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

Arctic Research contains

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

* Reports of ARC and JARPC meetings;

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

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

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

(clockwise from upper left)

audience. Although the articles go through the
normal editorial process, manuscripts are not ref-
ereed for scientific content or merit since the jour-
nal is not intended as a means of reporting scien-
tific research. Articles are generally invited and
are reviewed by agency staffs and others as appro-
priate.

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

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

Address correspondence to Editor, Arctic Re-
search, Arctic Research and Policy Staff, Office
of Polar Programs, National Science Foundation,
4201 Wilson Boulevard, Arlington VA 22203.

Location of the GISP2 (Greenlond Ice Sheet Project 2) drill site.

GISP2 drill dome.

Horizonial thin section of GISP2 ice from 94 m deep, viewed between crossed polarizers to reveal the
crysiol texture. The crystals averaged about 2.5 mm in diameter at this depth.
Removing ice core from the drill barrel inside the drill dome.
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Arctic System Science

Prepared by Charles Myers,
Office of Polur Programs,
National Science Foundation

The National Science Foundation established
the Arctic System Science (ARCSS) program in
FY89. ARCSS is structured as a regional compo-
nent within the U.S. Global Change Research Pro-
gram and is coordinated by the Office of Polar
Programs. Through a series of workshops and
interactions with a broad scientific community,
ARCSS aims to understand the role of the Arctic
in global change and how the Arctic will respond
to global change. ARCSS is an interdisciplinary
program that examines the interactions within and
between the climatic, geologic, biologic and
socioeconomic subsystems of the Arctic.

ARCSS has five linked components:

* The Greenland Ice Sheet Project (GISP2);

* Paleoclimates from Lakes and Estuaries

(PALE);

* Ocean—Atmosphere-Ice Interactions (OAII)

» Land-Atmosphere—Ice Interactions (LAII);

and

» Synthesis, Integration and Modeling Studies

(SIMS).
It is a phased long-term program. GISP2 was initi-
ated in 1989 and will be terminated in 1997. PALE
and OAII began in 1990, with LAII and SIMS be-

The Greenland Ice Sheet Project

Prepared by Paul A
Mayewski, Glacier Research
Group, Institute for the Study
of Earth, Oceans and Space,
University of New Hampshire,
Durham. New Hampshire
03824. Dr. Mayewski is Chief
Scientist for GISP2

For further information,
please contact the GISP2
Science Management Office,
Institute for the Study of
Larth, Oceans and Space,
University of New Hamp-
shire, Durham, New Hamp-
shire 03824

(voice: 603-862-1991;

fax: 603-862-2124;

e-mail smo@unih,edu)

On 1 July 1993, after five years of drilling, the
Greenland Ice Sheet Project Two (GISP2) pene-
trated through the ice sheet and 1.55 m into bed-
rock, recovering an ice core 3053.44 m in depth,
the deepest ice core thus far recovered in the
world. With the completion of the GISP2 drilling
program and a companion European ice coring
effort [the Greenland Ice Core Project (GRIP),
located 28 km to the east], a new era in paleoenvi-
ronmental investigation has been opened. These
records are of extreme significance to our under-
standing of environmental change because they not
only provide the highest-resolution, continuous,
multi-parameter view produced thus far, but as
important, the two records can be used to validate
each other (for example, dating, presence of
events, length of the environmental record, pres-
ence or lack of discontinuities), the only such ex-
periment of this magnitude in ice core research.

ginning in 1993 and 1995, respectively.

Steering committees for each component
facilitate and enhance the ARCSS program and
provide a focal point for communication with the
scientific community. Overall coordination and
integration of the ARCSS components are accom-
plished using the advice of the ARCSS Advisory
Panel. The panel includes representatives from
each steering committee and other scientists who
enhance the breadth and experience of the group.

ARCSS has been particularly successful at
establishing partnerships with other Federal agen-
cies. Significant cost sharing on Arctic Ocean sci-
ence for ARCSS projects came from ONR (Of-
fice of Naval Research). ARCSS anticipates con-
siderable cooperation with NASA, DOE, ONR and
NOAA in the future on aspects of common con-
cern, such as Arctic climate and ocean process
and modeling research.

This issue of Arctic Research of the United
States highlights selected accomplishments of the
Greenland Ice Sheet Project, the first ARCSS
component to reach a major milestone. Future is-
sues of Arctic Research of the United States will
contain reports on other components of ARCSS.

Two (GISP2)

In 1989 the Office of Polar Programs (OPP)
(formerly the Division of Polar Programs) of the
U.S. National Science Foundation (NSF)
officially initiated GISP2. It was developed as the
first in a series of integrated studies, administered
by OPP under its Arctic System Science (ARCSS)
program, an initiative focusing on environmental
change in the Arctic. The primary goals developed
at that time for GISP2 included:

1. Recovery of a high-resolution record of Hol-

ocene and pre-Holocene climate;

2. Characterization and interpretation of the
gaseous, soluble, insoluble, clectrical, struc-
tural and physical properties of the core and
of the partitioning, reservoir exchange and
production rates for the various source con-
tributions to the atmosphere of central Green-
land (for example, anthropogenic, volcanic,
biogenic, oceanic, terrestrial, cosmogenic);
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Location of GISP2, at 72.58° North latitude, 38.48° West longitude at an elevation of 3207 m.
The mean annual temperature at GISP2 is -31°C and the modern acumulation rate is 023 m

H,0 equivalent per year.

3. Investigation of the timing, effects and forc-

ing of climate change as revealed by the
comparison of the measured core parameters
that provide high-resolution views of climate
(for example, temperature, precipitation,
atmospheric circulation strength and pattern),

radiatively important gases (for example,
CO,, CHy) and aerosols (for example, volca-
nic, marine, crustal and anthropogenic), bio-
geochemical cycling (for example, carbon,
nitrogen, oxygen and sulfur), and other cli-
mate system boundary conditions (for exam-
ple, ocean temperature, level and circulation;
sea ice extent; ice volume; volcanic activity;
and atmospheric turbidity); and

4. Development of accurate dating techniques

and flow modeling for Holocene and pre-
Holocene ice.

As of January 1995, close to 100 peer-reviewed
contributions have emerged in response to these
goals. They cover a broad range of topics, includ-
ing site survey; analytical and statistical techniques;
bipolar, Arctic and GISP2/GRIP comparisons;
transfer functions (atmosphere—snow); unique
events (volcanism, biomass-burning, anthropogenic
emissions); paleoenvironmental reconstruction; and
physical processes of snow and ice.

