains stranded until the edge of contiguous ice
migrates across the shoals with the advance of the ice season.

This particular zone includes the stranded piled ice which is

broken free between March and May-June.

Under normal conditions surface travel on this zone would
be relatively safe between late December and May. Obviously
structures located here would be subjected to severe ice piling
events during November and December, but after that time structures
would be insulated from piling events.

071 spilled under this region would be trapped under the ice
between December and May and would very likely be pooled in many
small chambers beneath the piled ice.

The variation in boundary location of this zone is on the
order of half the width of the zone itself. Hence while the zone
is statistically meaningful the precise position of the zone can
vary on the order of its own width.

20. This zone is a region of severe ridging located inshore of
the late spring edge of fast ice. This zone is similar to Zone 19.

In terms of hazards, the hazard to surface travel in this zone is
considerably less than in Zone 19 although during most years the
ridging might make travel difficult.

21,22. This is a region of moderate ridging with an adjacent zone of
severe ridging located between the mid-winter and early spring

edges of ice. This is an active area during the entire ice year

with perhaps the exception of a few weeks between December and
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March. However, the statistical variation of the location of these
zones is sufficiently large so that their precise positions cannot
be reliably determined. Also, depending on ice activity, ridges
created in these two areas may be broken away to drift with the
pack ice.

Generally, these two areas are extremely hazardous for surface
travel. Also, structures located within these zones would be
subjected to nearly constant piling and plowing except for perhaps
one or two periods of several weeks in mid-winter.

0i1 spilled under these two regions would soon be transported
into the pack ice.

23. A zone of moderate ridging located between the early spring
and Tate spring edges of fast ice, this zone is similar to the

adjacent Zone 19 except for ridge density (see description of Zone

19).

24. A zone of mid-winter contiguous ice extending from Icy Cap to
Point Lay, this zone Ties between the mid-winter and early spring

edges of fast ice. However, along this section of the coast the
variation of the mid-winter edge of ice is large and the width of

this region can vary considerably. For this reason, the existence

of this zone should not be depended upon for surface travel.

Structures located in this region would generally be free
from ice piling and plowing events. 0i1 leaked under this area
would soon be transported into the pack ice region.

25. This is a zone of reasonably stable contiguous ice located
between the early and late spring boundaries of contiguous ice.

The statistical variation of the positions of these boundaries is

on the order of the width of the zone and hence, its width and
precise location can vary from year-to-year. The ice within this
zone is generally relatively smooth and free from major ridges. It
is formed during early winter (November-December) and is broken up
by late spring (April-May).

This area is moderately safe for surface travel in mid-winter
with decreasing safety toward the seaward boundary. Structures in
general would not be subject to great amounts of piling and plowing
although this section of coast should not be considered entirely
free from ridging activity. Subsurface oil spills within this zone
would generally remain trapped between December and April-May and,
because of the lack of ridged ice in this area, might spread con-
siderable distances beneath the ice.

26. This zone is composed of generally ridge-free ice located
inshore from the late spring edge of ice and is actually an ex-
tension of Zones 13 and 17 farther to the north. However, it
widens out in this vicinity and has a somewhat different morphology
than Zones 13 and 17.

This zone consists of two sub-zones: ice within the barrier
islands and ice outside the barrier islands. Within the barrier
islands the ice is essentially lagoon ice. It is generally formed
early (November) in the ice year and often melts earlier than ice
just seaward of the barrier islands. It is ridge-free but often
has working tension and tidal cracks, and in areas less than two
meters deep, it is often frozen to the bottom. Because of these
characteristics, structures are subject to a minimum of piling and
plowing while under water o0il spills would remain in place under
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the ice for great lengths of time, working to the surface through
the tension and tidal cracks. Obviously surface travel in this
portion of Zone 26 is quite safe until the ice melts or overflows
with melt water.

The portion of Zone 26 outside the barrier islands is generally
ridge-free and remains in place until May-June. The statistical
variation of its outer boundary is quite Targe and hence the exact
width of this zone measured from the barrier islands will vary from
year-to-year. This zone is formed early in the ice year and is
generally free of major ridges. Lead activity does not occur until
late spring (May-June). The area is generally safe for surface
travel with hazard increasing significantly after early spring and
with distance from shore. Structures placed in this zone would be
subjected to relatively small ridging and plowing events. However,
it is very Tikely that one or more small shear ridges may become
frozen into the zone during its time of formation. 0il spilled
under this zone is likely to remain until May or June.

27. This is a zone of moderate ridging located between the early
and Tate spring edges of ice. The early and late spring edges of
ice converge along this section of coast off Pt. Lay while the mid-
winter edge of ice remains much farther offshore. Also, the shore-
ward statistical variation of the mid-winter edge of ice is quite
broad here, generally coinciding with the combined edge of early
and late spring fast ice. This small zone is reasonably safe for
surface travel until early spring but increasingly hazardous after
that time. Structures would be exposed to a moderate amount of
ridging and plowing. Underwater oil spills would most likely be
trapped under ice here until mid-spring when lead-forming activity
would introduce the oil into the pack ice.

28. This zone of moderate ridging is located inshore from the combined

early and late spring edges of fast ice. (see description for
Zone 27.) This zone is formed during November and December and
usually lasts until mid-spring. Early and late spring data show
that variations in the boundaries of this zone can cause it to be
very narrow with flow leads quite close to shore.

This area should be safe for surface travel from December
through early March but with increasing probability of lead for-
mation following that date. Structures placed in this zone are
exposed to ice piling and plowing events during November and
December. 0371 spilled under the surface in this zone would normally
remain in place until May when it would be introduced into the pack
ice due to breakup of the ice.

29. This is a zone of moderate ridging just seaward of the combined
edge of early and Tate spring contiguous ice. This zone is subject

to lead formation generally after early March but the data show

that lead formation has occured at earlier dates. For this reason,
surface travel in this area is somewhat dangerous between December

and March and increasingly so after that date. The relative danger

of surface travel is increased by the occurrence of moderate ridging

in the area making rapid travel away from developing hazards diffi-

cult.

Structures placed in this area are subject to damage due to
ice piling and plowing at nearly all times during the ice season.
0i1 Teaked under this area would be introduced into the pack ice
through lead opening activity.
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under this zone would soon become incorporated into broken and
refreezing pack ice.

30. This zone of generally ridge-free ice is located inshore from
the Tate spring edge of ice and extends from Pt. lLay to Cape
Lisburne. This zone is actually an extension of Zone 26 but is
much broader and has a somewhat different morphology. Occasionally,
ridge-building events can occur within this zone (see Zone 36) but
long shear ridges are probably unusual.

This zone should be relatively safe for surface travel between

December and April-May except that during severe conditions ice
piling can occur within the area. Structures placed in this area
would be relatively free from ice piling events and bottom plowing
appears to be at a minimum. Under-ice oil spills would normally be
trapped under the ice between December and April.
31, 32. These are zones of moderate and severe ridging resulting
from motion of ice past Cape Lisburne. Both are located seaward of
the mid-winter edge of fast ice and, therefore, not part of the

near shore regime. However, these zones have been included in this
analysis to help explain the morphology of the nearshore ice.

33. This zone of moderate ridging is located between the mid-
winter and early spring edges of fast ice. The variation in width
of this zone is on the order of the width of the zone, and therefore,
even between mid-winter and early spring the stability of fast ice
in this area is uncertain. Therefore, this area is only marginaly
safe for surface travel. Examination of individual cases shows

that the flaw lead is often located within this zone.

Because of water depths in this zone, it is unlikely that

structures attached to the bottom would be constructed. However,

it appears that any structure located within this area would rarely
be free from ice motion for more than two to three weeks. Similarly,
01l leaked under the ice in this zone would soon be incorporated

into the moving pack ice.

34. This two-part zone of ice, relatively free from ridging is
located between the early and late spring edges of contiguous ice.
The zone is broken into two subzones by Zone 35. Examination of

the statistical variation of both boundaries of this zone indicates
that the zone is reasonably significant statistically. Hence,
between December and March this area should be reasonably safe for
surface travel with the hazard increasing after that time. Structures
located in this area should be relatively free from the effects of ice
motion from December through March and only flaw Tead activity

after that time. 011 leaked under the ice in this zone would spread
due to the absence of major ridges and be incorporated into flaw
leads after March.

35, 36. These two zones are areas of moderate ridging intruding
into Zones 30 and 34 and are basically the same. The formation
of Zones 35 and 36 decrease the utility of these areas as avenues

for surface travel. The mechanism for the creation of this zone is
somewhat different from the mechanism responsible for other near
shore areas of ridging: while most other ridges in the nearshore area
are shear ridges, the ridges in this area are better classified as
pressure ridges which are due to ice moving down the Chukchi coast
and being driven into the nearshore ice.




37. This is an area of severe ridging located in the vicinity of
shoals off Cape Lisburne. This zone is inshore from the average

edge of mid-winter contiugous ice but within the range of boundary
variation of this zone. Hence, this area should be considered to

be the location of early winter ridging with moderate stability

from mid-winter to early spring. After that date the edge of
contiguous ice generally moves shoreward.

This area could possibly be safe for surface travel from mid-
winter to early spring. However, the safety resulting from the
relative stability of this ice is negated somewhat by the presence
of many ridges which makes rapid surface travel very difficult.

Structures placed in this area would be subject to a great
deal of ice piling and bottom plowing events. 0il spilled under
the ice in this area would be incorporated into the piled ice and
later into the pack ice or introduced into the pack ice via flaw
lead activity.

38. This is a zone of moderate ridging located in pack ice and is
included in this analysis for completeness.
39. This is a zone of moderate ridging located offshore from the

mid-winter edge of contiguous ice and within the boundary of a
recurring polynya. The ice within this zone is quite unstable.
Surface travel would be very hazardous at anytime. Structures

would be constantly subject to moving ice and piling events.

Bottom plowing be ice keels should be frequent. 0il spilled under

the ice in this zone would rapidly be incorporated into the pack

ice.

40. This small zone just off Cape Lisburne is subject to both
ridging and polynya formation. It should be considered extremely
hazardous for surface operations and structures. Petroleum

spilled under this zone would soon be incorporated into new ice

subjet to transport with pack ice.

41, 42. These are zones of nearly constant production of new ice.
This area along with Zones 39 and 40 has been documented more completely
in our annual report for 1976. The ice within this zone is almost
constantly moving seaward, leaving a polynya adjacent to Cape Lisburne
over which new ice continuously forms. The average edge of mid-winter
ice runs across this area dividing it into two zones as a result of the
very rapid formation of new ice during that period. The shoreward
variation of the mid-winter ice runs very close to the shore as do the
early and late spring average contiguous ice edges.

This area is particularly unsafe for surface travel at all
times. However, there is the interesting possibility that struc-
tures placed here might be subject to at least a minimum of ice
hazards. 011 spilled here would quickly be incorporated into
newly-forming ice and be transported seaward into the pack ice.

43. This zone of moderately stable ice is located just north of
Point Hope, over relatively shallow water and within a reasonably
stable portion of the late spring edge of contiguous ice. This

area should be safe from ridging events and significant bottom
plowing. 011 spilled under this zone could be expected to spread

a great distance and remain on location between December and May.

44, A zone of intermediately safe ice located between the early
spring and late spring edges of contiguous jce. Because of the
variation of the boundaries of this zone this zone should be taken
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to illustrate the transition between the relatively stable Zone 43

and the unstable Zone 45 described next.

45, This is a small zone located within the average edge of mid-

winter contiguous ice and adjacent to the recurring polynya (41 and

42). Generally, this zone exists in this vicinity but its precise

location changes frequently. This is an area where newly-formed

ice from the adjacent polynya is compacted from time-to-time and at

other times broken away. It is generally unsafe for surface travel.

Structures placed within this zone would be subject to minor piling

events but probably very little bottom plowing. 0i1 leaked under

this zone during December through May will very likely become
incorporated into compacted new ice and subsequently enter the pack
ice region.

46. In this zone the edge of contiguous ice remains constant

throughout the ice season. An apron of ice generally extends

seaward from the shore. Pack ice rounding Pt. Hope occasionally

in flaw lead activity at the west end of this zone.

Statistically the zone varies significantly with the seaward edge

migrating occasionally very close to shore. This zone should be

moderately safe for surface travel as long as qucik access to the
shore is maintained. Structures placed in this zone would be
subject to a minimum of ridging activity. An 0il leak occuring
under this area between December and May would spread along the
underside of this relatively smooth ice and remain until breakup in
late spring or until a flaw lead developed allowing the oil-con-
taminated ice to drift into the pack ice region.

47. This zone is the Tocation of a recurring polynya formed by

the ice within this zone and Zone 46 breaking away and drifting

southward (into

Zone 48). This area is completely unsafe for

surface travel during the ice season. However, a bottom-founded

structure would probably encounter a minimum of destructive ice

conditions. 011 spilled under this zone would soon be incorporated
into newly-formed ice and subsequently into the pack ice.

48. This zone, lying in outer Kotzebue Sound, is an area of ice
compaction and growth. New ice created in Zone 47 is driven into
area through the ice season. Considerable compaction of the
ice is evident on successive Landsat images. The ice in this area
is growing in thickness doe to both compaction and freezing of new
ice.

