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FOREWORD

The Third Glacier Bay Science Symposium was held at Glacier Bay Lodge in Glacier Bay National Park and
Preserve, Alaska, on September 15-18, 1993, Like its predecessors, this meeting was jointly sponsored by the National Park
Service, Friends of Glacier Bay, and the Glacier Bay Science Board. The symposium theme, Creating Glacier Bay’s research
role within park, regional and global contexts -- A Plan for Action,” built upon the two previous Glacier Bay symposia: the
first a retrospective tribute to Glacier Bay’s pioneer scientists, the second an overview of the current status of Glacier Bay
science and research. The third symposium’s goal was twofold: (i) to review scientific research efforts in Glacier Bay and
the contiguous biosphere of Southeast Alaska since the last symposium (1988), and (ii) to develop an action plan for Glacier
Bay to implement recommendations of the National Academy of Sciences (NAS) report on Science and the Naiional Parks.

The meeting was attended by 135 registered participants encompassing-local interests, state agencies, the National
Park Service and other federal agencies, and university scientists from across the country. Forty-one scientific papers were
presented in a series of five technical sessions covering physical, biological, and cultural clements of the Glacier Bay
ecosystem. A lead-off panel discussion and four concurrent evening workshops were also held to provide an open forum for
exchanging views among park managers, policy experts, and independent scientists on what the organizational and physical
infrastructure of the Glacier Bay science plan should be. A concurrent poster session and a special evening presentation by
elders of the Huna Traditional Tribal Council on the oral history of Tlingit use and habitation of Glacier Bay complimented
this diverse and full agenda.

Attendees were greeted by several days of exceptional fall weather, with the Fairweather range in full and glorious
view. The indoor events were made tolerable by eatly morning field trips to explore the marine, intertidal, and rainforest
environs of Bartlett Cove. Fortunately, the weather held for the traditional *up bay’ excursion aboard the MV Spirit of
Adventure to sites of scenic and scientific wonder, guided by the running commentary of scientific experts on board. This
all-day event was followed by a banquet and evening presentation by author, Judith Aftergut, and a tribute and dedication
to Richard P. Goldthwait by Dave Mickelson. A not-to-be-missed replay of Sandy Milner’s recollections of his early research
days in Glacier Bay along with other humorous stories continued informally into the wee hours.

By most counts the symposium was a great success. The presentations were consistently good, being at the same
time of high scientific quality and accessible to the diverse audience in attendance. The discussions and workshops focusing
on science policy in the National Parks, although open-ended, provided much impetus for subsequent selection of Glacier Bay
as a candidate ecosystem-based research center for the National Biological Service. The social events, informal discussions,
and scenic splendor were probably without equal. Closure for this symposium, however, comes with publication of a
proceedings of the presented papers. This volume, following tradition from two previous symposia, contains 40 peer-reviewed
chapters that summarize the oral and poster presentations; only a few of the technical papers were not prepared for publication.
These Proceedings also include Superintendent Jensen’s welcoming address, the dedication to Richard Goldthwait, and
excerpts from the keynote address by Roland Wauer and evening lecture by Judith Aftergut. A closing note by Bill Brown
of the Friends of Glacier Bay assesses what the meeting accomplished, what it did not, and the task ahead.

The publication of these Proceedings would not have been possible without the editorial assistance of session chairs,
Rob Bosworth, Dave Brew, Chris Fastie, Brendan Kelly, Gordon Kruse, Sandy Milner, and Ross Powell, and layout editor,
Thetus Smith of the Alaska System Support Office, National Park Service.

Daniel R. Engstrom
Editor
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vii






OPENING REMARKS

Daniel R. Engstrom
Program Chairman

On behalf of the organizing committee, the Friends of Glacier Bay, and the Glacier Bay Science Board, I welcome
all of you to the Third Glacier Bay Science Symposium. It is a personal pleasure for me to be here in Glacier Bay for yet
another science gathering and to greet many old friends -- some not seen since our previous meeting five years ago. It seems
like a very short time since the second symposium ... or even the first, as I have such clear memories of those earlier events.

I arrived in Glacier Bay for the first time in 1983 to begin my research on newly formed lakes in recently deglaciated
terrain. Days before the first symposium, I joined Bill Field and Don Lawrence for a trip up bay’ aboard the MV Nunaiak.
I must say, it was a tremendous opportunity to first experience this dynamic landscape in the company of pioneering scientists,
who had during their lifetimes personally witnessed a half century of glacial retreat and vegetational succession. 1 clearly
recall pouring over volumes of Bill’s glacier photos in the Nunatak’s steamy galley as Bill and Don recounted the great
expanses of ice and barren moraines where [ could see only deep fjords and impenetrable thickets of green.

Unfortunately, Bill Field has not been back to Glacier Bay since the first symposium, and we will miss him again
this year' Bill sends his best wishes for our success. Another of the early science giants of Glacier Bay, Dick Goldthwait,
will not be returning. Dick passed away last year, and it is to his memory that we dedicate these proceedings. We are very
fortunate, however, that Don and Lib Lawrence are able to join us at this gathering. They have attended every one of these
events and indeed have plaved a pivotal role in the creation of the symposium idea as well as supporting in many ways each
of the past meetings.

As program chair, I am greatly indebted to many others for making this meeting possible. Organizing such a
complex event from a half continent away would have been an insurmountable task were it not for the guidance and support
of a truly dedicated organizing committee. I especiaily want to acknowledge a handful of individuals whose efforts certainly
exceed mine - Carolyn Elder, Lynn Jensen, and John Scheerens for logistics and Jim Taggart and Mary Beth Moss for
program. | also want to thank the sponsoring organizations: the Friends of Glacier Bay and Glacier Bay Science Board --
the primary force behind this year’s and all past science symposia; the National Park Service -- especially Marv Jensen, for
dedicating much staff time to this event; and Northern [llinois University -- registrar for the meeting, courtesy of Ross Powell.
I would also like to thank Glacier Bay Lodge and owner Bob Geirsdorf for hosting our event and generously providing the

opening reception last night.

Now regarding the substance of our program over the next few days, I would like to emphasize one important point.
This Glacier Bay symposium, like its predecessors, has more than a single agenda: (i) We will, of course, be reviewing past
and ongoing scientific research in the park and surrounding region -- a process familiar to most in this room; (ii) Our other
purpose springs from the theme of this meeting, which is spelled out in the introduction to the program. Our symposium
comes at a time when science policy in the National Park System and Department of Interior is in much ferment. We have
through our actions here the potential to influence how future science is conducted in this park and elsewhere in the NPS
system. Hence, we have scheduled into this symposium a key panel discussion and a series of evening workshops, the goals
of which are to develop a draft action response to Interior’s Science Advisory Board telling them how we would like to see
science conducted in Glacier Bay. I want to strongly encourage everyone to participate fully in this part of the program as
well as the technical sessions. Qur success depends in a major way on your input to this process.

I would now like to ask Superintendent Marvin Jensen to formally open the meeting.

Proceedings of the Third Glacrer Bay Science Symposmum, 1993
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WELCOME TO SCIENCE PAST AND FUTURE

by
Marvin Q. Jensen

Superintendent

Glacier Bay National Park and Preserve
P.O. Box 140
Gustavus, Alaska 99826

September 14, 1993
Gustavus, Alaska

Welcome to the Glacier Bay National Park and Preserve for the 1993 Science Symposium. This is the third in a series
of science symposia and is sponsored by the Friends of Glacier Bay, the Glacier Bay Science Board and the National Park

Service.

Many people have spent long hours in arranging for this symposium. I would like to thank especially Dan Engstrom for
his work as chairman of the symposium, Jim Taggart and his staff, Ross Powell and the members of the science board. I
would also like to thank Bob Giersdorf, Gary Sorrels and the Glacier Bay Lodge staft for staying open for the symposium.

I believe that science began in Glacier Bay before European man first came to the area. Science at Glacier Bay began with
the Tlingit people, who studied seasons and cycles of the species of food sources and other needs.

The Tlingits® technical reports were the oral histories and instructions from elder to young people on how to provide for
themselves and how to treat or interact and live with nature.

Modem science began with John Muir’s visit to study the glaciers for comparison with canyons in the Sierra Nevada and
other places. William Cooper and the Ecological Society of America followed, seeing the qualities of the place as a science
refugium and the need for it to be protected as a national monument for science and other purposes.

Bill Field, Don Lawrence, Richard Goldthwaite and many others capitalized on the protected status of Glacier Bay for
studies in a protected area. Many of the basic principles of biology and ecology that are known and taught today came from
the work done by these and other scientists working at Glacier Bay.

Considerable amounts of excellent contemporary science continue today on a wide variety of topics of nature and natural
forces. Many of you have contributed much to the existing body of knowledge about this place and of natural phenomenon.

As in the natural world, the general nature and approach to science continues in an evolutionary process. There are many
forces that shape the what, how, why, who, when and where of studies.

There have been many forces over the last five years since our last symposium that have shaped and continue to shape the
science program at Glacier Bay. They are:
> statements and recommendations from the last science symposium.
the Alaska National Park Service Science Initiative.
issues associated with the use and protection of the park.
National Biological Survey (renamed National Biological Service).
world heritage status.

vy vyYvyvy
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JENSEN

I want to touch briefly on each of these forces and issue a challenge to you for this symposium.
Recommendations from the Last Science Symposium

In my introduction at the last science symposium I mentioned that I believed the park should increase emphasis on marine
studies because most of the use and activities are in or on the marine systems within the park. I'm even more convinced of
that today.

I also mentioned that the Alaska Region of the National Park Service was working on a science initiative. The purpose
of that science initiative was to obtain funding for a staff of scientists to study in each park the species, ecosystems, and
processes and learn as much as possible so that decisions to be made would be made from a base of knowledge. About one-
fourth of the science initiative for Alaska was funded in 1990 and 1991. That funding gave Glacier Bay a scientist and a
fledgling science program along with other parks in the region. That scientist has a marine background and so the fledgling
science program was oriented in that direction. And not a moment too soon. Because several issues surfaced or resurfaced
about that same time.

Issues

The issue of allowing commercial fishing arose at about the same time funding for and hiring of a marine scientist took
place. Our approach to the question of whether commercial fishing should continue in the non-wilderness parts of park waters
is that the effects on and relationships with this use must be studied and evaluated before a final decision is made.

The question of relationships between vessels, whales and other concerns has been going on for more than a decade and
was resurfacing at the same time commercial fishing and the science initiative were evolving.

Scientific evaluation of known information relative to these issues was essential to our efforts to update the vessel
management program.

World Heritage

In December 1992 another change occurred at Glacier Bay that has relevance to its science program. Glacier Bay was
designated a world heritage site by action of the World Heritage Committee. In that action Glacier Bay was joined with
Wrangell-St. Elias and Kluane national parks and together became the largest joint, international world heritage site in the
world.

Just this past summer on June 22 the Tatshenshini-Alsek Wilderness Provincial Park was established by Premier Mike
Harcourt of British Columbia. By common boundaries this new provincial park links Glacier Bay to Kluane and Wrangell-St.
Elias national parks. Mr. Harcourt, in announcing the new park designation, said that he would pursue world heritage
nomination for the new park. We reviewed and made comments on the world heritage nomination paper for the new park
just about a week ago. Adding the new provincial park would be the capstone to the existing joint world heritage trio -
joining together some 25,000,000 acres of some of the most incredibly diverse land forms and ecosystems in the world.

International Biosphere

Glacier Bay is already a joint international biosphere reserve with Admiralty Island National Monument, which is
administered by the National Forest Service.

xii



WELCOME

NAS & NBS

Just as the Glacier Bay science program started to blossom, events occurred that are changing the entire approach to science
in the national park system.

The National Academy of Science published its report on science in the national parks. From my reading of the report,
I concluded that it was saying that the NPS had

> not done enough science,
> not done a quality job of science and that
> managers had not listened to or used information from science reports as a basis for NPS decisions.

Just as the NPS was reviewing and deciding what to do about the NAS report, national elections changed the administration
and the new secretary of Interior announced that there would be a new agency to do science for all of the Interior
Department’s land management agencies. Thus was launched the National Biological Service. And, thus was Glacier Bay
National Park’s blossoming science program suddenly moved out of our immediate grasp.

However, all is not lost. The two scientists, their research technicians, equipment and materials -- all remain at Glacier
Bay and, most importantly, their emphasis to do science at Glacier Bay continues. It will simply be done under a different
name and by a different process.

Now What?

These areas are protected in a joint international park system. We have a science program under a new agency beginning
Octaober 1.

We have many issues demanding information as a basis for decision-making.

Do we simply hang our respective plaques and certificates on the wall and go our own separate ways? I admit having done
so about our joint biosphere reserve status with Admiralty Island. But I believe that the time is ripe for joining together all

of these interests and forces.

I think we need to join together to

> identify management issues.

> develop research strategies to learn about resources and values associated with those issues.

> share information, study and management programs among the managers of the various protected sites and with the
public groups that have interest in these areas.

> work with each other in deciding courses to follow based on sound information.

> pursue coordinated approaches to managing uses.

I challenge you to consider these developments and questions during the symposium.

There are workshops scheduled for these purposes that will provide a forum for discussion on these matters. I am hopeful
that recommendations will come from vou during these workshops.

I look forward to sharing this week with you and to the reports and discussions that are planned.

xiii



R.P. Goldthwait (back, third from left) and former students in Muir Inlet, 1986

In Memoriam

Richard P. Goldthwait was born on June 6, 1911, in Hanover, New Hampshire.
He died on July 7, 1992, at Wolfeboro, New Hampshire.