As the final analyses of the GISP2 record
emerge, it is the intention of those of us who have
produced the GISP2 record that it provide the
perspective needed to dramatically advance our
understanding of climate change (response and
forcing) and perhaps the perspective needed to
understand the consequences of human involve-
ment in this dynamic environment. As a review
of the papers in this volume will indicate, we have
made major strides in this endeavor. In addition, we
expect that it will provide the framework needed to
incorporate and further interpret the wealth of other
proxy environmental records that are already avail-
able (for example, tree rings and marine and lake
sediments), leading toward even more robust paleo-
environmental reconstructions.

In addition to a continued stream of peer-
reviewed publications, the joint results of the
GISP2 and GRIP activities will be produced as a
volume following the final joint meeting of these
groups in the fall of 1995. Even the GISP2 field site
remains active as investigations that began as com-
plements to the deep drilling continue to yield
results, allowing further refinement of our under-
standing of modern and paleoclimate.



GISP2 Programs and Principal Investigators

Investigator

Institution

Subject

Alley, Richard*

Bales, Roger

Barry, Roger
Armstrong, Richard

Bender, Michael

Biscaye, Pierre

Bolzan, John
Borys, Randy
Boyle, Ed*
Craig, Harmon*
Davidson, Cliff
Dibb, Jack

Gow, Tony*
Meese, Debra*

Grootes, Pieter*
Stuiver, Minze*

Hodge, Steve

Lal, Devendra

Mayewski, Paul*

Mosher, Byard

Nishiizumi, Kunihiko*
Amold, James*
Finkel, Robert*

Ram, Michael*
Saltzman, Eric*
Stearns, Charles
Taylor, Ken*
Waddington, Edwin

Wahlen, Martin*
Broecker, Wallace*

White, James*

Wilson, Alex*
Donahue, D.J.*

Wilson, Alex*

Zielinski, Greg*

Penn State Univ,

Univ. of Arizona

Univ. of Colorado

Univ. of Rhode Island

Lamont-Doherty Earth
Observatory

Ohio State Univ.

Desert Research Institute
MIT

Scripps Inst. of Oceanography
Carnegie Mellon Univ.

Univ. of New Hampshire

Cold Regions Research and
Engineering Laboratory

Univ. of Washington

U.S. Geological Survey,
St. Olaf College

Scripps Inst. of Oceanography

Univ. of New Hampshire

Univ. of New Hampshire
Univ. of California—Berkeley,

Lawrence Livermore Laboratory

SUNY Buffalo

Univ. of Miami

Univ. of Wisconsin
Desert Research Institute

Univ. of Washington

Scripps Inst. of Oceanography,

Lamont-Doherty Earth
Observatory

Univ. of Colorado

Univ. of Arizona

Univ. of Arizona

Univ. of New Hampshire

* Physical properties of core; continuous visual logging of core, density, texture and

fabric
* Snow-atmosphere transfer function for hydrogen peroxide

* Data management

* Occluded gas analyses; 8180 of Oy, 819N of N,, O,/Ar ratio, Np/Ar ratio

* Origins of atmospheric dust in GISP2 ice

» Surface strain net, velocity, accumulation, ice flow modeling
* Crystal habits and rime chemistry

* Trace metal chemistry

* Helium isotopes

» Major ions and trace metals of aerosols and snow

» Radionuclides in aerosol and snow

» Physical properties of core; annual layering, core relaxation mechanisms, and

precision density measurements

» 8180 record of ice
« Airborne ice radar determination of the surface and bed topography

» Cosmogenic in-situ 14CO, 14CO; and atmospheric CO;

» GISP2 Science Management Office; major anions and cations, total acidity and

ionic balance
« INAA analysis of aerosols and snow

+ Cosmogenic radionuclides, 19Be, 26A1, 36C1

« Continuous particulate concentrations

« Methanesulfonic acid (MSA) and iodine (iodide and iodate) in ice

* Automatic weather stations

» Continuous electroconductivity of core

» Temperature history inference from borehole temperature measurements

* COy/air ratios, 813CO, in occluded gas, total gas content, CHy and N,O
concentrations, bubble volume

« 8D (?H/!H ratio) of ice

« 14C dating of core from occluded CO,

» Concentration and 8!3C of CO, in occluded gas

« Insoluble particles; mass concentration, size distribution, chemical composition

and morphology

* GISP2 deep drilling investigator.
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GISP2 Deep Ice Core Drilling

This report was prepared by
Dave Giles, Polar lce Coring
Office. 205 O'Neill Building,

University of AMaska Fair-
banks, Fairbanks, Alaska
99775-1710; Walier Han-
cock, Chemistry Depariment,
University of Nebraska, Lin-
coln, NIZ6SISS-0304 and
John Kelley, Bruce Koci,
Kerry Stanford and Victor
Zagorodnov, all from the
Polar Iee Coring Office

The Polar Ice Coring Office (PICO) was estab-
lished by the National Science Foundation (NSF)
in 1979 to provide coordinated drilling services
for the scientific community. During the past five
years PICO has been operated through the Univer-
sity of Alaska Fairbanks (UAF). Within that time
GISP2 was successfully conducted. There were
three major functions of PICO involvement in the
project: deep ice core drilling, logistics support of
field operations and management. To support
these activities, PICO developed new ice and rock
core drilling technologies, logistics systems and
lines of organization. The scientific success of the
GISP2 project was directly associated with these
technical and organizational developments.

History of the U.S.
deep ice core drill

The first scientific approach to deep ice coring
was proposed and accomplished for the glaciologi-
cal program of the International Geophysical Year
by the U.S. Army Snow, Ice and Permafrost Re-
search Establishment. Between 1956 and 1958,
four deep holes were cored by modified conven-
tional rotary equipment. In the summers of 1956
and 1957, boreholes of 305 and 411 m were
drilled in northwest Greenland at Site II. In Ant-
arctica at the beginning of 1958, a 308-m borehole
was drilled at Byrd Station. By the end of the year,
a 256-m borehole was drilled on the Ross Ice
Shelf at Little America V. During that time the
major elements of ice drilling technology were
successfully tested. These included a technique of
borehole casing for use with a cold-air chip trans-
port system, coring bits and a constant-rate feed
device. The first successful drilling with a hydro-
phobic drilling liquid (Diesel Fuel Arctic grade,
or DFA) was completed in the Little America V
borehole in the last 5.5 m. This section of ice core
had only a few cracks, which did not penetrate
the ice core deeper than 12 mm. At that time the
use of liquid in the borehole for obtaining good-
quality ice core was proposed, and certain prob-
lems were recognized. The use of industrial-type
drilling equipment had several drawbacks: heavy
weight (three shipments totaling 40 tons), a long
setup time, slow performance and poor ice core
quality (Lange 1973).