Surface travel in this area whould be exremely hazardous
throughout the ice season. Structures placed here would be subject
to nearly constant ice piling although bottom plowing may not
represent a severe hazard. 0il spilled in this area during the ice
season would become incorporated into the thickening and compacting
ice and would be sTowly transported southward toward Zone 54.

49, This zone of ice is similar to Zone 48 except that it is

located between the mid-winter and late spring edges of ice and is

stationary for several weeks at a time during this period. The ice
within this zone could be used for surface operations during the
period December through April providing that provisions for the
rapid evacuation of personnel are maintained. Structures placed
within this zone would be subject to some ridging and piling of ice
at all.times. Ocean floor plowing should not represent a major
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hazard. 0i1 spilled under the ice in this zone would become trapped
beneath the ice and be transported with the ice during breakup
events. The oil could also be subject to lead pumping. The actual
Tength of ice trajectories during these events is relatively small
with the result that spiils of this nature would probably be
retained in the vicinity for the balance of the ice season.

50. This zone of ice is shoreward of the late spring ice edge.
Examination of Landsat imagery of this area reveals linear features
which are very likely shear ridges running close to and parallel
with the shore. Because of the existence of these shear ridges

this zone was separated from Zone 46. These ridges are most likely
formed during November and December and remain with the ice in this
zone until May. During this period surface travel within this zone
is relatively safe. Structures placed here may be subject to some
ridge-building activity in November and December and some bottom
plowing might occur during these events. 0il spilled under the ice
could be expected to spread somewhat as a result of the relatively
smooth undersurface of the ice in most of this zone. It would then
remain in place until April-May.

51. This large zone of relatively stable ice is located inshore of
the late spring ice edge including inner Kotzebue Sound. During

the period of formation in November-December, dynamic ice events

may take place in this zone; pressure and shear ridges may form -
particularly in Kotzebue Sound - creating conditions hazardous to
structures. Following that period and until April, this surface
should be fairly safe for surface travel. O0il spilled here during
November-December would most Tikely be incorporated into the ice
somewhere within the zone - depending on the nature of the dynamic
ice events during that period. After that time oil would spread

out on the relatively smooth undersurface of the ice and remain
until breakup around May.

52. A zone of ice within Kotzebue Sound Tocated between the early
and late spring edges of fast ice. Analysis of contiguous ice

edge variations shows that sometime between early and late spring
the ice within this zone is broken up. From December until the

jce breaks up this area should be safe for surface travel. Structures
placed within this zone would be subject to ridging activity during
November-December but generally not after that date. 0il spilled
under the ice will remain until springtime breakup events and would
only be slowly transported away after that time.

53. This is a zone of moderate ridging located between the mid-
winter and early spring average edge of contiguous ice and the late
spring average edge of contiguous ice. The ridges in this area
could be created at almost any time because of the high statistical
variation of this zone. This area is dangerous for surface travel
at all times. Structures could be subject to ice piling events and
bottom plowing at almost any time. 0il spilled under the ice would
soon become incorporated into broken ice within a few weeks of a
spill.

54. This ia an area of moderate ridging located outside the average
mid-winter edge of contiguous ice in outer Kotzebue Sound. The
ridges created in this area are largely shear ridges and arise as

a result of motion of ice toward Bering Strait. This behavior is
largely a continuation of the process originated in Zones 47 and

8.
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This area is within the extreme variation boundaries of con-
tiguous ice for mid-winter and early spring and could be considered
for surface travel between December and March or April. However.
this ice is highly prone to breaking up at all times and therefore
surface operations should include contingency plans for rapid
retreat from this zone. Structures placed within this zone would
be subject to ice piling events at any time. Bottom plowing is
also a definite possibility in areas less than 20 meters deep
during November through April. 0i1 leaked under this zone wouid be
trapped in pools between ridge keels and other keels related to the
generally rough surface of this zone. However, there is a high
probability of ice breakage and subsequent motion of ice allowing
lead pumping of oil.

95. This is an area of moderate ridging located beyond the average
edge of mid-winter contiguous ice. Shear type ridges are created

in this zone largely by ice being pushed out Bering Strait a:ic teing
compressed against contiguous ice in that process. This .rea is
occasionally within the contiguous ice zone but has a hign pro-
bability of being sheared or broken free. It is generalily a very
dangerous area for surface travel. Structures placed within this
zone would be subject to almost constant ridging processes and, in
Tocations less than 20 meters in depth, bottom plowing would take
place. 0il spilled under the ice in this zone would generally

become trapped. However, since the ice in this zone is frequently
broken free, such trapped oil would soon be introduced into the

pack ice.

56. This area of severe ridging is located offshore from the
average edge of mid-winter contiguous jce. This zone iz similar to
Zone 55 except that the density of ridging and the relative stzbility
is increased, (see description of Zone 55) but not sufficiently to
cause this zone to be considered safe for surface operations.

57, 58. These are zones of moderate and severe ridging respecti-
vely, located inshore from the average edge of early spring con-
tiguous ice and offshore from the average edge of mid-winter
contiguous ice. This situation is reverse from the spatial relation-
ship of these two average edges elsewhere along the coast. Further
the statistical variation of the early spring contiguous ice edge

is less than the variation of the mid-winter ice edge. These data
support the concept of a building-up of stable ice in this area
during the winter and early spring parts of the ice season while
elsewhere along the coast, maximum build-up generally occurs by
mid-winter. Presumably this effect is a result of the nearly
constant motion of ice out of Bering Strait creating many parallel
s-type ridges along this area of the coast.

This area should be considered for surface travel only in
early spring. However, the surface roughness at that time would be
a major factor in the relative ability to retreat from dangerous
ice conditions. Structures placed in these zones would be subject
to pressured ice events during nearly all the ice season. Bottom
plowing is also a distinct possibility at nearly ali times. 011
spilled under this zone has a high probability of entrappment n
pressured ice.

59. This is an area of severe ridging located inshore from the
average edges of contiguous ice for mid-winter, early spring and
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late spring. Hence, this zone is constructed early (Nov.-Dec.) in
the ice year and remains until late spring or early summer. It is
very likely that this ice is securely grounded on the relatively
shallow (~ 8m) shoals mapped in this area.

Because of its stability, the ice in this zone could be used
for surface operations many months of the year. However, the
surface roughness should create considerable Togistical problems.
Structures placed in this zone would usually be subject to ice
piling and bottom plowing events early (Nov.-Dec.) in the ice year.
0i1 spilled under this zone would be incorporated into piled ice
between November and December and entrapped under piled ice after
that time. Later, during May, such oil would be released into the
open water with the break-up of the ice in this zone.

60. This zone contains a great transition of ice conditions within
two very short distances between shore and the average edge of
contiguous ice. It is interesting to note that not only do the

average edges of contiguous ice coincide for each season, but the
varijations on the seaward of this line are very small indicating a

nealy constant ice condition for this zone from December through

late May. Further, although Tinear features parallel to the coast

can be identified on many images, it is difficult to establish

whether these linear represent ridge systems or boundaries between

ice types.

Based on the available information and the morphological
behavior pattern of ice moving through Bering Strait, it should be
expected that the ice in this zone is formed early in the ice year
(December) and might remain until May. Because of the nearly
constant motion of ice out Bering Strait, s-type ridges are con-
structed along the seaward boundary of this zone. However, the
variation of the edge of this zone on the landward side of the
average position is large, indicating that ridges may be constructed
and carried away in an alternating sequence along this portion of
the coast. Further, it is likely that the ice adjacent to the
shore is rough because of this same process being operative during
its formation.

This zone is therefore not entirely safe for surface travel -
the relative danger increasing significantly with distance beyond
very well grounded ridges. Similarly the ice conditions imposed on
structures would vary considerably across this zone. Finally, oil
spilled under the ice in this zone would be subject to pooling as a
result of the rough undersurface and introduction into the pack ice
during the occasional break-off events.

61. This is a zone of relatively smooth, stable ice formed early
in the ice year and remaining in place until late spring. It

should generally be moderately safe for surface travel from December
through May. Structures placed in this zone should be relatively
free from ice piling events and bottom plowing. 0il spilled under
this zone would be subject to considerable spreading because of the
relatively smooth undersurface.

62. This is a zone of moderate ridging and variable stability
throughout the ice season. It is generally unsafe for surface

travel over long periods of time although brief excursions could be
safely carried out providing ice conditions were monitored carefully.
Structures in this zone would generally be subject to ice piling
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conditions at any time. 011 spilled under this zone would tend to
become trapped under the relatively rough undersurface and be
introduced into the pack ice during the occasional ice breaking
events.
63. This is a broad zone o7 unstable ice located over relatively
shallow waters running from Cape Espenberg to Wales. This zone has
some unusual characteristics: the variation of the edges of con-
tiguous ice run adjacent to the shore. Hence the area can be
relatively broad at one time and break-up to the shore at other
times. This area should be considered unsafe for surface travel.
Structures placed within this zone would probably not be exempt
from ice piling events for very long periods of time. 0il1 spilled
under this zone would soon become incorporated into broken and refreezing
pack ice.
C. Bering Sea
In this section, the results described in section VI are interpreted in terms
of a general ice season morphology of Bering Sea ice behavior. Unlike the
Beaufort and Chukchi Sea morphologies, the Bering sea near shore area
has not yet been subdivided into descriptor areas. Rather, short general
descriptions have been written for each significant near shore zone.
Such a subdivided will be prepared following further data analysis. A
zonal hazards map will follow preparation of the zonal morphology map.
This report contains a brief description of the hazards to be considered
in the Bering Sea area with some site--specific references.
1. Bering Sea Morphology
Map VIII-8 shows in first draft form the morphological behavior
of near shore ice along the Bering sea coast. On this map, the areas with
nearly constant contiguous ice edge are delineated with a single line.
Areas where significant deviations of average ice edge occurs are shown
as shaded. Data for this map are taken largely from map VI-37. Paragraphs
describing ice behavior along the Bering coast are situated proximate to the
areas being described.
The following behavorial patterns have been observed:
(A.) Contiguous ice located over water depths greater than 20 meters.
Generally in the Bering Sea area contiguous ice is found in waters
considerably less than 20 meters deep. This is considerably different from
the behavior in the Beaufort Sea where the 20-meter isobath is generally
taken to represent the stable location of "fast ice". As shown in figure VI-37
there is little seasonal variation in the location of the edge of contiguous
ice. We postulate that in the Beaufort and Chukchi seas the rapid freezing
rates obtained with very low temperatures coupled with the relative immobility
of the ice act to stabilize the ice sheet. In the Bering Sea, daily
tidal activity associated with frequent motion away from the coast keeps this
process from occuring except in areas where coastal configuration affords
unusuai protection from one or both of these processes. The following
locations are sited as examples:
1. The entrance to Port Clarence where contiguous ice bridges
across a narrow inlet of water greater than 20 meters.
2. Eastward from Sledge Island past Nome where Sledge
Island and associated shoals serve to anchor contiguous ice and allow it to
extend beyond the 20-meter jsobath. Large ridges have been formed off Nome
on occasions further anchoring the ice in this location.
3. Inner Norton Sound where occasionally contiguous ice
forming in the highly protected embayment south of Unalakleet extends over
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water greater than 20 meters deep. This ice does not appear to become
anchored and is broken off frequently.

4. The north side of Nunivak Island where it appears that
protection from southward-moving floes offered by the istand configuration
allows a sheet of contiguous ice to extend beyond the 20-meter isobath.

(B.) Contiguous ice extends farther seaward with advance of season

Only one major example of this behavior was observed: Along the
north side of the Yukon Delta, the early spring contiguous ice edge is located
seaward of the winter ice edge. This appears to occur as a result of piling
of ice moving into the Bering Sea from Norton Sound. Continual piling
on shoals in this area appears to extend the ice edge seaward.

(C.) Contiguous ice located on shoals, extending far seaward but
confirmed to waters less than 20 meters deep.

The major example of this behavior is found just south of the Yukon Delta
where shoals as shallow as 8 meters appear to anchor contiguous ice as far as
30 km from shore.

(D.) Contiguous ice located on mudflats in rather shallow waters
(3-4 meters)

Numerous examples of this behavorial pattern are to be found along the
Bering coast. Apparently the tidal fluctuations accompanied by meteorological
conditions causing frequent offshore winds cause these areas to be constantly
flushed of contiguous ice. New ice is often observed forming just seaward of
these locations. Perhaps the best example of this behavior can be seen just
west of the mouth of the Kuskokwim River.

(E.) Contiguous ice found as large ridge systems.

This occurs occasionally along the north side of the Alaskan Peninsula
where ice blown across Bristol Bay from north to south piles up along
the peninsula shore in waters considerably less than 20 meters in depth.
These ridge systems can be quite massive and form very quickly.

2. Bering Sea Hazards
(This map has not been complied as of the date of this annual report.)

122




MILESTONE CHART

RU #: 257 PI: W. J. STringer

Major Milestones: Reporting, data management and other significant
contractual requirements; periods of field work: workshops:; etc.

