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About
the
Journal

The journal Arctic Research of the United States
is for people and organizations interested in learn-
ing about U.S. Government-financed Arctic
research activities. It is published semi-annually
{spring and fall) by the National Science Founda-
tion on behalf of the Interagency Arctic Research
Policy Committee and the Arctic Research Com-
mission. Both the Interagency Committee and the
Commission were authorized under the Arctic
Research and Policy Act of 1984 (PL 98-373) and
established by Executive Order 12501 (January
28, 1985). Publication of the journal has been
approved by the Office of Management and
Budget.

Arctic Research contains

* Reports on current and planned U.S. Govern-
ment-sponsored research in the Arctic;

*» Reports of ARC and IARPC meetings;

« Summaries of other current and planned
Arctic research, including that of the State of
Alaska, local governments, the private sector
and other nations; and

* A calendar of forthcoming local, national and
international meetings.

Arctic Research is aimed at national and inter-
national audiences of government officials, scien-
tists, engineers, educators, private and public
groups, and residents of the Arctic. The emphasis
is on summary and survey articles covering U.S.
Government-sponsored or ~funded research rather
than on technical reports, and the articles are in-
tended to be comprehensible to a nontechnical

audience. Although the articles go through the
normal editorial process, manuscripts are not
refereed for scientific content or merit since the
journal is not intended as a means of reporting
scientific research, Articles are generally invited
and are reviewed by agency staffs and others as
appropriate.

As indicated in the U.S. Arctic Research Plan,
research is defined differently by different agen-
cies. It may include basic and applied research,
monitoring efforts, and other information-gathering
activities. The definition of Arctic according to the
ARPA is “all United States and foreign territory
north of the Arctic Circle and all United States
territory north and west of the boundary formed by
the Porcupine, Yukon, and Kuskokwim Rivers; all
contiguous seas, including the Arctic Ocean and
the Beaufort, Bering, and Chukchi Seas; and the
Aleutian chain.” Areas outside of the boundary are
discussed in the journal when considered relevant
to the broader scope of Arctic research.

Issues of the journal will report on Arctic topics
and activities. Included will be reports of confer-
ences and workshops, university-based research
and activities of state and local governments and
public, private and resident organizations. Unsolici-
ted nontechnical reports on research and related ac-
tivities are welcome.

Address correspondence to Editor, Arctic Re-
search, Office of Polar Programs, National Science
Foundation, 4201 Wilson Boulevard, Arlington,
Virginia 22230.
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Introduction

BRUCE F. MOLNIA

From May 2 to 7, 1993, the Interagency Arctic Re-
search Policy Committee conducted a Workshop on
Arctic Contamination. The Workshop, which was held
in Anchorage, Alaska, addressed the Arctic contamina-
tion in its broadest sense, dealing with contamination
from trace metals, persistent organic compounds, hydro-
carbons, and radionuclides. The Workshop was attend-
ed by more than 200 participants, with non-U.S. partic-
ipants representing Canada, the Russian Federation,
Norway, Ireland (representing the European Economic
Community), Finland, Great Britain, and Monaco (rep-
resenting the International Atomic Energy Agency).

More than 50 members of the international scientific
comimunity made formal presentations describing sig-
nificant aspects of the issue of Arctic contamination or
describing unique characteristics of the Arctic environ-
ment that could impact contaminant dispersal or accu-
mulation. These presentations form the basis for this
special issue of Arctic Research of the United States.
Twelve additional reports and 10 abstracts, prepared by
invited Russian scientists, some of whom were unable
to attend the Workshop, also appear in this special issue.

Onetopic thatreceived asignificant amount of atten-
tion was Native Peoples’ concerns about Arctic contam-
ination. Concerns ranged from the impact of contami-
nants on subsistence life styles, to health risks, to in-
volvement of Native Peoples in the research process,
from planning to hmplementation, to distribution of
results, A recommendation was made to develop a
clearinghouse for information distributed to the Native
community.

One focus of the Workshop was to understand the
disposal of radionuclide wastes by the former Soviet
Union (FSU). This was done with the full cooperation
of the government of the Russian Federation. Included
in these Proceedings is a letter of welcome and cooper-
ation from Russian Federation Ambassador Lukin to
the Workshop participants. An English-language trans-

lation of the Yablokov Commission report, Facts and
Problems Related to Radivactive Waste Disposal in
Seas Adjacent to the Territory of the Russian Federa-
tion, prepared for Russian Federation President Boris
Yeltsin, was distributed to all Workshop participants.
Although the report is not reproduced here, a paper by
Vitaliy Lystsov, presenting additional comments on
that report, is included in this volume,

Not all Arctic contamination is the result of the
activities of the FSU. U.S. Senator Frank Murkowski
presented a sumimary of the environmental legacy of the
Cold War, in which he identified more than 600 waste
disposal sitesin Alaska, many of whichrequire remedia-
tion.

An analysis of the information presented at the
Workshop suggests that more credible scientific informa-
tion is needed before a comprehensive risk assessment
to determine the effects of Arctic contamination of eco-
systems and human health can be completed. Surpris-
ingly there is a general absence of systematically collect-
ed scientific information about contaminant type, dis-
tribution, transportation, and fate throughout the Arctic,

Atsome locations, adequate data do exist, but gener-
ally this is not the case. Asan example, at the time of the
Workshop, virtually no information existed about the
status of radionuclide waste materials dumped at any of
the FSU’s marine dump sites in the Kara Sea, Barents
Sea, or Pacific Qcean. The Kara Sea sites had not been
investigated in more than 25 years. Oceanographic
studies conducted elsewhere in the Kara and Barents
seas do not show elevated levels of radioactivity, sug-
gesting that no significant leakage has occurred from
the FSU dump sites to date. In fact, the only long-term
sources of detectable radioactivity entering the Barents
Sea are nuclear plants in France and the United King-
dom.

One report of a highly radioactive piece of metal
found on a Novaya Zemlya beach suggests that sea ice



may be interacting with dumped materials and may be
redistributing and transporting pieces of these dumped
materials from their initial disposal sites, Materials, in-
cluding contaminants, entrained in sea ice can be trans-
ported throughout the entire Arctic,

Other presentations described radioactive waste from
several nuclear facilities of the FSU having been dumped
into adjacent river systems. Chronic problems were
described at some of these facilities, including the pres-
ent leakage of waste. Observed concentrations of both
trace metals and organic contaminants in Siberian riv-
ers, especially the Ob and Yenisey, exceed the maxi-
mum limits of Russian Federation law by up to half an
order of magnitude.

Not all radicactive contamination resufts from hu-
man activities. In some Siberian oil and gas production
areas, permafrost processes concentrate natural radio-
activity in brines, resulting in radiation levels up to an
order of magnitude above maximum acceptable levels,

The Workshop also addressed persistent organic
compounds (such as PCBs). These compounds are
transported over long distances by both air and water
and are distributed throughout the Arctic. Many of these
compounds are biomagnified in the Arctic where they

degrade slowly. A circum-Arctic compilation of dataon
fevels of these contaminants would be most useful in
assessing their status. Similarly, systematic informa-
tion about their fevels in Arctic inhabitants is needed.
Based on a limited sampling, no evidence has been
found of high levels of trace metal contamination in
tissue samples coliected in Alaska.

Presentations described a series of 1993 cooperative
cruises that will attempt to sample contaminants at
selected locations in the Barents, Kara, Laptev, East 8i-
berian, Bering, Chukchi, and Beaufort seas. In spite of
the flurry of activity, it was concluded that no system-
atic program exists to monitor U.S. Alaskan waters.

The papers presented here follow the order of pre-
sentation at the Workshop. Papers in this volume are
organized along the following six themes:

I. Introduction
II. Characterization of the Arctic Environment
III. An Introduction to Arctic Contamination
IV. Characterization of Arctic Contamination
V. Ecological and Human Health Impacts of Arctic
Contamination
V1. Russian Concerns and Perspectives on Arctic
Contamination.



May 1, 1993
WELCOME

On behalf of the Interagency Arctic Research Policy Commitiee (IARPC), welcome to the
Workshop on Arctic Contamination!

The IARPC is composed of the fourteen United States Federal agencies that conduct or manage
research in the Arctic. Its existence was mandated by the Arctic Research and Policy Act of 1984
(ARPA), which directed the IARPC to coordinate Federal agency Arctic research programs and to
cooperate in the planning and conduct of Arctic research, The IARPC also strives to maximize the
return on the United States investment in Arctic research by attempting to eliminate duplication of
effort and by attempting to coordinate research on topics of mutual interest to JARPC member
agencies. Presently, the number one issue of concern to IARPC member agencies is contamination
in the Arctic. Included in the introductory materials, which follow, are the IARPC’s Policy Statement
on Arctic Contamination and the IARPC’s Agenda for Action to Implement the Policy Statement on
Arctic Contamination. The Policy Statement was adopted on August 27, 1992. The Agendafor Action
was adopted on November 23, 1992,

The purposes of this JARPC-convened Workshop on Arctic Contamination are:
1) to identify sources of existing data and information about Arctic contamination;
2) to identify the breadth of existing data and information about Arctic contamination;

3) to identify major data gaps that need to be filled to complete a thorough analysis of the Arctic
contamination question; and

4) to begin the process of determining whether specific Arctic contaminants present a risk to the
environment, ecosystems, or human health in: a} Alaska, b} the entire Arctic, or ¢) the global
environment.

In the weeks following the Workshop, information collected by the IARPC will be carefully
evaluated and analyzed by the IARPC staff and the IARPC Environmental Monitoring and Assess-
ment Task Force. The goal of the IARPC, and the ultimate purpose of this Workshop, is to provide
United States Government decision-makers with a factual basis for formulating United States policy

on Arctic contamination.

Bruce F. Molnia
for the IARPC Technical Committee



Greetings from the
Interagency Arctic Research Policy Committee (IARPC)

Cornelius W. Sullivan
National Science Foundation

Like so many things in Washington today, I too am
intransition between being a Professor at the University
of Southern California, in Los Angeles, and takingona
new position as Director of the Office of Polar Pro-
grams, at the National Science Foundation. In that role,
on behalf of the Interagency Arctic Research Policy
Committee (TARPC), I am delighted to welcome you to
the Committee’s Workshop on Arctic Contamination.

The United States and other Arctic nations are con-
cerned about the reported contamination of the Arctic
by radicactive materials and other hazardous substanc-
es. We are concerned because of the potential for dis-
tribution of radioactive and toxic contamination in the
terrestrial, aquatic, and marine ecosystems and environ-
ments, the ecological risk of contamination to those
Arctic ecosystems, the health risks to human popula-
tions, and the economic impacts associated with con-
taminant transport throughout Arctic and adjacent seas,
and including the effects on fisheries, food stuffs, and
other resources.

With the caveat that most people give these days,
subject to the availability of funding from the U.S.
Congress, the Interagency Arctic Research Policy Com-
mittee plans a coordinated U.S. program to evaluate the
ecological health, and health risks, of Arctic contamina-
tion. Further we propose to coordinate in an internation-

al effort under the umbrella of international organiza-
tions to evaluate the scope of this problem, to rescue
data from world archives, and to promote international
scientific cooperation. In this program we hope to
assess therates of movement of toxic materials and con-
taminated organisms into and out of Arctic territorial
waters, We want to assess the probable long-term ef-
fects on food webs, on peoples of the North, and on peo-
ples of lower latitudes, through export of fishery prod-
ucts. This Workshop to evaluate and assess the compi-
lation of existing data and analyses, and to recommend
future actions toward an assessment of Arctic contam-
ination, is the first step in our effort, We have here today
over 200 representatives of a number of groups in-
volved in Arctic research, and who are concerned by the
widespread reports of Arctic contamination. We are
here to learn from each other. The Interagency Arctic
Research Policy Committee seeks your collective ad-
vice on the content of the United States plan to examine
the issues of Arctic contamination. The next five days
offer you the opportunity to share your information and
your views on this issue, We hope those views will
converge on some points of broad agreement. We seek
your advice, and I am pleased to welcome your partic-
ipation. Thank you for coming, and I know you join me
in looking forward to a very successful Waorkshop.



To the Participants of the
International Workshop on Arctic Contamination
(Anchorage, Alaska)

The problem of the radioactive contamination of the seas within the Arctic Ocean and other parts
of the world’s oceans has been receiving increased attention by the public in many countries,
including the Russian Federation.

During the Cold War, there was no priority in dealing with this problem in the former USSR,
The nuclear arms race, the nuclear energy development, and the construction of both nuclear-
powered icebreakers and the nuclear submatrines, raised an urgent demand to establish sites for the
storage of the produced radioactive waste (RAW). The simple choice was to dump the solid
radwaste (SAW) and liquid radwaste (LAW) at sea, as was the practice of most countries with
developed nuclear industries at that time. Available data indicate that the USSR had been dumping
and releasing RAW, including parts of nuclear reactors with unloaded fuel, in the Barents and Kara
seas, as well as in the far-eastern seas, since 1960,

A complete assessment of the situation regarding radioactive contamination of northern seas
cannot be made without considering the amount of radioactive substances coming from outside the
region through the atmosphere, rivers, and particularly the liquid radwaste released by nuclear
reprocessing plants at Sellafield, UK, and La Hauge, France, and brou ght to the Arctic by the Gulf
Stream.

The scale of radioactive contamination of the world’s oceans will not be completely assessed
without taking into consideration all other radwaste dumped in the seas by the eleven other coun-
tries since 1946, as well as sunk nuclear submarines and lost nuclear weapons.

Most governments of the world are calling for a ban on dumping any type of RAW at seas
because of the growing concerns over the radioactive contamination of the marine environment.
This was the purpose of Denmark’s initiative calling for a total ban on RAW dumping at seas. The
idea of a moratorium on RAW dumping at seas was raised for the first time in [983, under the
auspices of the London Convention. It called for refraining from dumping of intermediate- and low-
level radioactive waste until recommendations are set up and submitted to the [6th Consultative
Meeting, held in November 1993,

The 1992 United Nations Conference on Environment and Development supported an initiative
proposed by Denmark, Iceland, and Norway, which called for a ban on the dumping of all kinds
of radioactive waste at sea. This general agreement, between more than 150 countries, was adopted
by consensus (including Russia). It will result in some policy changes within many of those nations.
At present, a number of nations have some reservations on this matter and insist on having some
transition period, in order to solve all problems related to the preparation for the disposal of RAW
(LAW and SAW) on land. The 1992 Convention on the Protection of the Marine Environment of
the Northeastern Atlantic (which the Russian Federation has not yet signed) grants, for example,
Great Britain and France the opportunity for a gradual reduction of radioactive releases into seas
until 2018. That offer corresponds to the interest and capabilities of Russia.

5



In the process of obtaining the actual information needed to bring Russia into compliance with
international treaties, which Russia joined as a successor to the USSR, the President of the Russian
Federation created the governmental commission on the matter of RAW disposal at sea in Qctober
1992, In February 1993 the Commission submitted to the President of the Russian Federation a
report with current information on dumping of radwaste at sea, as well as its recommendations, On
the basis of this report, the Commission released the White Book, which is available, as far as 1
know, at the Workshop.

In addition, the Government of the Russian Federation has been reviewing the Governmental
Program on Recycling and Disposal of Radioactive Waste and Spent Nuclear Materials in 1993-
1995 through 2005, This program, particularly, envisions an assessment of radioecological
consequences of both dumped radwaste at sea and sunk nuclear submarines. Within the framework
of the program, pilot repositories will be sited for the disposal of solid low- and intermediate-level
RAW.

In conclusion, let me point out that despite the existence of the complicated political and
econotnic situation in our country, Russia has been taking and will take the necessary measures in
the interest of monitoring and stabilizing the ecological situation in the northern and far-eastern
seas. You see there is a strong understanding in Russia that global recognition of this problem is
a natural basis for expanding the mutually beneficial cooperation in this field with all concerned
countries.

Please, take my best wishes in your extremely difficult and responsible effort for the protection
of our beautiful environment.

V. LUKIN

Ambassador of the Russian Federation
to the U.S.A.

April 29, 1993



Workshop on Arctic Contamination
Background and Objectives

Bruce F. Molnia
U.S. Geological Survey
Workshop Technical Committee Chairman

I would like to welcome you on behalf of the Inter-
agency Arctic Research Policy Committee (IARPC).
The IARPC is composed of the 14 United States federal
agencies that conduct or manage research in the Arctic,
and it is the product of the Arctic Research and Policy
Act of 1984, This Act directed the agencies to coordi-
nate their activities, to cooperate in planning, and to
conduct Arctic research in concert. The TARPC strives
to maximize the return on the United States investment
in the Arctic, and on Arctic research, by attempting to
eliminate duplication of effort, and by attempting to
coordinate research on topics of mutual interest to the
IARPC member agencies. Presently the number one
issue of concern to the IARPC member agencies is
contamination in the Arctic,

For this Workshop we tried {o present you with as
much information as we could, and  have had a number
of comments and complaints that the notebook is just
too heavy to carry home. Included in the notebook’s
introductory material are both a policy statement and an
agenda for action from the IARPC. The agenda for
action calls for, among other things, holding a Work-
shop to gather data and to identify major data gaps. That
is why we are here today. The purposes of this JARPC-
convened Workshop on Arctic Contamination are:

(1) To identify sources of existing data and informa-
tion about Arctic contamination.