Comments at Glacier Bay Science Symposium
on Richard P. Goldthwait’s Activities in Glacier Bay

September 16, 1993
David M. Mickelson

As we gather for the third Glacier Bay Science Symposium, we are without a prominent scientist and friend of
Glacier Bay. Richard P. Goldthwait died of a stroke on July 7, 1992, while collecting water samples in New Hampshire.
I wish to spend a few minutes commenting on Dick’s career and in particular his contributions to our understanding of
glacial history in Glacier Bay National Park, as well as to remember our visits here together. Dick, or "Doc G" as he
was known to many of his students, first worked in Glacier Bay in 1931. At that time he was part of the’
Dartmouth-Harvard Crillon expedition and did seismic profiles on the South Crillon Glacier. This was the first glacier
bed profiling using seismic methods, and this technology then developed rapidly before and during World War II. As

Proceedings of the Third Glacier Bay Science Symposium, 1993
D R. Engstrom (Ed ), National Park Service, Anchorage, Alaska, 1995

Xiv



A TRIBUTE TO RICHARD GOLDTHWAIT

his career developed, his interests were directed more toward glacial geology and glacial history; but he retained a strong
interest in meteorology, climatology, and glaciology as well. He did research in the Antarctic, Greenland, Baffin Island,
New Zealand, and of course Alaska during his career as a faculty member between 1939 and 1943 at Brown University,
and from 1946 until his retirement in 1978 at Ohio State University. It was there that he founded the Institute of Polar
Studies, which is now known as the Byrd Polar Research Center.

Dick spent parts of at least 30 ficld seasons in Glacier Bay during his professional career. After his initial work
on the Crillon Glacier, he did field work on the outer coast, the lower bay, and particularly in Muir Inlet. He occupied
photo stations with Bill Field, he collected many buried wood samples that were dated and which led him to believe that
Muir, Adams, and Wachusett Inlets were gravel filled to well above sea level during the Mid- Holocene.

In my opinion, a landmark in his contributions to Glacier Bay was the leadership role he took in Institute of
Polar Studies Report 20 entitled, "Soil Development and Ecological Succession in a Deglaciated Area of Muir Inlet,
Southeast Alaska." Although ideas and approaches have changed in the nearly 30 years since its publication, it was an
early example of interdisciplinary research done by people in fields ranging from meteorology, biological science, soil
science, and geology and serves as a good model as we approach the task of developing a Glacier Bay Science Plan.
Another major contribution of Dick’s was the student research that he initiated. I count eight former students that did
theses in Glacier Bay. All of these have continued productive careers and several of us, including Ross Powell and I,
are still actively doing research in the park. In fact, another generation of our students, several of wham are here today,
carry on the tradition. In addition, there were countless others who worked as members of field parties without actually
doing a thesis, but who were exposed to the breathtaking scenery and soul-searching terrain and climate of Glacier Bay.
My fondest memories of Doc G are from Glacier Bay. I remember lying in the tent along Wachusett Inlet, trying to
think of puns in an attempt to keep up with the unending flow of puns that came from him. Greg Streveler mentioned
one this week as we came over from Gustavus. He remembers Dick stumbling out of thick alder, face scratched, glasses
awry, and mentioning that he’d had a "slight aldercation.”

He was also a great teacher. Never one to criticize, he let his students critically examine their ideas by
questioning. In my first field season in Glacier Bay I found a winding ridge of silt several meters high and about 300m
long. It sat on what the geologists here recognize as "Middle Van Horn Formation," lake sediment very similar to what
was in the ridge. I hypothesized that this ridge had formed by erosion in this strange pattern. I showed it to him, and
he began to ask questions. By evening I realized that it was an esker composed of silt -- something I'd never heard
about. By prodding with questions, he had let me discover its origin myse!f.

Dick received many awards and honors during his career, and I will not take time to list them. I should point
out, however, that in 1983 he received an award of merit from the National Park Service for his work in Glacier Bay.
His culminating achievement in Glacier Bay was to lead a group of U.S. and European glacial geologists on a field trip
to Glacier Bay in 1986. This fulfilled his longtime dream of having an opportunity to demonstrate many glacier processes
to others not fortunate enough to have worked in Glacier Bay.

As well as being a great teacher and researcher, Dick was also an environmentalist for as long as 1 knew him.
He was concerned about the future of this planet and in particular areas like Glacier Bay. He approached his concern
for the environment, as he did most other things, with reason and with an understanding that there are always tradeoffs
to be made, but that a concern for the environment should be a major factor in decision-making.

Finally, 1 think many of you knew Dick and his wife Kay as friends. Kay wishes to be remembered to many
of you with whom they became friends both here and in Gustavus.
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YOICES FROM GLACIER BAY: SCIENCE AND THE SENSE OF WONDER

by

Judith B. Aftergut

At the symposium banquet, Judith Aftergut, a writer, read sections from her manuscript Voices from Glacier
Bay. The book is a combination of commentary, personal experiences, and interviews with people who know Glacier
Bay well. One focus of the book is how people see from varying perspectives, how the strict lines break down
between "science" and "poetry." Judith has been visiting the Glacier Bay area (mostly in summer or fall) since 1974.

The following scctions from the baok include interviews with Dr. Field, Dr. Lawrence, Dr. Goldthwait, and
Carol Janda. Not all of these specific excerpts were read at the symposium. In the sections which follow, the
arrangement of time is not linear and connections are made intunitively. As was not the case at the symposium, the
factual base for this material has been reviewed by Dr. Lawrence.

June 1976. Well-equipped, but not brave, I took five days to build the courage to camp
overnight alone in Reid Inlet. I had never camped by myself. The tour boat traveled the West
Arm becaunse of thick ice that year in Muir Inlet, when Muir Glacier was in a period of major
retreat. As we rode north, the vegetation became gradually different, with a predominance of
spruce forest near Bartlett Cove, cottonwoods farther north, alders and willows, then finally bare
rock, gravel and ice at Reid Glacier’s face.

A crew member rowed me ashore. I placed my gear high on the rocks. It was hard to tell
where the tide line was, with so little vegetation and less experience.’

The glacier calved often that year. In 24 hours, the entire face of Reid Glacier changed.

I lost my binoculars and camera in their black leather cases among rocks. My search for them
was successful. A thought came to my mind, an earlier bit of advice given by Chuck Jurasz, who
was conducting research on humpback whales in Glacier Bay. I ignored it.

I hiked to the Ibachs’ cabin and back along the beach. Joe Ibach was a miner, hunting guide,
homesteader. He and his wife Muz had a reputation for independence. Although the Ibachs were
no longer alive and swallows nested inside their cabin, I felt their presence. 1 set up my tent and
ate dinner about 11 PM. I fell asleep at sunset. All night Reid glacier moaned and creaked.

In the morning, I explored a stream bed beneath late spring melting snow arches, then met the
tour boat on the beach. A humpback whale surfaced at the entrance to Reid Inlet as we left.

' On the coast of Alaska, after the earthquake of 1964, a line of white barnacles on the rocks was used to measure
the previous tide line. Sea level on the coast had shifted in the range of seven feet. Dr. Lawrence, personal
communication.
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When the film from my camera was developed and returned, T learned that the roll of film
contained 20 pictures, not 36. My extensive photographic efforts had been useless.

The advice I had ignored was, "See for yourself."

July 1976. Dr. William O. Field spoke to park staff in Bartlett Cove on the S0th anniversary
of his first Glacier Bay trip. He had returned again to Glacier Bay to see, photograph and measure
the glaciers’ positions rather than to celebrate.

On this July evening, Field discussed a specific phenomenon which interested him. Some
glaciers in Glacier Bay were advancing while others were in retreat. He was searching for possible
reasons. Field referred to an explanation proposed by Austin Post of the U.S. Geological Survey.
The basis for the advances, he asserted, was not climatic. Post proposed that, when tidewater
glaciers laid down sufficient outwash deposits, the inlet became shallow, particularly on the
resulting beach at the glacier’s face. Such glaciers then began an advance as the ice slid forward
over the outwash. The glacier’s advance would depend not necessarily upon colder temperatures
or larger snow deposits at higher elevations but upon a slowing of the glacier’s retreat and the
shape of the inlet.

After Field’s presentation, 1 asked him a more personal question: "What is it like to see these
glaciers over so many years?" Bill Field was a tall man with a shock of white hair and a quiet
voice, extremely dignified, almost patrician. He smiled and said, "It’s like visiting old friends.”

In September of 1979, Don and Lib Lawrence came to Glacier Bay to celebrate the 100th
anniversary of John Muir’s first visit. Don Lawrence showed slides of trips to Glacier Bay in the
1940s and ’50s, when Muir and McBride glaciers had just separated.

One surprise for Don Lawrence during his summer 1952 visit to Glacier Bay was that Dryas
plants have growth layers in their stems (rings). He "discovered" this one night in a dream, then
saw it to be true when he locked, and later he found it described in a scientific journal.

Lawrence said, "It was exciting to have the dream come true.”

That night Don Lawrence showed a sequence of slides and described experiments he and Lib
performed in the early 1950s on a research site located between Goose Cove and Nunatak Cove.
They called it their "farm," although they planted no crops and did no cultivation. The nickname
was invented by Lib. They did fertilize a few circular millacre plots (disks of 1/1000th of an acre
each). Natural accumulations of nitrogen are not present in raw glacial till. The objective was to
see to what extent this absence inhibited the growth of pioneers in the succession process. To
discover how added nitrogen might enhance the growth rate of cottonwood saplings already well
established in the area, within the test plots they planted alder seedlings near some cottonwood
saplings. They mulched some cottonwoods with alder leaves, placed NPK fertilizer on the ground
around other cottonwood saplings, and left some saplings growing with nothing added. Those
cottonwoods treated with some source of nitrogen grew faster than usual. This demonstrated the
great importance of nitrogen to the growth process.

As the Lawrences measured growth of the undisturbed test cottonwoods aver the years, they

made an unexpected discovery. One single cottonwood growing with no visible added nitrogenous
material from alders and without fertilizer containing alder leaves grew at a faster rate than the
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others. Don Lawrence had no explanation, until he found cottonwood roots reaching out to nearby
Dryas plants. At that time plants of the genus Dryas were not known to fix nitrogen. Later Don
noticed that Dryas drummondii plants, which grow in expanding circles, were increasing their
coverage faster than one would expect and that these pioneering plants were a dark blue green in
color. He found they were fixing nitrogen from nodules inhabited by actinomycetes, an order of
filamentous bacteria on their roots. The resulting root nodules resembled clusters of coral. This
was the first discovery of nitrogen fixing in any member of the rose family. Since the time of Dr.
Lawrence’s discovery, five genera of the rose family, mostly pioneering plants in environments
from desert to alpine, have been found to fix nitrogen.?

In 1952, Lib recorded indicators of annual vertical height growth of cottonwoods as measured
between alternate sets of bud scale scars, formed when winter bud scales fell off the cottonwood
branches each spring. "The cottonwood is a very accurate, faithful, obliging, external (1)
timekeeper," according to Don. "You don’t have to cut down a cottonwood to count the growth
layers or rings. This was the ideal place to learn exciting things about process and early stages of
ecosystem development.”

The Lawrences’ slides from 30-40 years earlier impressed the audience of Gustavus residents,
park staff members and others with long connections to the area. The room was filled with their
exclamations. Don Lawrence did not seem to note this surprise. He continued calmly his
presentation.

A few days later, Don and Lib traveled up Muir Inlet. It was reported that Don stood on deck
for nearly the whole trip, coming into the cabin only briefly to warm up.

Since the early 1950s, Don and Lib Lawrence had never gone farther up Muir Inlet than their
"farm." Muir Glacier had receded 11 miles in the intervening years.

In September 1983, at the First Glacier Bay Science Symposium, Dr. Richard P. Goldthwait,
professor of geology at The Ohio State University, wore his "Friends of the Pleistocene™ t-shirt,
[ asked him about his perspective on time and change through the lens of geology and glaciology.

JA: I suppose geologists must have a sense of time and the process of change that most people
don’t have. Most people don’t look at a landscape in order to decipher history in the same way
that a geologist would.

RG: We have to. We have to think of this as just the end product of a whole several billion
vears of physiographic or geophysical activity on the earth. My own field is mainly
geomorphology or glaciology. I study the last two- or 2-1/2 million years. [ leave the rest to
someone else.

Spring 1979. Seattle. The poet Robert Bly quoted Carl Gustav Jung at the seminar 1 attended.
Bly said as we reach our twenties, a few events in our lives may stand out like rocks in a sea of
perceptions.

? Kahls, Steven J. et al. Plant and Soil, 1994, Volume 162, pp. 229-239.
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These initial events begin a sense of our personal knowing. Bly went on to say that, in our
thirties, we gain more awareness, and the "rocks" of perception become “islands." In our forties,
these thoughts may coalesce. We have a different sense of ourselves, "Islands" of thought
connect, expand and begin to form "continents."

Dr. Goldthwait studied land depressed by the weight of ice and rebounding in Glacier Bay over
centuries. Glacier Bay islands have risen literally, three centimeters on average per year near the
mouth of the Bay, three meters per century.

Geologists study the processes by which the earth forms and is shaped. This process occurs with
the sudden devastation of earthquakes, the explosiveness of volcanoes, the power of glaciers, with
gentle deposits of dust, mud or ash, and from the movement of tectonic plates. Geologists find
a history of these processes in the layers of deposits, unraveling a history of constant change where
everything, above or below the earth’s surface, changes form sooner or later.

They don’t speak much of the resulting sense of impermanence. Most people live in an illusion
that the earth is stable. Geologists are not trained to speak of the poetic and the mystic. Most of
us do not pay attention to the earth’s daily alchemy, to transformation and metamorphosis.

Geologists prefer to deal in facts. Yet, buried beneath their own personal surface may also be
a deeper story. They delight in discovery. Unspoken layers of realization may be revealed by a
sparkle in the eye and a shift in voice tone. Their lives are concerned with specific events,
processes unnoticed by most people, and in seeing the "truths" of existence over a million year time
frame.