1977 1978
PMAJOR MILESTONES OlN{DJIlFIMIATMII JIIALSTOIN]D!
Data acquisition Cil0 IN 2T |1 |IN {0 U |Is

Ground Truth

"Special Event" map

Completion of ice edge maps

"Special Event" maps Continuals

- > > >

Compietion of ridge systems maps

194

Complietion of hazards maps

Completion of morphology maps

Completion of final report A

A Planned Completion Date A Actual Completion Date




IX. Summary o f Fourth Quarter Operations
A. Ship or Laboratory Activity

1. Ship or field trip schedule - none.

2. Scientific party - none.

3. Methods: Sea ice maps prepared from Landsat imagery by overlaying
1:500,000 scale black and white Landsat print with acetate and tracing ice
boundaries. The details of this method were described in earlier quarterly
reports.

4. Sample localities - none.
5. Data collected or analyzed: This quarter the 1976-77 Beaufort
Sea near shore Landsat data was mapped from hardcopy band 7 imagery at 1:500,000
scale. Particular care, described in earlier reports, has been taken to
Jocate ice features as well as the bathymetric 10-fathom isobath. Half-
size (1:1 million scale) reproductions of these maps are reproduced as
part of this section of the report as Appendix A.
6. Milestone Chart and data submission schedules (see next page).
We have changed the completion date for completion of data products related
to the previous year. There are two reasons for this: First, it now takes
nearly four months to obtain Landsat data; second, we have found it highly
advantageous to analyze an entire year's imagery at one time. Hence, in
order to analyze the 1977 ice data for the Beaufort Sea, it was December
before the data for July and August could be obtained. The resulting maps
are included in this report.
B. Problems Encountered/Recommended Changes
We recommend that side-looking radar data of near shore ice conditions be
obtained in the Beaufort Sea during November, December and January and that
disciplinary scientists from this and other research units be on hand at
Barrow to establish quality control, coverage and related parameters.
C. Estimate of Funds Expended
See Geophysical Institute Business Office Financial Report.
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APPENDIX A BEAUFORT SEA ICE MAPS FQOR 1977
ICE SYMBOLS USED AND THEIR MEANING

Listed below are the symbols used to map near shore ice conditions from
LANDSAT imagery. This list of symbols has evolved during the mapping project
and reflects ice conditions which can be detected on LANDSAT imagery as well
as those ice conditions considered important in the understanding of near

shore ice dynamics.

A River Overflow

B Boundary

Bn Broken New Ice

Bpn Broken Pans and New Ice

Bpy Broken Pans and Young Ice

By Broken Young Ice

C Contiguous Ice

Used to denote areas where river water
has overflowed onto sea ice.

Denotes boundary between what appears to
be two different ice conditions even
though the two ice conditions may not

be differentiated by the definitijons
used.

Sheet of new ice which has been broken -
usually into an irregular pattern.

A sheet of young or first year ice is
broken into pans followed by the freezing
of the voids to the new ice stage, followed
by the breaking of this entire matrix.
Several cycles of this process may be
evident, but the most recently-formed

ice has developed to the new ice stage.

A sheet of young or first year ice is
broken into pans followed by the freezing
of the voids to the young ice stage
followed by the breaking of this entire
matrix. Several cycles of this process
may be evident, but the most recently-
formed ice has developed to the young

ice stage.

Sheet of young ice which has been broken -
usually into an irregular pattern.

Ice stationary and continuous from shore
without apparent fractures. This ice is

at the time of observation fast with respect
to the shore. The symbol is placed within
large expanses of such ice and along the
Tandward side of the seaward edge of such
ice. Contiguous ice is not necessarily
bounded on the seaward edge by grounded ice
and can therefore extend seaward con-
siderable distances.
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Cf

Fw

Fy

Fyb

Fractured Contiguous Ice

Decayed Ice

Floe

Floes in Water

First Year Ice

First Year Broken

Grounded
Hummock Field

Young Ice

Lead

New Ice

Newly Frozen Lead or Polyna

01d Frozen Lead

Contiguous ice which although not separated
from shore by an open lead, is fractured by
leads - often perpendicular to the shore.

Rotting or decaying ice, characterized by
a dark mottled effect indicating holes
and puddling.

Separately identifiable ice floe. Symbol
used to denote floes distinctly visable
against background even when completely
frozen into surrounding ice.

Open water with numerous floes of various
sizes (see "Up").

Ice cover of age and thickness beyond "young"
stage. Used principally to denote large
expanses of ice in either contiguous or off-
shore category. May be composed of single
sheet, many pans frozen together, or many
pans frozen together, or many pans compressed
and frozen together. Thickness on the order
of 30-70 cm.

A broken or fragmented expanse of first year
ice.

Ice which clearly appears to be grounded.
Large expanses of piled ice.

Ice appearing light grey on LANDSAT imagery.
Can be single sheet or exhibit a variety of
conditions (broken, compressed, rafted, etc.).
Thickness of the order of 10-30 cm.

A lead, usually open, but may be so narrow
that this can not be determined. Large leads
denoted by two lines showing boundaries,
narrow leads denoted by single line.

Characterized by dark shade of grey, smooth
texture, may exhibit a number of conditions
(see I). Thickness on the order of 0-10 cm.

Either new or young ice. Symbol usually
written within distinct boundary.

A lead with ice sufficiently old to
have either turned light grey or be covered
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Pn

Py

Up

Partly Frozen Lead
Pans in Matrix of New Ice
Pans in Matrix of Young Ice

Ridge
Smooth Ice

Tidal or Tension Cracks

Unconsolidated Pack

Water

Polynya

Zone of Shear

with snow.

Partly frozen lead. Ice conditions not
uniform (as distinct from M) and may vary
from new ice to late stages of young ice.

A sheet of ice has broken into pans and
the surrounding water has frozen to the
new ice stage.

A sheet of ice has broken into pans and
the surrounding water has frozen to the
young ice stage.

Denotes shear or pressure ridge or system
of ridges.

Usually used to denote featureless ice of
uncertain age in protected areas.

Cracks in near shore ice opened by either
tidal action or thermal tension. Identi-
fication may be indirect (snow drifts, drain-
age pattern, etc.).

A broken sheet of ice of any age beyond
young ice which has been compressed to
the point that open water voids are quite
small but are not frozen over (see Fw).

Open water - symbol ofter used to denote
specific area enclosed by line.

More specific than W. Most often used to
denote area of open water on Tee side of
obstruction.

Symbol used to denote location of apparent
shearing motion on image. The symbol may be
specifically located on a lead where shear-
ing motion is taking place, a closed lead
where shear piling of ice is apparently
occurring or in an ice field where
characteristic pattern of leads caused

by shearing forces can be seen.
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Scene 2752-20505 (12 February 1977)

A large ridge system extends from right to left across the center of
the image. This ridge system has been in existence for some time as is
evidenced by its relatively low contrast with respect to the pack ice
and by the existence of several breaks and displacements in the ridge
system. The boundary of the most recent movement is a lead system
approximately 35 km off shore. The pack ice has moved from left to
right (northwest to southeast) with respect to the coastline. This lead
system marks the edge of contiguous ice. No detail is visible in the
contiguous due to a very thin cloud cover and poor image quality.
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Scene 2766-20272 (26 February 1977)

A large, apparently still active ridge system extends across the image
from east to west. The pack ice motion north of the ridge system is moving
from west to east. This ridge system forms the edge of contiguous ice,
approximately 80 km offshore. There appears to be another ridge system a
few kilometers offshore but its extent is obscured by clouds and only parts
of it can be seen.

The pack ice north of the large ridge system has undergone much piling,
ridging and fracturing, with many ridge systems subordinate to the major one.
South of this large system the ice appears to be somewhat less disturbed, but
is obscured by clouds and details cannot be seen.
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Scene 2767-20330 (27 February 1977)

As in the previous days' image, a large ridge system extends approximately
east-west across the center of the image. The system appears to be recently
active and probably forms the edge of contiguous ice. Large zones of shearing
are visible between various ridges in the system. Older ridge systems can be
séeén nearer to shore. One of these is cut by a refrozen lead (lower left
corner of image). An area of what appears to be hummocked and piled ice
exists just north of Barter Island.

The ice north of the large, recent ridge system is multiply fractured,
piled and ridged. A1l of the lines on the map represent ridges or ridge systems.

133



Scene 2768-29384 (28 February 1977)

The large ridge system seen in previous images extends across the
upper part of the image. Zones of shear, labeled 'Z', can be seen between
subordinate ridges and ridge systems of the larger system. The system is
stil1l active on this date and its landward edge probably forms the edge of
contiguous ice. The pack ice seaward of this major ridge system is
fractured, piled and ridged.

Shoreward of the large ridge system several smaller ridge systems of
varying age can be seen. An old ridge system, labeled 'Ro', can be seen
approximately 60 km north of the barrier islands in the western half of the
image. Several old refrozen leads, labeled 'O', have cut across and displaced
sections of the ridge system.

A large area of hummocked ice exists north of Barter Island. This
area appears to have been a zone of shear when ridge system Ro was active,
although it may have been active more recently.

Relatively smooth ice occupies the area between shore and the most
shoreward ridge system, which approximates the 10-fathom (20-meter) bathymetric
contour, This area, labeled 'S', has probably seen 1ittle activity since freeze-up.
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Scene 2769-20443 (1 March 1977)

The active ridge system observed in the previous days' images can be
seen extending across the top part of the scene. The edge of contiguous ice
is the landward edge of the ridge system, but a broad shear zone (labeled '2")
exists shoreward of the ridge system and the exact boundary of the contiguous
ice can not be delineated. Clouds obscure the eastern portion of the image.
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Scene 2770-20501 (2 March 1977)

This scene extends from the Canning River to Oliktok Point. The large
ridge system noted on previous images $till appears to be active at this time.
A large shear zone exists on either side of the ridge system. The orientations
of the fractures in the shear zones are predominantly northeast-southwest,
indicating pack-ice motion from east to west.

The edge of contiguous ice appears to be shoreward of a smaller ridge system
just seaward of the 10-fathom bathymetric contour. The ice shoreward of
the contiguous ice edge appears smooth.
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Scene 2777-21293 (9 March 1977)

This scene shows the effect of pack ice moving southwest past Point Barrow.
A narrow zone of shear separates the immobile contiguous ice from the moving
pack ice. A narrow ridge system can be seen on the shoreward side of the
<hear zone. Other older ridge systems can be seen inshore of the active
ridge system. The ice between the 10-fathom bathymetric contour and the
shore appears relatively smooth with respect to the pack ice.
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Scene 2783-20212 (15 March 1977)

This scene shows a narrow strip of nearshore ice east of Barter Island.
The contrast on the ice is very low and consequently very few details are
visible. Parts of ridge systems can be seen. River overflow A can be
seen on one of the rivers, emptying into a barrier island lagoon. The edge
of contiguous ice is beyond the edge of the image.
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Scene 2786-20375 (18 March 1977)

This scene is mostly obscured by thin clouds and very little detail can
be seen. The large ridge system that was active in late February-early March
is now apparently inactive. If the large ridge system is inactive, then the
edge of contiguous ice extends past the edges of the image.

Short sections of other ridge systems can be seen through the clouds.
Little other detail is visible. Dark splotches can be seen on the ice in the
Tower half of the image but it is unclear whether these are characteristics
of the ice or simply cloud shadows so they were not mapped.

Large areas of nearshore pack ice appears to have a significant percentage
of dirty ice floes incorporated into it. The areas are labeled 'Fd'.
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Scene 2788-29493 (20 March 1977)

This scene extends from the Canning River to Oliktok Point and approximately
100 kilometers offshore. The large, recently active ridge system is visibie
in the top of the image. Other older ridge systems are also visible. Large
areas of pack ice appear to contain "dirty" ice floes (Fd). Individual dark-
colored "dirty" ice floes are indicated by arrows. The ice surface inshore
of the 10-fathom bathymetric contour appears relatively smooth. The contiguous
ice edge extends beyond the edge of the image since the ridge system is no
longer active.
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Scene 2790-21004 (22 March 1977)

This scene, extending from Prudhoe Bay to Cape Halkett, is partially
obscured by clouds, primarily in the northern part of the image over the
pack ice. The clouds obscure all but a few sections of the ridge systems.
Areas of pack ice containing dirty ice fioes can be seen. Individual dirty
floes near shore are indicated by '+' marks. The nearshore ice from shore to
the 10-fathom bathymetric contour is relatively smooth. The contiguous ice
edge extends beyond the 1imits of the image.
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Scene 2792-21120 (24 March 1977)

This scene, extending from Harrison Bay to Admiralty Bay, is largely
obscured by clouds. The area of Harrison Bay is totally obscured while
ridge systems can be seen through the clouds west of Harrison Bay. The
nearshore ice appears relatively smooth. In the extreme upper Teft corner
of the image the boundary between the contiguous ice and the pack ice can
be seen. The pack ice appears to be undergoing a shearing motion.

151




— e -
s
\ p |
N\ . i - - J’
K ‘,1’— '/'- /, |
- -}"‘\/ /T‘O C h_} . ) //\/.‘ B =
__‘_/’ - - \\ F T T \__\./_/:ﬂ/" \\ ‘
s \ / T o
..-/’ Ve /// *
- ,«o'/ // \\
i N
Vs |
e \
CLOUDS

HAW\SON \

/ 152"
156° 70" 15a’
10 20 30 40 : € 2-792-21120-7
KILOMETERS BEA U FORT SEA 24 MARCH 1977

152




Scene 2794-21230 (26 March 1977)
2794-21233

These scenes in the vicinity of Point Barrow show the result of pack ice
moving southwest past Barrow. The pack ice is fractured and broken with the
interstitial areas frozen over with new ice. Concentric fracture lines indicate
the direction of motion. A large floe exists in the pack ice to the north.