(2) To identify the breadth of this existing data.
— How much is there?
— Where does it reside?
— How accurate is it?
-~ What can we do with it?
— Is there more that we need to know?

(3) To identify the major data gaps that need to be
filled to complete a thorough analysis of the Arc-
tic contamination question.

(4) Tobegin the process of determining whether spe-
cific Arctic contaminants present a risk to the
environment, to ecosystems, to human health in
Alaska, in the entire Arctic, and to the global
environment.

Following this Workshop, the members of the
IARPC staff will synthesize the information that we
gathered here. We willidentify the data gaps that we feel
need to be filled in order to have a comprehensive and
usable data set in order to make intelligent policy
decisions on Arctic contamination. We will provide the
results of our data synthesis to members of Congress, to
the heads of federal agencies and other bureaus, hoping
that they will be able to take this factual and credible
scientific information, and use it to provide a basis for
continued Arctic scientific research and monitoring,
especially in the area of Arctic contamination.

The next five days are going to be filled with infor-
mation. I apologize to you ahead of time, if you look at
the Agenda, you will notice there is not much free time.
We have presentations scheduled that start at 8:30 and
run until almost 6:00 p.m. During two evenings, we will
have poster sessions. Friday afternoon we are going to
conduct a panel on risk assessment, trying to identify
from what we have heard over the course of the first four
and a half days, what problems are there, and do they
present a risk to the environment, to human health, to
ecosystems?

Your notebook contains a variety of different kinds
of information. It has the policy statement and the
agenda foraction, as I mentioned. Italso contains acopy
of the English language translation of the Yablokov
Commission Report on the dumping of radionuctide
waste in the territories around the Russian Federation.
Further, you will find a preliminary bibliography on
Arctic contamination that was compiled for this meet-



ing. Rather than giving you 213 pages of additional text
to carry, the complete text is an ASCH file on an MS DOS
315" floppy disk. Ann Brennan compiled this for us and
we hope to publish a final version of the bibliography at
the end of the summer.

The Workshop notebook also contains either summa-
ries or executive summaries of each of the presentations
that will be made in Monday and Tuesday’s Plenary
Sessions. It includes a number of abstracts from pre-
sentations in the Wednesday and Thursday Technical
Sessions, including about 30 abstracts and short summa-
ries, from members of the Russian scientific community
and Russian government. We have with us today abouta
dozen Russians. One or two more will be coming. Unfor-
tunately another 13 who we had invited, who we provid-
ed tickets for, are unable to make it because of either
passport or visa problems, which have prevented them
from exiting St. Petersburg and Moscow. We have infor-
mation in the notebook, and we will have a very interest-
ing session on Wednesday, listening to presentations by
members of the Russian scientific community, on both
environmental policy and environmental issues, and some
scientific information about contamination, the biota,
and other physical aspects of the Russian environment,

At the end of the Workshop notebook are 28 abstracts
that pertain to the poster sessions that will be seen on
Tuesday and Thursday evenings.

The Technical Sessions on Wednesday and Thurs-
day are structured to maximize participation by every-
one inthe audience. If you would like to make a presen-
tation, we will put you on the agenda. If you take the
time to ook at the Workshop agenda, you will see that
there are three sessions Wednesday morning, and four
sessions on Wednesday afternoon, Thursday morning,
and Thursday afternoon. Each of the sessions is struc-
tured, as I said, to maximize participation. We want to
learn whatever information you have to present to us,
We want to naximize everyone’s participation to make
this not only a Workshop where we walk away with
something, but where you walk away with also a much
broader base of information about the issue of Arctic
contamination.

TheIARPC is notonly concerned about radionuclide
contamination. This Workshop is structured so that we
deal also with contamination from persistent organic
compounds, trace metals, and chronic hydrocarbons.
You will hear presentations on each of those in today
and tomorrow’s Plenary Sessions.



The Environmental Legacy of the Cold War

U.S. Senator Frank H. Murkowski

I wish to thank the Interagency Committee, the
National Science Foundation, and the community of
Arctic scientists for convening this workshop on Arctic
contamination,

Back when we wrote the Arctic Research and Policy
Act—the Act that chartered the Interagency Committee
and created the Arctic Research Commission—nobody
envisioned that youw’d have to deal with widespread
Arctic environmental contamination. But I commend
you and the Commission for taking the subject very
seriously.

Onbehalfof all Alaskans, I also wantto thank you for
convening this workshop here in Alaska, in view of
those with a great stake in the issue.

Arctic contamination is oneenvironmental legacy of
the Cold War. If the Cold War can be likened to a wild
party—then we’ve reached the morning after. I’s time
to wake up, look around, survey the damage, and clean
up the mess.

Some of the mess is in our own backyard—but the
situation looks far worse when we look next door to our
Russian neighbors.

Last August, we convened a hearing of the Senate
Intelligence Committee in Fairbanks highlightingenvi-
ronmental problems in the Former Soviet Union. It was
the first and only time that this Committee ever held a
field hearing, and one of the very few times it has con-
vened hearings fully open to the public.

At the hearing we heard Robert Gates, then the
Director of Central Intelligence, paint a picture of
Russia’s deteriorating environmental situation.

We also heard Assistant Secretary of State Buff
Bohlen stress the importance of the Arctic and the need
for an international long-term environmental monitor-
ing program in the Arctic.

Finally, we heard an international panel of scientists
agree that we may face serious environmental problems

in the Arctic, and that we need more information to assess
risks and determine a course of action.

Since that time we have indeed learned a little more.
Some of our fears have been confirmed,

Let’s focus for a moment on just one aspect of Arctic
contamination—>Soviet and Russian ocean dumping of
radioactive waste. A “White Paper” commissioned by
President Yeltsin released on March 23rd revealed:

» Solid radicactive wastes were dumped at 12 sites—

including 4 sites in the Russian Far East.

» Liquid radioactive wastes were dumped at 5 sites in
the Barents Sea and 9 sites in the Sea of Okhotsk, the
Sea of Japan, and in the Pacific high seas.

» The solid waste includes 18 reactors—6 with nucle-
ar fuel.

« The radioactivity associated with this dumping is
estimated at 2.4 million curies. (For the sake of com-
parison, the accident at Three Mile Island released
15 curies. The Chernobyl disaster released an esti-
mated 65 million curies.)

The 2.4 million curies reported to be dumped is rwice
the radioactivity that the International Atomic Energy
Agency had estimated was dumped by all nations during
the entire nuclear age.

But that 2.4 million curies is just part of the radicac-
tive contamination threatening the Arctic.

« Tt doesn’t include radioactive materials from nucle-
ar activities at Chelybinsk and Tomsk that move into
the Arctic through the great northward-flowing
Russian rivers.

« It doesn’t include radioactivity released from nucle-
ar testing and accidental releases;

= It doesn’t include potential releases from future
accidents, reactor decommnissioning, and nuclear
weapons disposal.

Russian scientists have quietly told me that as much

as two billion curies of radioactive waste might reach the



environment as a result of past practices in the Former
Soviet Union—so there may be distressing nuclear
revelations in our future if this contamination is released
into the environment, enters the food chain, and affects
our health.

And of course, as the organizers of this workshop
have aptly recognized, radioactivity is only one of the
potential contaminants that threaten the Arctic. We
need to be concerned about industrial pollution, heavy
metals and persistent organic chemicals as well.

The impacts of environmental practices in the Former
Soviet Union are already apparent

* The air is unfit to breathe in 103 cities—home to 70
million people. In the Siberian city of Norilsk, the
air is so polluted that children must be kept indoors
90 days per year.

* Seventy-five percent of their surface water is pol-
tuted. Several of the large Russian rivers that flow
into the Arcticthe Ob, Lena, Yenisey—are high-
ly polluted.

» Amajorinland sea—the Aral—is turning to desert.
Once larger than Eake Huron, the Aral has shrunk
by two-thirds. It is the site of so much contamina-
tion that mothers in the area cannot breast-feed
their children without the risk of poisoning them.

* Life expectancy is falling. Average life expectancy
among men in the Soviet Union fell from 66.1 years
in 1965t062.3 yearsin 1981. In Anchorage’s sister
city of Magadan, the rate of death caused by cancer
has increased by 73% over the past 10 years. Air
pollution in Magadan over that same period has
more than doubled—there may be a relationship.

» Infant mortality is rising—estimated by some to be
33 per thousand or higher—a rate comparable to
some third-world countries. Even for the children
who make it past their first year, good health is
difficult to attain. Delegates to the 19th Part Con-
ference in Moscow were told that 53% of all Soviet
schoolchildren were in poor health. In 1988, two
out of every five young men who reported for
compulsory military duty in Russia were unfit to
serve for health reasons.

Will we see a decline in public health in the broader
Arctic from environmental contamination? Unfortu-
nately, we don’t yet know. We are still just scratching
the surface. We must undertake the sustained scientific
program that will answer our questions and address our
fears about Arctic contamination.

As we move ahead, there are several guiding respon-
sibilities to keep in mind:

First, we have an obligation to be open and honest
with the public at all times. This includes establishing a
standard of honesty about the sources of Arctic contam-
ination that may exist in our own backyard.
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If this requires opening up old U.S. Department of
Defense or other government files to public and scien-~
tific scrutiny, then we must do it. We are asking the
Russians to open many of their files to the world, and we
must be willing to do the same.

Second, environmental contamination, particularly
the nuclear variety, provokes great emotion. We must
base our decisions on sound science rather than emo-
tion.

Finally, we have an obligation to take advantage of
unique opportunities that have come with the end of the
Cold War—particularly those that wilt allow us to work
alongside our new Russian friends and Arctic neigh-
bors.

I'd like to talk about each of these responsibilities
and obligations in some detail.

The Need for Openness

This workshop is a continuation of the process we
began with the Intelligence hearing in Fairbanks last
year. It is a process of honest inquiry, conducted in
public.

Traveling inrural Alaska, and listening to those who
subsist from the living resources of the land and sea, I’ ve
found great concern and fear that subsistence resources
are or will become contaminated from radioactivity or
other pollutants.

These fears are not solely focused on what may lie
across the Bering Strait in Russia—fears also exist
where there are DEW-line sites, old “White Alice” sites,
and other formerly used U.S. defense sites here in
Alaska,

According to the Department of Defense, there are
648 Alaskan sites in the Defense Environmental Resto-
ration Program. More than 150 are judged to require
some level of cleanup. This cleanup will take 50 years
at the current rate.

More recently the Department of Defense issued an
interim report listing sites at Fort Greely, Fort Wain-
wright, Adak, Dutch Harbor and Attu where chemical
weapons were or may have been tested, stored or
discarded.

Alaskans rightfully demand to know what effects, if
any, these pastactivities have had or may yethave on the
environment and resources on which we depend. Where
cleanup is required, it should be undertaken without
undue delay.

I have asked the Department of Defense for a com-
prehensive evaluation of its past activities with past or
potential environmental impacts on Alaska, adjacent
seas, and the Arctic as a whole. I will continue these
efforts to bring information from the Department of
Defense into the public arena—for a full evaluation by
the scientific community and the public,



Project Chariot

Let me turn to Project Chariot, because it has been
widely cited as an example of Arctic contamination in
our own backyard.

By now most are aware of Project Chariot, a project
dating from the 1950s that envisioned the use of nuclear
detonations to build a harbor at Cape Thompson, Alas-
ka. This was part of the old Plowshare or “Atoms for
Peace™ program.

Although the nuclear detonations were never carried
out, 26 mitlicuries of radioactive tracers left over from
ecological experiments were disposed of at the site.

When news of these disposed radioactive tracers
broke, the headlines told of a nuclear waste “dump.”
The worst fears of the local people living near Cape
Thompson were awakened.

I went to Point Hope, a nearby village, and listened
to people express their fears. They are absolutely certain
that there is alink between the contaminated soil and the
cancerexperienced by some residents—even thoughail
available medical and scientificevidence suggests other-
wise.

A cleanup effort to remove the contaminated soil is
now underway, in the hope that cleanup will occur this
summer. Admittedly the cleanup is not occurring be-
cause of the risk posed by the contamination—it is
occurring because the local people demand it.

In this case their demand can be justified because
they were not told about the tracer experiments at the
time of the tests. It is easy to understand why they are
skeptical of government assurances that they face no
threat.

So this case is one involving public trust—not envi-
ronmental risk. Last year the Secretary of Energy prom-
ised that the contamination would be removed if that’s
what the local people wanted. So I will see that this
promise is kept--it’s what we must do to try and regain
public trust.

The Project Chariot episode, while apparently not a
serious human or environmental threat, is a case study
that we can learn from:

» It demonstrates the need to be completely truthful

with the public.

+ It provides a preview of the public reaction we may

face as new sources of Arctic contamination are
uncovered.,

Other Cold War Leftovers

Let me give you another example of past Cold War
activities we recently came across that may evoke a
great deal of public concern.

Last week my staff, digging through old Project
Chariot documents, came across a report stating that
more than 7000 pounds of nitromethane-—aliquid chem-
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ical explosive—were dumped on the tundra when the
Project Chariot site was closed down.

I'm no scientist—I don’t know the environmental
consequences of this dumping. Perhaps it all evaporated
and poses no risk. But we are determined to find out and
provide the truth to the people who live nearby.

There was another perplexing rumor we encountered
in following up on Project Chariot: The allegation that
Alaska Natives were used in “nuclear experiments”
during the 1950s. These stories were repeated to me and
my staff on several occasions.

Many of us recall the general climate of the Cold War
in the late 1940s and 1950s. As Project Chariot illus-
trates, it was a time when we actually considered using
nuclear detonations to build harbors. It was also a time
when military scientists performed medical experiments
on human subjects, the worst of which studied the effects
of radiation and chemical weapons on humans.

Significant numbers of Ameticans patticipated—some
thought it was their patriotic duty, and others were just
following orders.

Given the nature of those times, it seemed entirely
possible that similar experiments might have occurredin
Alaska. So when confronted with these rumors of med-
ical experiments on human subjects, we took them seri-
ously.

Recently we obtained a document from 1957 that
outlined how the Air Force's Arctic Aeromedical Lab at
Ladd Air Force Base had a complete mobile isotopic lab
used inremote areas of Alaska. In one study the AirForce
apparently gave doses of icdine-131 to Eskimos and
Athabascan Indians, as part of its research to see if
soldiers and airmen could be better conditioned to adapt
and fight in cold conditions.

Of course, this revelation raises all kinds of questions:

» How were the participants recruited?

» Did the research pose a risk to the participants?

* Were the human participants in this research told of

the risks, if any existed?

* Was there any followup done to determine if there

were long-term effects?

» Was the mobile isotopic lab used for other studies?

It may turn out that this is a case where there were no
human risks—but the burden of proof is with those
responsible for the experiments.

In keeping with the responsibilities of openness I
outlined earlier, we need to find the truth. As a first step
1 have asked independent experts at the National Acad-
emy of Sciences to provide an evaluation.

What Do We Do Now?

So what do we do now about the broader problems of
Arctic contamination?

This workshop is a start. Your job is to assess the ex-



tent and magnitude of Arctic contamination and the
risks it poses.

Granted, there are limits to how well you can do this
from an auditorium in Anchorage rather than aresearch
shipor station in the field. But this step will be worth it—
if we follow up with the reguired field research to
answer questions we can’t answer today.

We need asustained, comprehensive long-termenvi-
ronmental monitoring program that samples key marine
organisms, including species used for human subsis-
tence. The results of this research should be made
available to the public in a form they can understand.
This will help inform them and allay unwarranted fears.

Wedo not yet have an Arctic Monitoring and Assess-
ment Program in place, and the President’s FY 1994
budget has insufficient resources to do the job. That is
unfortunate. I hope the agencies aren’t engaged in the
old Washington game of fow-balling the budget request
with the expectation that a sympathetic Congress will
add money during the appropriations cycle.

While we were able to find $10 million last year to
enhance scientific understanding of the nuclear contam-
ination issue—that was something of a lucky break in
this budget environment.

I am encouraged, however, by what I hear coming
out of an interagency review of U.S. Arctic Policy, and
hope that the commitment to a sustained Arctic Moni-

toring and Assessment Program (AMAP) carries the
day.