Geologists develop a different sense of time from most people. They know they measure only
minute fractions of the earth’s activity, yet a scientist is constrained by the need to appear to know
something. It must be difficult to live jn a discipline which, by its very nature, makes it clear that
everything changes, when the objective of so much science is to find certainty and definitive
explanations,

Geologists are at the mercy of time, weather and wind, of accidents of nature, of being (with
luck) at the right place at the right time, at the whims of their engines and winches. They learn
to read a landscape as a parent might read a child’s face. They live in a combination of what is
obvious -- layers of rock offering clear indications of the earth’s motion -- and of the world’s
mysteries. They make up stories about their "findings," based upon radiocarbon dates, rates of
erosion and deposition, weathering and other earth transitions.

They are detectives, filled often with a hidden sense of wonder. Geologists arc a bit shy.
They’re used to understatement. Not everyone understands their language or shares their interests,
Most people look on the surface. They search beneath as well.

Geology can be intrusive, requiring extraction of core samples from deep in the earth,
preparation for mines and oil drilling, yet geologists may have a quiet intensity -- abserving,
questioning, conducting a love affair with the land. Rocks don’t shout out their history. It takes
subtlety to notice. You have to dig for it.

November 1978. On a greyhound bus traveling between Seattle and Portland, I met a poet and
former TV reporter who had grown up in Harlem and Jamaica. 1 spoke of Glacier Bay and how
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ice carved the land’s surface, with the resulting alternation from sea and fjord to river valley. I
said 1 had learned there to be careful of my own impacts on the landscape -- to leave few
reminders of my presence, for example, by building a fire, (where there is wood) low on the beach,
beneath the high tide line, so the incoming tide washed away the remains.

He said, "What about people’s impacts on other people?"

1 wondered if he thought it less important to care so much for land when people in the world
are in need. I did not give him enough credit. Although my new friend had not seen Glacier
Bay, he said, " It’s a wonder, a marvel, like a cloud chamber in physics, where you can see things
that aren’t theoretical. It demonstrates the truth of the theory.”

Carol Janda spent 14 years at Glacier Bay while her husband served as chief ranger for the
National Park Service. Ispoke with her in the spring of 1978 at Coulee Dam, Washington, where
they had moved after leaving Glacier Bay. Carol Janda was an artist, a patter and painter. Her
comments about Glacier Bay were often stated in visual terms.

CJ: If you think about it, you begin to realize immediately that it’s the quality and length of the
sun’s rays that make the difference in the light in that part of the country. If you’re thinking about
painting or photography, it’s one of the reasons the area is so photogenic.

JA: Sometimes after ['ve been to Glacier Bay, I feel that 1 see things more clearly. I’'m not sure
if T really do.

CJ: 1 think you do. Partly it’s because you’ve got your own head together more, but you can
do that anywhere. You don’t have to go to Glacier Bay. You can do that in Coulee Dam or
Seattle or wherever, but the opportunity for interruption is much greater where there are more
neighbors and television and shopping and the movies and other people.

Tt takes time, quiet time in Glacier Bay or anywhere. That’s what contemplation is. That’s
probably what meditatiorr is. Without the opportunity to meditate, meaning a lack of distractions,
you don’t meditate. At Glacier Bay, you did have the opportunity to meditate. In fact, it’s forced
upon you, and if you took it, then you ended up doing this intensity thing to yourself, where you
were very intense about certain topics or in certain ways. Then you had to take a little dose of
"Don’t take yourself too seriously.”

It’s irrelevant whether that intensity is healthy or unhealthy. It is what it is. Probably there are
many peeple who lived at Glacier Bay who didn’t feel that intensity -- who didn’t recognize it or
didn’t want to recognize it or who weren’t interested, and I think they were probably perfectly
happy -- happier than I was, perhaps. I don’t know what good it’s going to do me. Maybe no
good, but it’s there.

The trouble is, we’re all separate. We're all alone, whether we like it or not. 1 think probably
the sooner you learn that, the more able you are to cope with it. It doesn’t make you any happier
to know it, but it’s wise to know it. You’re stuck with making your own decisions because it’s

your own life.

JA: Do vou think with experience around Glacier Bay, in living with that long span of time, a
person can develop a sense of where we fit in the world in terms of history?
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CJ:  The school kids in Gustavus did a timeline - "Where was the glacier in 1492, and where
was the glacier in 1776?" You realized that 200 or 300 or 400 years ago, there was no Bartlett
Cove. Perhaps the islands stuck up a bit, but basically they were not even there. To visualize the
glacier moving back in that period of time makes you more appreciative of the actual speed with
which some of these things happen in glaciated couniry, as opposed to the wearing down of the
Appalachians, for instance, where you have evidence that it happened but you can’t see it daily or

even yearly.

Bill Field’s work relates totally to that. As far as placing ourselves in the time frame of
mankind is concerned, T don’t think I ever quite achieved that. I don’t think I had enough input
to decide where I was. 1 think you could decide, and you could decide better in Glacier Bay than
you could, for instance, in Seattle. I definitely believe that, because in Seattle, or here in Coulee
Dam, you don’t get to thinking about it.

Copyright 1995. Judith B. Aftergut.
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- KEYNOTE ADDRESS -

CAN SCIENCE REALLY FUNCTION IN THE NATIONAL PARKS?

by

Roland H. Wauer
Retired National Park Service Chief Scientist

315 Padre Lane
Victoria, TX 77905

In consideration of our immediate task - "Creating Glacier Bay’s Research Role within Park, Regional and
Global Contexts ... A Plan for Action" - can we utilize a systematic method of decision-making to arrive at a
"fundamental metamorphosis” to benefit Glacier Bay resources? We most assuredly can. The question is not if we
can, but do we have the will and capacity to follow through.

I was one of 12 members of the National Research Council Committee (NRC) on "Improving the Science
and Technology Programs of the National Park Service." It was a fascinating exercise, to say the least. My
associates included two retired NPS employees, one a planner and the other from management; one Forest Service
bioadministrator and one Forest Service researcher and seven academicians: two sociologists, an architect, a botanist,
a mamimalogist, and two administrators. All seven of the academicians either depended upon NPS support or were
in a position to benefit from NPS contracts.

I began my task with considerable enthusiasm, a born optimist. Mid-way through I was still optimistic,
although by then I had a few misgivings, Toward the end, I decided to submit a minority report. But the process
dragged on and on, with changes in our approach occurring with each draft. Finally, because of the press of other
projects and the lateness of the hour, I did not submit a minority report. 1 regret that decision.

The NRC process, in itself, was adequate, in my view. But the design and report were still left to 12
personalities, several with more persuasive ability than others. And a few unwilling to comprehend facts or to
change their original position. For example, in spite of the fact that I discussed the difference between research and
resource management in the Park Service on at least two occasions, and we agreed to include related
recommendations about the separation and retention of a resource management program, the concept still did not get
through to most of the group and was left out of the final report.

Additionally, at the last meeting of the NRC Committee, we agreed on the necessity of a Science Advisory
Board that would report to Congress or an independent entity, that would include members of pertinent non-
governmental organizations and have legislative authority to assess all aspects of the NP science program. The
published report mysteriously excluded that recommendation and, instead, recommended an advisory board that
“should report to the director annually.” The proverbial fox watching over the chickens.

The published report included a set of recommendations that, in my view, were good and necessary, but did
not go far enough and address necessary organizational changes. The management-type members of the committee
won the day with the theme "Don’t rock the boat.” I believe that we missed a great opportunity to lay out a strategy
that could have made a real difference. And now, since the NPS has still not been able to get its act together, much
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of its science program is being removed by the new Secretary of Interior’s revival of the National Biological Survey
(Service). Change will undoubtedly be severe. But for the first time it may get the attention of park management.
1 am convinced, however, that if the Park Service had taken action carlier, as was recommended when. the
opportunity arose in the context of the State of the Parks Report in 1980 and 1981, such drastic action would not
now be necessary.

Only time will tell how effective the National Biological Survey (Service) changes will be. I suspect that
the NBS will enhance the more global issues, such as Global Climate Change, Inventory and Monitoring, and
Information Transfer. Thinking people recognize that we are facing a global environmental crisis - that requires
widescale action. A wiser man than I said that "it is time we steered by the stars, not by the lights of each passing
ship." Let’s hope that the NBS provides the organization to address that requirement.

But what about the more day-to-day national park issues? Those will continue to require an NPS response.
In my view, a systematic process is still essential to reach certain objectives. And many of our parks, in spite of
being part of a global research network of one type or ancther, must still get their act together if the problems are
to be resolved. We must include an inner ecology in all that we do - recognizing that we cannot be our best unless
we are no longer part of the problem.

Defining objectives remains the logical place to begin. But it isn’t always easy to determine the true
objectives. In truth, we enter an exercise with our own perceptions, and more often than not, with our own priorities.
It, therefore, requires a measure of performance. A highway system can be measured by a certain throughput. But
we are dealing with ice, rock, trees, flowers, birds, and bugs - the components. The ultimate objective may be the
long-term perpetuation of a healthy ecosystem.

Fixed constraints must be considered. These include such things as congressional mandates: enabling
legislation, Antiquities Act, NEPA, Endangered Species Act, and so on. The scientific expertise required to do the
job must be included, as well as management that must be dealt with in a practical and mature fashion.

As we progress with the process we must be ever wary to not jump to early conclusions. [ am reminded
of a group of city fathers, when confronted with multiple automobile accidents along the main road into their town.
That route ran along the top of a cliff before descending into town via a winding, dangerous road. People drove off
the cliff or missed the turns. The city fathers met and identified the problem: dead and injured people at the base
of the cliff. After much deliberation, the town purchased an ambulance and stationed it at the bottom of the cliff.
They felt very civic minded, but accidents continued. Their solution only resolved part of the problem, not the
reason for the problem.

Most of the NRC recommendations are still valid, even with the advent of NBS. They include, in my order
of priorities:

1. Separate funding and autonomy and improving the budget environment. This requires a complete
reorganization of the way funds are allocated to science. It will require line-item funding and tracking,
along with multi-year expenditures to assure the continuation of projects. The process must be fixed so
science allocations cannot be moved elsewhere at the discretion of a regional director or superintendent.
How daes this relate to Glacier Bay?

2. NPS still needs an explicit legislative mandate for science. This would not be necessary in the best of
worlds. But so long as the parks are being managed by non-scientists, in a few cases anti-scientists, or those
who have sold their souls to the bureaucracy to get where they are, we need a mandate for separate funding
and autonomy.
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3. NPS still must build greater credibility in science. This should begin with elevating the role of the Chief
Scientist, encouraging external science, and the establishment of an external Science Advisory Board.

I also want to take a few minutes to defend the value of a separate natural resources management program
at the park and regional levels. Natural Resource Management Specialists perform the liaison between science and
management and coordinate the implementation. Scientists should not need to concern themselves with the
interpretation of their reports (so long as the reports are written in an articulate manner) except to assure themselves
that the interpretation for management is correct. Scientists should not need to concern themselves with the
implementation of their recommendations except to assess the success of the implementation. Scientists should not
need to concern themselves with preparing resource management plans, EIS documents, and a host of other
management documents, but only te review them to assure their scientific integrity.

The Resource Management Specialist should get away from the computer long enough to interface with the
scientist to make sure the direction and purpose of the research complies with the work orders, and that all new,
pertinent data is incrementally incorporated into management decisions. Park management should never be surprised
with any of the research findings that appear in the annual or final reports.

My principal concern today is about the resolve at the park and regional levéls. How to address the myriad
of issues that are not yet of global concern, but are of immediate and vital importance if we are going to protect the
whales, or the unique forest ecosystem, or the bald eagles.

How can scientists function amid the changes, the constraints, the ever-increasing requirements that seem
to have little relation to the overriding issues of the day?

Although many components of our world are changing, there also is much that stays the same, and perhaps
we can begin to deal more effectively with that. An often-heard complaint is that there is just too much paperwork,
There is no doubt that requests for reports and other paper have accelerated in recent years. But Park Scientists are
often to blame for their own inaction. 1 have just completed three years of visiting national parks all across the
continent, from Forillon on Canada’s Gaspe Peninsula to the Everglades, and from Jasper and Banff to Chiricahua,
Big Bend, and Jean Lafitte. Over and over 1 discovered that the scientists, resource specialists, and interpreters that
complained most were those individuals that spent most of their time in front of a computer screen doing things of
minimal importance.

Funding has seriously declined throughout the park system, and yet some parks have found a way. They
seem to find dollars in mysterious ways. What too often is missing is will and tenacity. So much depends upon
your own set of priorities, and your resolve to get on with it.

The field scientist is often the first to note an impending problem, and he or she cannot always wait for the
mechanics of bureaucracy to swing into action. It may be necessary to strike out on your own, to stick your neck
out in the process. It has been my experience that nothing truly worthwhile is achieved without significant risk and
effort.

Where to begin? Can science really function in the national parks?

The answer must be an overwhelming yes! The Glacier Bay, the Alaska Region, the NPS science program
must go forward. It is time to evoke powerful images and establish sound objectives. Take advantage of those
visions that already are a reality: World Heritage Site and Biosphere Reserve status, and the many scientists, both
from NPS and external institutions, who are willing and eager to continue their work here because of the mystique
of this place, which is also the workplace. It seems to me that the greatly expanded World Heritage Site designation
can be utilized as a powerful tool to benefit all the areas concerned. But don’t concentrate your efforts. Take
advantage of every conceivable opportunity.
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Where must the Glacier Bay science program be in 20 years? How can that program most benefit the
muitiple resources?

Develop a systematic process to reach a stated goal in a practical timeframe. Design a strategy that evokes
all the elements possible, and attack each phase with vigor. Utilize each of the NRC recommendations that might
benefit Glacier Bay.

Also, there are some basic truths that must be included. For instance, don’t stop making your point about
Glacier Bay’s being the best possible site for the Arctic System Science Program. Make sure that all requests pound
out the fact that this park’s enabling legislation, unlike most national park units, created Glacier Bay as a research
park in recognition that it is one of the world’s premier natural laboratories for studying ecological interactions
between glaciers and terrestrial and marine ecosystems. That Glacier Bay represents the very best model anywhere
for addressing those kinds of issues. Perhaps Senator Murkowski needs to introduce legislation that identifies Glacier
Bay as America’s National Laboratory for Arctic Research, including line-item funding to support that program.