Separating the pack ice from the contiguous ice is a narrow zone of
shearing that narrows as it nears Pt. Barrow. South of Barrow the shear
zone is replaced by a newly refrozen lead, indicating that the pack ice is
moving away from shore.

Several old ridge systems can be seen radiating from Pt. Barrow in
the contiguous ice. The ice closest to shore appears to be relatively smooth.
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Scene 2800-20144 (1 April 1977)
This scene shows very little ice detail. Only a few 'dirty' ice

floes are visible north of Demarcation Point. There does not appear
to be sufficient contrast in the image to sea ice detail.
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Scene 2805-20424 (6 April 1977)

A new lead system has opened up parallel to the coast north of the 10-fathom
contour, defining the new edge of cont1guous ice. The large ridge system previously
active is now considered to be an 'old' ridge system. Other old ridge systems
can be seen inshore. Areas of pack ice containing diry ice (fd) can be seen.
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Scene 2806-20482 (7 April 1977)

The leads that were seen forming on 6 April (scene 2805-20424) have now
developed into a major system of leads extending several tens of kilometers
from shore. The more open leads are actually partially frozen over with a
thin layer of new ice. The fracture pattern reveals that the ice is moving
directly offshore. Older ridge systems are labeled Ro.
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Scene 2811-21165 (12 April 1977)

A network of newly frozen leads extends across the top of the scene just
north of the 10-fathom bathymetric contour. These leads may be connected
with those seen on the April 7 image (scene 2806-20482) and if so, then the
whole system may have frozen over and become inactive at this time. Pressure
and shear ridging may be taking place within the system and therefore the
edge of contiguous ice is not known. The area inshore of the 10-fathom contour
is relatively smooth. The ice within the lead system contains several old
ridge systems and hummock fields.
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Scenes 2813-21275 (14 April 1977)
2813-21281

The pack ice in these scenes is in motion as can be seen by the large
number of open leads (L). The leads northeast of Barrow cut across old
ridge systems (Ro). The pack ice at this time appears to be moving northwest.
The ice inshore of the edge of contiguous ice in the Beaufort Sea appears
to be quite smooth.
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Scene 2825-20531 (26 April 1977)

The Teads in this scene appear to contain open water, indicating that
the pack ice is in motion at this time. A broad shear zone exists in the
center of the image (labeled 'Z'). The newly-formed leads cut across several
old ridge systems. A lead system has opened up inshore of the old ridge system
that is visible nearest to shore and defines the present edge of contiguous ice.
Clouds obscure the entire area of Harrison Bay from shore to the edge of the
contiguous ice zone. The area labeled 'Up' in the upper left corner of the
image is broken pack ice with open water between the floes.
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Scene 2827-21043 (28 April 1977)

The open leads seen in the image on 26 April 1977 have frozen to the
new ice stage (N). The contiguous ice edge is therefore not well defined but
is assumed to be along the newly frozen lead that previously defined the contiguous

ice edge on 26 April. The ice inshore of the contiguous ice edge appears to be
smooth because 1ittle detail can be seen.
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Scene 2829-21155 (30 April 1977)

The pack ice is in motion in this scene as evidenced by the open leads.
Shearing motion appears to be taking place along the previous edge of contiguous
ice. Some leads are difficult to identify as open or newly frozen. The jce

inshore of the contiguous ice edge appears to be smooth; this may be due to
lack of detail and/or contrast of the image.
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Scene 2830-21213 (1 May 1977)

The contiguous ice edge in this scene closely approximates
the 10-fathom bathymetric contour. North of the contiguous ice
Point Barrow, a wedge of relatively intact pack ice can be seen
North and west of Point Barrow there is a zone of floes in open
seaward the pack ice is unconsolidated. The ice inshore of the
ice edge appears to be relatively smooth.
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Scene 2846-21091 (17 May 1977)

The boundary between contiguous ice and pack ice is well defined on this
image. The pack ice consists of unconsolidated floes in open water. Small
areas of ridged and hummocked ice can be seen near the edge of the contiguous
ice, which is just north of the 10-fathom bathymetric contour. The contiguous
ice appears to be relatively smooth.
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Scene 2849-21261 (20 May 1977)

This scene is completely covered by thin clouds. Large scale details only can
be seen. The edge of contiguous ice is sharply defined with a large stretch of
open water extending from the ice edge to the pack ice. The pack ice varies
from unconsolidated pack ice to floes in open water.
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Scene 2863-21024 (3 June 1977)

Clouds obscure the area of Harrison Bay seaward to several kilometers
north of the 10-fathom bathymetric contour. The contiguous ice edge appears
to be along a lead opened up near the edge of the clouds. This edge is
questionable, however, for two reasons. First, the clouds may obscure the
true contiguous ice edge. Second, the pack ice on both sides of the lead
appears unconsolidated. The pack ice in the upper left corner of the image
is more broken than the rest.
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Scene 2864-21082 (4 June 1977)

Clouds partially or totally obscure most of the ice detail in this
scene. The western part of the contiguous ice edge can be seen but it fades
into the clouds to the east. The pack ice north of the contiguous ice edge
is broken up. River overflow can be seen at the mouth of thé Colvilie River.
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Scenes 2877-20390 (17 June 1977)
2877-20392

The majority of the snow cover on the ice has melted and the fine details
of the ice can be seen. There is open water in the vicinity of river mouths.
The ice is relatively smooth from shore to boundary 'b'. What appear to be
tension or tidal cracks are labeled with a 'T'. From the boundary b to
the edge of contiguous ice, the ice has undergone multiple stages of ridging
and piling. It is a mass of piled and hummocked ice and old ridges. The major
ridge systems that can be distinuished are labeled Ro. The pack ice north
of the contigucus ice edge is dense but unconsolidated.
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Scene 5800-20154 (27 June 1977)

This scene of the area of Harrison Bay is obscurred by thin clouds and
much detail cannot be seen. The boundary between contiguous ice and pack ice
cannot be seen and so is approximately located by a dashed 1ine. Patches of
open water can be seen in the pack ice which is probably unconsolidated.
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Scenes 5803-20321 (30 June 1977)
5803-20324

Three distinct zones of nearshore ice are visible in this scene. The
first zone, extends from shore to boundary b,. This zone consists of large
areas of smooth ice. This ice probably has Aot been subject to-significant
forces since freeze-up the preceding fall. It is now breaking up and open
water exists in some areas between shore and the edge of the ice.
The second zone of ice extends between boundaries b, and b,. This zone
consists of small, smooth pans ranging from a couple of li]ometgrs to a few
meters in diameter separated by minor ridging. A few small ridges several
kilometers long are visible in this area. Also, a large ridge (Ro) separates
a portion of the first zone from the second.
The third zone of nearshore ice extends from boundary b, to the edge of
contiguous ice 'C'. This ice in this zone is very rough and“consists of
mostly ridges and hummock fields. For the most part individual piling events
are impossible to separate. The seaward-most edge of this zone lies approximately
along the 10-fathom (20-meter) bathymetric contour and is probably grounded.
Seaward of this zone and east of Barrow the pack ice is partially consolidated.
Separating this pack ice from the unconsolidated pack ice to the west is a zone
of fracturing indicated by the leads 'L'.
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Scene 2896-20434 (6 July 1977)

More open water exists at the mouths of the rivers than in the previous
Landsat cycle. Approximately fifty percent of the coast is ice free.

The nearshore ice is divided into three zones. The first zone extends
from shore (or the edge of the open water) to boundary b, which approximates
the 10-fathom (20-meter) bathymetric contour. The ice il this zone is smooth
compared to the other zones. The ice has probably remained static since
freeze-up the previous fall. It consists primarily of flat pans surrounded by
low ridges.

The second zone is approximately 20 kilometers wide, between boundaries
b, and b,, but appears to abruptly pinch off to nothing north of the Sagavanirktok
R]ver in“the right of the image. This zone probably contains the greatest
amount of rough ice, i.e., the largest hummock fields and ridge systems, and is
probably grounded. This zone has probably been subject to continuous stress
since its formation early in the ice season. Major ridge systems that can be
seen are labeled Ro.

The third zone of nearshore ice extends from boundary b, to the edge ‘C'
of the stationary ice. The ice in this zone is also quite rgugh but has not
existed as long as zone 2. On the February 12 image (scene 2752-20505) the
edge of contiguous ice was in the center of zone 2. However, the edge of the
contiguous ice in the 6 July image is approximately defined by the large ridge
system seen in the 12 February image. This ridge system appears to have formed
not many weeks prior to February 12.

North of the stationary ice the pack ice consists of unconsolidated floes
not exceeding a diameter of 10 kilometers. Small patches of open water separate
the pack ice from the stationary ice.
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Scene 2897-20493 (7 July 1977)

A large section of the ice that was stationary on 6 July (scene 2896-20434)
has broken loose and moved 1 1/2 to 2 kilometers northeast (note arrow). This
section is the area between boundaries C and b,. The fracturing that forms the
lower boundary C cuts across the zone of heavy ridging between boundaries b, and
b,. The shoreward edge of this zone approximately parallels the 10-fathom 220—
mgter) bathymetric contour and is probably grounded to the sea floor.

A smaller section of ice is seen breaking loose from the main ice sheet in
Harrison Bay. This ice appears to have moved south, towards shore (note arrow).
A large semi-circular feature is visible in Harrison Bay at the edge of
the image. It appears to be a ridge system and may have formed early in the ice

season when a large floe was forced into the thin, young ice forming in

Harrison Bay. This feature was not visible on the winter imagery when snow covered
the ice and hence the ridges were probably not very high. The nature and origin

of this feature is purely speculation as no imagery was available for the period
when the feature formed.

The boundary designations are the same as those used previously. The area
between shore and b, is very smooth ice. From shore or by to by, is mostly flat
ice with some ridgiRg. The area between boundaries b, and b, is heavily ridged
and piled. This forms the outer boundary of the so*c%l]ed ggounded "shore-fast
jice". The ice between boundaries b, and b, is consolidated pack ice that has
undergone substantial ridging and p?]ing aﬁd has become attached to the stationary
jce. It is not grounded. Beyond this the pack ice is unconsolidated.
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Scene 2898-20551 (8 July 1977)

The large lead system paralleling the coast from Oliktok Point eastward
has almost closed again. Some other ice movement has taken place inshore of
the stationary ice in the areas of open water,

An area of very smooth ice can be seen in western Harrison Bay (labeled 'S').
This area appears very white in the image, indicating that it is well-drained.
A triangular-shaped area of ice adjacent to this area appears almost black in
the image and indicates an area of dark/poorly-drained and/or clear ice. North of
this area is an old ridge, R,, which appears to be a single ridge rather than a
system. 1

The ice between boudaries b, and b, and b, and b, is esentially the same as
previously described. The circu1ar ridae featare in ﬁarrison Bay (Ro) is
visible. The outline Ro approximately overlies the six-fathom bathymetric
contour of a high in the ocean floor. The smaller circular feature in the
center is apparently a hummock field; it appears white in the image. Another
hummock field extends to the west of the ridge feature.
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Scene 2898-05155 (8 July 1977)

This scene was obtained in the ascending mode of the spacecraft, i.e., when
the satellite was traveling from south to north. The image was obtained
at approximately 0515 hrs universal time, 8 July 1977, which is approximately
1915 hrs local time on 7 July 1977. The sun is at an azimuth of 296° with an
elevation of 14° compared with the descending mode image azimuth of 158° and elevation
of 40° for the same date.

The ice in this scene is basically unchanged from scene 2897-20493
(9 hours earlier). Two small sections of nearshore floating ice, labeled 'Y,
have moved shoreward. This is the only apparent change from 7 July (see description
of previous image 2897-20493).
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Scene 2899-21005 (9 July 1977)

The general character of the ice has not changed noticeably since the
7 July image (scene 2897-20493). However, the ice in Harrison Bay is breaking
up. The fracture patterns and leads have extended into the edge of the circular

ridge system that apparently encloses a hummock field grounded on a bathymetric
high.

203




154° 70° 152°

E-2-899-21005-7

L2 2 2P BEAUFORT SEA e

KILOMETERS

204



Scene 2901-21121 (11 July 1977)

Two distinct zones of stationary ice are visible in this image. The
first zone consists of relatively flat ice with Tight to moderate ridging
and piling (probably 10 to 50 percent of the surface is piled). This zone
extends from shore (or the edge of open water) to boundary b,. Areas of
very smooth ice are labeled 'S'. The remains of the large hummock field in
Harrison Bay is visible in the upper right corner of the image.

The second zone between boundaries b, and b, consists of mostly ridged
and piled ice (50 to 100 percent of the alea). geaward of boundary b2 the
pack ice appears unconsolidated.