After the Clinton Administration has unveiled its
new Arctic policy, I will press for heatrings in the Senate
Foreign Relations Committee. International Arctic envi-
ronmental contamination will be a key subject of that
hearing—perhaps we can build on what you're able to
accomplish this week.

To summarize. .. nuclear waste dumps, contaminat-
ed defense sites, improperly disposed chemical weap-
ons and other contaminants are dark legacies of the Cold
War, Like any war, the Cold War exacted a price.

In saying that, I don’t diminish the Cold War’s tre-
mendously positive outcomes-—the greater democracy
and freedom made possible around the world by the
sacrifices made during that conflict.

Butifthe old Cold Warriors were generals and diplo-
mats brandishing swords, then perhaps the new Post
Cold Warriors are scientists equipped with the tools of
Arctic research.

We committed talent, treasure and technical innova-
tion to fight the Cold War. We must now employ the
same to assess the damage and undertake the cleanup
where it’s warranted.

lappreciate your willingness to rise to this challenge,
We are counting on you, and [ will look forward to hear-
ing the conclusions you reach this week and beyond.



Characterization of the Arctic Environment
Introductory Comments

Donald D. O'Dowd, Chairperson
Arctic Research Commission
Washington, D.C.

T'am pleased to add my welcome on behalf of the Arc-
tic Research Commission (ARC) to this important con-
ference. The Commission issued a Resolution in August
1992 which urged the Interagency Arctic Research Pol-
icy Committee (IARPC) of our government to undertake
ascientific assessment of circumarctic contamination by
toxic materials. We are pleased that IARPC has brought
us together to begin the assessment process,

For the most part these industrial materials, some of
them radioactive, are produced outside the Arctic, but
transported into the arctic environment with uncertain
fate and effects. Their sources and chemical composi-
tion are key to analysis of the longevity and transport
processes as well as ultimate effect on human health,
Understanding the processes and rates of chemical trans-
formations and transport by air, on land or in the sea very
much depend on our understandings of the arctic envi-
ronment. It is time to determine what we collectively
know and to define what we need to know,
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The Arctic presents very special problems that distin-
guish it from all other regions. They are related to the
unique aspects of the environment such as permafrost,
sea ice, a large-amplitude photocycle, short and inten-
sive growing seasons, the small number of species in
arctic ecosystems, and a slow recovery from environ-
mental insult. There is a serious lack of data and informa-
tion concerning long-term changes, and a relatively
small number of qualified and experienced arctic inves-
tigators.

Toprovide a characterization of our knowledge of the
enviromment in the Arctic, seven experts will provide
their considered views of the state of arctic science dur-
ing this first morning of the Workshop. T hope that you
will note those areas of uncertainty in our knowledge
because in addition to the new global concern to safe-
guard the arctic environment, we also have an oppor-
tunity to better learn about a critical area of the global
carth system that sustains us.



Introductory Summary

Loren Setlow
Polar Research Board
National Research Council
Washington, DC

I think there are a number of take-home messages
from both the morning and afternoon sessions. Yourim-
pressions and expectations may be different than mine,
but I hope we will see some common themes as the
Workshop progresses.

First of all, I think one of the important points to
remeinber is that Arctic processes are not similat to the
ones we find in the mid-latitudes. Second, the wildcards
of ice, permafrost, and tundra vegetation introduce new
factors into understanding what is going on in the Arc-
tic. Third, the international aspects of the movement
and migration of physical and biological agents are not
dealt with on such a scale or diversity anywhere else in
the world, except for perhaps the Antarctic. Fourth was
the message that was delivered by Senator Murkowski
this morning, that there is not a lot of money out there
to study the impact of pollution on the ecosystem.

The point I feel should be made in the periphery of
all the discussions at the Workshop, but may not have
been demonstratively stated, is the logistical and the
political aspects in superimposed restrictions on the
timing and the availability of scientific data in under-
standing whatis going oninthe Arctic. Several speakers
will describe their programs to address the measure-
ment and collection of data on pollution in the Arctic.
They will also talk about the international spirit of
cooperation.

The important point is, first of all, that the data sets
on contaminants and even basic scientific dataareina
very elementary state, or even missing. There is a lot of
information that is not in this country that we need
access to. Second, there is a significant level of scien-
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tific endeavor now taking place nationally and interna-
tionally in the Arctic. Third, the initial cruise results
indicate that radioactive levels in the Kara and Barents
seas are not currently spiking as high as for recorded
periods of open-air nuclear testing. Fourth, that certain
species tend to accumulate and move nuclides beyond
the area of contamination and are an important source of
movement of these contaminants. Lastly, the selection
of contaminants to study, measure, and raise hell over,
must be carefully made. Risk assessment should con-
sider the potential for leakage, or major destructive
events that affect the canisters or sunken reactor cores.

We must also remember that we are not just looking
at radionuclides in this Workshop. Contamination by
organic waste, untreated sewage, heavy metals, hazard-
ous waste, pesticides, hydrocarbons, airborne contami-
nants, and radionuclides are all significant, and it is not
limited just to Russia. We have to look at northern Eur-
ope, Alaska, as well as Russia,

1 remind you to take a look at the purposes of this
Workshop, to see where we stand in the progress of this
program, to see what the IARPC can accomplish as we
go through the process, and to see how we are moving
in trying to answer the questions that the IARPC is ask-
ing in this Workshop. We have |4 mission-oriented
agencies that are working here to try to pull all this
together. We also have the scientific endeavor thattends
to be focused by scientific discipline. I ask you here to
try and go beyond these restrictions in defining what the
problems are. Then work within the framework of the
agencies, and their particular missions, to help them go
about solving those problems.



Characterization of the Arctic Environment

The Arctic Atmosphere as a
Stagnant Catchment for Pollution

Glenn E. Shaw
Geophysical Institute
University of Alaska

Fairbanks, AK 99775-0800

Summary

Cold, dense air settles down over the Arctic Basin
during the polar night. It is surprisingly polluted. Of
course this goes in direct counterdistinction with the
romantic notion of a “pristine Arctic.” Such a miscon-
ception arose a hundred years ago during the heroic
days of polar exploration. The reality is quite different.

The so-called Arctic Haze pollution is the most
massive aerosol air pollution on Earth, especially when
measured by the size of the area it affects. This area is
roughly that of the African continent!

Material released into the Arctic atmosphere has a
long lifetime, much longer than at temperate latitudes.
This allows the pollutants to travel for great distances.
Of special concern is that North America, which lies
downwind from the Former Soviet Union (FSU), is
vulnerable to pollution accidents in Russia.

Introduction

The polluted Arctic air mass is not circular, neither
is it centered on the North Pole; it is strongly asymmet-
rical, lobbing down over the Canadian Shield to the re-
gion of the Great Lakes and covering the upper half of
Russia. Figure 1, taken from Barry (1967), shows the
geographic extent of this polar air mass. The extensions
over continents are associated with anomalies in the
atmospheric heat balance, and reflect the small heat
capacity of land in comparison to oceans.

The major reason that the polar air mass becomes
polluted is that the rates of particle and gas removal in
this stable atmospheric system are greatly retarded.
Presumably, also, the larger-than-world-average per
capita injection of pollutants into the air from the FSU
and in East Europe contribute to the large magnitude of
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the Arctic Haze pollution. Because of the slow rate of
atmospheric cleansing, the Arctic constitutes a region
of more sensitivity to pollution perturbation than any
other latitude zone.

North America is especially hard hit with the FSU’s
atmospheric pollution because it lies downwind in the
general circulation of the atmosphere (the westerlies). It
was only because of fortunate anomalous synoptic-
scale circulation patterns that prevented the Chernobyl
explosion from having a major impact on North Amer-
ica. In the more usual case, a release of toxic substance,
such as from a reactor accident in the FSU, would be
expected to place some of the population of North
America in jeopardy.

The Arctic Haze is ephemeral to the extent that it
lasts only for some months, not years. It is not like car-
bon dioxide or other long-lived greenhouse gases that
go on to build up slowly throughout the planet’s atmo-
sphere, so at least if an accident occurred, the effects
would not last for years. Still, it needs to be recognized
that North America lies downwind from major areas of
northern Eurasia, and that the travel time is less than the
residence time of pollutants.

In the following section of this paper, we will explain
some of the major properties and features of the Arctic
Haze phenomenon.

A Simple Pillbox Model of the
Polar Air Pollution

A great deal of the physics and chemistry going on in
the polluted Arctic air mass shown in Figure 1 can be
comprehended by thinking about a very simple model
for the polluted Arctic atmosphere. We consider the
polar air mass to be a cylindrically shaped, flat, pillbox-
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Figure 1. The Arctic Front boundary in winter. The region within the Front is strongly polluted in

winter from industrial sources in Eurasia. (From Barry, R.G., Seasonal location of the Arctic Front over
North America, Geographical Bulletin, 8, 79-95, 1967.}

shaped system. Obviously this is a great simplification,
since the real airmass has two major lobes, but we think
of the average position of an “equivalent” pillbox.

The pillbox changes in size throughout the year,
growing quite small and perhaps even disappearing in
the summer months and expanding to the limits shown
in Figure | during the late winter months. Certain
aspects of the pillbox and its pollution are diagrammed
in Figure 2, which was constructed from average monthly
values of the parameters.

At the top is shown the seasonal pulsation of the
averageradius of the Arctic airmass. The average radius
is expressed in thousands of kilometers.

The next curve shows that the height of the pillbox

6

also alters during the year, possessing greater thickness
in summer because of the mixing due to heating of the
surface from the sun, and thinning during the winter
polar night.

From the top two curves just described, we see that
they go somewhat in opposite directions, acting to
smooth out the seasonal variation in the pillbox-shaped
airmass (see the third graph). An impertant deduction
comes at this point: the seasonal variation as observed
in many indicators of the Arctic Haze must not be due
to simply the expansion and contraction of the airmass’s
volume over the course of a year: we have to evoke
another cause for the seasonal variation!

Our model has provided somewhat disappointing
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Figure 2. Pillbox model of the arctic air mass. The figure shows the seasonal variation
of the mean pillbox radius, its height, its volume, the source strength of pollutants injected
into it (normalized units) and the modeled arctic haze pollution. The dashed curve is meas-
urement of sulfur dioxide from an arctic Canadian station at Alert (data from Len Barrie).
Note that by incorporating a transport diffusion lag time to the air concentrations, better
agreement is found with the measurements.

17



results because the Arctic Haze pollution undergoes a
very strong and repeatable variation with the seasons,
being absent in summer and strongest in late winter, A
piston-like expansion and contraction of the Arctic
Haze by the polar air mass, as discussed and displayed
in the first three graphs in Figure 2 show that this is
inconsistent with the observed seasonal variation.

The fourth graph in Figure 2 conveys a conceptually
important idea: it is the estitnated human poliution in-
jected into the stable Arctic air mass that we are discuss-
ing. This graph displays a strong seasonal variation
basically because our industrial emissions tend to go
along with population density, and population density
drops off rapidly toward the polar regions (few people
livein northern Alaska, Canadaand Siberia). This graph
was constructed by looking up estimated industrial
emissions as a function of latitude (zonally averaged)
and weighting the monthly-averaged shape of the polar
air mass with these emissions.

The bottom graph in Figure 2 shows the pollution
estimated with this simpie pillbox model. Our approach
is sometimes called a “bathtub model”; it assumes that
concentration of pollutants is balanced by removal, or
cleansing, machinery of the atmosphere, rain washout
for instance.

In our extremely simple model, whatis to be noted is
that the simple assumption of “pollution equals sources
of pollution” is to a surprising degree achieved across an
area equal in size to the African continent.
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Note that this model gives even better results if we
delay the “effect” from the “cause” (dotted line in the
bottom graph), implying that the time the material spends
in the aemosphere is about a month.

One concludes from these sorts of arguments that the
Arctic atmosphere is to an important extent much like a
stagnant pond, with mixing throughout the pond being
rapid in comparison to residence time between input and
output. The situation is illustrated in Figure 3, where the
Arctic condition corresponds to the left hand cartoon in
the figure: the “output tap is nearly closed off.” The im-
plication is that pollution injected into the atmosphere as
a “cause” provokes a greater level of atmospheric con-
centration as an “effect”: the Arctic atmosphere is vulner-
able to pollution!

Accidental Releases of Radioactive Material
from FSU

When the 1000-megawatt nuclear power plant at
Chernobyl village, 80 miles north of Kiev in the Ukraine,
lostcoolant to the reactor’s core in April 1986, the fission
continued within the nuclear fuel rods; without water to
cool them off, heat built up rapidly. As the temperature
rose, the remaining water turned to steam and gases
exploded, shattering the building, igniting the graphite
and blowing out the core. The radioactive material inject-
ed into the atmosphere split into two paths, one passing
overand affecting Scandinavia, the other traveling across
southern Siberia and the north Pacific.

NORMAL MID LATITUDE

AIR POLLUTION

large input

=
A

tap opened wide

nearly closed off

Figure 3. Arctic contamination. situation.
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Figure 4. Radioactive fallout measured at the Geophysical Institute at the
University of Alaska Fairbanks following the Chernobyl nuclear accident.

Strong storm systems nearthe Aleutian Islands helped
scrub the radioactivity out of the atmosphere, resulting in
only modest amounts of debris falling out on western
North America, including Alaska. Figure 4 shows the
rise, then decline of radioactive material measured by the
Geophysical Institute at the University of Alaska after the
Chernoby! explosion.

Theexplosion of the Chernobyl reactor in 1986, the re-
cent accidental release of plutonium at Tomsk, and detec-
tion of large quantities of Cs in the Arctic during the bomb
test years, all suggest that radioactive contamination
events of the Arctic atmosphere are likely to continue.

Fortunately the weather patterns were anomalous in
April 1986, when Chernobyl happened, so only small
quantities of fallout occurred in the Arctic Basin. It is
quite common to have injection pathways of pollutants
traveling from the central and western regions of the
USSR into the Arctic during this time of year when Arctic
Haze is at its maximum. The recent release of plutonium
from the Tomsk reprocessing facility also occurred at a
time when the stagnant conditions in the Arctic had
broken down.

Given the frequency of occurrence of major accidents,
apparently on the order of one or two per decade, and that
the Arctic air mass is stagnated about half the year, one
would “forecast” (very roughly) that accidental releases
of radioactivity may affect the Arctic once per one or two
decades.

Concluding Remarks
The peoples of the Arctic regions are under possible
threat from future accidental releases of radionuclides
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and, possibly, from continued releases of heavy metal
and organic compounds from the former Soviet Union.

Above all, it needs to be recognized that the Arctic
atmospheric environment is a very differentenvironment
than most people are familiar with, Residence times of
materials, in marine and terrestrial ecosystems and in the
atmosphere itself, are generally much longer due to the
lack of moisture passing through the system and because
of the dynamical stability associated with strong temper-
ature inversion during the polar night. Paradigms bor-
rowed from experiences of radicactive waste treatment at
mid-latitude locales are inappropriate for the Arctic.
Atmospheric dispersion models developed to accommo-
date air pollution abatement in the mid-latitudes are
largely irrelevant for the stable conditions found in polar
airmasses,

There is a need to develop a strategic air dispersion
model, meeting the need to accommodate dataentering in
nearly real time to develop emergency response to epi-
sodic releases of radioactive material into the polar air
mass system. We need to develop an extensive early
warning system to protect human healthin the event of an
emergency.

There is also the need to extend the measuring network
to toxic materials, such as pesticides and heavy metal
pollutants. Such compounds already are affecting the
Arctic. The major injection pathways involve northward-
flowing currents of air flowing over central Eurasia into
the polar air mass system.

Above all, the stagnant pond analogy for the Arctic
atmosphere must be borne in mind. The Arctic pollution
is the largest documented potlution on the planet.
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Contamination of the Arctic
Ocean Processes

Knut Aagaard
Polar Science Center
Apptied Physics Laboratory
University of Washington
Seattle, Washington 98193

My underlying concern in this discussion is to eval-
uate the efficacy of contaminant dispersal in the Arctic
Ocean. In particular, I want to point toward the means
by which contaminants, whether solutes or particles, are
tikely to be transported, and also to consider some bar-
riers to such transport. The Arctic Ocean is in certain
respects a rather peculiar place, and lessons we have
learned in other parts of the World Ocean are not
necessarily transferable to the Arctic in a straightfor-
ward way.

To begin with, the Arctic Ocean {(Figure 1)is a nearly
tand-locked deep ocean basin, subdivided by a series of
undersea ridges, and with only one deep connection
with the rest of the World Ocean, viz., through Fram
Strait between Greenland and Spitsbergen. The chief
division of the deep basin is effected by the Lomonosov
Ridge, which separates the Canadian and Eurasian
basins. Surrounding these basins are the world’s most
extensive continental shelves, in some cases very shal-
low and flat (the Chukchi, East Siberian, and Laptev
Seas particularly), but in other cases relatively deep and
cutby large undersea valleys and troughs (e.g., the Kara
and Barents seas). In area the arctic shelves represent
about 25% of the world total, and, as we shall see, an
appreciation of the interactions between the sheivesand
the deep basins must be at the core of any physical and
biogeochemical understanding of the Arctic Ocean.