It is vitally important that you take advantage of the new NBS and not let it stall your efforts or enthusiasm.
Think through the new circumstances and determine how best to proceed with the additional opportunities, not
constraints, provided.

Some additional thoughts: 1) Know the park resources first-hand. A completed, award-winning GIS is not
a substitute for real knowledge - it is only a tool for perceiving that knowledge. Another way of stating the obvious
is if you spend more time at the computer than you do in the field, you will lose touch with the real issues and not
be able to speak for nature when necessary. 2) Knowledge is power. Take advantage of your knowledge about the
area in a subtle, caring way so that you, a representative of park science, will be held in respect, not as an antagonist.
3) Keep in mind that the squeaky wheel gets the most grease. And 4), don’t ignore or lose sight of aesthetics. One
of our most powerful arguments is our park’s scenic attributes - the uncontested wilderness - nature in the raw - our
moral responsibility for its long-term perpetuation.

Let’s not tread water while waiting for assistance fram NBS. The viability of the park resources, the Glacier
Bay ecosystem, is up to you. Their very survival may depend upon what occurs during the next few days of this

symposium.
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Role of Physical Sciences in Global Change Research
at Glacier Bay National Park and Preserve

Ross D. Powell

Department of Geology

Northern Hllinows University
DeKalb, Hiinows 60115

Abstract

Glacier Bay National Park and Preserve (GBNPP) is uniquely situated to provide significant data
to the world’s global change research initiatives. Its past glacial and climatic records and its present
physical and btological environments allow collection and analysis of some unique data sets,
unobtainable elsewhere in the world, that could have important repercussions for global change
modelling. This paper describes what data need to be collected, and by what means, in atmospheric,
glaciological, glacial geological, hydrological, marine geological and oceanographic sciences.

KEY WORDS: Global change, national parks, pyhsical sciences (atmospheric, glaciology, glacial
geology, hydrology, marme geology, aceanography).

While glaciers in the rest of the world advanced only
several hundred meters during the Little Ice Age, those in
the Glacier Bay Ice Field (GBIF) system experienced at least
80 km of terminus advance, as documented from old
sediments exposed on the fjord walls. Tlingit oral narratives
suggest that the advance was extremely fast, and was perhaps
a surge. I quote two Tlingit narratives directly from
Dauenhauer and Dauenhauer (1987).

"Gatheeni, the bay where the glacier was... It was while
people were living there, the houses: maybe as many as five
houses stood there... It was said you could clearly see up
the bay; it [the glacier] was only a tiny piece, it was hanging
there up the bay. Hunters would go up there by boat.
Suddenly people said, *What’s wrong with the glacier? It’s
growing so much!’ They used to see it way up bay. But
now it was near, getting closer, the way it was moving,
people said...[i]t was now growing fast. They said the way
it was moving, the way it was growing, was faster than a
running dog. Then people became afraid. It was when the
year was becoming full...”Little Black Glacier that was there
from long ago...is already disappearing into the new one’ is
what people said... At the same time Glacier Bay was
murky... It was churning up from the bottom of the bay.
Whirlpools churned over to the surface like the tide. Where
the glacier was moving, it behaved that way... The clay
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there was like diluted milk. ’[TThat glacier...[is] nearly on
top of us...the way its going.. like a running dog...there’s no
way to get away from it’ [is what they said]. How swiftly
it was growing. It was even faster than anything” (Susie
James, p. 245-260).

"Now this is the way...things happened to us in Glacier
Bay... At that time the ice didn’t begin advancing from the
top. It began advancing from the bottom. That is why no
one knew... All of a sudden it struck the middle of the land
people were living on. Why was the land shaking? People
thought it was an earthquake; it didn’t bother anyone. Why
didn’t it quit? Here it was, the ice crushing against itself
and moving in... It wasn’t an earthquake was it? It’s
becoming stronger.” The people forgot about it again...
[Before] there was no glacier to be seen...[then] the house
was already falling over on its side from how strong the ice
was getting. It was behaving like it was crushing against
itself, how strong the ice was. And they knew. It was the
ice pushing the people, wasn’t it? It was pushing the village
along. It isn’t right... Quick! Let’s pack..’ On that side
of the village people were packing; it was already like a
whirlpool. The village was trembling constantly... When
they were all seated in their canoes they just drifted... Only
when they were drifting out they saw. The house was
rolling over.. It fell over sideways..it was sliding
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downward...to the bottom of the sea before their eyes" (Amy
Marvin, p. 261-291).

After this rapid advance to beyond the mouth of Glacier
Bay, the GBIF system experienced a rapid retreat; the largest
documented in human history. During retreat, the GBIF
system first divided into the Russell System and Muir
System glaciers and then into the smaller glaciers we see
today. The retreat is very well documented, althongh many
of the data evaluating specific driving forces are yet to be
collected.

While some glacier termini in GBNPP were still
retreating, others reversed their movement and started to
readvance. Consequently, the area is a prime site in which
to evaluate the driving mechanisms of marine-ending
glaciers. That is, determining the relative importance of
climate versus self-regulating mechanisms such as subglacial
conditions, or the effect of sediment supply changing water
depth at grounding lines. Such data are directly relevant to
our understanding of glacier behavior during a global climate
change.

A compilation of world temperature data shows that
southern and southeastern Alaska have experienced warming
up to 2° C in the recent past {e.g. Jones and Wigley, 1990).
If that trend continues, then the glacial behavior needs to be
predicted in order to plan appropriate responses to local and
regional environmental changes. The National Park Service
(NPS) may need to consider such changes in management
plans.

On a longer time scale, documenting the fluctuations of
the GBIF system through the Quaternary will aid in
interpreting the past climatic history of the northern
hemisphere, and specifically, the timing of glaciation and the
response to climate change of the Laurentide Ice Sheet
(LIS). The Gulf of Alaska is the major moisture source of
the LIS and the GBIF, and their behavior is, therefore,
directly linked to changes in circulation patterns and
moisture contents of air masses originating in the Gulf of
Alaska. GBIF is closer to the source as well as being a
documented rapid-response system to external forcing.
Consequently, GBIF will predictably show a more rapid
response to climatic change than the LIS, and the record of
that response will be best preserved in the glacimarine
record. We need to document the older marine record and
relate it to climate change using models that are constructed
from studies of the more recent behavior of the glaciers.

The last example I use in documenting the utility of the
Glacier Bay area is its internationally recognized status as a
prime site for successional studies in terrestrial, freshwater
and marine systems. The physical environment and changes
in it are primary controls on the ecology and its development
and changes. Thus, physical science studies in GBNPP are
essential to understanding the factors controlling ecological
succession.

Atmospheric Sciences

The major atmospheric science data needed are
meteorological; they are required to characterize the regional
setting and provide the background for comprehensive
glacial mass balance studies. Instrumentation required for
data collection consists of meteorological stations placed at
strategic locations in the bay. An additional series of sites
should include high elevation snow accumulation areas on
both the west and east sides of the Fairweather Range, and
in the Takhinsha Mountains for glaciers feeding Muir Inlet.
Mid-elevation sites in the same areas should be established
at equilibrium line altitedes. The fourth group of stations
are coastal and within areas where higher elevation data are
collected as well as in transects down major fjords of the
bay. This arrangement would account for changes in
meteorological conditions with elevation and also it would
be able to define different sources of weather (especially
moisture).

The NPS and university scientists should ideally
collaborate in monitoring and data analysis; however, there
must be a commitment to long-term maintenance, which
would be best done by the NPS.

Glaciology

Given that the region was created and is siill dominated
by glaciers, the paucity of glaciological data is alarming,.
Two major aspects of glaciological data are a priority at the
present time. The first is glacial mass balance, both past and
present, which s critical for any predictive models of glacial
behavior. The second is subglacial condition infarmation
which is also important for predicting glacial stability in
terms of flow velocity and sediment delivery to grounding
lines. Subglacial streams are extremely important in creating
water column structure in fjords as they affect salinity and
sediment concentrations and ultimately influence productivity
in fjords.

Types of data required for documenting mass balance are
those from ice cores, snow pits, ablation stake grids, and
remote sensing (aerial photography, synthetic aperture radar,
radio-echosounding). Glacier calving mechanisms are also
very important to the total mass balance for marine-ending
glaciers, since most of their ice loss is by calving. Actual
mechanisms controlling calving speed are not understood.
Documenting flow velaocities for total ice flux needs to be
done for calving flux rates and mass balance studies.
Determining subglacial conditions over broad areas is best
achieved by use of ground-penetrating radar.



Glacial Geology

Studies documenting past glacial fluctuations are needed
in upper Muir Inlet and throughout the west arm to extend
the excellent data base available from lower Muir Inlet. It
appears that the Russell and Muir systems behaved
differently and perhaps independently. Consequently, a
reliable past record of glacial fluctuations from all around
GBNPP is required for providing models on which future
glacial behavior can be predicted. Some excellent records
may be retained in preserved lake sediments.

Processes at modern glaciers should also be studied in
order to provide models for interpreting past glacier behavior
as well as predicting future changes.

Hydrology

The monitoring of outwash and runoff streams has not
been done systematically in the past, although some very
discontinuous measurements have been made by individual
researchers for short periods of time. Selected streams
should be gauged for both water and sediment discharge, and
rating curves for each should be constructed. These data are
needed as baseline information for the glacial, marine and
lacustrine studies as described elsewhere in this paper, as
well as for freshwater and marine ecology and successional
studies.

Marine Geology

Two aspects of marine geology currently require
investigation: modern processes, especially near tidewater
termini, and past glacial movements as recorded in marine
sediments. In a similar way to glaciers ending on land,
documenting modern process at tidewater termini enables
construction of models that can be used to interpret older
marine sediments, as well as predicting future glacial
behavior. Standard marine geological techniques such as
sediment trapping, echosounding, side-scan sonar records,
and using a submersible ROV, can be used at tidewater
termini to document the processes.

High resolution seismic reflection and acoustic profiling
should be combined with gravity and piston coring to
document past glacier behavior. However, ultimately,
drilling of sediment cores must be undertaken to verify
longer histories inferred from the total thickness of sediment
recorded in the acoustic profiles. Long cores are required to
reach the deeply buried deposits that hold the best pre-Little
Ice Age and Little Ice Age advance glacial record. These
programs of acoustic profiling and sediment sampling should
be conducted in the fjords and on the continental shelf of the
Gulf of Alaska.
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In addition to the sediment record, paleoecological and
paleobiogecgraphical analyses should be conducted in order
to fully characterize the older environments recorded in the
sedimentary record.

Oceanography

All aspects of oceariography, geological, physical,
chemical, and biological are urgently needed for the data
base in GBNPP. Very little oceanographic monitoring has
been carried out in the park. Data need to be collected to
document such things as glacier-seawater interactions,
suspended particulate transport and deposition, fjord water
mixing, tidal currents and velocities, fjord water circulation
dynamics and models, marine ecology relative to glaciers
and fjord maturity, organic carbon characterization and
sources, and phytoplankton blooms and productivity.
Combined, these data would contribute to resolving problems
such as glacier melting rates and calving speeds, paths of
sediment transport and settling and its accumulation rates,
anmual  productivity and food web strength and
characteristics, and differences in sediments and biology
relative glaciers and fjord maturity.

These data should be obtained using long-term moorings
in transects down-bay (which should be established and
monitored by government agencies) and seasonal moorings
and transects closer to glaciers (to be carried out by
university and government researchers). Remote sensing
images and analyses should be used to extend that data base
aerially and spatially.

Recommendations

A large range of data from GBNPP is required to create
a reliable base for global change research. Consequently, a
variety of scientists are needed from different government
agencies as well as from universities. ldeally, a physical
scientist should be located in the bay to coordinate the
extensive efforts required to do a thorough job. The NPS
needs to accept the responsibility to conduct or ensure
implementation of long-term studies that can outlast
individual research projects and investigators. Long-term
monitoring projects should include aerial photography of
GBNPP, glacier terminus photography, meteorclogical
stations and oceanographic moorings.

These cooperative studies will require both a variety and
increased number of scientists; the NPS needs to evaluate the
"carrying capacity" of scientists in the park and provide
guidelines for researchers to follow in relation to field
operations. Scientific facilities within the park need to be
mmproved by construction of a science center that would
include laboratories, library facilities, gear storage, and
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sleeping quarters. Ideally, local and regional school children
should be involved in the research and the science center.

The Glacier Bay Science Board has an important role to
play in future initiatives. The board should attempt to
communicate with all scientists as well with the NPS and
NBS personnel at the park; it should stimulate
interdisciplinary interaction during periods between Science
Symposia by using newsletters. It should encourage current
Glacier Bay researchers to attract other experts into the bay
to do additional research.
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Abstract

Bedrock-geologic- and geophysical-research opportunities exist in Glacier Bay National Park and
Preserve that would contribute both to "Science for the Park” and to “the Park for Science.” The
geoscience reseatch topics are classified 1nto 10 major categories, which, in turn, are loosely
grouped into (1) presently active phenomena and (2) those recorded in the older rocks. The topics
concerned with presently active phenomena are of global significance, are unique to the Glacier Bay
region, and cannot be studied in any way elsewhere mn the world; they are thus the primary topics
of this paper. The other topics are of regional and local significance, and can only be studied in the
park but are only briefly summarized here. Presently active phenomena include (1) uplifi and lateral
fault motion, including current vertical uplift centered on Bartlett Cave (which probably has the
highest uplift rate n North America), differential warping of uplified ancient sea terraces on the
outer coast south of Lituya Bay, and movements on the Fairweather Fault, (2) seismicity, including
activity on the Fairweather Fault, on a "cryptic” seismic zone that appears to span the gap between
the Denali and Fairweather Faults through the upper part of Glacier Bay, and on the Fairweather
Fault; (3) mass wasting, mcluding rockfalls and resulting giant waves in Lituya Bay and the large
developing detachment on the north side of Tidal Inlet; and {4) possible dynamic causes of the very
large, posttive gravity anomaly that is associated with the Fairweather Range.