The grounded stationary ice is in the process of breaking up. Large
fractures in the ice can be seen and are indicated by 'L'. Open water
is denoted by hachured areas.
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Scenes 2902-21173 (12 July 1977)
2902-21175

The nearshore stationary ice in the vicinity of Point Barrow is in the
process of breaking up. Large expanses of open water exist between shore and the
ice edge and between the relatively smooth ice and the piled ice (separated by
boundary b.). The zone of piled ice between boundaries b, and b2 is also
breaking ua. Just off Point Barrow the area labeled D 1is &ecayed and partially
consolidated nearshore ice.

The pack ice is partially consolidated with fossil remnants of large ridge
systems (floebergs) scattered throughout.

Hachured areas are open water.
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Scene 2903-21231 (13 July 1977)

Substantially more breakup of the nearshore ice has occurred since the
12 July images (scenes 2902-21173 and 2902-21175) were obtained. Much more
open water (W) is visible and the heavily ridgedzone between boundaries
b] and b2 is fractured in several areas.
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Scene 5816-20024 (13 July 1977)

The remaining nearshore ice is still relatively consolidated but is
steadily decreasing in extent. As the ice decays, it becomes increasingly
difficult to precisely locate the boundaries between the different
zones. Areas of the ridged zone, north of boundary 'b,', that are labeled 'L'
are not true leads but are parallel fractures in the ile indicating left
lateral motion of the ice in the area north of boundary b1 with respect to
the area south.

The hummocked area noted in earlier images north of Harrison Bay is all
that remains of the large circular ridge feature (labeled 'H' in this map).
There are a few small floes floating in the areas labeled open water (W).

Boundary b, is approximate; the edge of stationary ice is decaying such
that it appears“very similar to the unconsolidated pack ice.
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Scene 2818-20135 (15 July 1977)

The nearshore ice is very decayed in this scene of Harrison Bay.
Large sections have moved; the sheet of ice in western Harrison Bay has
moved towards shore as evidenced by the breakup of the old ridge labeled
'Ro'. The small sheet of smooth ice (S) has broken up. The possible remnants
labeled 'G'?, may or may not be grounded. These remnants appear to be unconsolidated
pieces of the original feature.

The nearshore ice has decayed to the point that the boundary between it
and the pack ice is very difficult to distinguish and is only lTocated approximately

(b).
The areas labeled 'W' are substantially free of floes. The area labeled 'Fw'
contains approximately 5% floes by area.
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Scenes 5821-20302 (18 July 1977)
5821-20305

This scene is pretty much self-explanatory. Boundary b is approximate.
The near-shore ice appears to grade almost indistinguishably into the uncon-
solidated pack ice. Both zones of near-shore ice are very decayed with the
'smoother' inshore zone appearing more decayed than the 'rough' outer zone.
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Scene 2914-20425 (24 July 1977)

The area between shore and b, is completely open water with no loose
floes visible. The area between B] and b, is open water with floes and floating
ice with concentrations from ~ 10%'to m90%. The ice north of boundary b, is
no longer stationary and is classed as pack ice (unconsolidated grading %o
decayed). However, some features spreviously in the statjonary ice are
still visible. Clouds partially obscure the pack ice.
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I. SUMMARY

The objectives of this project are to develop and test the procedures and
hardware required for in-situ measurement of the mechanical properties of sea
ice, and to conduct a program of such measurements. The properties of primary
interest are the strength, and elastic and viscoelastic constants in uniaxial
and biaxial compression, but the strength in shear and.tension has also been
considered. In addition, the results of the extensive series of laboratory
tests done by Peyton (1966) are also being reevaluated. The intention is to
compare the results of the Taboratory and in-situ tests in order to determine
the degree with which Taboratory results on small samples are representative
of those from larger samples in the field.

In the last annual report of this project, the derivation of a one-
dimensional, non-linear viscoelastic stress-strain law for sea ice was presented.
During the past year, this study has been extended to include a failure criterion,
so that the model now describes the behavior of some ideal material through
the elastic and viscoelastic ranges up to failure, but not including post-
yield behavior following ductile failure. The results of the law agree with
the results of the preliminary analysis of Peyton's data, and with first
results from the in-situ tests, but further analysis is required for verifi-
cation.

A field program is currently in progress in which it is intended to test
about 100 samples of ice with dimensions of 30 x 30 x 60 cm in uniaxial com-
pression. Tests are being conducted at constant Toad to examine creep and
creep-rupture behavior, and at constant loading rates to determine the strength.
The methods used and results to date are described in the summary of 4th
quarter activities below.

II.  INTRODUCTION

A. General Nature, Scope and Objectives

The problem of translating results from laboratory tests to field con-
ditions is well known in many branches of sicence, and forms an important
aspect of studies of the mechanical properties of sea ice. It is difficult in
the laboratory to simulate the effects of temperature and salinity gradients,
continuous variations in grain size and ice fabric, and the presence of in-
homogeneities on scales larger than laboratory samples. Further, mechanical
properties of the ice can change during the processes of removal from the ice
sheet, storage, and transport. Thus, a program is needed to determine the
mechanical properties of the ice using large, relatively undisturbed samples,
for comparison and verification of laboratory results.

The objective of this project is to develop the techniques, procedures
and equipment necessary to measure as many as possible of the mechanical
properties of the ice by in-situ methods; to utilize these procedures to conduct
a program to obtain the relevent measurements; and to compare these results
with published results of laboratory tests. In conjunction with these studies,
it has also been necessary to develop the required mathematical description of
the deformational properties of sea ice in order for the results of the experi-
mental program to be interpreted.
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B. Relevance to Problems of Petroleum Development

Any permanent or semi-permanent structure located off the Arctic Coast of
Alaska must contend with the hazard that sea ice presents to its stability.
The extent of this hazard depends on three basic parameters. First, the
strength of the structure itself, with respect to its ability to withstand
forces of a given magnitude. Second, the geometry of the interaction between
the structure and the surrounding ice, including the state of bonding between
the two and, finally, the strength of the ice, which determines the maximum
force that the ice can sustain in the mode of failure which the structure 1is
designed to induce. The first two of these parameters are determined largely
by the third, the strength of the ice, and it is to this problem that the
project is directed.

I1I. CURRENT STATE OF KNOWLEDGE

Weeks and Assur (1967) reviewed the state of knowledge regarding the
mechanical properties of sea ice, and that work has been made current by
Schwarz and Weeks (1977). The results of these reviews can be summarized by
noting that major uncertainties of the strength of sea ice exist with respect
to the effect of stress- or strain-rate, sample size, and loading direction
relative to the dominant crystal orientation for all failure modes. Further,
the effect of confining pressure has not been investigated, despite its importance
for may applied problems.

A more complete review of previous work on the creep of sea ice has been
reported in previous annual reports of this project.

IV.  STUDY AREA

As in past years, the field program is being conducted in the landfast ice
sheet at the Naval Arctic Research Laboratory at Barrow, Alaska.

V.  SOURCES, METHODS AND RATIONALE OF DATA COLLECTION

The testing program for the current year reflects the progress made in
the development of a mathematical description of the deformational properties
of sea ice described below. Based upon these results, the test program was
designed to provide data specifically for testing and refinement of the mode] .
Thus, only creep, creep-rupture and constant loading rate tests in uniaxial
compression are being conducted. It is anticipated that about 100 such tests
will be completed during the field season.

A1l of the tests are being run on samples in the top 30 cm of the ice
sheet, and all are oriented in the same direction with respect to the shoreline.
It is hoped that this will eliminate the effects of crystal size and orientation
as a variable in the test program. Future test programs will address this
point.

No attempt is made to control the temperature during these tests, so that
the test temperature is the naturally occurring temperature gradient at the
time the test is run. Temperatures at several depths over the top 30 cm of
the ice sheet are monitored continuously during the test program to provide
this information. In addition, samples are collected from which salinity
measurements are be made.




VI. RESULTS

A. Introduction

In the following sections, the mathematical model referred to above is
derived, and this represents the major contribution to the project during the
past year. In addition, a preliminary analysis of the results of the past
field season's experimental program has been completed, but these need to be
re-interpreted in terms of the model, and it has not yet been possible to do
this. Thus, these results will be reported at a later time. Finally, progress
has been made in preparing the data from the constant load rate tests done by
Peyton (1966) for additional study. This required reviewing the test series,
and selecting and plotting various test results. Several hundred tests were
selected to include series of tests on ice from the upper 30 cm of the ice
sheet at various temperatures and orientations of the sample relative to the
direction of Toading. In addition, an extensive series of tests on samples
from a depth of about 110 cm were also selected. These represent the most
complete series of tests which Peyton ran on any ice type, and includes a wide
range of temperatures and orientations.

B. Viscoelastic Model for the Stength of Sea Ice

1. Introduction

Sea ice is recognized to be viscoelastic material within the range of
parameters at which most tests are conducted, and within its environment in
nature. As such, its deformation characteristics are sensitive to the applied
deformation rates as well as to variables of the material, such as salinity,
grain size and fabric, and to the temperature. Natural events in which the
ice reaches the limits of its strength occur over time scales from seconds to
hours, so that the interaction of sea ice with fixed structures can be anticipated
to involve times within this range. In view of the dependence of strength on
deformation rates, this implies that for a stress-strain law for sea ice to
have application either to natural phenomena, such as the formation of pressure
ridges, or to engineering problems, it must be capable of describing the
deformation of the ice under a range of loading rates, as well as for short
term application of constant loads. Thus, for example, the entire creep curve
is of interest, rather than just the steady-state creep stage as is the case
for studies of the flow of ice in glaciers.

The approach adopted here treats the ice as a continuum, so that details
of structure and deformation mechanisms are not considered. Thus, it is not
the deformation of the ice which is being described by the law, but a mathematical
model which "deforms" in a manner similar to the real material over some range
of values of the experimental parameters which, in turn, is determined by
experiments. As a result, the applicability of the law depends on the degree
to which it conforms to experimental results and it is only in the most general
sense that analogies between physical processes occuring in the real material
and the behavior of the model can be drawn. There is an advantage to this
approach, however, in that the results are not dependent upon relatively
incomplete knowledge of the deformation mechanisms, but instead, depend upon
experimentally determined continuum parameters of the material.

225



The stress-strain law derived below is based upon the one-dimensional,
four-parameter spring-dashpot model which is well-known from the theory of
linear viscoelasticity. Tabata (1958) derived the parameters for such a model
from the results of a series of creep tests in uniaxial compression of core
samples of sea ice, and from in-situ bending of cantilever sea ice beams.

This suggested that a similar model would fit the creep curves obtained by
Peyton (1966), but as noted in the last annual report of this project, attempts
to do this gave unsatisfactory results. The reason for this is apparently that
Peyton's tests were run at stresses an order of magnitude greater than those

of Tabata, with a resulting magnification of the effects of the non-linear
properties of the ice. Accordingly, the four-parameter model was given non-
linear properties by specifying a non-linear stress-strain relationship for the
dashpots of the model. A similar approach for the case of a three-parameter
model is given in Krausz and Eyring (1975).

There is Tittle data available for sea ice upon which to base the choice
of a non-linear stress-strain relationship. However, attempts to fit both the
power law and the hyperbolic sine law to the Timited stress vs. steady-state
strain-rate data from Peyton (1966) indicated that the Tatter gave better

_agreement with the experimental results. Thus, the hyperbolic sine law was
adopted, with different material constants for each of the dashpots. The
resulting model is shown in Figure 1. Note, however, that the derivations and
calculations which follow could as easily be done for any suitable function.

The parameters of the model are taken here as constants, although their
values would reflect the temperature, salinity, fabric, and other variables
which determine the material properties of the sample. Thus, a different set
of the constants of the model would be required for each sample and test
temperature. However, the constants are considered to be independent of the
stress, strain and time.

For the purpose of presenting the model, numerical values of the constants
were required, and these were selected by averaging the values of the constants
as determined by fitting the creep curve [equation (9) below] to the results
of several of Peyton's (1966) experiments as described in the last annual
report. The samples and test conditions were djfferent for all examples used,
so that the calculated results should not be considered as representative
of any particular sample or test.

Spring-dashpot models provide a basis for examining the partition of
energy between their elements as deformation proceeds, and analogies can be
drawn from these to the behavior of the actual material. It should be emphasized
that no particular deformation mechanism is necessarily associated with each
element of the model. Instead, it is assumed that any model element represents
the total contribution of all of the mechanisms which deform according to the
law represented by that element. In that sense, it is reasonable to refer,
for example, to the stain energy stored in the spring of the Voigt model,
because it represents elastic strain recovered as a function of time upon
removal of load, without reference to the mechanism by which this is accomplished.

The four-parameter spring-dashpot model is the simplest model which
includes all the elements of a creep curve; the initial elastic response,
primary creep stage and secondary or steady-state creep stage. Thus, a curve
based upon such a model might bé expected to apply to any material for which
an experimental creep curve can be obtained over the range of parameters at
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which that material will creep. Note that this should be true for loading
modes other than uniaxial compression, such as bending, shear, or tension.
However, some adjustment of the constants would be required for different
loading geometries. A qualitative evaluation of some of the available
data on the deformation of sea ice in bending indicates that this should
be investigated further,

Given that some material deforms in creep in a manner such as described
by the four-parameter model it is of interest to inquire as to whether other
loading programs applied to the same model might also agree with experimental
results. In particular, for the case of sea ice, loading programs consisting
of constant stress-rates and constant strain rates have also been considered, and
with satisfactory results as demonstrated below. Previous applications of
this approach have been given be Krausz and Eyring (1975) and Stulen (1962).