Furthermore, since the Arctic Ocean is nearly
land-locked, we should expect it to receive a great vari-
ety of materials from the surrounding land areas, includ-
ing both anthropogenic and natorally occurring con-
taminants. While such would be the case for most
mediterranean areas, in the Arctic Ocean this expecta-
tion is enhanced because about 0% of the world’s
rivers discharge into it, despite it representing only
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{ 5% of the world's ocean volume. The total river dis-
charge into the Arctic Ocean is in fact about 3300 km?
yr'! (Aagaard and Carmack, 1989}, i.e., six times that of
the Mississippi; the runoffinto the Kara and Laptev seas
is particularly great (Figure 2). Combined with the
freshwater separation caused by the freezing and melt-
ing cycle and the inflow through Bering Strait of low-
salinity water from the Pacific, the effect of the runoff
has been to create a great reservoir of low-salinity water
at the surface of the Arctic Ocean (Figure 3), with pro-
found consequences for arctic climatology. In particu-
lar, it is this stratification (the halocling) which allows
the permanent ice cover of the central Arctic to persist
(Aagaard and Coachman, 1975).

An extraordinary feature of the Arctic Ocean and its
surrounding shelf seas is that despite the freshwater dis-
charge onto the shelves, it is the deep basins which are
permanently stratified by a cap of low-salinity water.
(Curiously also, the Burasian Basin is much less strati-
fied than is the Canadian Basin, despite the proximity of
the former to the massive runoff from the Eurasian land
mass.} In contrast, the shelf waters, although stratified
in summer, are retatively well mixed during the winter,
and are in fact in many places homogeneous then. In
effect, the central basins of the Arctic Ocean below
about 50 m, which is near the maximum thickness of the
surface mixed layer, are permanently insulated from
local surface processes (except for the sinking of partic-
ulate matter), while around the periphery of the Arctic
Ocean vast shelf areas are thoroughly mixed on a sea-
sonal basis, primarily by the surface density flux asso-
ciated with freezing. (Note also that runoff is generally
very small in winter, so that the surface buoyancy flux
due to the addition of fresh water over the shelves is
small then and not available to offset the effect of
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Figure 2. Mean annual runoff to the Arctic Ocean in kni’/yr. Only the nine largest rivers are shown. (From Aagaard and
Carmack, 1989.)

freezing in increasing the surface density.) The impor- products (together with biologically incorporated con-
tance of the ocean density structure to arctic contamina- taminants) is then available for transfer off the shelf and
tion issues is that below the shatlow surface mixed layer into the interior ocean (Wallace et al., 1987). The resi-
of the Arctic Ocean, local communication between the dence time of waters on the shelf, and of their dissolved
surface and the deep basins is effectively restricted to materials, varies considerable, depending on the geom-
the sinking of particles. Instead, the Arctic Ocean is etry of the shelf and on its circulation: from as little as
ventilated laterally from its shelves, which receive the a few months, e.g., in parts of the Chukchi Sea with a
runoff and sediments from the vast continental land strong throughflow from the Pacific, to 2-4 years in the
areas to the south. In summer, these shelf seas also sup- Barents and Kara seas (Hanzlick and Aagaard, 1980,
port significant biological production, and a portion of Schlosser et al., submitted).

the resultant organic material and its decomposition While we do nothave adetailed understanding of the
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Figure 3. The distribution of freshwater storage in the Arctic Ocean and portions of the adjoining seas. Values are
in km3. The placement of each bar indicates the region to which it is applicable. (From Aagaard and Carmack, 1989.)

mechanisms responsible for the transfer of shelf water
properties into the interior ocean, the signatures of this
transfer are unmistakable throughout the Arctic Ocean.
For example, the temperature-salinity structure of the
halocline (Aagaard et al., 1981), its dissolved oxygen
distribution (Wallace et al., 1987), its nutrient concen-
tration (Nikiforev et al.,, 1966), and its natural radionu-
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clide content {Moore and Smith, 1986) all point toward
large lateral influxes of shelf waters to the central basins
of the Arctic Ocean. These influxes originate in the
formation of dense waters on the shelves during winter,
through cooling and through the brine rejection associ-
ated with freezing (Aagaard et al., 1981). The process is
shown schematically in Figure 4, together with its effect
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Figure 4. Schematic representation of the temperature and
salinity structure inthe upper Arctic Ocean and its maintenance.

(From Aagaard et al., 1981.)

on the upper ocean temperature and salinity distribu-
tion.

Even with the very sparse set of available observa-
tions from the Arctic Ocean, we can discern several
different major sources of these shelf waters for the
interior ocean (refer to Figure 5 for locations). In partic-
ular, both the physical (Aagaard and Carmack, 1989)
and chemical (Jones and Anderson, 1986) properties of
the upper halocline suggest a principal origin in the
Chukchi Sea, while the waters of the lower halocline
probably originate in the Barents and Kara seas. The
Canadian Basin source represents low-salinity Pacific
waters which have entered the Arctic Ocean through
Bering Strait and have been cooled and had their salinity
increased somewhat on the shelf, while the Eurasian
Basin source represents much more saline waters from
the North Atlantic which have been cooled and mixed
on the western Eurasian shelves. There also appear to be
differences in the manner in which carbon is cycled in
these source areas (Jones and Anderson, 1986). Note
that waters from the Canadian and Eurasian shelf sourc-
es are not restricted to their respective adjacent basins,
but are in fact also in each instance found in the other
major basin. For example, the upper halocline water
from the Chukchi Sea, with a salinity mode near 33.1
and marked by a pronounced nutrient maximum, can be
seen to exit the Eurasian Basin through western Fram
Strait (Jones et al., 1991). We can be quite certain,
therefore, that the dissolved phase of contaminants
introduced onto these various shelves will spread
throughout the Arctic Ocean, with much of the shelf
material being injected into the halocline. Tritium and
helium distributions suggest that the spreading of the
shelf waters within the upper Arctic Ocean is completed
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within about ten years of their injection (Ostlund, 1982,
Schlosser et al., 1990).

The general mechanism which has been proposed to
move waters off the shelves is the sinking of dense
plumes along the continental slope (Melling and Lewis,
1982), which eventually detach from the bottom and
may then move into the interior at a level appropriate to
their density (Aagaard et al., 1985). Such sinking from
the shelf is likely to be both localized and intermittent.
Forexample, bathymetry probably is importantinchan-
neling the flow, and submarine canyons and sea valleys
are particularty likely to provide such channeling. In-
deed, the first brine-enriched dense outflows observed
inthe Arctic were found in Barrow Canyon, off the coast
of northwestern Alaska, Figure 6 shows the congentra-
tion of the brines adjacent to the Alaska coast in early
March 1982, and Figure 7 the daily mean temperature
and salinity in Barrow Canyon during a 50-day period
the same winter. The very high salinities in the canyon,
almost 3.5 per mille above ambient values and with an
associated temperature closely following the freezing
puint, represent cold brine drainage from the eastern
Chukchi Sea. In this instance the outflow was very
rapid, with a mean velocity the last week of February of
45 cm 571, These dense outflows from the shelf appear
to be episodic, and it quite clear at this point that they do
not occur every winter (Aagaard and Roach, 1990). For
example, in the Canadian Beaufort Sea, recent work
suggests that a preconditioning of the shelf by pro-
longed wind-driven flushing the previous fall is re-
quired for dense outflow to occur (Melling, in press).
Such wind-driven flushing, then, represents an alterna-
tive means of transferring contaminants from the shelf
into the offshore regime.
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February—March 1982, (From Aagaard et al., 1985.)

Dissolved materials can also be transferred onto the
shelf from the adjacent basins, and certainly in years
when the shelf drainage is strong, there must be a
compensating movement of water onto the shelf, On-
shelf movement has also been proposed to take the form
of wind-driven upwelling across the shelf break (Huf-
ford, 1974}, butrecent work in Barrow Canyon suggests
that an onshore flux through upwelling is most likely to
occur through submarine canyons and that much of itis
not locally wind-driven, but rather represents the inter-
action of remotely forced motions with the local bathym-
etry {Aagaard and Roach, 1990). Figure 8 shows a por-
tion of the velocity, temperature, and salinity record
during the winter of 1986-1987, againatasite in Barrow
Canyon, together with the computed salt and heat flux-
es. The hatched fluxes represent the upwelling onto the
shelf of warm and saline water from the Atlantic layer
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at intermediate depths offshore. We should therefore
consider the canyons and sea valleys which cut across
the shelves of the Arctic Ocean to be particularly likely
avenues of exchange for waterborne contaminants
moving both onto and off the shelf.

A striking feature of the Arctic Ocean is its perma-
nent ice cover, which thins each summer, but actually
disappears only over portions of the continental shelves.
The following fall and winter, new ice forms, and the ice
cover returns to its winter state. When seawater freezes,
much of its dissolved burden is separated out and
ejected into the underlying water. This is the origin of
the dense brines discussed above. (Note, however, that
not all the dissolved material is ejected into the under-
lying water, either during the initial freezing oras the ice
thickens through the winter, but that some remains
trapped in brine pockets within the ice throughout the
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Figure 8. Heat flux, salt flux, salinity, temperature, and velocity in Barrow Canyon during the winter
of 1986-87. The negative fluxes marked by hatching represent the upwelling of warm saline water from
offshore Atlantic layer onto the shelf. (From Aagaard and Roach, 1990.)

first year and will be transported in that form with the
ice, not to be added to the water column until the
following summer, when brine channels drain and ice
melts.) This distillation process associated with freez-
ing will of course concentrate in the underlying water
not only sea salts, but also the dissolved contaminant
burden of the surface water which freezes. In shallow
water on the shelf, this enrichment might be substantial,
and the concentrated contaminants can then be tempo-
rarily impounded in depressions in the bottom and be-
hind the extensive barriers of grounded ice common on
the inner shelf (Macdonald and Carmack, 1991b). Freez-
ing thus provides an effective means of transferring
contaminants from the surface water, where it may have
been brought by runoff, precipitation, summer ice melt,
or airborne deposition, to the sea floor, where it can be
incorporated into the often rich benthic biota and into
the sediments. Sea ice can also incorporate contami-
nants in another form, viz., as suspended material,
Through several different distinctive mechanisms asso-
ciated with freezing, large amounts of shelf sediments
can be locked into the ice, particularly during the early
period of freezeup in the fall {Reimnitz et al., 1992},
This material will then move with the ice, perhaps very
long distances, and a portion of the ice-borne sediments
can be deposited elsewhere during the melt season the
following summer.

Ice movement throughout the Arctic Ocean has been
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monitored in considerable detail since 1979 with the aid
of satellite-tracked drifting buoys (Rigor, 1992), and
before that by drifting stations (Colony and Thorndike,
1584), A greatdeal of information on the rates, patterns,
and variability of the motion is therefore now available.
Figure 9 shows the mean drift during 1979-1990; the
solid lines denote the expected number of years for ice
atthatlocation to exitthe Arctic Ocean. (Note, however,
that on a variety of shorter time scales the ice drift will
deviate significantly from this multi-year mean state.
For example, the mean seasonat drifts over the same
12-year period are shown in Figure 10.) The principal
features of the long-term mean ice drift are the large
clockwise gyre covering the Canadian Basin, the
so-called Beaufort Gyre, and the generally westward
movement across the Eurasian Basin, the Transpolar
Drift, It is clear, therefore, that we should expect effi-
cient long-range transport of contaminants carried with
the ice along preferred and well-established routes, e.g.,
from the Laptev Sea across to northern Greenland, with
Figure 9 showing that the latter transfer will on the aver-
age require somewhat over three years.

The circulation of the shallow surface mixed layer of
the ocean, normally less than 50 m thick, is likely very
similar to that of the ice (Thorndike and Colony, 1982).
However, below the mixed layer the ocean circulation
is in many areas directed opposite to the ice motion and
that of the uppermost layer of the ccean. Perhaps most
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exit the Arctic Ocean through Fram Strait. (From Rigor, 1992.)

important among these counterflows for purposes of
contaminant dispersion are the subsurface boundary
currents, the first of which was discovered in the Beau-
fort Sea north of Alaska {Aagaard, 1984). These bound-
ary flows are among the strongest currents in the other-
wise generally low-velocity Arctic Ocean. They are a
few tens of kilometers wide, and they are trapped over
the steep topography which borders each of the major
basins, including the flanks of the Lomonosov Ridge
(Aagaard, 1981). The current speed has a maximum at
some intermediate depth, and the flow does not in gen-
eral have a surface manifestation, as shown in Figure
I'l, which is a composite representation of current
measurements over the Furasian continental margin
between Spitsbergen and Franz Josef Land. Note that
the undercurrent is directed counterclockwise in each
basin (cf., Figure 5) and is therefore opposite in direc-
tion to the motion of the ice and the surface mixed layer
along almost all of the continental margin surrounding
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the Arctic Ocean {Aagaard, 1989). Recent tracer mea-
surements in the Eurasian Basin suggest that a simikarly
enhanced flow may also be trapped over the
Nansen-Gakkel Ridge, which runs parallel with the
Lomonosov Ridge and divides the Eurasian Basin in
two (Anderson et al., 1989; Jones et al., 1991). The
importance of these boundary currents to contaminant
dispersion is that they appear to be the most energetic
component of the large-scale circulation and that they
border all the shelf seas. We can therefore expect thata
significant portion of the dissolved materials moved off
the shelf, for instance with the dense brine-enriched
waters generated during winter, will be entrained in this
strong and narrow flow and transported around the
basin peripheries. For example, the very few current
measurements to date suggest that the distance around
the periphery of the Eurasian Basin from Fram Strait to
the Pole could easily be accomplished in less than three
years (Aagaard, 1989), and this estimate is consistent
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with the independent conclusion from the radionuclide
measurements of Livingston et al. (1984).

Although tracer data from the Canadian Basin are
almost nonexistent, there have now been a sufficient
number of stations worked in the Eurasian Basin to give
some idea of ventilation rates in the interior of the ocean
away from the boundary current (Schlosser et al., 1990;
Schlosser et al., submitted), These suggest that the
upper ocean above the Atlantic fayer has, as we have
already noted, a residence time of about a decade (7-14
years), with the apparent age increasing downward.
From the lower part of the halocline to about 1000 m
depth, the age of the waters in the central Eurasian Basin
increases to approximately twice this. The renewal rates
in the deep water are very much slower, corresponding
to a residence time in the neighborhood of 200 years or
more. The deep waters of the Canadian Basin are the
oldest of all, probably about 500 years (Ostlund et al.,
1987; Macdonald and Carmack, 1991a; Macdonald et
al., 1993). Materials deposited into the deep Canadian
Basin inparticular, will therefore remain there fora very
long time, unless the present ocean climatology chang-
es and the ventilation rate is increased.
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Below the surface mixed layer, the mean flow field
in the interior Arctic Ocean appears to be extremely
weak (Meliing et al., 1984; Aagaard, 1989), and the
internal wave energy is far less than the canonical value
for the World Ocean (Levine et al., 1987; Padman and
Dillon, 1989). How is the interior Arctic Ocean then
stirred and mixed? Part of the answer may lie with
intense small, but long-lived, eddies which appear to be
ubiquitous in at least the Canadian Basin (Manley and
Hunkins, 1985). An example is shown in Figure 12,
taken from Newton et al. (1974). Typical eddy diame-
ters are in the range 10-20 km, and their tangential
speeds can exceed 30 cm s, The eddies are generally
embedded in the pycnocline or within the Atlantic layer,
and their thickness does not usually exceed 400-500 m
(D’ Asaro, 1988). Note that the eddies have little or no
surface manifestation. Particularly pertinent to our
present discussion, however, is 1) that the water prop-
erties within the eddies are generally anomalous, sug-
gesting that the eddies have a distant origin, 2) that the
eddies are most probably formed near the margins of the
Arctic Ocean, and 3) that the eddies have extremely
long lives, probably several years (ID’Asaro, 1988).
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These energetic rotating lenses of water may therefore
be a primary transport mechanism in the interior Arctic
Ocean, carrying dissolved materials with them as they
drift over long distances before slowly dissipating with-
in the Arctic Ocean and releasing their contents to the
surrounding ocean.