KEY WORDS. Glacier Bay, regional uplift, faults, seismicity, mass wasting, firture geoscience
research.
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This introduction to this paper lists the geoscience-
research studies that, in our collective opinion, should be
undertaken in Glacier Bay National Park and its environs.
The backgrounds for the most important of these topics are
discussed in the other sections of the article. We do not
propose specific detailed programs for these studies here, but
we do urge the park staff and the concerned scientific
community to cooperate in developing and supporting the
appropriate research. We consider the Glacier Bay region to
be a unique ficld laboratory for studies of large-scale crustal
geodynamics and for the assessment of earthquake risk. We
also hypothesize that complex but understandable relations
exist between present seismic patterns and regional uplift,
and that these relations are both direct and indirect
continuations of the faulting history which extend back to at
least 25 million years ago. We believe that such studies
should be the future focus of integrated bedrock-geoscience
research in Glacier Bay National Park and Preserve and in
adjacent regions (see Hunter and Powell, this volume, for
index map).

Present-day seismicity is concentrated on the Denali Fault,
on a "cryptic" (that is, poorly understood) seismic zone that
connects the Denali Fault with the Fairweather and
Transition Faults, and on the Fairweather and Transition
Faults (Figs. 1 and 2). Regional uplift is apparently centered
on Glacier Bay proper but extends more than 200 km to the
south and 100 km to the east (Fig. 3). Faults recognized in
the Glacier Bay region are parts of the dominantly
notth-northwest-striking mosaic that characterizes all of
southeastern Alaska and adjacent regions (Figs. 1 and 2);
that mosaic is inferred to have first developed during early
Tertiary time, and the faults have ten’s to hundreds’s of
kilometers of post-Oligocene lateral offsets and as much as
10 km or more of vertical offset. The long-term development
of these faults surely was accompanied by significant
seismicity, and so we view the current seismicity as the
present-day manifestation of a long-lived tectonic history.

Other factors have combined to produce the largest
isostatic-gravity anomaly in North America beneath the
Fairweather Range (Fig. 4). All of these factors have also
produced the exceedingly steep and high topography that not
only has allowed the development of late Tertiary and
Quaternary glaciers but also has created an environment
wherein earthquake-induced major mass-wasting events
occur. We discuss below the present-day seismic patterns,
fault motions, regional uplift, and mass-wasting followed by
discussions of past fault motions and the geophysical
anomalies.

Research opportunities afforded by the older rocks and not
discussed further here are (1) geomorphology of the different
parts of the park and preserve (to our knowledge, no
systematic research has considered this topic since the early
physiographic analyses); (2) vertical and horizontal

petrologic and chemical variations in voleanic, granitic, and
gabbroic rock bodies throughout the park, including volcanic
and granitic units of various ages and the LaPerouse, Mount
Wilbur, and Mount Fairweather layered gabbro bodies (the
most recent research on these rocks is by D.A. Brew and
others written commun., 1994, for the composition and
geochronology of the granitic units; and by Loney and
Himmelberg, 1983, for the layered gabbros); (3) textural and
mineralogic variations in metamorphic rocks, especially
those in the high part of the Fairweather Range west of
Johns Hopkins Inlet, at Dundas Bay and in the Inian
Islands, and in the anomalously low-grade zone that crosses
Fairweather Glacier (the most recent research on these rocks
is by Dusel-Bacon and others, 1991); (4) biostratigraphic
analysis of Permian and older fossiliferous rocks, including
those near White Glacier and in the Muir Inlet/Sitth-gha-ee
Peak area (the most recent synthesis on this topic is by D.A.
Brew and others, written commun., 1994); (5)
sedimentary-facies analysis of Silurian turbidites, specifically
those of the Point Augusta Formation in the southeastern
part of the park (the most recent research on these rocks is
by Karl and Giffen, 1992); and (6) tectonic and geologic
synthesis of the Glacier Bay region in its regional context
(the most recent reports on this topic are by Brew, 1990,
Brew and others, 1991, and Mihalynuk and others, 1993).

Although this paper is concerned with bedrock-geologic
features, we note that close ties exist between all of the
above-mentioned topics and the glacial and surficial geology
discussed elsewhere in this volume and by Powell (1984,
1991). Similarly, the bedrock-uplift interpretation is closely
related to oceanographic and geodetic tidal-gauge and
leveling data,

Much, but not all, of the research opportunities listed
above would be in extremely difficult terrain and would
require either extended-climbing-expedition or helicopter
access. The seismic and neotectonic research would require
the repetitive temporary installation of instruments at
different places in the park. Seme of this research could be
accomplished at sea level from small boats.

All of the proposed studies would contribute to
establishing Glacier Bay National Park and Preserve as a
prototype for successful implementation of the symbiotic
concepts of "Science for the Park" and "the Park for
Science".

Present-Day Uplift

One feature unique to the Glacier Bay region is the
ongoing uplift of the land; it is invisible because it is too
slow for us to perceive directly. However, comparison of
tidal-gage records taken during the 20th century in various
parts of southeastern Alaska (Hicks and Shofnos, 1965)
define a broad area of uplift, at least 200 km north-south by



100 km east-west. The maximum rate of uplift is 4 cm/yr,
as measured at Bartlett Cove between 1938 and
1959--probably the highest uplift rate yet recorded in North
America. The data set did not include measurements on the
outer coast between Yakutat Bay and Sitka, and so the
seaward extent of the uplift is unknown. Landward, a 1944
repeat of a 1910 leveling line between Skagway and Takhini
(north of Whitehorse, Yukon Territory) had earlier shown
downward tilt to the north (Small and Wharton, 1969), but
the eastward vertical movement is still unknown. Computer
contours of the rate of elevation change obtained from these
tidal-gage and leveling data sets are plotted in figure 3.

Although the existence and magnitudes of the vertical
movements seem well established, much more needs to be
learned about their spatial and temporal variations and their
possible mechanisms. Hudson and others (1982) provided
evidence that the vertical movements are continuing and that
the center of uplift may have moved northward from Bartlett
Cove. I[sostatic rebound after retreat of the glacial ice was
initially assumed to be the cause of this uplift (Hicks and
Shofnes, 1965). Clark (1978) assumed such a process in
inverse calculations of the ice loads and glacial history
needed tc cause the sea-level changes recorded in
southeastern Alaska, but his calcuiations did not explain the
Bartlett Cove maximum rate of uplift and did not consider
the subsidence recorded near Whitehorse. TIncreased
knowledge of the seismicity (Horner, 1983, 1990) has
recently emphasized the importance of tectonic processes as
a cause of the vertical movements. The uplift of the Glacier
Bay regien has been rapid enough to cause gravity changes
that should be measurable. Barnes (1990, 1991) compared
the gravity changes predicted from the uplift with repeated
measurements over a 31-yr period; the measurements
recorded no change: From this and other evidence, Barnes
(1990, 1991) concluded that the uplift process probably
involves elastic compression and accumulating stress.

Better understanding of the uplift will require continued
study of tidal-gage data to determine the areal extent and
possible temporal changes in sea level. A permanent,
continuously recording tidal gage at Bartlett Cove is badly
needed, and all other tidal-gage stations and bench marks
should be routinely reoccupied. Additional measurements of
vertical and horizontal movements should be obtained with
a network of reoccupiable Global Positioning System (GPS)
and (or) very long baseline interferometry (VLBI) stations.
An absolute gravity measurement should be made at the
Bartlett Cove park headquarters, and this measurement
should be routinely tied to other gravity base stations in the
uplift area.
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Present-Day Seismic Patterns

Present-day seismicity is concentrated on the Denali Fault
northwest of Haines, Alaska (15 km southwest of Skagway,
on Figs. 1 and 2); on the diffuse "cryptic” zone that extends
from the Denali Fault to the Fairweather Fault and beyond
to the Transition Fault; and on the Fairweather and
Transition Faults (Figs. | and 2). In addition, two other
northeast-striking cryptic zones occur in the Coast Mountains
south and east of Haines (Fig. 2). All of this activity is in
general interpreted to result from the interaction and slight
convergence of the 6 cm/yr north-northwest-moving Pacific
Plate with the North American Plate (Homner, 1990).

The Denali Fault Zone (Fig. 1) in the Glacier Bay region
actually consists of two segments, the Dalton Fault to the
north and the Chatham Strait Fault to the south. Only the
active Dalton Fault part is shown in figures 1 and 2; the
inactive Chatham Strait Fault extends southward from the
Dalton segment beneath the conspicuous fiord shown in
these figures. (The northern section of the Chatham Strait
Fault is referred to in some reports as the Chilkat River or
Lynn Canal Fault) M (Richter magnitude) = 4.0 seismic
events occur on the Denali Fault Zone north of a point about
35 km south of Skagway (Fig. 2) (Horner, 1990). Horner
(1983) calculated that M = 6.0 events recur about every 30
yt in the Yukon Territory to the north, including this
segment of the Denali Fault. The southern section of the
active Denali Fault is almost joins the northeast end of the
cryptic zone described below, but a 10- to 15-km-wide gap
may exist between the two zones. The Denali Fault at this
latitude separates Wrangellia (sensu stricto) lithotecionic
terrane rocks on the east from Alexander and Wrangellia
terrane rocks on the west (Brew, 1990).

On the northeast-striking Denali-to-Transition-Fault
diffuse cryptic zone (Fig. 2), an M = 6.0 event occurred in
1952 and a M = 5.9 event in 1985. A fault-plane soluticn
for an M = 5.8 event in July 1990 (R.B. Horner, written
commun., 1992} indicated a shallow thrust fault with uplift
to the southwest or northeast. The National Earthquake
Information Center (1990) published a nearly identical
solution. Activity on such a thrust fault would contribute to
the observed vertical movements. Horner (1990) calculated
that Af > 6.0 events recur about every 30 years in this zone,
similar to the recurrence rate noted above for the Denali
Fault in the Yukon Territory. Owverall, the Denali-to-
Transition-Fanlt cryptic zone is about 200 km long by 70 km
wide, It trends at a high angle to the dominantly
northwest-striking structures in the Wrangellia, Alexander,
Chugach, and Yakutat Lithotectonic Terranes (Brew, 1990),
and no faults or other structures exposed at the surface
follow the long axis of the zone (Brew and others, 1978).
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The north-northwest-striking Fairweather Fault is part of a
major transform plate boundary that lies along the coast of
southeastern Alaska; another part is the northwest-striking
Transition Fault (Figs. | and 2). The Fairweather and
Transition Faults are inferred to join to the south in the
Queen Charlotte Fault System. This transform boundary has
been the locus of four A 2 7.0 earthquakes during the 20th
century, and its present low level of activity suggests that
most accumulated strain is released episodically in major
earthquakes. In this regard, both the 50-km-long aseismic
segment centered on the Alsek River (Fig. 2) and the
segment south of Cross Sound are of particular interest
because they may be small seismic "gaps" wherein near-term
activity should be anticipated. As summarized by Horner
(1990), the recurrence interval on the whole transform
system for M > 7.9 events is about 120 yr, and for M = 6.0
about 5 yr. On the Fairweather Fault alone, the recurrence
interval for an M = 7.9 event is 60 to 85 yr. The on-land
Fairweather Fault separates the Chugach Lithotectonic
Terrane on the east from the Yakutat Block or Terrane on
the west. The offshore Transition Fault separates the Yakutat
Block or Terrane on the east from the Pacific Plate on the
west (Plafker, 1987).

Present-Day Fault Motions

Present-day movement on the Fairweather Fault is
predominantly right lateral. During the 1958 M = 7.9
earthquake, ground breakage occurred along almost all of the
outer coast (from Palma Bay on the south to Nunatak Fiord
on the north). Maximum displacement was measured near
Crillon Lake, where rocks on the southwest side of the fault
moved 3.5 m to the northwest and 1.0 m upward relative to
those on the east (G. Plafker, written commun., 1993). As
summarized by Horner (1990), the convergence between the
Pacific and North American Plates is partitioned between the
Transition and Fairweather Faults, with the Transition Fault
accommodating about 10 mm/yr and the Fairweather Fault
accommodating 10 to 20 mm per yr. No known ground
breakage was found to be associated with any of the other
recent seismic events described in the above section.

Past Fault Motions

As noted above, the present patterns of seismicity and
fault motions are mostly related to recognized large-scale
faults (Figs. | and 2). Offsets of Tertiary volcanic fields and
intrusive bodies establish that most of the measurable
separations have occurred during the past 25 million years
(Brew, 1990; Brew and others, 1991), although the
possibility of earlier movements cannot be eliminated. The
long history of both lateral and vertical movements and the
even-carlier history of terrane juxtaposition (Brew and

others, 1991} indicate that southeastern Alaska has been the
site of tectonic deformation, probably with accompanying
seismicity for at least the past 200 million years.

Four faults in the Glacier Bay region have significant
lateral separations (summarized in part by Brew and others,
1991): (1) The Denali Fault System has about 150 km of
right-lateral separation (that is, the opposite side of the fault
has moved to the observer’s right), and different blocks on
both sides have moved vertically by amounts that range from
0 to as much as 8 km; (2) the Tarr Inlet Suture Zone, which
is the local segment of the Border Ranges Fault, has an
unmeasured amount of right-lateral movement that probably
occurred between about 120 and 60 million years ago (Pavlis
and others, 1989), and the rocks on the west side of this
zone have been uplifted as much as 8 km relative to the
block to the cast; (3) the Peril Strait Fault, whick is an
inactive splay to the southeast of the Fairweather Fault, has
about 20 km of right-lateral separation and, possibly, 2 km
of uplift of its west side; and (4) the Fairweather Fault has
been the locus of large-scale right-lateral movement since 25
million years ago, such that the Yakutat Block or Terrane to
the west has moved about 600 km northward (Plafker,
1987); because the amount of northward movement of the
Chugach terrane (on the east side of the fault) is uncertain,
the net separation is likewise uncertain.