In 1961 and 1962, dry and oil-filled boreholes
were drilled at Camp Century in Greenland with

cable-suspended thermal drills developed by
specialists from the U.S. Army Cold Regions Re-
search and Engineering Laboratory (CRREL)
(Ueda and Garfield 1969). After field tests, it was
found that these drilling systems were not reliable
for a proposed 2000- to 3000-m-deep ice core
(Bader 1962). The first cable-suspended electrome-
chanical rotary drill suitable for glacier ice opera-
tions was developed at CRREL in 1964 (Ueda and
Garfield 1968). This drill was a modified rock drill
developed by Armais Arutunoff. In 1968 and 1969
it was successfully used for deep drilling at Camp
Century (Greenland) and Byrd Station (Antarctica),
where holes of 1390 and 2164 m were drilled. The
average drilling rate was about 2.5 mm/s, which is
close to that of a conventional pipe-driven drill, but
the core quality and penetration rate were signifi-
cantly improved. The deep portion of the Byrd Sta-
tion hole was filled with a DFA and trichlorethyl-
ene (TCE) mixture to maintain a proper density of
the borehole liquid (920 kg/m3). About 22 m?3 of
ethylene glycol were used during the Byrd Station
deep drilling, along with 49 m3 of DFA and 8 m3
of TCE.

In the 1970s a last attempt was made to mod-
ify the rotary pipe-driven drilling system for use
in cold ice drilling to depths greater then 1000 m
(Hanson 1976). From previous experience with
rotary drilling on glaciers, it was clear that
industrial-type drilling equipment is too heavy
(Lange 1973). Special fiberglass-reinforced epoxy
pipes (FRPs) with steel connectors were designed
at CRREL. Compared with industrial-type drill
pipes, FRPs are three to ten times lighter. To avoid
the time-consuming hoisting and disassembly of
the drill pipe, the core was retrieved by a wireline
system: a core barrel coupled with cable. The core-
loaded barrel travels inside the drilling tubes sus-
pended by a cable. Therefore, the ice core can be
retrieved without disassembling the drilling pipe
string. The drilling rig weight was reduced by us-
ing a reverse air-vacuum or reverse air circulation
for removing the cuttings. This makes it possible
to exclude heavy air-cooling devices. Adaptation of
the system for drilling on the East Antarctica Ice
Sheet to a depth greater than 1000 m employed cir-
culation of cold DFA. This system was used during
the 1976-77 season for core drilling (air-vacuum)
to a depth of 313 m (Antarctica, Ross Ice Shelf,
J-9). During the 1977-78 scason the wireline coring
system was used with cold DFA circulation to re-
move cuttings from a 170-m borehole. For various
reasons the full potential of the drilling system was



never realized. However, it appears that the system
is ideal for drilling intermediate-depth (a few hun-
dred meters) boreholes in regions with good sur-
face transportation. This system is also capable of
coring subglacial material. The use of chilled drill-
ing liquid (for environmental reasons, DFA is no
longer acceptable) may freeze unconsolidated sub-
glacial deposits and permit coring.

The next advance in deep ice drilling technolo-
gy happened at the end of the 1970s, when a new
electromechanical drill (called ISTUK) was built
at the University of Copenhagen, Denmark (Gun-
destrup et al. 1984). The ISTUK drill was devel-
oped as part of the Greenland Ice Sheet Program
(GISP) conducted by Danish, Swiss and U.S. in-
vestigators (Langway et al. 1985). The major drill-
ing principles remained the same as with the
CRREL and other electromechanical drills, but
several innovations for reducing the drill weight
and power consumption were used. The direct
result is a reduction of the cable diameter and the
weight of the winch. To compensate for the litho-
static pressure of the ice, the hole is filled with a
hydrophobic liquid. For reasons of higher purity,
Jet A-1 (aircraft fuel) was used as a major compo-
nent of the borehole liquid. To maintain the density
of the liquid close to that of ice, perchlorethylene
(PCE) was added to the kerosene. Adding 10% of
PCE was enough to increase the liquid density to
950 kg/m3. Compared with TCE, PCE presents less
inhalation danger because of its lower vapor pres-
sure. However, to reduce the presence of the toxic
fumes from the borehole liquid, a ventilation sys-
tem was used in the drill shelter.

The ISTUK drill was successfully used for deep
drilling in central Greenland at the Dye 3 station,
where a 2037-m hole was drilled during 1979—
1981 as part of the GISP project. Then, during
1990-1992, a 3029-m hole was drilled in the ice
sheet at Summit, Greenland (GRIP project). The
quality of the ice cores was excellent. The investi-
gations in central Greenland show that the ISTUK
drill cannot operate below ~40°C or much deeper
than 3000 m, and it is not capable of rock coring.

To have a reliable drill for coring in the central
regions of Greenland and the Antarctic Ice Sheet at
ice temperatures to —55°C and depths to 4000 m, a
new development program was proposed (Recom-
mendations for a U.S. Ice Coring Program 1986).

PICO electromechanical
ice core drill

The concept of a modular drill, including a de-
scription of its main elements and operating princi-

ples, was proposed by Bruce Koci in 1986 (Koci
1989). The drill is capable of dry-hole coring,
deep fluid-filled-hole ice core drilling, and debris-
laden ice and rock coring (Kelley et al. 1994,
Stanford 1994, Wumkes 1994).

The drill sections are connected in the follow-
ing top-to-bottom sequence: slip ring, load cell,
anti-torque system, transformer section, electronic
instrument section, DC motor (0-2500 rpm), gear
reducer (ratio 17:1), first filter section, bearing
section, second filter section, pump, core barrel
and cutting head (0—150 rpm). The drilling head is
rotated by a long shaft, which passes through the
filter sections and which also drives a Moyno-type
pump.