In addition to processes native to the deep basins and
their adjacent shelf seas, the Arctic Ocean is significant-
ly influenced by exchanges with the Pacific and the
Atlantic oceans (Figure 5). Low-salinity waters enter
from the Pacific through Bering Strait, while a range of
more saline waters enter from the Atlantic through Fram
Strait and also through the Barents Sea. All these inputs
place their distinctive marks on the Arctic Ocean, e.g.,
on its temperature, salinity, and nutrient structure, and
it is likely that a great variety of anthropogenic contam-
inants carried with these inflows also imprint the Arctic
Ocean, although we know very little about the contam-
inant burden of the inflows. However, adocumented ex-
ample of contaminant irnport is that of low-level radio-
nuclides from the nuclear fuel reprocessing plants in
western Burope which entered the Polar Basin near
Spitsbergen in about 1976 and were observed at mid-
depth near the Pole three years later, marked by a high
137Cs/08r ratio (Livingston et al., 1984). Livingston
{1988) has argued that this signal was initially transmit-
ted into the Arctic Ocean by dense drainage from the
Barents Sea, such as we have discussed earlier. The
water would subsequently have been carried counter-
clockwise around the Eurasian Basin to the Pole, very
likely by the subsurface boundary current trapped over
the basin margin.
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Export of water from the Arctic Ocean is most
importantly directed through Fram Strait, thence south-
ward along the east coast of Greentand into the North
Atlantic. This outflow also on the average carries in
excess of 100,000 tons of sea ice per second out of the
Polar Basin, Additional significant export of water
occurs through the passages of the Canadian Arctic
Archipelago; this water is drawn from the Canadian
Basin.

Despite the relatively quiet, low-energy ocean be-
neath the permanent ice cover of the central Polar Basin,
we thus see ample evidence of efficient transport mech-
anisms within the Arctic Ocean. Contaminants entering
the Arctic, whether with the rivers great and small
which drain the surrounding continentat land masses, or
from atmospheric deposition, or from import through
the various oceanic straits and passages, can relatively
rapidly be transported long distances, either with the sea
ice or in the boundary currents. Both sea ice and dense
drainage flows generated on the shelves during freezing
can move materials off the shelves into the deep basins,
and waters can apparently also upwell onto the shelves
from deeper levels offshore. The large density stratifi-
cation of the Arctic Ocean will therefore not prevent the
downward movement of contaminants, whether through
the seasonal development of drainage flows from the
shelves, or from sinking of particulate matter carried by
the ice and which has beenincorporatedintotheice over
the shelves. A portion of the particulates transported
with the ice should be expected annually during the melt
season to sink from the surface throughout the Arctic
Ocean. Based on physical processes alone, therefore,



contaminants in the Arctic Ocean should be expected to
have considerable mobility both vertically and laterally.
It is also likely that for the foreseeable future, the
concentration of a variety of contaminants within the
deep Arctic Ocean and its sediments will increase, since
the replacement time scale for its deeper waters is rather
long and will not offset the introduction of materials
which almost certainly is occurring at present.

Finally, I note that the circulation of the Arctic Ocean
has in the past been argued to resemble that of an estu-
ary, with a surface outflow of low-salinity waters due to
excess runoff and a subsurface inflow of denser waters
from the south. While this physical analogy has limita-
tions and is not altogether accurate, there may be some
merit in extending the estuarine analogy to contami-
nants, for which estuarine processes can provide a means
of concentrating materials inside the estuary. For exam-
ple, nutrient trapping in estuaries is well known.

The Arctic Ocean is rapidly becoming a focus for
issues of global climate change. The World Climate
Research Programme has recently begun planning an
international program on the Arctic (the Arctic Climate
System Study: ACSYS), and component investigations
are already being undertaken. It is likely that this study
will provide an important framework for investigations
during the next decade. In examining both climate and
contaminant issues in the Arctic, I am struck by the
overlapping interests of both problem areas in determin-
ing the controlling physical and biogeochemical pro-
cesses and their time scales, and in acquiring a quan-
titative prognostic capability. I therefore suggest that an
extremely important step is to ensure that global change
and contaminant studies in the Arctic find suitable mech-
anisms for working together to the substantial benefit of
both endeavors. Indeed, the joint Canadian/American
TransArctic Section, which will cross the Polar Basin
from the Chukchi Sea to Fram Strait in 1994, will carry
awide variety of global change programs spanning both
climate and contaminant research. Perhaps it can serve
as a model, or even be catalytic, in creating the desired
synthesis of approaches and solutions to the related
research needs and opportunities of understanding both
contamination and global change in the Arctic.
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Possible Roles of Sea Ice in the
Transport of Hazardous Material
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Introduction

The purpose of this paper is to provide the non-
specialist with an assessment of the possible roles that
sea ice can play in the transport of hazardous material
within the Arctic Basin. Although some of the follow-
ing material is speculative, there are anumber of general
statements that can be made about possible transporta-
tion mechanisms and their presumed effectiveness. It
should be noted, however, that essentially none of the
following material is based on actual observations of
the transport of real hazardous material, Instead sedi-
ment, usually derived from the sea floor, 15 used as a
proxy to discuss probable fates of far less desirable
materials such as nuclear waste.

Indeed, one might well ask, “Why discuss sea ice at
all in that everyone knows that sea ice contains less
impurities than the water from which it forms?” This
statement is, in fact, true for every soluble salt found in
seawater and for every seaice type (Weeks and Ackley,
1986). The reasons for this are related to the very
restrictive chemical bonding and atomic radius require-
ments for atomic substitution in ice. The only substanc-
es that are known to substitute in the ice lattice in
measurable amounts are the compounds NH, ¥, NH,OH,
HF and NH; (Hobbs, 1974), compounds that, fortunate-
ly for the human race, are not abundant naturally and
whose concentrations in sea ice are negligible.

Besides, the incorporation of sea salts into sea ice
occurs not as atomic substitution but as entrapment of a
portion of the growth liquid in the form of liquid
inclusions. The amount of liquid included, which deter-
mines the salinity of the sea ice, depends on the salinity
of the seawater at the growth interface and the growth
velocity. For natural sea ice forming from seawater of a
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salinity of ~34%o, typical initial salinities are in the
range of 10 to 15%o, values that will, as the ice ages,
gradually decrease to 4 to 6% by the start of the spring
melt season. A discussion of the ditferent mechanisms
involved in controlling the salinity profile of seaice, as
well as of current attempts to model these processes, can
be found in Cox and Weeks (1988). If the ice has
survived a summer, becoming what is loosely referred
to as multiyear (MY) ice, the salinity of the portions of
the ice above sea level drops to nearly zero while the ice
below sea level shows salinities varying between 3 to
5%e(Malmgren, 1927; Schwarzacher, 1959). Inasense,
the formation of sea ice acts as a purification process
that results in the rejection of much of the soluble
material that was initially in the portion of the water
column that has been frozen and that transfers it to lower
levels of the ocean. The fate of this material will be
discussed by other presenters at this meeting.

In summary, any chemical pollutant that is intro-
duced into the Arctic Qcean in a dissolved state will be
less concentrated in the sea ice than in the underlying
seawater. The only interest in the ice in such a situation
is as a visible “tracer” indicating the general motion of
the upper layer of the ocean. The various techniques
useful in tracking the drift of the ice will be discussed
Jater. It should also be noted here that in the Arctic
Ocean the motion of the ice and of the upper portion of
the water column (to depths of approximately 50 m) are
essentially completely decoupled from the motion of
the lower and predominant portion of the water column.
For instance, the upper portion of the Arctic Ocean
moves in a generally clockwise pattern while at greater
depths the circulation is counterclockwise (Aagaard,
1979).



Mechanrisms for incorporating solid materials
into sea ice

Overview

It is in the transport of solids that sea ice comes into
its own as a potentially important transporter of solid
hazardous material. As will be seen, the processes
involved are somewhat unusual and only occur in the
polar oceans. The more itnportant of these processes are
capable of concentrating solid material in the ice cover
in amounts far in excess of that found in the underlying
sea water, Processes that are believed to contribute to
the entrainment of solid material on and into sea ice
include (1) bottom adfreezing in extensive shallows
covered by bottom-fast ice, (2} bluff slumping onto fast
ice, (3) flooding of fast ice by sediment-laden river
water, (4) the wind-borne transport of material onto the
ice surface, (5) transfer of material suspended within the
water column and on the sea floor to the ice by suspen-
sion freezing, and finally, (6) the incorporation of
material into the ice during the gouging of the sea floor
by pressure ridges (Kindle, 1924, Osterkamp and Go-
sink, 1984; Reimnitz et al., 1992).

The following sections will review studies of what
are currently believed to be the two most important of
these processes: suspension freezing and ice-induced
gouging of the sea floor. Although the other processes
are undoubtedly locally important, they are not believed
to transfer amounts of sediment either into or onto the
ice that are volumetrically significant on a regional
basis. For a transfer mechanism to be effective, it must
be able both to transfer reasonable amounts of material
to the ice and to operate over an appreciable area. Even
along the edge of the Arctic Ocean, bottom freezing by
undeformed fastice only occurs in water shallower than
2 m, a value that is limited by the local winter ¢climate
which controls the maximum possible ice thickness.
Bluff slumping is strictly limited to coastlines although
near-shore water depth is no longer a restriction. River
flooding is also very localized and, as it primarily occurs
in the spring, the affected near-coastal ice commonly
melts resulting in the transfer of the river sediment load
from the ice to the sea floor. Aeolian deposition of sig-
nificant amounts of material also appears to be only
locally important. Recent work in the Canadian Archi-
pelago, where aeolian transfer might be expected to be
particularly effective because of the invariable nearness
of land, suggests that this process is relatively unimpor-
tant (Reimnitz et al., 1992). Also, sea ice sampled in the
nearshore 2 km north of Barrow contained only insig-
nificant amounts of dust in the snow cover upon the ice
(Darby et al., 1974). In addition, ice sampled {Pfirman
etal., 1989a; 1989b; 1990) in the Eurasian Basin carried
fine sediment suggestive of an acolian origin, the total
amount of such sediment was smail.
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Suspension Freezing

Suspension freezing is the descriptive term first used
by Campbell and Collin (1958} to describe a process
thatis now known to be caused by the formation of frazil
ice (ice crystals that form within the water column).
This process is quite effective in transferring to the ice
both sediment suspended in the water column and
sediment residing on the seafloor. The conditions nec-
essary for suspension freezing to occur have recently
been summarized by Reimnitz et al. {(1992) as including
strong winds, intense turbulence in the open water of a
shallow sea and extreme sub-freezing temperatures.
When these conditions occur, the water column can
become supercooled a fraction of a degree allowing
large quantities of frazil ice to form and to be swept by
the turbulence throughout the water column. In saltwa-
ter frazil crystals are characteristically 1 to 3 mm in
diameter and initially occur in the form of thin discs.
These crystals notonly nucleate on particles in the water
column but during their growth stage they are sticky and
are extremely effective in scavenging particles from the
water column. During periods of sustained turbulence,
current evidence suggests that marine frazil can remain
suspended for significant periods of time (hours toeven
days). When the turbulence abates, the frazil crystals
characteristically form into flocs that float to the surface
where they form a slush layer either on the surface of the
sea or at the base of an existing ice cover, During the floc
stage, additional suspended material can also become
entrapped in the interstices of the agglomerated crys-
tals. One surprising fact is that, at least in the case of
diatoms studied in the Southern Ocean, and presumably
true also for fine sediment, the amount of material
observed in the ice greatly exceeds the amount that
could beexplained as being present in the water column
at any given time (Ackley et al., 1979). This anomaly
has now been reasonably explained by noting that, after
the frazil has accumulated into a layer of slush forming
what is commonly referred to as grease ice, it is a very
common occurrence that a swell will continue for some
period of time after the frazil layer has formed. This
process cycles water containing additional suspended
material, through the ice which acts like a sieve system-
atically trapping the particles within the porous ice
matrix. A theoretical treatment of this process has
recently been developed (Shen and Ackermann, [990).

The other important aspect of suspension freezing
process is that it is also capable of picking up coarse
material off the bottom and of transporting it upward to
where it can be incorporated in a developing ice sheet.
A general description of this process is as follows. As
the frazil crystals resulting from suspension freezing are
swept downward by the vertical turbulence, they can
also come into contact with, and adhere to, material on



the seafloor. Such, so-called, anchor ice appears to form
selectively on coarser material. There appear to be
several reasons for this. As the coarserclasts projectinto
the flow, they cool quickly to the subfreezing tempera-
tures necessary for anchor ice formation. Also clasts
projecting into the flow will clearly encounter and
collect more frazil crystals. The spongy masses of ice
that can form on such clasts can be quite large. Once the
vertical turbulence subsides, these ice masses, which
are buoyant, can many times leave the bottom contain-
ing significant quantities of attached sediment. In riv-
ers, rocks as heavy as 30 kg have been observed to be
incorporated into an ice cover via this mechanism
(Mattin, 198 1). However, most material is significantly
smaller and therefore requires fess attached ice for
flotation. During the transfer up to the ice cover, these
ice masses also are presumably effective in sweeping
particutate matter from the water column. At present,
field observations in the Arctic suggest that anchor ice
formation only occurs under turbulent open water con-
ditions with strong wind-driven currents and when the
immediate heat sink is the atmosphere (Reimnitz et al.,
1987).

An example of the overall efficiency of the suspen-
sion freezing process can be gained from the field
observation that, in 1979, the sea ice between the Col-
ville and the Sagavanirktok rivers on the Beaufort coast
contained 16 times more sediment than the annual sup-
ply to the same region (Reimnitz and Kempema, 1987,
Kempemaetal., 1989). Inthis particular event sediment
loads in the ice were estimated to be 1000 m*/km? and
to extend out to water depths of at least 20 m. Field
observations and laboratory experiments relating to the
general process of suspension freezing and of anchor ice
formation can also be found in Barnes et al. (1982),
Clayton et al. (1990), Kempema et al. {1986, 1990,
Osterkamp and Gosink (1984), and Reimnitz et al.
(1987, 1990, 1993),

Now that we are confident that suspension freezing
is capable of entraining significant amounts of sedimen-
tary material into the ice, we must answer two further
questions: “What is the maximum water depth at which
this process is effective and during what portion or
portions of the year does such entrainment occur?”
There is a variety of evidence relating to the question of
the maximum effective water depth. For instance in the
Arctic, Reimnitz et al. (1992} have found mollusk
species that characteristically live at water depths of 25
to 30 m that have been incorporated in the ice via the
process of anchor ice transport. A similar depth range is
suggested by the types of ostracodes found in the ice. In
addition, mixing and supercooling characteristically
associated with anchor ice formation have been ob-
served to depths of 20 m on the Beaufort Shelf and to 22
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m in the Laptev Sea (Zakharov, 1966a). Similar depths
for convection of supercooled water on the arctic shelves
of Alaska have reportedly been observed by Hufford
(Reimnitz et al., 1987). Particufarly important are re-
cent observations (Reimnitz et al., 1993) on the incor-
poration of benthic microfossils in sea ice during a
particularly intense suspension freezing eventalong the
Beaufort coast that suggest that the atfected water depth
may extend to 50 m. The details of this event will be
discussed later.

In the Antarctic there is appreciable evidence that
anchor ice forms at significantly greater depths. In
McMurdo Sound, its occurrence has been documented
at depths up to 33 m (Dayton et al., 1969) and, at nearby
White Island, ice buildup on fishtraps has been noted at
depths of over 70 m (Reimnitz et al,, 1987). In fact,
evidence has been presented (Dieckmann et al., 1986)
that indicates that, in the vicinity of the Filchner Ice
Shelf, organisms have been raised from the bottom in
water up to 250 m deep. Whether these latter extreme
depths are applicable to the Arctic is doubtful in that, at
least at sites near to the Antarctic ice shelves, the mech-
anism for producing the supercooling appears to be
appreciably different and not directly associated with
surface meteorological conditions. In these cases, the
postulated mechanism is as follows. Near the outer
edges of the extensive Antarctic ice shelves, the seawa-
ter layer in direct contact with the bottom of the ablating
shelf is both less saline than the underlying water, as the
result of the production of meltwater, and also is exactly
at its freezing point because of its contact with the ice.
Once this water flows beyond the edge of the shelf, it
rises because of its lower density and supercools during
the rise as the result of adiabatic decompression. Con-
sidering that these ice shelves can have drafts in excess
of 200 m, they provide a quite plausible mechanism for
generating supercooled water at appreciable depths.
Further discussion of this explanation, which was ini-
tially proposed by Foldvik and Kvinge, as well as relat-
ed field observations bearing on its occurrence, can be
found in the following references (Foldvik and Kvinge,
1974; Foldvik and Kvinge, 1977; Gow et al,, 1982;
Lewis and Perkin, 1985; Jacobs and Comiso, 1989;
Jeffries and Weeks, 1992).

The above discussion can be summarized as follows:
Current observations indicate that in the Arctic the pro-
cess of suspension freezing is commonly capable of
transporting material from the sea floor to the overlying
ice in water depths of 20 to 25 m and occasionally capa-
ble of transport at depths to 50 m. Occurrences in deeper
water, that have been documented in the Antarctic, do
not appear to be common in the Arctic, and if present
will probably be found at sites where ice shelves or gla-
cier tongues extend into the sea.