Present-Day Mass-Wasting

The most important mass-wasting events in the Glacier
Bay region are directly linked to large magnitude
earthquakes. The best known of these events is the rockfall
in Lituya Bay associated with the M=7.9 earthquake on the
Fairweather Fault in 1958. This rockfall dropped
approximately 30 million m’ of debris into the North Arm
of Lituya Bay and caused a giant wave that ran up about 530
m across the shoulder between the North Arm and the main
part of the Bay and up to 60 m throughout most of the rest
of the bay (Miller, 1960). Trimlines and dendrachronology
were used to establish the occurrence of similar, but
somewhat smaller, waves in Lituya Bay in 1853-1854,
1874(7), and 1936 (Miller, 1960). Miller also inferred a
submarine slide in Beartrack Cove within Glacier Bay proper
at the time of that same earthquake; Powell (1991) discussed
similar submarine events. The seismic events that were large
enough to cause these rockfalls probably also triggered
numerous small rockfalls, landslides, and glacier calving
elsewhere in the vicinity of the park.

Lituya Bay will probably be the scene of similar rockfalls
and giant waves in the future because deep fissures have
been observed above the slide scar (G. Plafker, written
commun., 1993). In addition, D.A. Brew (written commun.,
1976) suggested that a large semidetached mass of rock on
the north side of Tidal Inlet poses a similar threat. There is



no evidence of past rockfalls at this locality, and the
east-striking faults that control the orientation of the inlet
(Brew and others, 1978) are not known to be seismically
active.

Fairweather Range Isostatic-Gravity Anomaly

The isostatic-gravity map of the Glacier Bay region (Fig.
4; Barnes, 1990) shows a very large, positive high on the
west side of the park, as well as other, lesser highs and three
small lows. One low is along the outer coast, and two lows
are in the upper Muir Inlet area. Barnes (1990) pointed out
that the latter two lows are too small to represent isostatic
depressions at the base of the earth’s crust as might be
expected if they were caused by glacial loading. The very
large positive high is greater than any other in the United
States (with the possible exception of the Aleutian Arc). It
is interpreted to be caused primarily by a buried gabbroic
body that crops out at the surface as the Mount Fairweather,
Mount Wilbur, La Perouse, and Astrolabe Peninsula stocks.
Such an anomaly should be reduced by isostatic-adjustment
processes, such as crustal thickening or surface subsidence,
and so we surmise that some tectonic process is acting to
maintain the anomaly,

Conclusions

Glacier Bay National Park and Preserve and adjacent areas
afford unique opportunities for geoscience research.
Although many topics deserve study, the most important and
exciting topic is geotectonic study of the present-day
regional uplift, seismic patterns, strain rates, and lateral fault
movements. Such an integrated study would not only
contribute to our -understanding of northeastern Pacific
crustal geodynamics and the analysis of large earthquake risk
but also facilitate testing the hypothesis that the present
patterns of seismicity and regional uplift are both direct and
indirect continuations of the faulting history which extends
back at least 25 million years. Altogether, these research
opportunities provide an exceptional situation for the joint
development of the concepts of "Science for the Park” and
"the Park for Science".
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Fig. 1. Glacier Bay region of southeastern Alaska and adjacent areas of British Columbia and the Yukon Territory, Canada, showing
locations of M4 earthquakes from 1978 to July 1992. Superposed are major, currently active fault zones. Motion-vector diagram superposed
on the Yakutat block indicates movement of the Pacific Plate relative to the North American plate. Smaller circles, 4<A<5 seismic events;
larger circles, M>5 events, with magnitude and year indicated by, for example, 5.4, *85, except for the M=5.8 1990 earthquake, whose
location 1s shown at end of arrow leading from thrust-mechanism diagram in the upper right-hand comer. Thrust mechanism is based on
data of R.B. Horner (wntten commun., 1992) but is nearly dentical to that determined by National Earthquake Information Center {1990,
EDR %0-7). Long axis of black part of thrust-mechansm diagram 1s strike of fault movement plane. Analysis of seismic waves shows that
movement was on a shallow thrust fault, with uplift to the southwest or northeast, within black area on lower hemisphere stereographic
projection. Epicenters from Geological Survey of Canada’s Earthquake Epicentre File.
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Fig. 2. Glacier Bay region of southeastern Alaska and adjacent areas of British Columbia and the Yukon Tetritory, Canada, showing
locations of all earthquakes from 1978 to 1991, superposed on major currently active fault zones that are also shown on figure 1. Magnitude
thresholds are M~2.5 onshore and A/~3.0 offshore. Epicenters from Geological Survey of Canada’s Earthquzke Epicentre File.
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Fig. 3. Glacier Bay region of southeastern Alaska and adjacent areas of British Columbia and the Yukon Territory, Canada, showing
contours of uplift and subsidence rates (from Barnes (1991) based on tidal-gage data of Hicks and Shothos (1963) for 1939-59 and Hudson
and others (1982) for 1960-80; and on leveling differences observed along the White Pass and Yukon Railroad between 1910 and 1944
as reported by Smith and Wharton (1969). Current plate margin 1s also shown, along with motion vectors from figure 1. Note component
of convergence across the Fairrweather Fault. Negative rates shown between the 0 isopleth and Whitehorse indicate subsidence of the Earth’s

surface.
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Fig. 4. Isostatic-gravity map of Glacier Bay National Park and vicinity, southeastern Alaska. Crosses, lacations of measurements; contour
interval, 20 mgals; hachured lines, gravity lows (From Bames, 1990, Fig. 2).



Glacier Fluctuations and Sediment Yields

Interpreted from Seismic-Reflection Profiles in Johns Hopkins Inlet,
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Abstract

Seismic facies and sequence analyses of single-channel, seismic-reflection profiles ofthe sediment
fill within Johns Hopkins Inlet, Glacier Bay, Alaska, allow the interpretation of three seismic facies
and four lithofacies. Four old morarmnal banks, which were deposited during glacial terminus quasi-
stabilities, are recognized by scismic facies and stratigraphic analyses of the deposit mn the inlet.
These old morainal banks separate the fjord mto different basins and range from 120 to 200 m high
and from 700 to 2500 m wide near thewr bases. Two of the banks are now buried by younger
glacimarine deposits, and the other two are still 20 and 150 m ridges above the present flat fjord
floor. Calculations from seismic-reflection profiles indicate that these morainal bankshave forebank
slopes (8-16°) steeper than backbank slopes (3.5-7.3°). The estimated slope of the fjord floor
beyond the present morainal bank is less than 1°

A large volume of glacimarme sediment has accumulated in Johns Hopkins Inlet since the last
deglaciation. Between 1899-1926, Johns Hopkins Glacier retreated discontinuously and relatively
fast at an average rate of about 670 m/a. The periods of fast glacial retreat between glacial quasi-
stable pertods opened up deep basins along the fjord. The deepest basin i the fjord had been filled
with about 200 m of glacimarme sediment by 1979. The highest sedimentation rate was between
1917-1942 at sbout 4 m/a. A total of about 1.6x10° m® sediment, estimated from seismic profiles,
had been accumulated mn the fjord, with about 44% of the sediment (7x10° m’) accumulated as
morainal banks. The average sediment accumulation rate throughout the fjord during 1892-197¢
is about 1.8 - 2.0x10” m*/a, which 1s comparable with that i Tarr Inlet (2.5-3.0x107 m%/a) for the
same time period.

KEY WORDS: Seismic facies analysis, glacimarine sedimentation, sediment yields, terminus
fluctuations, moranal-bank deposits, basin-fill deposits.
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In the last two decades, many kilometers of high-
resolution seismic-reflection data have been collected from
the Gulf of Alaska and adjacent fjords, including Glacier
Bay (e.g. Carlson & Molnia, 1978; Carlson et al., 1979,
1980). Tt has been documented that seismic-reflection
configurations reveal the gross stratification patterns of
deposits (e.g. Payton, 1977). Interpretation of seismic facies
including stratigraphic analysis of high-resolution profiles
have advanced our understanding of modern sedimentary
processes and lithofacies produced in different depositional
environments, and have aided our understanding of recent
basin fill histories. However, few such studies have been
conducted in modern glacial fjords. This paper presents

Proceedings of the Third Glacier Bay Science Symposium, 1993
D.R. Engstrom (Ed.), National Park Service, Anchorage, Alaska, 1995

results of scismic facies and stratigraphic analyses of high-
resolution seismic-reflection profiles from sediment fill in
Johns Hopkins Inlet, Glacier Bay, Alaska, and demonstrates
further the utility of such analyses for estimating sediment
accumulation rates in glacial fjords and for reconstructing
tidewater terminus fluctuations.

Study Area
Johns Hopkins Inlet is about 15 km iong and 1.5-3.0 km

wide (Fig. 1). The inlet has two major tidewater termini,
Johns Hopkins Glacier at the head, and Lamplugh Glacier at
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Fig. 1. Bathymetric map of Johns Hopkins Inlet with known terminus positions (bold dashed lines) and tracklines of seismic-reflection
profiles. Bathymetric data are from N O.A A, National Ocean Survey, 1972 (unpublished) The contour-line intervat is40m Terminus
positions (bold dashed lines) are from Field (1964) and Powell (1980). Seismic-reflection profiles were collected by U.8. Geological Survey
{Menlo Park, CA) during 1978 and 1979, Seismic profiling systems used to collected the data are a minisparker system (1978) and a 800
I scar uniboom system (1979) Bold linc A-B-C shows the profile locations for Figure 2 and Figure 3

the south side of the fjord near the entrance. Modern
morainal banks are building at the grounding lines of both
glaciers. The bathymetry of Johns Hopkins Inlet (Fig. 1)
shows that the fjord with steep side walls and a relatively
flat floor has two ridges across the fjord floor. The larger
ridge occurs at the fjord entrance with a topographic relief
of about 150 m above the present fjord floor (Fig. 2). The
smaller ridge, with a topographic relief of only about 20 m,
occurs at about 1/3 way from the fjord elbow to the terminus
of Johns Hopkins Glacier (Fig. 3). The maximum water
depth is about 380 m in the center of the fjord (Fig. 2, 3).

Methods

Seismic facies units are determined in this study by
analyzing acoustic characteristics such as internal
configuration, reflection continuity, amplitude, frequency,
external form and type of bounding surface. Five major

types of data are used for lithofacies interpretations. These
data include: (a) seismic-reflection profiles; (b) historical
records of glacial terminus positions; (¢) fjord bathymetry,
geometry, and paleotopograhpy; (d} modern analogs at or
near present tidewater termini; and (e) depositional facies
models.

Depositional modelling of temperate glacimarine
environments has documented that different stability
conditions of tidewater termini create different sedimentary
environments with specific depositional processes, and
produce distinctive lithofacies associations (e.g. Powell,
1980, 1981, 1988). Inversely, a specific lithofacies
association may be an indicator of a particular glacimarine
environment and glacier stability condition. Interpretations
of seismic profiles in this study were aided by modern
depositional models because they provide examples of
sedimentary processes active in proximal glacimarine
environments and the models illustrate how the processes



control sediment distribution. Known historical terminus
positions in the fjord allow sediment accumulation rates to
be estimated, and terminus fluctuation history to be
reconstructed.

Seismic-reflection data used in this study are single-
channel, high-resolution profiles collected by U.S.
Geological Survey (Menlo Park, California) during 1978 and
1979 (Carlson et al., 1979; Fig. 1). The profiling systems
used to collected the data were a 500 J minisparker system
(1978) and a 800 J scar uniboom system (1979). The
velocity of sound in seawater, approximately 1,500 m/s, is
used to calculate sediment thickness in this study.

Results

Studies of modern glacimarine sedimentation have
indicated that grounding-line systems where termini are
quasi-stable, form sediment accumulations of positive
topographic relief in the form of morainal banks and ice-
contact deltas, however, sheet-like grounding-line deposits
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Sediments of morainal banks are usually coarse-grained and
often poorly stratified. Deposits produced in ice-distal
regions are usually fine-grained and commonly consist of
mud layers interstratified or interlaminated with sand or silt
layers (e.g. Powell, 1988; Mackiewicz et al., 1984; Cowan,
1988; Cowan & Powell, 1990). With the knowledge of the
characteristics of modern glacimarine deposits, seismic-
reflection profiles of the sediment fill within Johns Hopkins
Inlet are interpreted as having three distinct seismic facies
and four lithofacies. The lithofacies include (1) chaotic
bedrock, (2) chaotic morainal bank sediment, (3)
discontinuously stratified ice-proximal glacimarine sediment,
and (4) continuously stratified ice-distal glacimarine
sediment (Fig. 2, 3).