The coring head consists of three cutters and
three core catchers similar to the PICO shallow-
depth drills. Two cutter profiles have been tested.
Shallow chevron-profile cutters were developed
for stabilizing the drilling head and reducing axial
vibration. A more common type of cutter with a
straight cutting edge shows essentially the same
core production capability. However, the straight-
type cutter produces a larger, more easily trapped
ice chip. Both cutter types were used with a pene-
tration shoe that controls the amount of ice re-
moved with each revolution of the cutting head.
Experiments with aggressive carbide-edge cutters
demonstrated their excellent cutting ability, but
their construction made them brittle and fragile,
particularly when any debris was encountered in
the borehole.

At first the drill was used for boring and ream-
ing a dry hole. This was necessary for casing the
upper portion of the deep borehole to prevent the
drilling fluid from migrating through the firn.
Chips from the cutting head are transported to the
collecting screen inside the inner core barrel
(above the core) by helical flights similar to shal-
low dry-hole drills. Three vertical strips were
welded inside of the outer core barrel to help pro-
vide circumferential shear for moving chips to the
chip collector. For further fluid drilling, a double-
tube core barrel without flights or strips has been
used very successfully. In this case the ice chips
and drilling liquid mixture are sucked up through
the annulus between the inner and outer core bar-
rel tubes and then pass through the Moyno pump
and the filter. Though it is heavy, the Moyno
pump has several advantages. It can pump fluids
with a wide range of viscosities. It is robust and
capable of pumping ice chips (with rock frag-
ments) in the drilling fluid with minimal damage.
It is powered by the same shaft that turns the core
barrel, and it works well in the required rpm and
power range.

The design of the cuttings filter was adapted



from the water well industry. Stainless steel well
screens with a gap of 0.2 mm typically stop clay-
size particles with a small pressure drop. This
screen is robust, straight and strong enough to be
incorporated in the drill without requiring a sup-
port structure. For ice drilling applications a spe-
cial version of the screens was made. The filter
reliably separated chips from fluid during deep-
drilling operation.

To use the drill for rock coring, the structure of
the instrument was modified. The top anti-torque,
electronics and motor-gear reducer sections re-
main the same as for ice coring. One screen sec-
tion was also used to filter out ice chips while
permitting fluid to flow through the rock drill.

A smaller Moyno pump, a core breaking hammer
and a core barrel stabilizer were incorporated into
the drill. An industrial-standard thin-kerf core
barrel with a diamond bit was used for rock pene-
tration (Wang et al. 1994). Since diamond bits
require a high rotation rate (at least 500 rpm), a
5:1-geared speed increaser was included in the
rock drill section in series with the 17:1-ratio gear
reducer. Many of the drill components and special
tools, such as the finger couplings, side reamer
and motor canister, were designed at PICO or at
the Geophysical Institute at UAF. Nearly all drill
fabrication was done at UAF.

Drill control instrumentation

A navigation system was designed for the 5.2-
inch deep drill in 1988 (Hancock and Koci 1989,
Hancock 1994). The original purpose of the sys-
tem was to inform the drill operator whether the
drill was staying vertical and what the drill’s ori-
entation was relative to magnetic north. The
microprocessor and digital converter had extra
capacity and could accommodate additional drill-
ing parameters, such as motor current, voltage,
rpm, drill weight, fluid pressure, battery voltage
and a range of temperatures. The presence of the
microprocessor in the drill made it possible to use
a more powerful drill motor by controlling a re-
versing relay in the drill. This allowed the use of
a high-voltage AC current in the 4-km-long drill
cable, thereby minimizing resistive losses and
delivering more power to the drill motor.

The control panel at the surface was designed
to be compact and lightweight, and provide all the
information and controls an operator needed to run
the drill. It was designed around the same type of
“computer-on-a-chip” microprocessor as was used
in the drill. It did all the calculations on the data
from the drill and also kept track of the drill depth
by counting pulses from a shaft encoder mounted
on the drill tower. Any drill parameter could be
selected to be displayed on its digital readout. It

was also designed to send all the data to a comput-
er for logging. This feature later allowed a fast com-
puter to display all the drilling parameters at once on
a monitor screen while still logging the data.

The system was first tested at Dye 3 in Green-
land in 1988 using a 1000-m cable. In 1989 the
system was tested at Summit in Greenland, and in
1990 the 1000-m system was used to drill to 330 m
using butyl acetate as the hole fluid. In 1991 a new
winch and 4000-m cable were used. This required
a redesign of the transformers using materials suit-
able for use in butyl acetate and a higher voltage
because of the extra length of the cable. The drill-
ing proceeded to about 1600 m in 1991, but the
instrument package seals had problems with the
butyl acetate hole fluid. In 1992 the seals were
redesigned and a new type of O-ring grease was
found that was resistant to the hole fluid, and the
drilling proceeded to about 2200 m. In 1993 the
hole was completed at 3053.5 m, and the system
was taken to Antarctica, where a new 1000-m
winch was used to drill to 550 m at McMurdo
Dome.

Borehole liquid

Environmentally appropriate drilling fluids
were sought to support the deep ice coring objec-
tives of the glaciological programs of the National
Science Foundation (Gosink 1989). In the past sev-
eral decades, three types of fluids have been used
for ice coring activities:

* Fuel oil (DFA), usually containing several

percent of a dense halogenated solvent;

* Aqueous ethanol or glycol solutions; and

* N-butyl acetate.
Each has advantages and disadvantages. PICO
conducted a chemical literature survey in an effort
to identify a drilling fluid suitable for deep ice
coring that would have the appropriate viscosity,
temperature and density characteristics; cause min-
imal potential health and safety risks for workers;
cause minimal environmental impact; and maintain
the highest integrity of ice core for scientific analy-
sis. Of nearly 250,000 compounds electronically
surveyed in the literature search, 11 potential drill-
ing fluids were tentatively identified as suitable.
N-butyl acetate satisfied most of the requirements
(Gosink et al. 1991).

Cable

The GISP2 program was the first time a Kevlar
(aramid) electromechanical cable had been used
for deep drilling. The weight reduction due to the
5-to-1 advantage in specific strength over steel
offered significant savings in power and winch
requirements as well as elongation advantages.
Cortland Cable Hi Wire conductors were chosen as



power and data communication conductors. The
cable used four #20 shielded wires surrounded by
ten #18 conductors to supply power to the drill.
The conductor bundle was surrounded by a dou-
ble-layer woven Kevlar strength member. The
tested breaking strength of this cable was 22,200
pounds (10,000 kg).