Finally, it should be noted that taking the material parameters of the
model to be independent of stress, strain and time, prevents the model from
describing the behavior of the material past the peak stress in either a constant
stress—rate or constant strain-rate test, or in the stage of accelerating creep in
creep tests. It is argued below that these events occur in response to some
significant change in the state of the test specimen, such as the introduction
of cracks, or the initiation of recrystallization. In that case, the material
constants of the original model no Tonger apply, and the correspondence between
the calculated curves and experimental data fails. The point where this
occurs is taken to represent the stage of an experiment at which processes
leading to failure become dominant, and a means of predicting this point for
the model is indicated and compared to experimental data with satisfactory
results.

2. Stress-Strain Relationship of the Four-Parameter Model

The total strain in the model of Figure 1 is given as a function of time
by the equation

er(t) = cp(t) + e (1) + (1) ™)

where t is the time, £, (t) is the total strain and aE(t) is the strain in the
spring of the Maxwell model given by

eit) (2)
eg(t) =

en(t), the strain in the dashpot of the Maxwell model, is found from the
ihtegral of the equation

éD(t) = B sinh oo(t) (3)

in which the dot indicates the time derivative. Equilibrium requires that the
stresses in the elements of the Voigt model satisfy the relationship

U(t) = 0'}(t) + Uz(t) (4)



where a,(t) and o,(t) are the stresses across the dashpot and spring res-
pect1ve1 The s%rain—rate of the Voigt model is therefore

év_(t) = A sinh 60, (t) (5)

while the strain is given by

a,(t)
2
ey(t) = K,

(6)

Note that the partition of stress between these elements can always be calculated
because, as shown below, €,{(t) can be determined at any stage in the deformation.
Then, substituting (4) and (6) into (b) leads to

Ev(t) = A sinh ¢(o-k, ) (N

and introducing (2) and the integrals of (3) and (7) into (1) gives finally

t t
er(t) = 0‘((:3) + B f sinh so(t) dt' + A f sinh 4[o(t) - ky e,1 dt' (8)
0 4]

where the primes indicate dummy variables, and the limits on the integrals

imply the assumption that the material has no deformatonal history. Equation
(8) is the general form of the stress-strain law of the model and, in principal,
can be integrated for any given function of the stress.

3. Constant Stress

Two types of tests are conducted at constant stress; creep tests and
creep-rupture tests. The difference between the two is in the magnitude of
the applied stress. In creep tests the stress is kept sufficiently small that
steady-state creep is achieved, while creep-rupture tests are intended to lead
to failure. Note that the derivation assumes constant stress, rather than
constant load, so that the applied load is assumed to be adjusted to compensate
for changes in cross-sectional area of the specimen as the test proceeds.

For constant stress experiments, the stress can be written as




and o is the applied contant stress. For this case, the two integrals on the
right“side of the equation (8) can be evaluated, and, following rearrangement,
the strain-time relationship is found to be

ky + k o
_ Mtk . 2 -1 8% ~Apk,t
eT(t) = k1k2 o, *+ Bt sinh 80, ok tanh tanh e 271 (9)

Equation (9) describes a creep curve with an instantaneous response to the
applied stress given by the ratio o _/k,, the extensjon of the spring of the
Maxwell model. The steady state stfain-rate is the time derivative of the
second term, the strain in the dashpot of the Maxwell model. The remaining
terms describe the deformation of the Voigt model which largely defines the
primary creep segment of the curve. Note that the value of this component of
the total strain is asymptotic to the quantity oc/k2 for large values of t.

Sample creep curves are shown in Figure 2, and partition of the strain in
the elements of the model is given in Figures 3 and 4 for a "high" and a "low"
stress test.

4, Constant Stress-Rate

For constant stress-rate tests, the stress as a function of time is given
by

a(t) = ot

where o is the stress increment applied per unit of time. Substituting this
expression into (4) and using (5) and (6) to find oz(t) in terms of o](t) then
gives

t
Tt = o) + Ak f sinh g, (t) dt!
0

Differentiating with respect to time and separating variables then leads to
the equation
dy(t)

do! (t)
1 = Ak dt" (10)
C-sinh ¢0](t) A

2

0
where the ﬂ%imes indicate dummy variables and the constant C has been substituted
for 0/Ak2. Then, introducing the substitution

z=C - sinh ¢y (t)

and performing the integration on the right side of (10) gives
C-sinh 40, (t)
1 dz
- - = Ak,t
2(2° - 207 + ¢% + 1)1/2 2
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Taking note of the values of the coefficients in the denominator, the left
side of this equation can be integrated (Dwight, 1947, #380.111) and rearranged
to

1 _..-11]Csinh (Ot + E)-1

oq(t) = 3 sinh [c + sinh (Dt ¥ E)} an
in which

and

— cinp=1 1
E = sinh C

The stress-strain equation for the Voigt model can then be found from (4), (5)

and (11), and combined with those for the elements of the Maxwell model given

by (2) and the integral of (3), to give the complete stress-strain relationship

of the model for constant stress-rates as

ky * kg B
et) = T o(t) + — [cosh eo(t)-1]
1%2 =
Csinh[nc’—@ + E] -1
L p 1
g s ~3TE) i
9Ky ¢ + sinh [P + E]

Sample curves are given in FigurQJS. Note the variation in the initial
slope with changes in the stress-rate, and the rapid increase in strain at
high stresses. These characteristics of the curves can be explained by examining
the response of the individual elements of the model to the applied stress.
This is shown in Figures 6 and 7, which are plots of the stress-strain curve
for each model element, for the stress vs. total elastic strain (total strain
less the strain in the dashpot of the Maxwell element) and, for the stress vs.
total strain resulting from a test at a "high" stress rate and a second test
at a "low" stress rate.

The latter two figures show that the initial response to the applied
stress is controlled by the spring of Maxwell model, which corresponds to the
true modulus of elasticity. For the model parameters chosen here, the strain
in the Voigt element is then responsibie for the initial non-linear portion of
the curve, with the dashpot of the Maxwell model contributing to the rapid
increase in strain with stress at the higher stress levels. Note that the
range of stresses over which a valid measurement of Young's Modulus can be
made is indicated by the range over which the curves of strain in the spring
of the Maxwell model and of total elastic strain coincide in Figures 6 and /.
This range clearly increases with increasing stress rate, while the curves of
individual tests at high rates also tend to coincide (Figure 5).
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. An obvious question exists with respect to the segmented nature of the
stress-strain curves at higher stress rates. That is, whether in fact this
effect is characteristic of any material (sea ice in this case), or merely a
property of the model representation. FExamination of Peyton's (1966) data
clearly shows that these features do occur in many cases, and that numerous
other curves in the data, because they consist of few data points, could be
interpreted in that way. However, there are a significant number of curves
which are smooth, and admit no possibility of the interpretation described
above. The problem may be resolved when the examination of Peyton's data is
complete. However, for the present, it is reasonable to conclude that experiments
on some ice types, within some range of stress rates and temperatures do
indeed produce stress-strain curves such as described by the model.

5. Constant Strain Rate
For a constant strain rate £ applied to the model, the strain at time t
is
t
a,(t)
et = i + °i(<t) + Bf sinh oo(t)dt' (12)
2 ]
0
while the strain rate is
€ = A sinh ¢>o](t) + Q_é_Q + B sinh go(t) (13)
1

Solving (13) for o](t) and (12) for cz(t) and substituting into (4) then gives

oft) = Iosim? £y k,f (14)
, ATk
where
t
f=zt-otl. g f sinh 6o(t)dt'
1
0

These equations have been integrated numerically, and the solution curves are
given in Figure 8. In addition, the partition of strain between the model
elements for "high" and "Tow" strain-rate tests are shown in Figures 9 and 10.

In contrast to the constant stress-rate tests, the constant strain-rate
tests reach a steady state when the strain-rate in the dashpot of the Maxwell
element reaches the applied strain-rate. At that time, the elastic elements
of the model are no Tonger active. In actual experiments at sufficiently high
strain rates, failure occurs before steady-steady is reached. This point is
discussed further below.
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The curves of Figure 8 also indicate the variation of the elastic modulus
with strain-rate, as was described above for the constant stress-rate tests.
As above, the reasons are apparent from consideration of the strain of the
individual elements of the model shown in Figures 9 and 10.

Finally, note that the comments above regarding the occurrance of segmentation
of the stress-strain curves for the constant stress-rate tests also apply to
the curves of Figure 8.

6. Failure

The parameters of the model have been assumed to be independent of the
test variables, stress, strain and time. Thus, the calculated stress-strain
and strain-time curves could be extended indefinitely, with respect to these
variables without the appearance of the discontinuities or inflection points
which would result from failure of the sample in actual experiments. Introduction
of a damage function into the model parameters could avercome this Timitation.
However, at present it appears to be more useful to estdblish a failure criterion
based upon the deformation of the model, with the recognition that this represents
the 1imit of the range of the variables over which the model is expected to
describe experimental results. Then, given a failure criterion for the model,
relationships between the strength and the stress-rate, strain-rate, time to
failure in creep-rupture tests, etc., can be calculated and compared with
experimental data. As shown below, the results of such a comparison are in
good agreement.

In real materials, failure is a process rather than an event, in the
sense that a critical stress at which failure occurs is not reached throughout
the entire test specimen at the same instant. Instead, the sample breaks down
over a finite time interval as the stress is redistributed after each successive
failure of a relatively small volume within which the critical stress has been
reached. This breakdown is accompanied by a change in the material constants,
such as the decrease in Young's modulus with increase in the number and length
of cracks in a sample. As a result, as failure is approached in any test, at
some time the stress-strain curve deviates from its projected path. The
accuracy of determination of the point at which this occurs depends upon the
instrumentation, and probably on the nature of The operative failure process.
The important point is that experimental curves do exhibit this property, and
this, in turn, results from a change in the values of the material constants
as failure is approached.

To illustrate this, consider the strain-time curve of a creep-rupture
test. Following application of the load and the initial elastic response, the
curve progresses into the primary creep stage, with an accompanying continuous
decrease in strain-rate. In a creep test, the strain-rate continues to decrease
until steady-state creep is reached. However, in a creep-rupture test, the
strain-rate reaches a minimum value at the time at which the inflection point,
which marks the initiation of tertiary creep, appears on the strain-time
curve. Subsequently, the strain increases with an accelerating rate until]
rupture occurs. Note that once the inflection point has been reached, rupture
must eventually follow unless the stress is removed. Thus, the iinflection
point can be considered as indicating the initiation of processes leading to
failure, with an accompanying change in the response of the sample to the
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applied load. This, in turn, implies a change in the parameters which define
the material properties of the sample because, without such a change, the
inflection point would simply not appear on the curve. For creep-rupture
tests, the fact that only the strain varies as a function of time simplifies
the problem of identifying the point where this change occurs.

Thus, there are two "critical” points on curves of experiments which are
taken to failure. The first is that point at which the failure process becomes
the dominant mechanism of deformation, and is indicated by the deviation from
the projected curve described above. The second is the actual point of failure
at which the sample carries its maximum load in one of the rate tests, or at
which rupture occurs in a creep-rupture test. The distance along the curve
between these points then represents the breakdown of the sample, and its
duration probably depends upon the failure mechanism and the loading parameters.

As noted, the model includes no provision for varying the mechanical
properties with the variables of the test. Thus, any failure criterion adopted
for the model can only depict the first of the critical points, the point at
which the experimental curve deviates from its expected behavior.

Note that this point does not coincide with the engineering yield strength
as presently defined (ASTM Standard E8-69). That is, the stress at some
specified value of the permanent strain (usually taken as 0.2%). As shown
below, for some tests, this value of the permanent strain, represented by the
strain in the dashpot of the Maxwell model, can be exceeded before failure (in
the sense of the model) occurs,

Peyton's (1966) data provides a basis for selecting a reasonable failure
criterion for the model in the results of approximately 40 creep-rupture
experiments on sea ice samples of a variety of fabrics, orientations and grain
sizes, which were tested at several temperatures between -6°C and -21°C and at
stresses from .21 MPa (30 psi) to 2.8 MPa (400 psi). For all of these tests,
thg3strains at_Ehe points of minimum strain-rate ranged approximately from 5 x
10 © to 2 x 10 “. This was considered to be sufficiently narrow to imply a
relationship with the strain, probably through the strain energy. Accordingly,
a strain energy criterion of failure was assumed to apply to the model, and
the implications and comparison of the results with available data are described
below.