Morainal Bank Deposits

Four old morainal banks are interpreted from seismic
stratigraphic analysis in Johns Hopkins Inlet (Fig.2, 3). The
first {oldest and largest) bank is located at the fjord entrance,
and occurs as a ridge about 150 m above the present fjord

are produced during rapid terminus retreat (Powell, 1991).
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Fig. 2. Seismic-reflection profile A-B (mumsparker) and its interpretive line-drawing. MB - morainal bank deposit; IP - ice-proximal
glacimarine deposit; ID - ice-distal glacimarine deposit; BK - bedrock. See Figure 1 for the location.
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floor (Fig. 1, 2). The second bank occurrng around the fjord
elbow is mostly buried by younger glacimarine sediment, with only
a small portion on the fjord sides above the present flat fjord floor
(Fig. 3). The third bank occurs at about 1/3 way from fjord elbow
to the present glacier terminus. This bank also shows a ridge-like
featurc on the fjord floor, but only about 20 m above the present
fjord floor (Fig. 1, 3). The fourth bank located about 3 km from
the present terminus of Johns Hopkuins Glacier is now campletely
buried by later 1ce-proximal and ice-distal glacimarmne sediments
(Fig. 3). These old morainal banks range from about 120 to 200
m high, 700 to 2500 m wide near the bases, and are made up of
about 8.3x107 to 1.8x10* m® of sediment,

Moramal banks formed 1n Johns Hopkins Inlet, including the
present morainal bank, have relauvely stecp slopes, and the
Torcbank stopes (8.1°-16.0°) are steeper than backbank slopes (3.5°
7.5% (Table 1). These slope angles are similar to those estimated
from echosounding profiles for modern moramal banks of Muir,
Grand Pacific and Margerie Glaciers (Hunter & Powell, 1993), as
well as those of older morainal banks m Disenchantment Bay
(Carlson et al, 1992) and older push morames m Muir Iniet
{Seramur, 1989). However, the slopes are steeper than those of
stratified moraines in Muir Inlet (Seramur, 1989) and those of
morainal banks in lower Glacier Bay (Cai, 1994; see Table 1). The
present morainal bank of Johns Hopkins Glacter (Fig. 3), high
above the present fjord floor, has a forebank slope of 8.1° to 13.1°

The steep forebank slope, and hummocky, convex bank-front
surface (I'ig. 3) indicate that the present morainal bank is probably
pushed from behind by the slowly advancing Johns Hopkins
Glacier. The forebank deposits prabably have been reworked due
to the pushing.

Powell (1980, 1984) described sediment on the present morainal
bank of Johns Hopkins Glacier as varying in texture from gravel,
to sandy mud, 1o diamicton with minor mud on the morainal bank
mn the central fjord. Sediment adjacent to the ice ¢liff is fine- to
coarse-gramed sand which is occasionally muddy. Coarse-grained
depasits (up to boulders) with a very thin draping of mud over
some clasts are reported on the morainal banks of Lamplugh
Glacier (Powell, 1980, 1984). Sand and gravel deposited on this
bank were probably contributed from subglacial streams and from
melting out of basal and englacral debris at the ice-water interface
(Powell, 1980). Surface textures of morainal banks that exhibit
poorly sorted gravel and rubble in mounds and ridges with muddy
drape were also observed with a Phantom ROV submersible on the
older bank downfjord from the present terminus of Lamplugh
Glacier (Powell et al., 1991). Sediments in the old morainal banks
mterpreted from seismic profiles in this study are believed to be
similar to those modern moramal bank deposits, which consist of
poorly sorted and poorly stratified sediment with various textures
from rubble to sandy mud to diamicton.
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Fig. 3. Seismuc-reflection profile B-C (minisparker) and its interpretive line-drawing. MB - morainal bank deposit; IP - ice-proximal
glacimarine deposit; ID - ice-distal glacimarme deposit; BK - bedrock. See Figure 1 for the location.



Table 1 Morainal Bank Slopes

GLACIER FLUCTUATIONS AND SEDIMENT YIELDS 19

Location Forebank Backbank Distal Source
Modem Morainal Banks
Muir Glaeier 8.1-25.6° -—— 5.3-8.5° Hunter & Powell
Margerie Glacier 9.9-31.0° - -—— {1993)
Grand Pacific Gla. 8.5-25.0° ---- 0.6-1.6°
Older Morainal Banks
Tarr Inlet 2.3-4.6° - -—-- Carlson et al. (1983)
West Arm 6.5-11.5° Cai (1994)
Lower Glacier Bay 0.5-1.0° 1.2-3.8° —--
2.8-6.9° 34-49° -—-

Muir Inlet
Stratified Moraines 3.0° 1.7° - Seramur (1989)
Push Moraines

Entrance 6.0-17.0°% ---- - Seramur (1989)

Upper Fjord 3.0-17.0°* - -—-
Disenchantment Bay 14.0-14.5°* e remn Carlson et al. (1992)
Johns Hopkins Inlet
Entrance (1892-99) 11.7-16.0° 3.6° —ne- this study
M. Fjord (1914-17) 11.3° 3.5° -
Up Fjord (1920-22) 15.0° 7.5° ----
Present (1926-79) 8.1-13.1° - 0.2-0.8°

* Forebank and backbank were not distinguished.

Basin Fill Deposits

The four old merainal banks separated Johns Hopkins
Inlet into four sedimentary basins (Fig. 4). Sediment fill
within these basins between morainal banks is thick, and
varies from near 100 m in the lower middle-fjord basin to
more than 200 m in the upper middle-fjord basin. The
seismic facies of these basin fill sediments are mainly
discontinuously stratified ice-proximal facies and relatively
continuously stratified ice-distal facies (Fig. 2, 3).

The slope of the fjord floor within the fjord basin between
the present morainal bank and the small morainal bank ridge
is downfjord and very gentle (Fig. 3), changing from about
1.5° between 2 to 3 km from the present terminus of the
Johns Hopkins Glacier to about 0.4° near the distal end of
the basin about 6 km away (an overall average of about
0.8°). The fjord floor within the basin between the small
merainal bank ridge and the fjord elbow has downfjord slope
of only about 0.2°. The fjord floor within the lower fjord

basin also has a gentle slope of about 0.8° (0.7-1.0%);
however, the floor of this basin slopes uptjord instead of
downfjord (Fig. 2). This change of slope direction indicates
that the main sediment sources for basins on both sides of
the fjord elbow are different. The main source for the upper
fjord basins is primarily Johns Hopkins Glacier, whereas the
main source for the lower {jord basin is probably Lamplugh
Glacier at least at present. The slope reversal and the
stepping changes in water depth from upfjord to downijord
side of both morainal bank ridges (Fig. 2, 3) clearly
demonstrate that the presence of morainal banks not only can
separate the fjord into basins, but may also creates sediment
"traps". As long as the morainal bank is still above the fjord
floor as continuous ridges across the fjord, the majority of
sediment supplied by the glacier may be trapped within the
basin dammed by that bank. Most of the sediment supplied
from Lamplugh Glacier spreads out in the upfjord instead of
downfjord direction because of the blockage by the morainal
bank at the entrance to Johns Hopkins Inlet.
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Sediment cores collected in Johns Hopkins Inlet showed
that sediment several meters below the fjord floor is
basically hemogeneous silty mud with only occasional thin
silt to fine sand layers (Powell, 1980). Basin fill sediments
of ice-distal glacimarine deposits identified from seismic-
reflection profiles probably have similar lithological features
to the sediment cores.

Sedimentation Rates and Sediment Yields

Between 1899-1926, Johns Hopkins Glacier retreated
discontinuously and relatively fast at an average rate of
about 670 m/a. Periods of relatively fast glacial retreat
during 1912-1926 (average about 890 m/z), opened up deep
fjord basins, probably about 550 m deep. The water depth
of about 450 m in the center of the fjord was recorded in
1942 (Field, 1964). This bathymetric change suggests an
average sedimentation rate at the fjord center line between
1912-1942 was about 3-4 m/a. By 1979, the water depth in
the fjord center had decreased to about 380 m, showing that
the fjord center had been infilling at an average rate of about

1.89 m/a between 1942-1979 (about 70 meters in 37 years).

A large volume of glacimarine sediment has accumulated
in Johns Hopkins Inlet during and since the last deglaciation.
About 200 m thick glacimarine sediment fills the deepest
basin within the inlet (Fig. 4). Calculations from seismic-
reflection profiles show that the total volume of sediment in
the fjord is about 1.6x10° m’, and about 7.0x10° m* (about
44% of the total) was deposited as morainal banks. The
average sediment accumulation rate during 1892-1979 was
approximately 1.8x10 to 2.0x10” m*/a, which is very similar
to that estimated in Tarr Inlet (2.5-3.0x10° m’/a) during the
same time interval (Cai & Powell, 1993; Cai, 1994), and to
that in Muir Tnlet during 1860-1980 (2.1x10” m’/a; see Table
2; Seramur, 1989).

Historical records of terminus positions (Scidmore, 1896;
Cooper, 1937; Field, 1964; Powell, 1980), indicate that the
fjord-entrance morainal bank was formed between 1892-
1899 (Fig. 4). The estimate of sediment volume for this
morainal bank is about 1.8x10° m’, with an average
accumulation rate of about 2.6x10” m*/a. The morainal bank
near the fjord elbow was probably formed during 1907-1912
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Fig. 4. Isopach map of glacimarine sediment (morainal bank deposits excluded) with known terminus positions (dashed bold lines) and
the positions of four older morainal banks imterpreted from seismic-reflection profiles (dotted areas) Isopach contour interval is 40 m
Terminus positions are from Field (1964) and Powell (1980)



(Fig.4). The total volume of sediment for this morainal
bank is at least about 8.3x107 m® (perhaps underestimated
due to the poor coverage of seismic profiles at that area),
which gives a minimum average accumulation rate of about
1.7x107 m’/a. Compared to the estimates of other quasi-
stable grounding-line systems in Glacier Bay (Table 2;
Cowan, 1988; Seramur, 1989; Powell, 1991), sediment
accumulation rates of morainal banks in Johns Hopkins Inlet
are very similar to those of morainal bank complexes in
Muir Inlet and those of Carroll Glacier deltas. However, the
rates are about one order of magnitude lower than that of the
morainal bank near Glacier Bay entrance (Cai, 1994) and at
least one order of magnitude higher than those of most deltas
in other inlets and morainal banks in McBride Inlet. If our
interpretation of the seismic profiles is correct, the difference
among estimated rates of sediment accumulation can be
explained by the actual variations of sediment supply from
different sizes of glacial drainage basins during different
time periods (Powell, 1991).

The third and fourth morainal banks located in the middle
and upper parts of Johns Hopkins Inlet have sediment
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volumes estimated from seismic-reflection profiles of about
1.0x10® and 7.6x107 m®, respectively. Unfortunately, there
is no historical record of terminus positions between 1912
and 1926 when these two morainal banks are believed to
have been formed. If the accumulation rates of morainal
banks (2.6x107 m*/a) has not significantly changed in Johns
Hopkins Inlet, it would have taken about 4 and 3 vears for
the third and fourth morainal banks to accumulate,
respectively.

Between 1912 and 1926, Johns Hopkins Glacier retreated
for about 12.5 km at an average rate of about 890 m/a (Fig.
4). If the terminus did spend a total of 7 years in quasi-
stability to produce the third and fourth morainal banks, the
actual terminus average retreat-rate during 1912-1926 would
be about 1800 m/a. If this is true, it would have taken only
about 2 years for the terminus to retreat from the elbow to
the third morainal bank position, and about another 2-3 years
to the fourth morainal bank position. Thus, we can infer
that the third and fourth morainal banks probably formed
during 1914-1917, and 1920-1922, respectively.

Table 2 Sediment Accumulation Rates Estimated in Glacier Bay

Location & Feature Period Rates (m*/a) Source
Adams River Delta 1948-1977 6.8 x 10° Powell (1991)
Carroll Glacier Delta
Queen Inlet 1920-1948 2.8 x 107
Wachusett Inlet 1980-1984 4.1 x 107
Crillon Glacier Delta 1926-1961 1.6 x 10°
Rendu Glacier Delta 1892-1964 1.6 x 10°
Riggs Glacier Delta 1979-1985 2.8 x 10°
McBride Inlet
Morainal Bank 1978-1981 4.0 x 10° Cowan (1988)
Ice-Contact Basin 1985-1987 2.0 x 10°
Ice-Proximal 1984-1987 3.1 x 10°
Muir Morainal Bank Complex 1860-1380 4.1 x 107 Seramur (1989)
1860-1899 2.3 x 107
Muir Inlet Basins 1899-1980 2.1 x 107
Muir Glacier
Push-Morainal Banks 1880-1899 4.4 x 107
1965-1974 27 x 10° Powell (1991)
Grounding-Line Fan 1987-1988 3.3 x 10°
Tarr Inlet Basin 1892-1979 2.5-3x107 Cai & Powell (1993)
Glacier Bay Entrance Bank 1700-1750? 1.5 x'10° Cai (1994)
Johns Hopkins Inlet
Entrance Bank 1892-1899 5.0x 107 this study
Elbow Bank 1906-1912 83 x 107
Fjord Basin 1892-1979 2.3-2.5x107
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Terminus Fluctuation History

The terminus of Johns Hopkins Glacier was near the fjord
entrance during 1892-1899 (Fig. 4; Scidmore, 1896; Cooper,
1937), and was at its first quasi-stability when the entrance
morainal bank was deposited. From 1892 to 1899, the
terminus position retreated less than 0.5 km, at an average
rate of only 70 m/a. After 1899, Johns Hopkins Glacier
started to retreat, and separated from Lamplugh Glacier. By
1906-1907, Johns Hopkins Glacier retreated to near the
elbow (Field, 1964) where a quasi-stability was established
and a morainal bank was deposited. Tt took about 5-6 years
for the terminus to make the turn around the elbow.
Beginning in 1912, Johns Hopkins Glacier started its
relatively rapid retreat at an average rate of about 1800 m/a.
With at least two short quasi-stabilities around 1914-1917
and 1920-1922, the terminus retreated for about 12.5 km by
1926 when the retreat ended. The terminus was stable
during 1926-1929 (Field, 1964), then slowly advanced over
about 2-3 km after 1929 (Field, 1964; Powell, 1980), but has
recently retreated slightly over the last 2-3 years.

Lamplugh Glacier, located on the south side of Johns
Hopkins Inlet near its mouth, was a tributary of Johns
Hopkins Glacier until 1899 (Field, 1964). It has experienced
very small fluctuations (less than 2 km) since it became
independent, and was relatively stable for several decades at
the position back only about 200 m from its former junction
with Johns Hopkins Glacier (Cooper, 1937; Field, 1964;
Powell, 1980). Similar to Johns Hopkins Glacier, Lamplugh
Glacier has also retreated slightly over the past 2-3 years.