Now that we have considered where suspension
freezing can occur, we need to examine when it can
occur. A reconsideration of the requirements is useful
here: strong winds, extreme sub-freezing temperatures,
open water, intense turbulence. Strong winds can occur
any time although they are generally more intense in the
fall and winter., Extreme sub-freezing temperatures
limit the times to late September through April at most
arctic focations. It is the combined requirements of in-
tense turbulence and open water that are the most inter-
esting. To produce intense turbulence one must have,
not just strong winds and open water, but an appreciable
fetch. Such conditions are clearly present in the fall
during the initial stages of ice cover formation when
large stretches of open water are present. In fact most
field descriptions of suspension freezing events are
from just this season.

The question is “‘Are there locations over the arctic
continental shelves with water depths of 50 m or fess
where pronounced turbulence is to be expected at other
times of the winter?’ At first glance one tight think that
the answer would be no, because after the initial general
freeze-over occurred, the fetch would invariably be
limited by the presence of sea ice. Indeed, this statement
probably applies to most of the Arctic Ocean where the
presence of ice effectively eliminates the short-period
wave field and lead widths are commonly less than a
few kilometers.

However, there are a number of places where pto-
nounced turbulence is to be expected: the polynyas that
occur around the margins of the Arctic Basin. The term
polynya, a Russian term that is in general use by the
international sea ice community, refers to an open water
or thin ice area of some considerable extent (tens to
hundreds of kilometers) thatexists inaregion that is sur-
rounded by heavy ice and where climatologically heavy
ice is to be expected. In the following we will also re-
strict the use of the term to cases where such a situation
repeatedly occurs in roughly the same location,

There are generally considered to be two types of
polynyas (Smith et al., 1990): sensible heat polynyas
and latent heat polynyas. The sensible heat variety is
believed to be the result of the introduction of warm
water, probably from below, that prevents ice from
forming. If there is sufficient warm water being intro-
duced into a region to result in the effective removal of
ice, the introduced heat is certainly capable of prevent-
ing the formation of the supercooled water required for
frazil ice generation and anchor ice formation, There-
fore this type of polynya is not of interest to us.

Latent heat polynyas, on the other hand, are invari-
ably the combined resuit of the local topography and
meteorology with the topography blocking the flow of
ice into a region and the meteorology moving the ice
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already in the region away to some downwind location.
Noice in (because of a land barrier or ice arching across
astrait) + an offshore or off ice edge wind which moves
any ice in the region away = | ea. polynya. In such a
case, warim water is not keeping the polynya open, and
the combination of a strong wind, very cold air termper-
atures {many times coming off large land masses such
as Alaska or Siberia) and an appreciable fetch is invari-
ably present. There is another important aspect of this
process, it produces its own fetch and, therefore, can in
principle occur any time during the winter. If the geom-
etry of the geography is “right,” all that is needed is a
frigid and strong offshore wind. This is a requirement
thatis notin shortsupply in many areas of the Arctic. Do
such latent heat polynyas exist? They definitely do and
they are not rare. Also, in that their up-wind boundary
commuonly starts either at the shoreline or at the fastice
edge, their locations, almost by definition, include some,
or all of the bathymetry between O and 50 m. In fact, this
type of polynya would appear to be a well-designed
machine for incorporating material both from the sea
floor and from within the water column into the sea ice
cover.

One might well ask next, “How effective are these
polynyas as initiators of solid material transport, via the
sea ice cover, across the Arctic Ocean?” The amount of
real observational data bearing on this question is lim-
ited. The reasons for this are several. Operations on the
edges of large polynyas can be quite dangerous unless
the party has significant logistic support as the possibil-
ity always exists that the nearshore ice will break off and
drift into the polynya. Operations in a polynya com-
monly require specialized ship support. Needless to say,
such operations are invariably expensive, and in the past
have received little support. Although this is gradually
changing as obvious reasons for studying such areas
have increased, the number of in-situ studies of sedi-
ment transport in such areas is stiil very limited. Discus-
sions of a variety of subjects relating to the polynya
problem can be found in the following references: (Ari-
kainen, 1977a, 1977b, 1981; den Hartog et al., 1983;
Dey and Feldman, 1989; Knapp, 1972; Kozo et al,,
1990; Kupetskii, 1958; Martin and Cavalieri, 1989;
Pease, 1987; Reimnitz et al., 1993; Schumacher et al.,
[983; Smith et al., 1983, 1990; Steffen, 1985; Topham
et al., 1983; Ushio and Wakatsuchi, 1990).

‘What actual observational data exist concerning the
role of these polynyas in the incorporation of sediment
into the sea ice? Only recently has this problem started
to receive the attention it deserves. An excellent de-
scription of how effective a polynya can be in introduc-
ing sediment into the sea ice cover has recently been
prepared by Reimnitz et al. (1993). During this partic-
ular ice-growth year (1988-1989) the usual freezeup



storms did not appear to introduce significant amounts
of sediment into the ice. However in January strong
offshore winds opened a shore polynya that extended
along the entire north coast of Alaska and east beyond
the mouth of the MacKenzie River. Satellite imagery
also indicated that large polynyas had formed along the
Chukchi and Eastern Siberian coasts at the same time.
Unfortunately no detailed observations were made con-
cerning the incorporation of material into the ice covers
of these regions. The Beaufort polynya remained open
through February and into March. In fact aircraft flights
on 3 March 1989 showed that the peolynya extended
from the shore to 30 km offshore. During this period, the
offshore winds were so strong that the stammukhi zone (a

band of pressure ridges that usually forms as the result
of the grounding of deformed ice in water of approxi-
mately 20-m depth and that serves to stabilize the near-
shore ice) was either not able to form or, if formed, was
destroyed. In fact the present author lost several sam-
pling sites during these storms when the fast ice being
systematically sarnpled on the Chukchi coast near Bar-
row suddenly became pack ice never to be seen again.

The sediment load in the ice resulting from this
polynya has been conservatively estimated at over 289
t/km? and benthic fossils entrapped in the ice suggested
that sediment was uplifted off the bottom at depths of up
to 50 m. Although a polynya event of this magnitude is
atypical, at least for the Beaufort Coast, it clearly
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Figure 1. Polynya locations in the southern Chukchi and Bering seas (Groves and

Stringer, 1991).
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demonstrates the effectiveness of the suspension freez-
ing mechanism. In addition, it has been estimated based
on these field observations that, if one assumes a steady
ice drift to the west of 3 cm/s, the sediment transport
through a -k north-south segment of the Beaufort
Shelf via the ice would be 67,420 t during a 3 month
period (Reimnitz et al., 1993).

Years with major sediment entrainment events may,
of course, be followed by a year, or years, when only
comparatively clean ice is produced. The largest such
entrainment event studied to date occurred duting the
fall of 1978 and resulted in an ice cover that contained
16 times more sediment than the local rivers supply
annually to the affected shelf region (Reimnitz and
Kempema, 1987). If this ice were all to move off the
shelf before depositing its load, a net sediment loss or
shelf erosion would occur.

The fact that advection polynyas are both common
and generally occur where one might expect them to
occur off the coast of Alaska and around the margins of
the Arctic Ocean can clearly be seen in Figures | and 2.
Figure 1 shows the locations of known polynyas occur-
ring in the Chukchi, Bering and Eastern Siberian seas
(Stringer and Groves, 1991). Figure 2, whichis based on
Russian sources (Proshutinsky, personal communica-
tion), provides similar information on polynya sites
along the Siberian coast and offshore of the islands on
the Russian Shelf. Invariably all these features will not
be active during a given year. However on the time
scales of the lifetimes of many types of hazardous
materials, the incorporation of solid material into near-
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coastal sea ice via polynya formation and suspension
freezing can be considered to be an essentially contin-
uous process. Note in Figure 2 that major polynya areas
occur along most of the Russian coast and are particu-
larly prominent where islands block the generally off-
shore motion of the ice. In a recent study using satellite
imagery (Martin and Cavalieri, 1989), the entire cir-
cumference of Franz Josef Land, the west side of
Novaya Zemlya and the north and east sides of Sever-
nya Zemlya appeared to be active polynyas. All these
polynyas started in shallow water. In addition, Reimnitz
and co-workers {Reimnitz et al., 1992) have recently
studied ice that formed in the vicinity of a large, recur-
ring polynya located along the coast of the Laptev Sea.
Its width was typically 15 km and it extended for 1800
km along the coast. Initially its inshore boundary was
located at a water depth of 10 m but by Januvary this
boundary had moved to depths of 20 to 30 m and was
located at a distance of 200 km from the shore. The one
time it was possible to directly examine ice from this
region, it proved to be relatively free of sediment. This
may be the result of the fact that the discharges of the
Lena and other large rivers located in this area result in
a water column that is sufficiently stable to prevent
suspension freezing from reaching the sea floor. How-
ever Russian oceanographic studies (Zakharov, 1966b)
indicate that convection is commonly sufficiently in-
tense to reach to the bottom in this area. Clearly addi-
tional field studies will be required to document the
effectiveness of the Russian polynyas in the sediment
entrainment process.

Figure 2. The distribution of {a) fast ice and (b) polynyas 1, 2, 3,... over the Russian Shelf during winter based on Russian
observations.



Ice-Induced Disturbances of the Sea Floor (Gouging)

Suspension freezing is capable of transferring mate-
rial, both suspended within the water column and resi-
dent on the surface of the sea floor, into the overlying
layer of sea ice. Is there an additional mechanism capa-
ble of transferring material, buried to depths of several
meters beneath the sea floor, either back to the surface
of the sea floor, into suspension, or directly into the ice
cover itself? There definitely is. The fact that, as the ice
pack moves over the shallower waters of the continental
shelf, the keels of pressure ridges and the lower surfaces
ofice islands and icebergs plow up the sea floorhas been
a known scientific curiosity since the 1920s. Once off-
shore oil development on the margins of the Arctic
Ocean became a possibility, a thorough understanding
of this process became of considerable importance in
that it presented an obvious hazard that would have tobe
considered in the design of offshore pipelines. In fact,
during the last 20 years gouging, or scouring as some
people prefer to call it, has received considerable atten-
tion. For instance, a recent bibliography of the ice scour
literature (Goodwin et al., 1985) lists a total of 379 pub-
lications with some 101 papers dealing with the Beau-
fort Sea, 23 discussing the Chukchi/Bering Seas, 15
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Figure 3. Semilog plot of the number of gouges ob-
served vs. gouge depth for four regions along the Alas-
kan coast of the Beaufort Sea (Weeks et al., 1984).
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dealing with theory and modeling, and 29 dealing with
protection. There is also a large literature bearing on the
subject of gouges off the east coast of Canada that are
produced by true icebergs.

What is currently known about gouging? It is now
well established that gouge depths, as observed at a
given time, are well described by a simple negative
exponential distribution (Figure 3). Small gouges are
frequent and deep gouges are rare. Curves that summa-
rize current data on the distribution of gouge depths
along the Beaufort Coast as afunction of water depth are
presented in Figure 4. The spacing between gouges also
shows a similar exponential dropoff suggesting that
gouging can be approximated as a Poisson process.
Both the frequency and the intensity of gouging are
clearly related to water depth. In the United States
portion of the Beaufort Sea, most deep gouges occur in
water depths of 30 to 40 m. To date, the largest gouges
observed on the U.S. portion of the Beaufort Shelf have
depths of approximately 5.5 m (Barnes et al., 1384).
Larger gouges up to 6 m deep have been observed in the
Canadian portion of the Beaufort Sea, an increase that
is probably related to changes in the characteristics of
the subsea sediments as one moves closer to the Mac-
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offshore region of the Beaufort Sea unprotected by
barrier islands (Weeks et al., 1984).



Kenzie Delta, Gouge densities are extremely variable
reaching values as large as 500 gouges per square kilo-
meter. Track samples indicating in excess of 100 gouges
perkilometer are not rare, In the Chukchi Sea, the deepest
gouges occur at water depths of 35 to 50 m and are as
much as 4.5 m deep. Most gouges are oriented roughly
parallel to the coast running generally east-west in the
Beaufort Sea and northeast-southwest in the Chukchi
Sea. In both the Beaufort and Chukchi Seas, the presence
of offshore shoals has amajoreffect on gouge occurrence
with the largest numbers of gouges occurring on the
seaward flanks of shoals (Reimnitz and Kempema, 1984).
In general, currently active gouging is rare in water
deeper than 50 m and does not appear to occur in water
deeper than 60 m. Unfortunately, the amount of data
bearing on these limiting values is small,

What aspects of existing data sets need improving?
First, it would be highly desirable to have a better esti-
mation of the water depth at which gouging ceases to be
a problem. To understand this concern, one must realize
that in the geologically recent past, sea level was roughly
100 m lower than now. Therefore gouges occurring in
deeper waters may be relic and not indicative of current
activity, This is particularly true if gouges formed in
deeper water survive for long periods of time. Consider-
ing the shallow nature of the Arctic shelves, small chang-
es in the maximum water depth where active gouging
occurs make large changes in the areas where gouging
must be considered as a problem.

Even more important is the small amount of data that
provide direct determination of gouging rates as a fune-
tion of water depth and location. When one examines a
region and determines there are 100 gouges per kilome-
ter, does this mean that they formed during the last year,
during the last 10 years, or during the last 1000 years? As
there is, as yet, no absclute way to date individual gouges,
this question is currently unresolved and of great impor-
tance in estimating safe burial depths (Weeksetal., 1984,
Wang, 1990). Current simulations of the gouge infilling
process (Weeks etal., 1985) suggest that most gouges are
infilled within a few years. However these models are
very crude. This conclusion is also supported by field
observations suggesting significant sediment movement
along the arctic shelves (Barnes and Reimnitz, 1974,
1979). Whether these conclusions apply to water depths
greater than 45 m is not known. In addition, the detailed
oceanographic data necessary to drive even crude sedi-
ment transport models is almost nonexistent even for
regions such as the Beaufort Shelf where interest in
oftshore oil and the associated subsea pipelines has
generated considerable interest in both gouging as a
pipeline hazard and the associated oceanographic envi-
roenment. The published data base for the Siberian Shelf
is, to the best of my knowledge, virtually non-existent.
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The development of a good data base on gouging
rates requires yearly replicate measurements of the
gouging patterns on selected representative regions of
the shelf of interest. Some such data exist for the
Beaufort Sea (Barnes et al., 1978; Rearic et al., 1981),
the expansion of this data base would be highly desir-
able We stress that this type of information cannot be
obtained in a short time even if major financial resourc-
es are devoted to the problem, On the other hand, by
carrying on a low-level, continuing program, excellent
data sets can be obtained for reasonable costs. The
longer the time series, the more confident will be the
estimates of the gouging rates and initial gouge depths.
The existing repetitive record of gouge tracks along the
Beaufort Shelf indicates that the average volume of
sediment excavated and mobilized by ice keels in the
water depth range between 7 and 18 m was 3000 to 6000
m*/km?/yr (Rearic, 1986). These values increased with
depth to the seaward limit of the surveys and, based on
studies of gouging frequency and intensity would be
expected to peak at water depths of 30 to 40 m. In short,
on the shelves of the Arctic Ocean at water depths of 50
m or less, even objects buried in the sediments to depths
of 53 m are not safe from the gouging process. This
process is also presumably capable of disrupting con-
tatners containing hazardous material causing the mate-
rial to be released on the sea floor where it would be
exposed to suspension freezing and to other more con-
ventional sediment transport mechanisms.

Unfortunately, the literature on sediment transport
by gouging is, to date, quite limited (Barnes et al.,
1990). Quantitative data on the direct transfer of sedi-
ment via gouging to the ice cover for further transport
are essentially non-existent. However there is no doubt
that this is an active process. I am not aware of any
quantitative published data on the gouging phenomena
on the Russian shelves, Again there is no doubt that this
is an active process. The simple fact that stamukhi is a
Russian word is informative here. It should also be
noted that there is a significant tide at many locations on
the Russian shelf. When such tides are coupled with the
geometric restrictions that oceur in regions where ex-
tensive ice grounding and gouging are found, opportu-
nities for local scouring and redistribution of sediments
invariably occur. Finally, one should recall that ice-
hergs are formed at locations in the western Russian
arctic islands. Such features can ground in deeper water
resulting in both deep wallow holes and linear gouges.

Patterns of ice movement

Once solid material of any kind, hazardous or non-
hazardous, hitches a ride either within the sea ice cover
or on its upper surface, where does it go? In that the
introduced matter is a passive hitchhiker, it goes where



a. Trajectories of various research stations (1893-1972). The bold arrows provide a

sense of direction.

b, Trajectories of automatic data buoys (1979-1982), (Colony and Thorndike, 1985.)