The suggested minimum sheave diameter al-
lowed with this type of woven strength member
was 75 cm (30 times the cable diameter), and the
working load limit was 1000 kg. The drill was
operated above both limits, as the actual sheave
diameter was 63.66 cm (28.5 times the cable
diameter), and the working load was 1360-1500
kg. Kevlar has a high abrasion resistance but not
when rubbing against itself. In general, any low-
temperature drilling fluid dissolves and removes
lubricant provided with steel or aramid-reinforced
cables. This resulted in an abrasion-induced loss
of tensile strength in the first aramid cable.

Most electromechanical cables are used for
borehole logging and generally are not subjected
to the number of sheave- and load-induced bend-
ing and tension cycles associated with ice core
drilling while immersed in a strong solvent. Thus,
little information on abrasion damage was avail-
able about Kevlar cables used for long-term ice
coring operations. It is known that this type of fail-
ure can occur under similar operating conditions
in seawater. Since a breaking strength of 10,000
kg is near the maximum for a double-layer con-
struction, the alternatives for obtaining higher
breaking strength are increased sheave diameters,
a lighter drill and different cable designs. Limiting
cable use to 2000 m of drilling is another possibil-
ity. A cable design approach that was successfully
used on the Taylor Dome borehole involved the
use of four-layer unidirectional lays of Kevlar
with no weave in the structure. No cable lubricant
was required, and no abrasion-induced cable dam-
age was noted during drilling. After-project tensile
tests have not yet been run to determine the actual
residual cable strength.

Drill performance

During four summer seasons the deepest gla-
cier borehole (3053.5 m) was drilled near the sum-
mit of the Greenland Ice Cap. The full potential of
the drill was demonstrated during the second half
of the third season and during the final season,
when the depth of the hole doubled and rock core
was recovered. The GISP2 ice coring was con-
ducted with an average penetration rate of 240
m/week. The maximum penetration rate of 45 m/
day was reached when the hole depth was about
1750 m. Perhaps new deep-drilling projects can be
done with a penetration rate close to 300 m/week.

Technical problems related to concurrent develop-
ment of the drill used on the GISP2 project de-
layed the project completion. Every element of the
drill was originally designed and built specifically
for the GISP2 project. For instance, to obtain the
best possible quality of ice core, extra time was
spent to find the proper geometry for the cutters.
Significant time was also spent in the search for
the best drilling fluid. Therefore, the completion
of the GISP2 drilling project had another realized
goal: proof test of a new and environmentally safe
ice core drilling technology. That the technology
development and the ice core recovery programs
were conducted simultaneously and successfully
is indicative of the tremendous effort put forth by
PICO personnel.

After preliminary tests of the industrial rock
coring bit and core barrel under laboratory condi-
tions to determine power and bit weight require-
ments, the rock drill section was designed and
used for rock recovery from the bottom of the
GISP2 deep borehole. After four drilling runs, six
pieces of crystalline-type rock core were recov-
ered. The total length of the rock core recovered
from the borehole was 155 cm.

Conclusions

Now that deep drilling in Greenland and an
additional project at Taylor Dome, Antarctica, are
complete, it may be stated that the PICO drill
demonstrated an ability to penetrate thick ice
sheets, recover high-quality ice core and obtain
bottom geologic samples. The analysis of the drill
performance during the GISP2 and Taylor Dome
projects suggets modifications, which could per-
mit the use of a lighter, faster and more efficient
drill in future ice coring research projects.

There are two factors that limit the core recov-
ery rate: hydrodynamic-drag-limited rates for low-
ering and raising the drill, and surface handling of
the drill components, ice core and ice chips. An-
other important operation that consumes a lot of
time in the field is setup of the equipment. For
maximum cost-effectiveness of the drilling equip-
ment, it should be possible to modify the drill for
greater simplicity and lighter weight.

The first change would be in the drill and bore-
hole geometry. Increasing the clearance by 3 mm
radially should allow the lowering and raising
speed to be increased by about 50%. A new 15-cm
inner core barrel, drill centralizers and a modified
coring head are the only requirements, It may
also be possible to eliminate the outer barrel and
replace it with tubes or simply to flush the drill
fluid through the core barrel. Both of these modifi-



cations would allow significant reduction in the
hydrodynamic drag of the drill as it is pulled
through the borehole. Potentially this increase in
transit speed could bring the core recovery rate up
to as much as 450 m/week.

Shortening the drill by one screen section (6 m)
and reducing the core barrel length to 3 or 4 m may
allow an additional increase of lowering and rais-
ing speed by about 10% due to reduced drag. The
shorter drill would also require a shorter tower and
lighter surface handling equipment. The deep-hole
drill rate would be reduced somewhat due to the
shorter core barrel, however.

The current drill motors could be replaced by
lower-inductance motors to minimize arcing and
brush wear at the commutator. New motors should
also have mechanically attached magnets and an
epoxy-type winding varnish to minimize chemical
attack while operating in n-butyl acetate in the
event that the motor canister seals leak. Further
work is also needed on lubricant-free or ceramic
bearings. A more permanent solution is to use
brushless DC motors with an electronic control
package. This is a costly fix, however.

Because this is a new drill system that has only
been set up and used for two projects, many small
incremental changes to the system can yet be
made. Each of these changes could save field time,
and their cumulative effect would be significant.
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Together, the GISP2 ice core and the compan-
ion GRIP core from near the summit of the Green-
land ice sheet have provided an unprecedented
high-resolution view of the climate in Greenland
over the past 90,000 years or more. Many impor-
tant climate-related parameters have been mea-
sured in both ice cores (Johnsen et al. 1992, Taylor
et al. 1993a, Dansgaard et al. 1993, Mayewski et
al. 1994). Some of the success of these ice core
projects can be attributed to accompanying glacier
geophysical research programs investigating the
dynamics and temperature of the ice sheet in cen-
tral Greenland. For example, selecting good drill-
ing sites requires geophysical surveys and analysis,
and determining two of the most basic paleocli-
mate parameters from an ice core (temperature and
net snowfall) depends on geophysical methods.

The connection between
ice dynamics and ice core
paleoclimate

The importance of ice dynamics to ice core
research was recognized by the Committee for
Science Planning in Central Greenland (Mosley-
Thompson et al. 1985) in their science plan that
led to the GISP2 project. New glacier geophysical
methods and models developed in the past decade
have contributed to the GISP2 program in addi-
tional ways that were not anticipated. It is now
widely recognized that geophysical surveys and
geophysical models should be a fundamental com-
ponent of future ice core programs, from site selec-
tion to final paleoclimate interpretation.