Summary

The last deglaciation in Johns Hopkins Inlet started only
about 100 years ago. During the last 100 years, the terminus
of Johns Hopkins Glacier, near the fjord mouth during 1892-
1899, has experienced two major fluctuation periods: a
relatively fast retreat and a slow advance. The average
retreat rate is at least 10 times faster than the average
advance rate. The terminus retreated for about 18 km in
about 34 years between 1892 and 1926, with an average
retreat rate of about 530 m/a. However, retreat rates vary
from about 70 m/a during 1892-1899 to about 1800 m/a
during 1912-1926. Between 1892 and 1926, the terminus of
Johns Hopkins Glacier had reached at least four quasi-
stabilities, when four morainal banks were deposited in
1892-1899, 1907-1912, 1914-1%17, and 1920-1922,
respectively. The glacier was relatively stable during 1926-
1929. Begimning in 1929, the terminus slowly advanced
over about 2-3 km at an average rate of less than 50 m/a,
and appears to be at its most advanced position around 1990.

Calculations from seismic reflection profiles indicate that
morainal banks in Johns Hopkins Inlet have similar slopes to

most banks in Glacier Bay. The forebank slopes in Johns
Hopkins Inlet (8-16°) are steeper than backbank slopes (3.5-
7.5%). 'The slope of ice-distal fjord floor is less than 1°.

The relatively fast terminus retreat from the fjord between
terminus quasi-stabilities, especially during 1912-1926
(average more than 890 m/a) has opened up deep fjord
basins (up to about 550 m deep) along its course., However,
these deep basins have been filled with up to 200 m of
glacimarine sediment, with a total sediment volume of about
1.6x10° m’. The average sedimentation rates were about 4
m/a between 1917-1942 and about 1.9 m/a between 1942-
1979. The sediment accumulation rate averaged about 1.8 -
2.0x10” m*/a between 1892-1979. About 44% of the total
sediment in the flord (7x10° m®) was accumulated as
morainal banks, with 1.8x10* m* of sediment in the largest
old bank and 7.6x10" m® in the smallest, and overall the old
morainal banks had an average accumulation rate of 1.7 -
2.6x107 m*/a.

Results of this study indicate that seismic facies analysis
of high-resolution seismic-reflection profiles can be used not
only for interpreting glacimarine depositional processes and
sediment lithofacies, but also for estimating sediment
accumulation rates and reconstructing terminus fluctuation
history, to provide important information for predictions of
the future terminus fluctuations.
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Abstract

Suspended particulate matter has been exammed 1 sife using video cameras attached to a
submersible Remote Observation Vehicle (ROV) and by Scanning Electron Microscopy (SEM) of
filtered water samples. The ROV system provides the opportunity to observe the true composition
and size of suspended particles and SEM allows for identification of particle constituents and
measurement of aggregate sizes.

Glacial meltwater streams that discharge into the fjords form thick, sediment-laden plumes that
spread laterally downfjord. Particles that settle through the averflow are generally small, discrete
gramns. Below the surface layer, marine snow, discrete suspended grains and stringers were
observed. The size and settling rate of most small particles is increased by flocculation of clay
minerals and the incorporation of phytoplankton and non-clay mmeral matter into flocs and fecal
pellets.

Measurements of total organic carbon in botiom sediment collected from 4 fjords in Glacier Bay
range from 0.16 to 0.30%. Samples from Tarr Inlet and Rendu Inlet were at the lower end of the
range and those from Queen Inlet and Reid Inlet were above 0.24%. The source of the organic
carbon buried in fjord sediment has not yet been mvestigated but the abundance and rapid settling
rates of marine phytoplankton suggest that it may be a major source.

KEY WORDS. suspended sediment, organic carbon, flocculation, fecal pellet, phytopiankton.

Fjords in Glacier Bay National Park receive large volumes
of suspended sediment from meltwater stream discharge.
Upon entering the fjord, this sediment settles rapidly
accurnulating at rates up to 13 m/yr in basins adjacent to the
glacier (Cowan and Powell 1991). Small particles, such as
silt and clay settle more rapidly through the water column
than is predicted by Stokes’ Law resulting in deposition of
glacimarine mud even in high energy areas such as near
glaciers. The diameter of small particles can be increased by
flocculation of mineral grains or by aggregation by
organisms. The resulting flocs and fecal pellets have a
higher settling rate than the discrete small patticles. The
concentration of a large number of fine particles into fewer
large ones will also increase the transparency of water
allowing sunlight to penetrate deeper into the water column,
enhancing primary productivity (Eisma 1993). The
incorporaticn of phytoplankton into rapidly settling particles
may also bury organic carbon m modern glacimarine
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sediments. The fjords may be a sink for organic carbon
along with the rapidly accumulating sediment.

Methods and Study Area

Two methods were used to evaluate the characteristics of
suspended particulate matter from the fjords of Glacier Bay:
1) 1 situ observation using video cameras attached to a
submersible ROV and 2) Scanning Electron Microscopy
(SEM) of filtered water samples. The ROV system provides
the opportunity to observe the true compesition and size of
suspended particles while collecting continuous salinity,
temperature and optical backscatter profiles (a proxy for
suspended sediment concentration) through the water
columm. Particles were observed during periods when the
submersible was held steady within the water column.



The SEM allows for identification of particle constituents
and measurement of aggregate sizes. Subsamples of
approximately 21 ml of fjord water were gently filtered
using 0.8 micron filters for examination under the SEM.
Small sample sizes kept particle aggregates from overlapping
on the filter paper.

Sediment from the fjord floor was collected with an
Ekman box dredge during April 1993 for total organic
carbon analysis. Bulk samples were collected from beneath
the sediment surface (>10 cm) to ensure that they
represented deposition during the previous summer when
organic carbon content should be higher than in winter. Six
sediment samples and one water sample were collected in
this pilot project. The samples were analyzed by a
commercial laboratory using standard acidification and
combustion techniques.

Submersible dives were made in Tarr, Muir, and Queen
Inlets (Fig. 1). Water samples were collected from these
fiords as well as from McBride Inlet. Grab samples were
collected to analyze the arganic carbon content of sediment
from Tarr, Reid, Rendu and Queen Inlets (Fig. 1).

Results

Particle Characteristics

The shape, size and composition of suspended particulate
matter in Glacier Bay fjords is similar to that from Arctic
fjords described by Winters and Syvitski (1992). However,
the number of particles are greatly increased in the temperate
fiords of Glacier Bay because of the higher sediment
discharge. Particles are transported downfjord in a brackish
(>S ppt) overflow plume that can be up to 20 m thick. The
overflow appears as a haze in video observations because the
dense cloud of particles in transport reflects the light from
the ROV. These particles are generally small and rounded
with few attached clays. Under the SEM, individual siit
grains from the overflow plume show evidence of crushing
by the glacier during transport to the fjord (Fig. 2a).

A complete range of particle sizes are relsased from the
overflow plume during slack low tide when turbulence is at
a minimum (Cowan and Powell 1990). The particles begin
to sink vertically as discrete turbid layers separated by layers
of less turbid water. Video images show separation of sand
grains from silt and clay because the sand settles past smaller
particles to the bottom of the turbid layer. Particles within
the turbid layer become larger and their composition more
complex with depth. Stringers or filamentous particles up to
several centimeters long accur within turbid layers. These
thread-like particles are weighted on one or both ends by
larger spherical flocs. The stringers are fragile and break
apart when exposed to the turbulence caused by the moving
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ROV. The nature of the filament is unknown because they
do not survive water sampling and filtration.

The most common particles observed with the ROV
within turbid layers appear as "fluffy" equidimensional flocs
and are described in the literature as marine snow (Syvitski
et al. 1983). These particles are formed during settling by
flocculation of mineral grains or by aggregation resulting
from organic interaction. There is a high probability that
particles within turbid layers will collide because of the high
concentrations and range of particle sizes. Larger particles or
those with higher specific gravity settle faster and overtake
the smaller lower density ones thus increasing the collision
rate. Colliding particles can then be held together by
electrostatic forces. Figure 2b is a sand-size particle
composed of hundreds of densely packed clay to silt size
mineral grains. This compact particle may settle up to 70
times faster than the single silt grains that formed it (Officer
1981).

The most common flocs within turbid layers are in the
medium to coarse silt range. They are formed from mineral
grains and have compact semi-spherical shapes (Fig. 3).
Flocculation of plate-shaped minerals show edge-to-edge and
edge-to-face contacts which produce a firm structure that
persists until deposition (Eisma 1993).

Interaction of particles with organisms is less common
than inorganic flocculation but is important in Glacier Bay
fjords. Organisms excreting fecal pellets produce
streamlined aggregates of small particles (Fig. 2¢). Of the
several shapes and sizes of fecal pellets observed with the
SEM, all have been made of only mineral material. Most
diatoms that have settled below the surface layer are coated
with small particles or are attached to large flocs (Fig 2d).
Alldredge and McGillivary (1991) suggest that sticky
secretions from bacteria and algae increase the probability of
attachment of particles on diatoms.

Organic Carbon

Six sediment samples and one water sample were analyzed
for total organic carbon (TOC) content (Table 1). The
water sample collected from above the fjord bottom in Tarr
Inlet contained <1 mg/L. TOC. This low value can be
explained by low primary productivity in the water column
in April (Burrell 1983). Particle size distributions were
measured for 5 of the sediment samples to determine if
particle size affected the organic carbon content (Table 1).

The highest values for TOC occurred in samples from
Queen and Reid Inlets. Both of these fjords receive
meltwater discharge from deltas and have vegetated fjord
walls. Rendu and Tarr Inlets have comparatively low TOC.
Rendu Inlet has a moderate amount of vegetation and Tarr
Inlet has the least. Tarr Inlet samples had the most sand
which is expected since they were collected within 2 km of
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Grand Pacific and Marjorie Glaciers (Fig. 1). Organic
carbon generally increases with clay content (Syvitski et al.
1990) which would explain the lower TOC in these samples.
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Fig. 1.
locations of Tarr, Reid, Rendu, Queen, McBride, and Muir
Inlets discussed in this paper.

Map of Glacier Bay National Park showing the

Fig. 2. SEM micrographs of particles from Glacier Bay
fjords. a) A coarse silt size particle from 5 m depth showing
conchoidal fracture and high relief which according to
Krinsley and Doornkamp (1973) are features typical of
glacial environments. b) A complex sand size aggregate
collected from 66 m depth. The filter appears in the
background of each photograph. c¢) This fecal pellet
aggregated clay size particles into a silt size streamlined
shape. d) These diatoms from 140 m depth are coated with
attached clay size particles.
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TABLE 1. Organic Carbon and Particle Size Distributions of Bottom Sediment
Samples from Four Fjords.
PARAMETER TARR INLET | TARR INLET | QUEEN INLET | REID INLET | RENDU INLET RENDU INLET
(top of sampler) | (bottom of sampler)
% TOTAL CARBON 0.31 0.34 2,21 2.01 1.51 1.49
% COD3 AS CARBON 0.13 0.17 1.91 1.77 1.35 1.30
% TOTAL ORGANIC CARBON 0.18 0.17 0.30 0.24 0.16 0.19
% SAND 20.4 5.4 0.7 1.4 0.2 - -
% SILT 63.5 71.6 70.0 65.3 69.8 - -
% CLAY 16.1 23.0 29.3 33.3 30,0 - -
Discussion

Fig. 3. SEM micrograph of a medium silt size floc collected
from 48 m depth in Tarr Inlet. Mineral grains form a
compact particle with edge-to-face attachments of grains.

Flocculation and organic aggregation of fine particles
greatly increase the downward flux of suspended sediment
by increasing the settling velecity. Flocculated particles
along with weak estuarine circulation (Cowan 1992) result
in most sediment accumulating in basins proximal to the
glacier. The ROV submersible is an excellent tool for
identification of large fragile particles such as stringers that
cannot be preserved during the collection of water samples.
The observation of stringers below 20 m, the depth of the
surface layer in Tarr, Queen and Muir Inlets suggests that
the fjord water column was stable at the time of these
observations because turbulence would cause the break up of
these delicate aggregates. SEM photomicrographs suggest
that most marine snow in these fjords is composed of
mineral flocs ranging in size from medium to coarse silt.
Aggregation of particles is also caused by the adherence of
clays to the remains of phytoplankton and by the formation
of fecal pellets by zooplankton.

The organic carbon content of bottom sediment in Glacier
Bay fjords is similar to that of glacial dominated fjords i
Arctic Canada (Syvitski et al. 1990) and slightly less than
that from Antarctic fjords (Domack and Tshman 1993).
Coronation Fiord, a tidewater glacial fjord on Baffin Island
has a range of TOC from 0.1% near the glacier to 0.5%, 40
km downfjord (Syvitski et al. 1990}. In the Antarctic fjords,
TOC ranges from 0.20% near the fjord head increasing up
to 1.5% by 20 km downfjord (Domack and ishman 1993).
In the Canadian fjords, marine snow and phytodetritus were
the greatest source of particulate organic carbon to the fjord.
The abundance and rapid settling rates of marine
phytoplankton in Glacier Bay fjords suggest that it may be
a major source here. Once deposited, organic carbon may
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become remineralized and available to organisms or be
buried and preserved. Remineralization is mediated by
bacteria in the bottom sediment and reduces the TQC
concentration by half within 10 cm of the sediment surface
(Alperin et al. 1992). In Glacier Bay, burial of the
remaining TOC will be aided by rapid sediment
accumulation and low bioturbation. The samples collected
for this pilot study do not allow ecvaluation of seasonal
changes in organic carbon input or calculation of the organic
carbon deposition rate. These questions and the TOC
distribution within the Glacier Bay fjord system are the
subjects for future study. Glacier Bay may provide a
modern analog for high organic carbon accumulation in
marine sediments during the last glacial maximum. During
this time the increased rate of organic matter accumulation
is believed to have played a major role in carbon burial
(Calvert and Pedersen 1992).
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