Figure 5.
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Figure 6. The field of interpolated mean ice motion for the Arctic Basin. The vectors
originate at the centers of the boxes. The interpolated motion in data sparse regions should be
regarded with caution. (Colony and Thorndike, 1985.)

the ice goes and gets oft where the ice melts. Just where
is this? Data relating to the large-scale motion of the
Arctic pack, initially based on the drift of beset ships,
has been collected since the drift of the Fram (18%94-
1896). Through time our insights into this phenomenon
have consistently improved as more and more data
became available including the tracks of the Soviet
“North Pole” stations, the U.S. ARLIS stations, the ice
island T-3, and finally the data buoys using satellite
relays (Munoz, 1986; Untersteiner, 1988). A plot of all
this information collected between the time of the Fram
and 1982 has been assembled by Colony and Thorndike
{1984) and is shown in Figure 5. It has been suspected
since the time of Nansen and recently explicitly docu-
mented by Thorndike and Colony (1982} that, in the
short term, the ice goes where the wind takes it. In fact
70% of the short-term variance of the ice motion can be
explained by the local geostrophic wind. In that the
wind field over the Polar Basin is dominated by anticy-
clonic activity, the drift of the pack would be expected
to mirror this, and it does. Figure 6 shows the mean field
of the ice drift as calculated from the observational data
(Thorndike and Colony, 1982). This motion field is
usually described in terms of two main features. The
first of these is the Trans-Polar Drift Stream which
moves ice from the Siberian Shelf, over the Pole and out
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of the Basin through Fram Strait; a trip that commonly
takes 3 years. The second feature is the Beaufort Gyre,
a large anticyclonic circulation centered about halfway
between Barrow and the Pole. A typical trip around the
gyre takes 5 years (Thorndike, 1986). In fact, in the
mean representation of the motion field shown in Figure
6, the Trans Polar Drift Stream and the Beaufort Gyre
appear to blend into one gigantic clockwise circulation.

It should be noted that the mean representation is, in
one sense, a bit deceptive in that it lures the non-
specialist into thinking that the ice motions are always
as represented. As an example of the possible magni-
tude of the short-term variations, it is now known that
the Beautort Gyre can rotate counterclockwise for peri-
ods lasting up to 30 days (Serreze et al., 1989). These
events characteristically occur in the late summner to
early autumn and are a wind-driven response to a
persistent cyclonic pattern that occasionally develops at
that time of the year. An example of this drift pattern as
demonstrated by the buoy motions and the estimated ice
drift vectors as calculated by a numerical model utilized
by Proshutinsky (personal communication) is shown in
Figure 7. This figure is particularly interesting in that it
clearly demonstrates that even the exceptions to the
mean drift pattern can now be reasonably well predicted
by current modeling efforts.
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Figure 7. The observed drift vectors obtained from automated buoys (numbered} and the calculated drift field for June

1979 (Proshutinsky, 1993).

However, it is important to note two things. First,
existing models have the most difficulty in forecasting
ice behavior in the nearshore region (Overland and
Pease, 1988). This is hardly surprising, in that in such
regions the geometric variations of the coastline as well
as the topography of both the land and the seafloor exert
complex influences on the wind field above the ice, the
currents beneath the ice, and the fateral transmission of
stresses through the ice. As aresult ice motions near the
coast can be quite complex. Second, the observational
data base on ice drift near the coast is surprisingly
sparse. Note that, with the exception of the Beaufortand
Chukchi shelves, mean drift vectors are largely missing
at near-coastal locations in Figure 6. There are two
reasons for this data gap. First manned stations are
usually sited at locations greater than 200 km from a
coast because experience has shown that ice floes at
sites closer to the coast commonly encounter episodes
of lead formation and ridging. Second, the Cold War
limited the installation of data buoys at sites on the
Russian Shelf. Fortunately this restriction has now
disappeared and cooperative projects are now under-
way. There is also a Jarge Russian data set of the drift of
near-shore radio drift buoys (Figure 8) that, as yet, has
not been incorporated into an overall analysis because
the basic data set has not been published. Unfortunately,
it is at these nearshore shelf sites, particularly those on
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the Russian Shelf, where there is the most concern
regarding the introduction of hazardous material into
the Arctic Qcean. Figures 9 and 10 show two additional
representations of the drift patterns in the Basin. The
first is by Gordienko (1958) and is of interest in that it
shows amoreclearly delineated Trans-Polar Drift Stream
and also summarizes the Soviet experience concerning
ice movements near their coast. The second figure is by
Proshutinsky (1993) and summarizes more recent Rus-
sian views on this subject based on observations collect-
ed by the Arctic and Antarctic Research Institute in St.
Petersburg.

Let us now examine the ice drift patterns for several
sites where hazardous material of one type or anotheris
presumed to be present. We will assume that this mate-
rial has become entrained in the ice by some mechanism
and ask ourselves the question, “Where is it most likely
that the undesirable material will be deposited?” Field
observations support the assumption that the great ma-
jority of any foreign material that is incorporated either
in oron theice remains in the ice and is gradually moved
toward the upper ice surface where it is concentrated as
a lag deposit. When the ice melts, this material is again
released back into the water column. A representation
of this transportation scenario forice initially formed on
the Russian Shelf, as well as in the Arctic Basin in
general, is shown in Figure 11 (Pfirman et al., 1990).
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Figure 10. Schematic of the ice drift and surface currents in the Arctic Basin based on Russian sources (Pros-
hutinsky, personal communication).

East Greentand Current Transpolar Brift Stream

o -
o -

(?} Aeolian
Deposition

( Suriace Sediment Accumulation

I
Clean Ice

T .;Scdime'n_twfa'den lco -

Particle Release

i Siberian

fl
" Shelves

_____

Fram Strait Eurasian Basin

Figure 11, A schematic representation of ice growth, surface melting, and surface sediment
accumulation during the drift of a hypothetical ice floe from the Siberian Shelf to the Fram Strait

region. Note thatvariations in thickness due to ice melt and freeze-on and ice rafting are not represented
(Pfirman et al., 1990).
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Figure 12. Contours of the asymptotic probability of ice, from different regions in the Arctic
Basin, exiting the Basin via Fram Strait (the shaded area) {Colony and Thorndike, 1985),

If the above holds, a sense of the probable deposition
(out of the ice) sites can be obtained by utilizing the
results of Colony and Thorndike (1985) who have
utilized observed drift data to calculate probabilities
that ice that formed in a particular site would melt in
soine specified place. Figure 12 shows contours of the
asymptotic probability of exiting the Arctic Basin via
Fram Straits (the hatched area). These results clearly
indicate that the majority of the ice formed over the Rus-
sian Shelf in general, and the western portions of this
shelf in particular, exit the Arctic and melt in either the
Greenland Sea or the North Atlantic. Figure 13 shows
the contours of the asymptotic probability for ice mov-
ing into the shaded regions and melting, thereby pre-
sumably depositing their sediment load, in the (a) Beau-
fort Sea, (b) Chukchi Sea, (¢) East Siberian Sea, and (d)
Laptev Sea. The only problem with these results is that,
as mentioned earlier, the data on which the Colony and
Thorndike analysis was based did not include drift data
from near-coastal regions on the Russian Shelf.

It is worth noting that if it is deemed important to
establish the trajectories that ice floes initially located at
specific near-coastal dumping locations along the north-
ern coast of Russia will take enroute to their final demise
{melting), this is fairly easy to accomplish via at least
two different methods. The first approach, which would
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require Russian cooperation, would be to place data
buoys at sites of interest and then track the motions of
the buoys with time. The second approach would be to
use sequential SAR data to track ice floes that pass over
the sites of interest. Automated floe tracking procedures
that are currently being implemented via a Geophysical
Processor System at the Alaska SAR Facility would
prove very useful in such a study (Kwok et al., 1950,
Weeks et al., 1991). Although such investigations are
possible now through the use of data from ESA’s ERS-
1 satellite, they will become significantly easier when
the 500-km-wide swath width imagery of the Canadian
Radarsat becomes available in 1995 or 19596,

Conclusions

On the shelf regions of the Arctic Ocean, if water
depths are 50 to 60 m or less, there are clearly effective
mechanisms invelving ice for plowing up material
buried at depths of up to 6 m, for rupturing containers,
and for spreading the encapsulated material over the sea
floor, Mechanisms are also active that can transfer large
amounts of material from the seafloor and from within
the water column upward and into the ice. Although
these mechanisms are episodic, when one considers the
half-life of certain hazardous materials, their activity
can essentially be considered as continuous. Once con-
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can essentially be considered as continuous, Once con-
tained in the ice, the undesirable material will move
with the ice and will not be deposited until the ice melts,
This latter event could take place thousands of kilome-
ters and tens of years removed from the time and place
of the transfer to the ice. The processes involved here
only occur in areas that possess heavy seaice covers and
in the past they have received little attention. This is a
situation that will clearly have to change if we are to
understand the role of seaice in the transport of hazard-
ous material in the Polar Regions. I cannot overstate the
conclusion that we are not dealing with “normal” well-
studied oceanographic processes that we understand.
The Arctic offers a truly different situation,
Considering that hazardous waste disposal sites in
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d. Laptev Sea.

Figure I3. Contours of the asymptotic probability of ice moving into the shaded region and melting (Colony and Thorndike,
1985).

the western Russian Arctic are currently of the most
interest, I believe that it can be concluded that the
chances are slight that hazardous material will be trans-
ported via the ice cover from these regions to the coasts
of Alaska or into the Bering Sea. Although chances are
higher that material deposited on the shelf of the East
Siberian Sea could be transported to Alaska (note the
eastward ice drift vectors located near the Siberian
Coast in Figure 10), I nevertheless believe these chanc-
es to also be very small. The quantification of these
probabilities will require data on near-shore ice move-
ments over the appropriate shelves, Although ice does
move from the Chukchi Sea into the Bering Sea during
some periods of the winter, the ice involved invariably
forms in the southern portions of the Chukchi. Fortu-




sites in this region. Clearly the areas most at risk from ice
related transport of hazardous material deposited on the
Russian Shelves are the Barents Sea, the Greenland Sea,
the North Atlantic and even Baffin Bay. The fact that
these are regions of extensive commercial fishing makes
these conclusions appear to be of particular concern.

Clearly we need more detailed information so that we
can discuss both the processes that incorporate foreign
material into ice and the resulting transportation routes
taken by the ice in a more rigorous manner. We know
how to collect this data and a small but knowledgeable
body of specialists exists that have experience with these
matters. Unfortunately such programs are never inex-
pensive because of the appreciable logistics costs in-
volved. The biggest data void is, of course, the environ-
mental conditions near specific locations on the Russian
Shelf. The present political situation offers a unique
opportunity to develop cooperative programs with the
appropriate portions of the Russian science community.
HereIrefer notonly to the Russian Academy of Sciences
but also to groups such as the technical staff of the Arctic
and Antarctic Research Institute in St. Petersburg. This
organization has extensive data holdings concerning ice
conditions on the Russian Shelf as well as vast experi-
ence in operating in such regions. There is no laboratory
in the west with equivalent expertise. If ever a problem
called for building cooperative research programs with
appropriate Russian research groups such as AARI, it is
the one we are discussing now.
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Sediment and Sediment Processes in the Arctic

R. Lawrence Phillips
U.S. Geological Survey
Menlo Park, California 94025

The sediment types, distribution, and processes that
deposit or modify the seafloor are poorly known for the
Arctic region. The deep Arctic Qcean seafloor consists
of fine-grained clastic sediment containing abundant
microfossils. Sediment found within the shallow epi-
continental seas is extremely variable in texture consist-
ing of silt/clay, sand, and gravel or a mixture of these
three textures (see Figure 1). The sources that contribute
sediment to the Arctic are rivers, coastal erosion, aco-
lian, and biogenic (Figure 2).

Turbidite sedimentation is the major depositional
processes (Figures 3 and 4) within the deep Arctic
basins. In basins with restricted sediment sources tur-
bidite deposition may only be active during glacial
periods. On bathymetric highs (Figure 5) and in areas
not dominated by turbidites biogenic and ice-rafted
clastic sediment is deposited. Sedimentation rates range
from 1 to 2 mm/1000 years in ice-rafted areas up to 1 m/
1000 years in areas containing turbidite deposition,
Processes that transport or modify the deep basin re-
gions include currents which erode sediment, expose
bedrock on bathymetric highs, or produce mudwaves
on bathymetric highs and basins; ice-rafting in all areas;
and bioturbation which reworks the sediment to depths
of up to 36 cm.

Sedimentation within the wide, shallow epiconti-
nental seas (Figures 6 and 7) is complex and controlled
by fluvial input or lack of and local internal drainage
systems (canyons, sea valleys, and troughs) that incise
the shelf regions (Figure 8). Processes that transport and
modify the seafloor are oceanographic currents which
erode sediment and produce surficial gravel fags or
extensive sand wave fields; storms during open water
season which rework the upper surficial sediment of the
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epicontinental seas producing bedforms or gravel fags
to over 100 m depth; active ice gouging which ploughs
the sediment to at least 5 m depth beneath the sea floor
and may occur to at least 70 m water depth; anchor ice-
frazil ice formation which will remove sediment from
the sea floor and occurs to water depths of at least 100
m; ice-rafting of sediment by nearshore fast ice forma-
tion, frazil ice, and ice gouging; bioturbation which
completely mixes the shelf sediments; and benthic sur-
ficial feeding by walrus in all shelf areas to at least 85 m
water depth and by gray whales in the Chukchi and East
Siberian seas.

Previous investigations where sediment cores have
been obtained consist of ice stations and ships (Figures
9,10, 11 and [2). Ice-station T3 (1963-1974) obtained
580 cores. The T3 cores, which are in excellent condi-
tion, are archived at the University of Wisconsin (Dave
Clark, personnel communication) and represent the
most extensive set of Arctic cores. Over 400 cores
obtained from the Laptev, East Siberian, and Chukchi
seas, which are also in excellent condition are archived
at Oregon State University (Peter Clark, personnel
communication). Both the T3 and shelf areas cores were
obtained by gravity and piston cores which during the
coring operations the upper surficial part of the core is
generally lost, The cores obtained in the Chukchi Sea
since 1981, in Northwind Ridge in 1988 and 1992, and
Beaufort Sea-Canada Basin are stored at the U.S. Geo-
logical Survey at Menlo Park, California. Excellent
cores were obtained in the Greenland-Norwegian Sea,
Nansen Basin, Amundsen Basin, Lomonosov Ridge,
and Makarov Basins from 1986 to 1992 by the Germans
and are stored at Alfred Wegener Institute for Polar and
Marine Research, Bremerhaven,
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Figure 1. Surface textures of the Arctic Ocean. Brown mud, containing ice rafted clasts, covers most of the Arctic Ocean
Basin and can be found as shallow as 60 m on the shallow seas. The epicontinental seas contain variable sediment textures
consisting of mud, sand, and gravel but usually contain a mixture of the three textures.
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AEOLIAN (<1%)
COASTAL EROQSION (Up to 35 m/year)

RIVERS (Siit/clay, prograding deltas)
BIOGENIC (11-29%)

CHEMICAL (Fe/Mn nodules/coatings)

EROSION OF SHELF AREAS (Ice rafting by
sea ice, glaciers)

Figure 2. Sediment sources in the Arctic Ocean.

MAJOR FEATURES OF
ARCTIC BASINS

1. CONSISTS OF BASINS (some restrictive} SEPARATED BY
BATHYMETRIC HIGHS.

2. RANGE IN DEPTHS FROM 4000 M (Nansen Basin) TO AS
SHALLOW AS 279 M ON BATHYMETRIC HIGHS
{Chukchi Borderland).

3. SEDIMENTATION--TURBIDITES IN BASINS (I M/1000
years, Canada Basin); ICE-RAFTED SEDIMENT IN
BASIN AREAS LACKING TURBIDITES (1 to 2
mm/1000 years); TO CYCLIC ICE.-RAFTED/NON ICE-
RAFTED SEDIMENT ON BATHYMETRIC HIGHS (up to 4
cm/1000  years).

4. BIOTURBATED DARK BROWN MUD, 10-20 CM THICK,
CONTAINING ICE- RAFTED CLASTS BLANKETS ALL OF
ARCTIC SEA FLOOR (to as shallow as 50 m depth on
epicontinental seas).

5. CONTAINS ABUNDANT MICROFOSSILS.

6. Fe/Mn MICRONODULES AND COATINGS ON GRAINS
COMMON TO RARE,

BASIN PROCESSES
L. ICE RAFTING.