Ice flow and temperature models, constrained
and guided by geophysical data collected from a
large area surrounding the ice core sites, can pro-
vide the additional information needed to resolve a
number of ice core interpretation problems:

* Ice core geochemists measure properties of the
ice core, and from these data they infer proper-
ties of the local and global paleoclimate. How-
ever, their view is restricted to a very small
sample of ice (the GISP2 ice core is a cylinder
with a cross-sectional area of 0.014 square
meters), which may not be representative of
the region.

* The core has been extracted from a dynami-
cally changing ice sheet, and changes in the

height or extent of the ice sheet can in turn af-
fect the local component of the climate signal.

* Ice sheet flow can carry ice to the coring site
from other parts of the ice sheet that may have
climates different from the core site, confound-
ing spatial variability on the ice sheet surface
with temporal changes of climate.

« The ice flow deforms and distorts the ice in
which the geochemical signals are embedded.
Any attempt to use the observed annual layers
in the ice to deduce the history of snow accu-
mulation rate or chemical impurity fluxes onto
the ice sheet surface requires corrections to
account for the fact that annual layers are con-
tinually thinned by the ice flow after deposi-
tion.

¢ In extreme cases, ice deformation overturns
stratigraphic layers. If undetected, this intro-
duces errors into the ice core chronology.

* Geochemical signals in ice cores record rela-
tive changes and trends in the climate. Some of
these signals (for example, the stable isotope
paleothermometer) have been calibrated with
geophysical data to reveal absolute rather than
relative climate parameters,

Measurements of surface topography, bedrock
topography, ice motion, accumulation rate patterns
and temperature patterns on and in the ice sheet are
essential for a well-balanced and satisfactory ice
coring program. Geophysical data typically might
cover an area of 100 by 100 km or more around
an ice core site; this is a trillion times larger than
the area sampled by the ice core itself. Not surpris-
ingly, geophysical data combined with geophysi-
cal modeling are better able to reveal spatial ice
dynamical influences on the ice core signal than
the ice core record alone.

A basic ice core paleoclimate history should
provide at least three records:

* A climate temperature history (the changing
temperature at a constant height, as distinct
from the temperature at the surface of the ice
sheet, which thickens or thins over time);

* Net precipitation or snowfall history; and

= A depth—age curve that tells us the correct age
of each event in the temperature and precipita-
tion histories.

The climate temperature history can be esti-
mated from the stable isotopes in the ice core. Oxy-
gen and hydrogen atoms cach come in two stable
(non-radioactive) forms, or isotopes, with different
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when those bubbles formed. This elevation history
makes the correction from ice sheet temperature to
climate temperature possible.

Second, annual layers consisting of summer and
winter snow with different dust and impurities can
be seen to great depths in the ice core. It is possible
to estimate the snowfall in the past from the thick-
ness of these annual layers, at least in the recent
past where ice sheet flow has not yet distorted their
thickness. If we believe that snowfall is controlled
by temperature (the lower the temperature, the less
it snows), then it is also possible to estimate snow-
fall from the temperature history.

Finally, it is possible to date the ice by counting
the annual layers. Marker horizons, such as vol-
canic ash layers from known volcanic eruptions,
also help to date the ice. Radioactive isotopes such
as carbon-14 can also be found in ice in very small
quantities. Experiments are underway to date the
ice with 14C, just as wood and other biological sam-
ples can be dated.

The paleoclimate reconstruction described above
needs only geochemical data from the ice core it-
self. However, it is widely recognized that some of
these calculations rely on uncertain assumptions.
The temperature depends on the correct conversion
factor to convert stable isotopes to temperature
(other variables besides temperature may influence
the isotope record) and on the reliability of the
Total Gas altimeter, which is in turn sensitive to
temperature. The snowfall history depends on the
unknown degree of ice-flow-induced thinning of
the annual layers and the assumed correlation be-
tween snowfall and temperature. Independent deter-
minations of the temperature, snowfall rate and age
are desirable to calibrate, verify and extend the
geochemically derived climate history. Geophysics
provides all these.

The figure to the left summarizes the greatly
expanded paleoclimate benefits from an ice core
program when ice dynamics research, supported by
geophysical surveys, is carried out in parallel with
ice coring. It is apparent, just from the number of
boxes and arrows, that ice dynamics adds many
more valuable linkages between various inputs
(ellipses) and results (rectangles), generates inde-
pendent measurements and creates new possibilities
for paleoclimatic reconstruction. As Alley (1991)
explained, without ice dynamics,

«...a geochemical study focused on local condi-

tions can yield: three estimates of the ice time

scale (A, B, and C); one estimate of local tem-

perature history (D), one estimate of how any tem-

perature change is partitioned between climate
change and motion of the ice source through the
atmospheric lapse rate (E); and two estimates of

the accumulation history (F and G). All these esti-

mates have associated errors, of course.”
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However, when an ice dynamics program is in-
cluded,
“... we obtain an additional estimate of time scale
(H); an additional estimate of temperature history
(I); and an additional estimate of accumulation-
rate history (J); plus, we obtain an estimate of
changes in ice sheet shape that may have affected
orographic precipitation (K); and an estimate of
how ice volume changed (L.). Again these esti-
mates contain errors, but they are largely inde-
pendent of the geochemical errors. The ice
dynamics program thus will increase the accuracy
of some paleoclimatic reconstructions and will
allow us to make other paleoclimatic reconstruc-
tions.”
Much of the geophysical research described in this
paper focuses either on selection of the drill site or
on these additional linkages and the corresponding
results that improve our knowledge of the past cli-
mate.

Ice Core Site Selection and
Geophysical Surveys

Characteristics that are desirable for a deep ice

core site include:

* High-resolution, continuously countable an-
nual stratigraphic layers over the current
Holocene interglacial period and earlier;

* Ice at least 100,000 years old;

* Good preservation of the geochemical signals;

* No removal of old ice by basal melting at any
time over the past 100,000-year glacial cycle;
and

* No disruption or overturning of annual

stratigraphy by ice flow.

Geophysical investigations are required in
order to select optimal ice coring sites. Airborne
ice-penetrating radar (for example, Hodge et al.
1990) can identify areas with appropriate ice
depth, simple bedrock topography and relatively
simple ice flow as revealed by relatively smooth
and flat internal radar layers. Snow accumulation
measurements obtained by counting annual layers
in shallow cores, or by identifying radioactive fall-
out layers from atmospheric nuclear bomb tests
(Picciotto and Wilgain 1963), then permit ice flow
models to estimate the age—depth relation and
annual layer thickness pattern to be expected at a
particular core site.