The approach through which this is accomplished is taken from Reiner
(1960) in which the von Mises yield criterion was applied to a 3-parameter
model of a linear viscoelastic substance. The extension to the 4-parameter,
non-linear model considered here follows directly. Noting that the work done
in deforming the dashpots of the model is assumed to be dissipated through
internal friction, it is postulated that failure (in the sense described
above) occurs at some critical value of that part of the distortional stress-
work which is conserved as elastic strain enpergy in the springs of the model.
This critical value is identified with the resiliance, "R", the work (per unit
volume) required to deform an elastic body to its elastic limit.
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Assuming the model to be elastically isotropic, for a uniaxial load
o*(t), the second invariant of the stress deviator becomes simply

Iy = % [+

W

so that the distortional strain energy is

1 srn? 1
My = g [o*(1)]" =75 5

where G is the shear modulus. This can be written as

Hy = L52E [en()] = a £ [ex(0))

where Vv is Poisson's ratio and E is Young's modulus. Finally, following
Reiner, the distortional strain energy of the model is simply the sum of the
the strain energies stored in the two springs and failure occurs when this
reaches, the value R. That is, when

R =ty = a{ ky L)1 + K, [ey ()17 (15)

An immediate consequence of the assumption that failure of the model is
dependent upon the resiliancy is that both upper and lower limits of stress
can be established between which the strength of the model must fall, for any
loading program in which the maximum stress is reached in a finite length of
time (instantaneously applied stresses which are greater that the upper strength
limit will, according to the model, cause instantaneous failure). This can be
demonstrated by rewriting equation (15) in terms of the stresses and rearranging
to give the equation of an eliipse in g-0, space,

02 02
2
+ 5 =]
by b
in which
Rk Rk

- 1 _ 2
by = > b =5

and the stresses are those defined in equations (2) and (6). Equilibrium
across the model [equation (4)] requires that ¢ > o,, so that the possible
combinations of ¢ and o, at failure must fall on—thg curve shown in Figure 11.
The value of ¢ in any sach pair then represents the strength of the model.
Note that the assumption that k, > k, was used in preparing Figure 11, but, as
shown below, the same conc]usio& woutd hold for k2 > k., in which case the
long axis of the ellipse would be parallel to the 0y —;xis.
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From Figure 11, the upper limit of the strength, 0, occurs at 0, = 0
(and £y = 0) which, from equation (15) gives

k, R} 172
9, = ( 1 )

a

This corresponds to an experiment in which the load is applied instantaneously
so that no strain occurs in the Voigt model and all of the elastic strain
energy required for failure is developed in the spring of the Maxwell model.
Thus, o represents the maximum stress that the model can sustain for Toading
over a finite time interval, but the minimum stress which will result in
instantaneous failure.

The lower 1imit of the strength, 0y, occurs when g = o, and, from equation
(15) is given by

Rk] k2 1/2

g _
b =131 FE,T

Any Tloading program applied to the model which does not include a value of the
stress at least equal to o, will not lead to failure, irrespective of the time
interval over which the stless 1s maintained. Thus O represents the "fundamental
strength' of the model.

Finally, dividing equation (17) by (18) gives

o k.l 1/2
— ] 4
oy k2

which shows the dependence of the ratio of the strength 1imits on the ratio of
the spring constants. Note also that o, % for any k] > 0, irrespective
of the value of k2, as was stated above.

The application of equation (15) to the molel was accomplished by assuming
some value of the strain of the spring of the Maxwell mode] required to cause,
failure for a load applied instantaneously. This was taken as €. = 2.5 x 10 °.
Then, assigning a value of a = .4 (corresponding to v approximatgly .3)

a value of "R" was calculated and used to define the failure of the model in a
series of "experiments" calculated for the three tests described above. For
each constant stress-rate calculation the stress, strain, strain-rate and test
duration were determined, while for the case of constant strain-rate, the
stress, strain, stress-rate and test duration were calculated. Finally, for
Creep-rupture tests, the strain, strain-rate and time to minimum strain-rate
were determined.

The results of these calculations are presented in Figures 12 through 15,
where the values of the parameters plotted are those at the instant of failure
in the sense of the model. That is, at the point where equation (15) is
satisfied. Note that the heavy lines in the plots indicate the fact that the
resulting curves are so close together that they are within the range of
values covered by the line width. This correspondence can be demonstrated to
be the result of the assumption that failure occurs at a critical value of the
resiliance.




The value of o, for the model parameters chosen is indicated on Figure
12, and the curve thended to lower stresses and strain rates using equation
(3), the stress-strain rate relationship for steady-state cCreep. This step
follows the suggestion of Hawkes and Mellor (1972) who demonstrated a similar
continuity based upon creep tests and constant strain-rate tests on poly~
crystalline fresh ice. Note that the same curve has been extended to higher
stresses to indicate the nature of the transition to failure.

The total strain at failure for the three types of experiments is shown
in Figure 14. Note that the value of the strain is a minimum at the stress
required to cause instantanteous failure, and increases without bound as the
Tower 1imit of the strength, o_, is approached. The latter feature is due to
the increase in the time to failure at the lower stresses as shown in Figure
13, which permits the strain in the dashpot of the Maxwell model to become
large relative to the elastic strain. The point is illustrated by comparing
the curve of strength vs. total strain with the curve of strength vs. elastic
strain as indicated by the dashed line in Figure 14. It is also clear from
this figure, that the engineering yield strength defined above, can be exceeded
before eqution (15) is satisfied.

The strength vs. time to failure curves of the three experiments are
shown in Figure 13, and these are clearly dispersed more than those of Figures
12, 14 and 15. Note that the three curves are asymptotic to both ¢ and o,
with curvature at pge high stresses not apparent until the time to ?ai]ure is
in the range of 10 © minutes or less, corresponding to about 90% of o .
Similarly, the curvature at the lower stresses developes at stresses no more
that about 10% greater than o,. Between these values, the curves are essentially
linear on the semi*]ogarithmie plots used here.

VII. DISCUSSION

As described in the introduction, the model represents the deformation
and failure of some ideal material, so that its utility depends upon the
degree to which it can be used to predict the behavior of real materials under
various loading conditions. In this section, the results of the model calculations
are qualitatively compared with experimental results for both fresh and sea
jce. These will show that the model does provide a framework which describes
many of the observed features of experimental results for uniaxial compression
tests. The fact that so many of these are included in the model indicates
that it may indeed be a useful tool for analysis of such tests.

A. Initial Tangent Modulus (Younda's Modulus)

Hawkes and Mellor (1972) note that reported values of Young's modulus for
static tests on fresh ice are generally lower than those for dynamic tests,
except at very low temperatures or high loading rates. Under the latter
conditions, the modulus approaches that for dynamic tests. Results obtained
from Peyton's (1966) experimental data and by Vaudrey (1977) on sea ice also
indicate an increase of Young's modulus for increasing loading rates.

The stress-strain curves for constant stress-rate and constant strain-
rate shown in Figures 5 and 8, include this effect. In addition, they tend to
converge to give the modulus of the spring of the Maxwell model at high rates
of loading. Note that a dynamic measurement of Young's modulus on the mode]
would also measure the modulus of this spring. Thus, the model is consistent
with experimental results regarding this parameter.
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B.  Fundamental Strength

The fundamental strength of the model is consistent with observations of
the transition from creep to creep-rupture behavior in constant stress tests and
from steady-state creep to failure in constant strain-rate tests. Gold (1970)
described a threshhold stress for constant stress tests below which steady-
state creep was achieved, while above it creep-rupture always occurred.
Similarly, Dillon and Andersland (1967) described constant strain-rate tests
in which steady-state stress was reached for applied strain-rates below some
threshhold value, while failure occurred for higher rates. The model displays
both these effects through the jdea of fundamental strength, as described
above.

C. Strain at Failure

Figure 14 shows that the range of total strain at failure is relatively
narrow except at low strengths corresponding to tests at very low loading
rates. This is consistent with the experimental results of Hawkes and Mellor
(1972) and Peyton (1966). 1In addition, the former authors note unreported
work by Halbrook which showed that the strain at minimum strain-rate for
Creep-rupture tests tends to be similar to the strain at failure in constant
strain-rate tests. This observation is described by the calculations plotted
in Figure 14.

D.  Load Rate and Time Dependency of Failure Strenath

The curves in Figures 12, 13 and 15 show the dependency of the strength
on the rate of loading and the time to failure. These are clearly related for
the cases of constant load-rate and constant strain-rate tests, and, as noted
above, the relationship with the creep-rupture tests can also be explained in
terms of the behavior of the model. Curves which are gualitatively similar to
those of the above figures have been experimentally determined by Peyton
(1966) for sea ice in constant stress-rate tests, by Gold (1967) for fresh ice
at constant stress, and by Hawkes and Mellor (1972) for fresh ice at constant
strain-rate.

Hawkes and Mellor (1972), noted that the strength of the ice tended to
become assymptotic to some value at high strain rates. However, other investi-
gatorsﬂgave found a peak in the strength-strain-rate curve at a rate of about
1 x 10 © (Scharz and Weeks, 1977, Vaudrey, 1977), beyond which the strength
falls with increasing strain-rate, the peak is identified with the brittle-
ductile transition. Hawkes and Mellor (1972) attribute this instead to the
experimental procedures, and find no such decrease. Experimental results from
the in-situ tests run under this program are as yet inconclusive (see next
section). However, even if real, the effect is not included in the model
behavior as yet, so that at present, the model should not be extended beyond
the range of ductile failure.

VIII. CONCLUSION

Conclusions regarding the applicability of the model must be taken as
preliminary until quantitative evaluations can be conducted. An appropriate
data set is being acquired during the present field program (see next section),
and the continuing study of Peyton's (1966) experimental results will provida
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additional data for this purpose. However, the results to date must be regarded
as encouraging. The model provides a framework within which many previously
unrelated experimental observations are shown to be consistent with a single,
relatively simple, mathematical structure. As such, it provides a conceptual
framework for the interpretation of appropriate experimental data. In fact,
preliminary work suggests that this may extend to the cases of bending tests

and biaxial Toading as well.

IX.  SUMMARY OF 4TH QUARTER OPERATIONS

A.  Field Activities

The field program was begun as scheduled and will continue until early
May. It is anticipated that about 120 tests will be conducted during this
time. These will be a mixture of creep, creep-rupture and constant stress-
rate tests designed to provide data to test the model described above.

The field party consists of Mr. Ronald Metzner (Geo. Inst., U. of Alaska),
who is responsible for the operation of the program, and Mr. Rod March (Geo.
Inst., U. of Alaska), as assistant. Dr. E. R. Hoskins (Texas A & M Univ.) was
also at the site during most of the month of March to evaluate the design of
the experiments and provide guidance and assistance with all aspects of the
program. In additon, expeditors from NARL have been used when available to
assist in the preparation of test samples. Finally, the Principal Investigator
has visited the site periodically to maintain overall supervision of the
project.

B. Methods

As noted above, all tests planned for this field season are to be run in
uniaxial compression. Test specimens are set up by cutting blocks 36 x 36 X
60 cm from the ice sheet. The bottom of the block is then squared to a thickness
of 30 cm, and the hole filled with water to that depth and allowed to freeze
back. When frozen, a double layer of plastic sheeting is laid in the bottom
ot the hole, the block replaced, with a 30 x 30 cm flatjack at each end, and
water poured into the remaining spaces to freeze the block and flatjacks into
the ice sheet. Two aluminum rods are then frozen into the block on the center
line 20 cm from each flatjack. These extend down into the block for up to 20
cm, with about the same length of rod projecting out of the block. The speciien
is then allowed to remain in place for several days, so that it can return to
thermal equilibrium with the surrounding ice sheet.

Just prior to testing, the block is cut Toose from the ice sheet by chain
saw cuts at least 30 cm deep, which connect holes drilled at the ends of each
flatjack. The purpose of the holes is to reduce the stress concentration at
the tips of the flatjacks and prevent cracks from propagating through the ice
to other test specimens. When the cuts are completed, the block is left as a
30 x 30 x 60 cm prism, with a flatjack on each end, and free surfaces on three
sides. The only stress on the block prior to loading is that transmitted
across the base by the weight of the block. The double layer of plastic
sheeting at the base of the block provides an unbonded surface which will not
transmit a shear stress across the boundary.
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Each block is instrumented with two linear potentiometers placed on the
pegs, at heights of about 2 and 20 cm above the ice surface, to measure the
change in distance between the pegs as the test proceeds. Two measurements
are required in order to correct for rotation of the pegs due to bending at
the surface of the block. Finally, a pressure transducer is installed on one
of the flatjacks, and the two flatjacks are connected by hoses to a bottle of
nitrogen gas.

The specimen is loaded by feeding gas to the flatjacks through a pressure
regulator. The rate of loading is controlled by hand for constant load rate
tests, or by instantaneous release of gas through a ball valve for creep and
creep-rupture tests. The output is recorded either on a strip chart, oscilloscope
or a Vishay Model 220 strain recording system, depending upon the type of test
being run, the rate, and the type of data required.

Flatjack pressure is recorded directly from the pressure transducer. The
strain, as noted, is calculated from the output of the two linear potentiometers.
In addition, on some tests a strain extensometer is also frozen directly to
the surface of the block, and foil strain gauges are embedded in the
block. These provide a check on the accuracy of the measurements.

Several test specimens have also been installed with plastic sheeting
wrapped around the flatjacks to reduce the bonding between the specimen and
the flatjack. The obvious purpose is to examine the effect of such bonding on
the measured strength.

Ice temperatures at 5 depths between the surface and 35 cm are recorded
continuously and provide the temprature profile of the ice during each test.
Samples for salinity measurements are collected from each block immediately
after testing.