2. CURRENTS (erode substrate, locally produce migrating
bedform fields as mud waves),

3. BIOTURBATION (mixes sediment, vertical burrows
range from 2 to 36 cm depth in sediment.

4. TURBIDITE SEDIMENTATION DOMINATES DEEP OCEAN
BASINS, SAND/GRAVEL-RICH NEAR GLACIAL
SOURCES, MUR-RICH IN DISTAL BASIN REGIONS (in
restricted basins turbidite sedimentation only active
during glacial periods).

5. BASINS SLOPES GENERALLY EROSIONAL WITH BEDROQCK
OR OVERCONSOQOLIDATED SEDIMENTS NEAR
SEDIMENT/WATER INTERFACE.

Figure 3. Major features of the Arctic Basin and deep basin sedimen-
tation processes.
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/lcc cover
e e e s s i mereme
Linear furrows 1o 200m —‘_3 3 s i T |S T Fee rafting

water depth ({from ice gouging?) {sca ice/glacial ice)

/

Ice rafted/biogenic
sediments J

Bedrock Currents--grode  sediment,

Turbidite/density

flow e Produce mud waves

Thin sediment

cover on slopes Mud waves

Channcls‘/

Bioturbation

Turbidite
depusition

Turbidite
deposition

Figure 4. Sediment processes occurring with the Arctic basin. Turbidite deposition dominates most basin regions.
Sediments on bathymetric highs and in areas lacking turbidites contain condensed sediment section resulting from ice
rafting. Locally bedrock exposures and mud waves can be found on some bathymetric highs; mud waves may be found

in some basins.

Figure 5. Major bathymetric features of the Arctic Ocean.
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SEAS

. RANGE IN WIDTHS FROM 50 KM (Beaufort Sea), 500-
700 KM (Chukchi to Laptev Seas), TQ 1500 KM
(Barents Sea).

[y

[ 3]

. SHALLOW--50 TO 60 M DEEP (Barents Sea up to 300+
m deep).

3. MOST CONTAIN SEA VALLEYS/CANYONS/TROUGHS,

o

. EROSIONAL,

5. VARIABLE TO PATCHY SEDIMENT DISTRIBUTION AND
SEDIMENT TEXTURES CONSISTING OF GRAVEL-SAND-
MUD
OR MIXED TEXTURES,

o

MAY CONTAIN EXTENSIVE BENTHIC FAUNA.

SHELF PROCESSES
1. CURRENTS (migrating bedform fields).

ot

STORMS (reinforce currents, erode sea bed to depths
of 100 to 140+ m).

[

BIOTURBATION ({mixes sediment, active wvertical
burrows found up to 1.5 m depth in sediment).

£

- ICE GOUGING (to 5 m depth below sea floor, active ice
gouging to 70 m  water depth, relict glacial ice
gouging te 200-500 wm water depth),

5, ANCHOR ICE-FRAZIL ICE FORMATION (removes
sediment-cccurs in less than 100 m  water depth?),

6. ICE RAFTING.

7.BENTHIC FEEDING (mixes/disrupts sea bed-walrus all
regions, grey whales Chukchi Sea and East Siberian
Sez}.

Figure 6. Major features of the Arctic epicontinental seas and shelf
sedimentation processes.

Coastal erosion

\ Fluvial input/Deltaic Ice rafting-:from nearshore fast ice formation,
progradation frazel ice formation, & ice gouging
p

Pressure
ridge

S¢

Saad/gravel Thin Holocene
sediment  cover

fce pouging--all areas to

70 m water depth?

Currents--erode substrate produce Mud/gravel
gravel Jags & bedforms as Bedrock

sand waves Bioturbation W

Benthic [feeding
Storms--erode  substrate to  140+m  depth, Walrus/grey whale
resubl in anchor ice/frazel ice
formation during freeze up

Figure 7. Sediment processes occurring within the epicontinental seas.
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Figure 8. Main sea valleys, canyons, and troughs that cut the shallow epicontinental seas.
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East Siberian Sea

Kara Sea

Barents Sea

Greenland-Norwegian
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Figure 9. Areas of coring investigations conducted from ice stations within the Arctic Ocean.

59




Project Dates

Russian 1948-1960
POLE-T 1957-1958

ALPHA 11957-1958

CHARLIE 1959%-196¢0

ARLIS II1962-1%65

T-3 1964-19%73

LORAX 1979

FRAM I-IV 1979-1982

CESAR 1983

Number
COTICS

509
600

14

22

047

580

42

9+

36

Core
Length

1-4m
4.1m

2.5m

2.5m

<1lm

Ave 3m,
to 5.5m

0.2-1.7m

<lm

1.3-7.5m

Area
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Figure 10. Ice station sediment cores.
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Figure 11. Areas of coring investigations conducted from ships within the shallow epicontinental seas and basins.
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Figure 12.Cores recovered from ships in the Aretic basin and shelf areas.
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The Permafrost Environment

Jerry Brown
Chair, Bditorial Committee
International Permafrost Association
P.O. Box 9200
Arlington, VA 22219-0200

Permafrost occurs throughout the Arctic, both on
land and on the continental shelves. Unlike sea ice,
snow cover and glaciers, permafrost is not visible to the
human eye, and in fact, by strict definition it is simply
a thermal condition of earth; that is earth material which
remains below 0°C continuously for more than two
vears. By this definition, water may occur as an unfro-
zen liquid as is the case of saline sediments or occur as
massive sheets of below ground ice. Permafrost can be
“dry” or lacking moisture, but in most cases, permafrost
is consolidated by interstitial ice. The term “perma-
frost” was coined in the English language by Simon
Mullerduring World War IT and was based on the exten-
sive Russian literature on perennially frozen ground
that dates back to its discovery in Yakutsk in the early
1800s.

Approximately 20% on the earth’s surface is under-
lain by permafrost (Figure 1), It develops where there is
anegative heat balance at the ground surface; common-
ly associated with mean annual air tetnperature of -3°C,
The oldest existing permatrost is thought to have formed
[.5-2.2 million years ago. During the glacial and inter-
glacial periods, permafrost formed and thawed as cli-
matic conditions oscillated. Evidence of these events
are inferred from fossil mammal and other organic
remains and casts of ice wedge that formed under colder
conditions. The thickness of the perennially frozen
ground is a function of surface climate, thermal conduc-
tivity of the sediments and rocks and time. In the colder,
high latitudes, the thickness can exceed 700 m and
reflects long periods colder than present. Changes in the
geothermal gradients of permafrost reveal subtlechanges
in surface climate and environments and therefore pro-
vides permafrost with a memory of prior conditions.
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Subsea or offshore permafrost developed when the
continental shelves were exposed to cold subaerial
periglacial environments. With inundation ot the shelf
and shoreline transgression, the cold subsea permafrost
warmed, disappeared or is still preserved under the
shallow, ice-covered waters of the shelf.

The distribution of land permafrost demonstrates a
marked latitudinal zonation with the colder and more
continuous zone in the north and the warmer and more
discontinuous to sporadic occurrence to the south. Per-
mafrost occurs in over half of Russia and Canada, 85%
of Alaska, and 20% of China, as well as at higher eleva-
tions in most mountainous regions. Sections of older or
“relict” permafrost are preserved at depth in some
regions such as West Siberia. The upper layer above
permafrost that freezes and thaws annually istermed the
“active fayer.” Its thickness varies based on climate,
vegetation and material type from several decimeters in
peats to several meters in well-drained materials. In the
continuous zone, permatrost may be absent bencath
rivers and deep lakes, thus providing connections with
unfrozen zones below the permafrost (Figure 2).

Ground ice is perhaps the most important feature of
permafrost terrain. Several forms are recognized rang-
ing in size from microscopic to massive: pore ice,
segregated ice, ice wedge ice, pingo ice and buried ice
of varicus origins. Ice wedges develop over time and
serve as important stratigraphic and environmental in-
dicators. The distribution and quantity of ground ice are
important in engineering design and environmental
protection, since upon mekting the ice-rich ground loses
strength and volume and fails on slopes. Passive con-
struction techniques require the preservation of the
ground ice to avoid subsidence and erosion.
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Figure 1. Distribution of permafrost in the Northern Hemisphere. Isolated areas of alpine permafrost
not shown on the map exist in the high mountains and outside the map area in Mexico, Hawai, Japan,
and Europe. {From Péwé, 199]).
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Figure 2. Cutaway block with surface lifted, showing the effect of surface features on the distribution of permafrostin the

continuous permafrost zone. (From Péwé, 1991},

In order to provide a unified map of permafrost and
ground ice conditions of the Northern Hemisphere and at
a scale cortaining representative, comparative details,
the International Permafrost Association undertook to
prepare a circumarctic map of permafrost conditions ata
scale of 1:10,000,000. The map is a cooperative effort of
the geological surveys and ministries of the U.8.,Canada
and Russia and is scheduled to be printed by the USGS
within the year (see draft poster display). Other regional
geocryological maps at one million scale have recently
been published for West Siberia and Northwestern Can-
ada.

From this brief summary, it can be said that perma-
frost conditions serve both to contain and enhance the
movement of contaminants. Contaminants contained in
permafrost can be released as the ground thaws. Since
cold, ice-cemented permafrost is essentially impervious,
there have been attempts and suggestions to use it for
liquid storage and disposal of wastes. On the other hand,
since permafrost terrain has unfrozen conduits, these can
serve as pathways for movement of contaminated sur-
face and ground waters. The thin, active layercan absorb,
contain and even concentrate contaminants, but when
frozen can result in accelerated runoff of surface contam-
inants. The physical-chemical properties of frozen ground
must be understood and considered when assessing and
developing mitigation for Arctic contamination.
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Finally, a great deal is known about permafrost;
however, information is scattered through many engi-
neering and scientific disciplines, publications and lan-
guages. Over half of the current world literature is in
Russian. Fortunately, several readily available biblio-
sraphic sources are available and include the CRRFEL-
sponsored Cold Regions Science and Technology Bib-
liography whichis also availableona CD-ROM and on-
line retrieval. In conjunction with the international
permafrost conferences held every five years, a bibliog-
raphy of world permafrost is prepared and published as
part of the National Snow and Ice Data Center’s series
Glaciological Data. The most recent five-year compila-
tion was prepared for the Sixth International Confer-
ence on Permafrost held in Beijing in July 1993 (Bren-
nan, 1993).
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Characterization of the Arctic Environment
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Characteristics of the Arctic Marine Ecosystems

The Arctic Ocean with its permanent jce cap and
seasonally fluctuating ice pack is the major dominating
influence on the northern high latitude ecosystems. The
“Arctic,” as defined by the Arctic Research and Policy
Actof 1984, includes all U.S. and foreign territory north
of the Arctic Circle (Beaufort and Chukchi seas) plus
the Bering Sea. This is reasonable since the ice pack
may extend down into the southern Bering Sea during
the winter, resulting in “Arctic” conditions far south of
the Arctic Circle.

Arctic matine ecosystems are characterized by sea-
sonally limited sunlight, ice cover that inhibits energy
penetration (photic and mechanical), low mean temper-
atures, low species diversity (seasonally high numbers
of individuals of a few species), low annual biological
productivity (with short bursts of reproduction and
growth during the summer), extreme seasonal differ-
ences in numbers of individual organisms, and long-
lived organisms with high lipid levels.

In comparison with the Arctic Ocean, both biologi-
cal diversity and production are relatively high in the
Antarctic Ocean. Dunbar (1982) has suggested that the
degree of specialization toward a polar environment (as
indicated by typical Antarctic species) which is more
advanced in the southern polar region, might be ex-
plained by the relative youth of the Arctic as compared
to the Antarctic. The permanent ice cover in the Antarc-
tic has persisted for over 14 million years, while in the
Arctic it is relatively young, only about 3 million years
old (Shackleton, 1982). Also on a time scale of decades
to a few thousand years, general oceanographic condi-
tions in high latitudes appear to have changed markedly
and possibly repeatedly, thus preventing the evolution
of a mature and fully developed ecosystem.
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Some of the differences in the biological character-
istics of the earth’s polar marine systems may also be
explained by the ice caps themselves and their relation-
ship to rest of the world’s oceans. The ice cap of the
Antarctic covers a continent, while that of the Arctic
provides acentral cover for the ocean itself. The Antarc-
tic ocean has free exchange with both the Atlantic and
Pacific oceans; exchange between the Arctic Ocean and
other bodies of water are much more limited.

The paucity of fauna and flora in the Arctic Ocean is
well known. Dunbar (1982) attributes this to low pri-
mary production and extreme seasonality of the envi-
ronment. The low primary production is directly related
to the high water column density stratification and
vertical stability due to the presence of an ice cover over
the ocean. The ice cover also limits light penetration and
primary production. In much of the Arctic, the ice front
is near land and during much of year it is continuous
with the land, while in the Antarctic the ice edge is asso-
ciated with deep ocean upwelling areas and the normal-
ly associated high primary production.

Although published values vary widely within re-
gions of the Arctic, it appears that primary production
increases with decreasing latitude from the high Arctic
ice pack (see Table 1). Arctic ecosystems generally
have fewer species than ecosystems of lower latitudes;
therefore, food webs are relatively simple, although
food chains are not necessarily short. Mean production
and biomass are low (nutrient limited), there are large
seasonal fluctuations and systems tend to be unstable
and subject to large fluctuations extending beyond the
seasons (Baker and Angel, 1987). Faunal resources are
characterized by large numbers of individuals of rela-
tively few species, most of which are migratory and
concentrate in large aggregations during the breeding



Table 1.Primary production estimates (g cm?® yr~!) for Arctic marine

regions.
Region Production Source
Arctic:
Arctic Ocean 0.6-5 Dunbar, 1986
Barents Sea GO Rey et al., 1987
25 Dunbar, 1986
100-15C Falk-Petessen et al., 1990
Ralsfjord (Norway} 145 Rilertsen & Tassen, 1984
Spitsbergen fjords 150 Eilertsen et al., 1989
Greenland 30500 Dunbar, 1986
Godhaven 90 Anderson, 1977
Dumbel Bay (Ellesmere L) 9-12 Dunbar, §986
Davis Strait 50 Dunbar, 1986
Lanecaster Sound 54 Welch et al,, 1992
14 Dunbar, 1986
Cornwaliis . 15-32 Dunbar, 1986
Beaufort Sea 9-18 Dunbar, 1986
15-40 Schelt, 1983
Chukchi Sea i8-28 Dunbar, 1986
including Kotzebue 5. 75-100 Schell et al., 1988
Arctic Transitional:
Bering Sea 20-150 McRoy & Goering 1976
75-258 Dunbar, 1986
Subarctic:
Gulf of Alaska 48 Dunbat, 1986
50-300 Sambrotte & Lorenzen, 1986

season. Arctic fauna are usually long-lived, have high
adult survival rates, exhibit deferred age of first repro-
duction in females, and have relatively low reproduc-
tion rates (Cooch et al., 1987).

Marine Biota of the United States
Arctic: Comparison of the
Beaufort, Chukchi, and Bering Seas

The narrow and relatively shallow Bering Strait,
which separates the Chukchi and Bering seas, is an
important geographical region in the 1.5, Arctic. It is
the point of nutrient exchange between the Nosth Paci-
fic (via the Bering Sea) and Arctic Ocean. Relatively
high velocity current flows through the Bering Strait
carrying particulate and dissolved material from the
northern Bering Sea (inorganic nutrients and organic
carbon, including input from the Yukon River) into the
southeastern Chukchi Sea. It also acts as a funnel for the
movement of seasonally migrating fish, birds, and ma-
rine mammals between these regions. Seasonal ice
conditions here have a major bearing on the timing of
migration between the Arctic Ocean and the Bering Sea,

Biologically, the southern portion of the Bering Sea,
including the Pribilof Islands south to the Aleutian
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Chain and Bristol Bay, can be considered as part of the
North Pacific Ocean, Northward of this area, the Bering
Seais increasingly influenced by the Arctic. The Bering
Sea, therefore, represents a region of transition between
the subarctic North Pacific Ocean and the Arctic Ocean.
In the Bering Sea, ice-frequenting marine mammal
species (ringed seals, bearded seals, beluga whales,
bowhead whales, walrus, etc.) overlap in distribution
with those marine mammal species characteristic of the
ice-free North Pacific (harbor seals, Steller sea lions,
northern fur seals, killer whales, Dall’s porpoise, et¢.).

Although coastal lagoons, inland streams, and tun-
dra lakes of the Beaufort Sea coast provide major
habitat for very large numbers of shorebirds and water-
fowl during the summer season (May-September), the
seabird populations north of the Bering Strait are rela-
tively small when compared to that of the Gulfof Alaska
and southern Bering Sea. Although this is related to
differences in primary production, the scarcity of suit-
able coastal cliffs for nesting is also an important factor
in the case of colonial seabirds. The most northern
major seabird colonies are located at Cape Lisburne in
the eastern Chukchi Sea and extend from there south-
ward through the northern Bering Sea to inciude Cape