Finally, if the temperature of the basal ice
reached the pressure-melting point at any time in
the past, some or all of the oldest basal ice has
been lost to melting. If the temperature even came
close to the melting point at any time, the chemi-
cal and isotopic climate records locked in the ice
have suffered. Of the climate records in the ice,
the composition of gases (such as carbon dioxide)
trapped in the air bubbles is probably the most
vulnerable to high ice temperatures. Measure-
ments of shallow ice temperature, when combined
with ice flow calculations, allow estimation of the
temperature history of potential sites in order to
assess the quality of the retained climatic record.

In 1987, prior to the final selection of the GRIP
and GISP2 ice core sites, Hodge et al. (1990) flew
an airborne ice-penetrating radar survey at 12.5-
km line spacing over a 180- by 180-km area. This
area was chosen to encompass the current ice
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topography under the air-
borne ice-penetrating radar
survey grid. [This figure is
taken from Jacobel and
Hodge (1995).]

sheet summit and all likely positions of the ice di-
vide during the past 100,000 years. The airborne
radar data set then was processed to produce the
ice surface and bedrock topographic maps needed
to choose the drill sites.

Simultaneously with the airborne radar flights,
Bolzan and Strobel (1994) carried out a series of
ground traverses within the radar grid to measure
accumulation rates by two independent tech-
niques. Using 17-m hand-augered cores, they
counted annual layers in 8180 profiles. They also
measured the depths to the layers deposited during
the atmospheric nuclear bomb test period (1954—
1965), as detected by radioactivity measurements
on material filtered from the shallow cores. [Dun-
phy and Dibb (1994) later also measured snow
into boreholes that penetrated the bomb fallout
layers.] Those data, combined with data from
Danish colleagues (Clausen et al. 1988), showed a
strong trend of decreasing accumulation rate from
the southwest to the northeast. This is consistent
with moisture sources in the southwest and
precipitation influenced by air flow up the slope of
the ice sheet. Those data provided the accumula-
tion maps essential for estimating the burial rates
and the rate of thinning of annual layers by ice
flow at Summit.

In 1988 it became clear that two ice cores could

be drilled near the summit of the ice sheet. Glacier
flow theory (for example, Raymond 1983) pre-
dicts that by separating the two sites by a distance
of ten ice thickness units, it can be assumed that
the two sites have not shared a common history of
the stress and strain rate variations that control the
shape of the depth—age curves; as a result, the two
ice core records can be used together to separate
ice dynamical effects from paleoclimate effects.
Therefore, glaciologists (Hodge et al. 1988) rec-
ommended that the GRIP site be located at the
highest point of the ice sheet and that the GISP2
core be drilled down a flowline 30 km to the west.
The value of this approach has been demonstrated
by the comparisons of the two climate records. In
the deep ice older than 100,000 years, ice flow
disturbances that appear to have affected the cli-
mate records have been discovered (Taylor et al.
1993b, Grootes et al. 1993).

To verify that ice flow calculations are accu-
rate, we must be able to compare the calculated ice
velocity and the deformation rate to values mea-
sured in boreholes and at the surface. Between
1987 and 1989, Bolzan (1994) measured the sur-
face ice flow velocity at 20 locations within the
radar grid, using Doppler satellite techniques.
These ice velocity data have been used to estimate
the state of balance between surface snow accu-
mulation and the ice flux leaving the Summit area
by ice flow. Work in progress by John Bolzan and
Ed Waddington suggests that the Summit area is
either in steady state or thickening very slowly.
Conclusions like this, which cannot be derived
from the ice core geochemical data alone, set the
glaciological context within which the ice core
data must be interpreted.

Scientists in both the GISP2 and the GRIP pro-
grams realized that detailed observations of ice
velocity and deformation rate around the GRIP
site and along the flowline leading to the GISP2
site were essential to accurately calculate the
effect of ice flow and dynamical thinning on the
stratigraphy observed in the ice cores. Scientists
from the Technical University of Braunschweig
observed a network of ice motion markers for the
GRIP program between 1989 and 1993, and Uni-
versity of Washington scientists observed a similar
network for the GISP2 program in 1993 and 1994.
Both GRIP and GISP2 strain nets were measured
optically by theodolites and electronic distance
meters. The GRIP strain net measures the approxi-
mately radial deformation pattern around the ice
sheet summit. The GISP2 network extends 30 km
(ten ice thickness units) downstream from the
GISP2 site. This allows the performance of ice
flow models to be checked well downstream of the
GISP2 site, thereby ensuring good results at and
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Strain nets on the ice sheet
swiface in the vicinity of the
two boreholes. In the top fig-
ure, the GISP2 University of
Washington surface strain
network optically surveyed
during 1993—1994 is shown
by solid lines, and the com-
panion GRIP strain net sur-
veyed during 1989-1993 is
shown by dashed lines. Ulti-
mately the observations and
velocities from both networks
will be combined. The arrow
clusters point to other mark-
ers observed from theodolite
survey stations. The bottom
Jfigure shows preliminary ice
velocity vectors determined
by a least-squares network
adjustment.
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upstream of the GISP2 site. The strain history of
ice traveling to the GISP2 site will ultimately be
best determined by the data from the combined
network. Ice velocities have been calculated from
deformations observed within the GISP2 strain
net. The results are preliminary; until data from
the satellite global positioning system are ana-
lyzed, we assume that GISP2 moves due west, that
GRIP is motionless and that the easternmost point
in the GISP2 network moves westward at the
speed necessary to carry away the annual snow
accumulation between that point and GRIP. The
ease with which glacier ice flows is described by
its rheological properties, such as viscosity, which
are variable and still poorly known in central
Greenland. The ice flow direction changes more
gradually than the direction of surface slope that
drives the flow, because ice has a high viscosity.
Future comparison of the surface slope with the
ice flow directions may provide information about
ice rheological properties.

Repeated surveys of progressive tilting and clo-
sure of the boreholes provide information about
ice flow at depth (Gundestrup et al. 1993). As part
of a collaborative GRIP-GISP2 borehole logging
program to use the same logging tools in both
boreholes, Niels Gundestrup measured the tilt and
diameter of the GISP2 hole in 1993 immediately
following cessation of drilling and again in 1994
and 1995. Plans call for this program to continue
as long as necessary to observe and analyze
significant deformation.