C. Results

To date, about 70 samples have been set up, and approximately 50 experiments
have been run. No strain data was acquired during the first 30 of these tests
because of problems with the instrumentation. These have been corrected, and
strain data are now being taken.

A short series of creep-rupture and constant stress-rate tests was conducted
early in the program to provide some indication as to whether the model described
above would give reasonable results, and to check the reproducibility of the
test data. This was done by first running a constant stress-rate test to
failure and noting the time to failure and the strength. Then, a creep-rupture
test was immediately run on another sample at the failure strength measured in
the constant stress-rate test. The model predicts that the time to failure of
these two tests at the same failure stress should differ by about a factor of
ten, with the creep-rupture test failing in the shorter time period. This was
verified by the test results, and subsequent tests of this type have continued
to give this result.
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A series of about 25 tests were also run at constant stress-rates ranging .
from approximately 31 kPa/min (4.5 psi/min) to 3.3 GPa/min (485,000 psi/min)
to establish the curve of strength vs. stress-rate. The data are shown in
Figure 16. Note that these are preliminary results, and are uncorrected for
known timing errors which could change the higher stress rates by as much as
10%. Also, the tests were run at temperature differences of as much as 5°C
and the effects of this variation have not been evaluated. However, the
scatter of data points clearly shows the expected shape of the curve of Figure
15. -

From Figure 16, there is an indication that the measured strengths are
decreasing for tests at high rates. Further, examination of several test
specimens after failure indicates that the mechanism of failure is different
for high stress-rate tests. For low stress-rate tests, the blocks fail by the
propagation of numerous cracks in the horizontal plane, and these are distributed
throughout each specimen. At high rates, a single vertical crack formed at an angle
of about 30° to the horizontal principal stress direction and horizontal
cracks were entirely absent. At intermediate stress-rates, both cracks were
present, with indication that the vertical crack had formed prior to at least
some of the horizontal cracks. Thus, a transition in failure mechanism is
indicated, and the subject requires further study.

Finally, the peak stress-rate reached may represent the limit possible
with the available equipment. This rate was achieved by loading directly from
a gas bottle at a pressure of 13.8 MPa (2000 psi) through a short hose. The
gas was released by a ball valve, so that the limit on the loading rate is
determined by the rate at which the gas can flow through the inlet nipple on
the flatjack. This therefore, determines the upper 1imit on the Tloading rate
which can be achieved.

D. Problems Encountered

None

E. Estimate of Funds Expended

$35,000

F. Milestone Chart

No modification is required from the original proposal.
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FIGURE CAPTIONS

Four-parameter model of a viscoelastic solid showing definitions
of the constants and form of the non-linear stress-strain
relationship for the dashpots.

Strain-time curves calculated for constant stress case.

Strain-time curves for constant stress of 2.07 MPa (300 psi)
showing the partition of strain between elements of the model.
er = the total strain, ¢, = elastic strain (sum of the strain
iI the spring of the Max&e]] model and the Voigt model,

€y = strain in the Voigt model, &, = strain in the dashpot of
txe Maxwell model, and e = straiR in the spring of the Maxwell
mode]l.

Strain-time curves for constant stress of .69 MPa (100 psi)
showing partition of strain between model elements. Symbols
are the same as in Figure 3.

Stress-strain curves calculated for constant stress-rate tests
as indicated.

Stress-strain curves showing partition of strain between model
elements for a constant stress-rate test at 6.9 MPa/min (1000
psi/min). Symbols as defined in Figure 3.

Stress-strain curves showing partition of strain between model
elements for a constant stress-rate test at 69 kPa/min (10 psi/min).
Symbols as defined in Figure 3.

Stress-strain curves calculated for constant strain-rate tests
as indicated.

Stress-strain curves showing partition of strain between model
e]emengg for a constant strain-rate test at a strain-rate of
T x 10 °. Symbols as defined in Figure 3.

Stress-strain curves showing partition of strain between model
elemen;g for a constant strain-rate test at a strain rate of
1 x 10 ©. Symbols as defined in Figure 3.

Yield curve of the four-parameter model in o - o, space.

Strength vs. strain-rate curve for constant stress, constant
stress-rate and constant strain-rate calculations. A1l three
curves fall within the range covered by the heavy line. Thin,
solid line represents the stress vs. steady state strain-rate
for g < g,. The extension of this curve above o, is indicated
by the daghed Tine. See text for further descriBtion.

Strength vs. time to failure for constant stress (0.), constant
stress-rate (o) and constant strain-rate (g) calculfitions.
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Figure 14,

Figure 15.

Figure 16.

Strength vs. strain at failure for constant stress, constant
stress-rate and constant strain-rate calculations. A1l three
curves fall within the range of the heavy 1ines. Solid line
indicates the total strain at failure, and the dashed line is
the elastic strain (av + eE) only.

Strength vs. stress-rate for constant stress-rate (g) and
constant strain-rate (&) calculations. Heavy line shows the
range over which both curves approximately coincide. See
text for discussion.

Strength vs. loading rate for in-situ tests conducted in
March, 1978. Compare with Figure 15.

243




e

 Voigt Model, , Maxwell Model
I I

Kk

/ V'V V | k
§; l
J— 1 —AN— o
7
Z \
/ ] - -5 sinh O

€,= B sinh o (1)

&,=Asinh poy(t)

Figure 1.




150

e

0:=1.38 MPgq

O =.69 MPg

() | l | l ] 1 | !
O 50 100

TIME (Min)

Figure 2.




——
" ——
—

——

""""
-~
.

1x10°

IxIO
STRAIN

-5

80

70

60F
S0

(UIN

= 40}

JNI

= 30

20
10}

Ix10

Figure 3.

246




Mo}

Ix10

Figure 4.

247




8y

STRESS (MPa)

6.0

5.0

40

3.0

20

0.0k
O

6_
5_
C—):

5_

J =69 kPa/min

O =.69 kPa/min

o

690 MPa/min__|

mm—————]

6.9 MPa/min

690 MPa/min

69.0 kPa/min |

]
IOO4
STRAIN (x107)

Figure 5.

1000

800

200




<1000

4 800

1
o)
@
O

I
O
o
STRESS (psi)

-1 200

1x10° 1x10° Ix10? ix 10"
STRAIN

Figure 6.




800

(1sd) SS3YLS
O O

<1000

@) @
(¢ <
T T

4 200

xIO

Ix10"

leO45

STRAIN

Figure 7.




€ =1x 10 /sec —
. 1 800
€ =1x10 7/sec —

€ =1x10¥sec —

€ =1x10%sec —

—5
= "/ —_—
€ =|xI0 SecC

€ =1x10%sec—

)

'€'=Ix|O7sec——_

I | | |

| 100
STRAIN (x10%)

Figure 8.




11000

6.0t
4 800
50F
41 6007%
=
. )
o ¥p]
) &
- 400
P
4 200
O 1 I | O
1x10° 1x10° 1x10"
STRAIN

Figure 9.




€s¢

1000

1 800

-+ 200

STRAIN

Figure 10.




Figure 11.

N

254




8

STRESS (psi)

—
o
o
£
(5]
vy
LJ
4
[
L

8

led‘ !nlO""
STRAIN RATE [(mia)

Figure 12.




96T

40r

STRESS (MPa)

[l L 1

500

400

300

R - < O
G 1216° 1x10 1210

TIME {min)

Figure 13.

h(IO3 110

STRESS (pst)




(1sd) $S3Y1S
O

(@) O @ @) ®)
O O @) O
3 Yo < M « o
| T =T 1 T T
U.D
_ \\\.lllll..l..l
NWu
L i | l
O Q Q Q
< P (q\] -

(OdN) SS3YLS

257

[xIO

Ix10

STRAIN

Fiaure 14,




84¢C

- Stress-Rate (kPa/min)

l 10 100 1000 10000
4-1 k) i 1 1
{500
3
{400
S
o
= | .
= Lé—
S & 1300
&
1200
[F
{100
o | 0 100 1000 10,000

Stress-Rate (psi/min)

Figure 15.

Strength (psi)




Loading Rate {kPa/min)
1,000,000

3

T

66¢
H
3

I

!

Flatjack Pressure at Failure (MPa)

Loading Rate (psi/min)

Figure 16.

\J
o
(&)

600
500

300
200

Flatjack Pressure at Failure (psi)

o
© 5
Q




ANNUAL REPORT

Contract # 03-5-022-55
Research Unit #267
Reporting Period:
April 1, 1977
to March 31, 1978
Number of pages: 30

OPERATION OF AN ALASKAN FACILITY
FOR APPLICATIONS OF REMOTE-SENSING DATA TO 0CS STUDIES

Albert E. Belon
Geophysical Institute
University of Alaska

April 1, 1978

260




TABLE OF CONTENTS

I SUMMARY OF OBJECTIVES

I  INTRODUCTION

A.
B.
C.

General Nature and Scope of Study
Specific Objectives

Relevance to Problems of Petroleum Development

IIT  CURRENT STATE OF KNOWLEDGE

IV STUDY AREA

V. SOURCES, METHODS AND RATIONALE OF DATA COLLECTION

A.

Remote-Sensing Data Acquired for the 0CS Program

Landsat data

NOAA satellite data

USGS/0CS aircraft data

NASA aircraft data

NOS aircraft data

Army aircraft data

Preparation and distribution of
remote-sensing data catalogs

N LN —~

Remote-Sensing Data Processing Facilities and Techniques

Consultation and Assistance to 0CS Investigators
1. General Assistance
2. Individual Assistance

VI  RESULTS

A.
B.

VII & VIII

Establishment of a Remote-Sensing Facility for 0CS Studies

Disciplinary Results of the Applications of Remote-Sensing
Data to OCS Studies

DISCUSSION AND CONCLUSIONS

IX  SUMMARY OF FOURTH QUARTER OPERATIONS

A.

Laboratory Activities During the Reporting Period

1. Operation of the remote-sensing data library

2. Operation of data processing facilities

3. Development of data analysis and interpretation
techniques

4. Consultation and assistance to 0CS investigators

Problems Encountered/Recommended Changes

Estimates of Funds Expended

261



OPERATION OF AN ALASKAN FACILITY
FOR APPLICATIONS OF REMOTE-SENSING DATA TO OCS STUDIES
1977/78 Annual Report
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Research Unit: # 267

Reporting Period: April 1, 1977 - March 31, 1978

I - SUMMARY OF OBJECTIVES

The primary objective of the project is to assemble available
remote-sensing data of the Alaskan outer continental shelf and to assist
0CS investigators in the analysis and interpretation of these data to
provide a comprehensive assessment of the development and decay of fast
ice, coastal geomorphology and ecology, sediment plumes and offshore
suspended sediment patterns along the Alaskan coast from Yakutat to
Demarcation Bay.

Four complementary approaches are used to achieve this objective.
They are: 1) the operation of a remote-sensing data library which
acquires, catalogs and disseminates satellite and aircraft remote-
sensing data; 2) the operation and maintenance of remote-sensing data
processing facilities; 3) the development of photographic and computer
techniques for processing remote sensing data; and 4) consultation and
assistance to OCS investigators in data processing and interpretation.

Thus, the project has primarily a support role for other 0CS projects,
and in itself does not usually generate disciplinary conclusions and
implications with respect to OCS oil and gas development. Such results
will be generated by the various disciplinary OCS projects, most of
which are users of remote-sensing data and services provided by our
project. At this time at least two dozen OCS projects are utilizing
remote-sensing data routinely, six of them (RU #88, 99, 248, 249, 257,
289A) almost exclusively. In addition, the availability of near-real-
time remote-sensing data (NOAA satellite) and delayed repetitive data
(Landsat and aircraft) provides a continuous monitoring of environmental
conditions along the Alaskan continental shelf for research and logistic
support of the OCSEAP Program.

IT - INTRODUCTION

A. General Nature and Scope of Study

The outer continental shelf of Alaska is so vast and so varied that
conventional techniques, by themselves, are unlikely to provide the
detailed and comprehensive assessment of its environmental characteristics
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which is required before the development of its resources is allowed to
proceed during the next few years. The utilization of remote-sensing
technigues, in conjunction with conventional techniques, provides a
solution to this dilemma for many disciplinary investigations. Basically
the approach involves the combined analysis of ground-based (or sea-
based), aircraft and satellite data by a technique known as multistaqe
sampling. In this technique, detailed data acquired over relatively
small areas by ground surveys or sea cruises are correlated with aerial
and space photographs of the same areas. Then the satellite data, which
extend over a much larger area and provide repetitive coverage, are used
to extrapolate and update the results of the three-way correlations to
the entire satellite photograph. Thus, maximum advantage is taken of
the synoptic and repetitive view of the satellite to minimize the
coverage and frequency of data which have to be obtained by conventional
means.

B. Specific Objectives

The principal objective of the project is to make remote-sensing
data, processing facilities and interpretation techniqueas available to
the OCS investigators so that the promising applications and cost effec-
tiveness of remote-sensing techniques can be incorporated in theijr
disciplinary investigations. The specific objectives of the project
are: 1) the acquisition, cataloging and dissemination of existing
remote-sensing data obtained by aircraft and satellites over the Alaskan
outer continental shelf, 2) the operation and maintenance of University
of Alaska facilities for the photographic, optical and digital processing
of remote-sensing d