Because climatic temperature variations at the
ice sheet surface diffuse down slowly into the ice,
temperature profiles measured in boreholes today
retain a memory of the temperature history at the

surface of the ice sheet. Alley and Koci (1990) an-
alyzed a 217-m profile from a dry borehole at the
GISP2 camp and derived a temperature history
over the last several hundred years. They conclud-
ed that a recent warming had occurred but that it
was not large enough to provide clear evidence of
global greenhouse warming. Gary Clow obtained a
high-resolution temperature profile in the 3-km-
deep GISP2 borehole in 1994 and again in 1995
(Clow et al,, this issue). Like the temperature logs
from the nearby GRIP hole analyzed by Gunde-
strup et al. (1993), the data can provide a surface
temperature history back into the Wisconsinan ice
age (prior to 11,000 years ago). Repeated tempera-
ture measurements in the GISP2 hole are also
planned for 1996, as the hole recovers from the
thermal disturbance of drilling and emplacement of
relatively warm drilling fluid. The multiple surveys
will improve the interpreted paleotemperature
record. Data available after three years of logging
should permit the undisturbed ice temperature pro-
file to be estimated to the 0.001°C precision level.
The field program also includes collaborative high-
resolution temperature logs in the nearby GRIP
borehole.

The stable isotope ratios 8180 and 8D in ice are
widely and successfully used as proxies for paleo-
temperature. However, calibration is required in
each area, because the isotopic ratios can also be
influenced by nonthermal effects, such as chang-
ing seasonal distribution of snowfall, isotopic
fractionation in the snow, or changing moisture
source regions. Cuffey et al. (1994) used the meas-
ured temperature—depth log in the 217-m dry bore-
hole at GISP2 to calibrate the relationship between
temperature and stable isotopes at the site over the



past 1300 years. Cuffey et al. (1995) later used the
temperature—depth log from the deep borehole to
extend the calibration to the past 40,000 years.
They deduced that the temperature change in cen-
tral Greenland during the last deglaciation was at
least 15°C, which is significantly larger than pre-
viously thought. Two great strengths of this meth-
od are that it uses actual thermal data in the cali-
bration and it does not rely entirely on modern
spatial correlations.

Ice Dynamics Analysis

Models that span the full ice sheet provide the
regional context and long-term ice thickness
trends to which ice flow near the summit re-
sponds. However, for ice core interpretation, ice
dynamics models that incorporate many physical
processes on a fine spatial mesh around an ice
core site are more useful than whole ice sheet
models that necessarily have coarser resolution
and parameterized physical processes. Ice dynam-
ics results from both types of models have ad-
vanced our understanding of glacier geophysics
and paleoclimate in central Greenland.

Prior to ice core drilling near the center of the
ice sheet, ice flow and temperature calculations
were carried out to assess the site. Firestone et al.
(1990) calculated the temperature history in the
vertical profile through both the GRIP and GISP2
sites. The calculation showed that the old basal ice
had not been subjected to basal melting and had
probably remained below —10°C throughout the
past 100,000-year glacial cycle.

Schgtt et al. (1992) estimated the age—depth
distribution at both drill sites prior to drilling.
Their finite-element calculation for flow in plane
strain along the GRIP-GISP2 profile used the
Hodge et al. (1990) surface and bed data together
with the accumulation rate data reported by Bol-
zan and Strobel (1994). They correctly predicted
the depth—age scale at GISP2 back through the
Holocene interglacial period to the end of the ice
age. The model also made reasonable estimates of
the total thinning as a function of depth for older
ice, but the predicted time scale depended on the
accumulation history, which was then poorly
known.

Since the GISP2 ice core showed well-defined
annual layering well back into the Wisconsinan
ice age, the problem could then be turned around,
that is, the total thinning predicted by the Schgtt et
al. calculations could be used to convert the ob-
served annual layer thicknesses of known age
back into the true accumulation rate at the time the
layers were deposited. Alley et al. (1993) used the

Schgtt et al. (1992) ice dynamics thinning results
to demonstrate that the accumulation rate had in-
creased from 9 cm per year (ice equivalent) to 17
cm per year in a period of only several years at the
termination of the Younger Dryas cold event at
11,640 B.P. Dahl-Jensen et al. (1993) estimated a
similar accumulation history by using annual layer
thickness data and stable isotope data from the
GRIP ice core with a Dansgaard and Johnsen
(1969) ice flow model adapted for conditions at
GRIP.

These first estimates of paleoaccumulation in
central Greenland (Alley et al. 1993, Dahl-Jensen
et al. 1993) assumed that the ice sheet thickness
was invariant. Prior to the end of the Wisconsinan
ice age about 12,000 years ago, the ice sheet prob-
ably did not maintain a constant thickness and
strain pattern. Cutler et al. (1995) developed a
non-linear, one-dimensional, time-dependent ice
sheet model to investigate the effect of ice sheet
thickness change on the vertical straining of annu-
al layers. This model used the GISP2 annual layer
thickness data and other dated points in the core to
infer an accumulation history over the past 90,000
years. The estimated accumulation rates during
the ice age were one quarter to one third of their
modern values. Uncertainties in the layer thick-
ness data, physical simplifications in the model
and poorly known values of model parameters
precluded a more precise determination of the
accumulation rate history. Subsequently, Cuffey
et al. (1995) and Cuffey (in prep.) calculated an
accumulation history using a method similar to
Cutler et al. but allowing for deviations of the ice
sheet geometry from steady-state configurations
and including thickness changes of the ice sheet
due to temperature changes within the ice. The
former reduces the sensitivity of the inferred
accumnulation rate to the extent of marginal posi-
tion changes. The average accumulation rate dur-
ing the coldest 15,000 years of the last ice age was
between 5 and 7 cm per year according to these
calculations.

Since the accumulation rate was low during the
ice age, the ice sheet might have been thinner than
it is now. However, the margins expanded in the
ice age (Funder and Larsen 1989), causing the ice
sheet to tend to thicken. Glaciologists can estimate
the thickness changes in the ice sheet by using ice
dynamics models (for example, Letreguilly et al.
1991), by using ice core data such as total gas con-
tent (for example, Raynaud and Lebel 1979) or by
using both ice dynamics and ice core geochemical
records. Since changes in ice sheet thickness largely
represent a dynamic response to changes in cli-
mate, the ice sheet thickness histories inferred
with the help of ice dynamics complement the
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geochemically inferred paleoclimate record. Two
calculations have been made to estimate the thick-
ness history in central Greenland using both the
ice core data and ice dynamics.

The Cutler et al. (1995) one-dimensional paleo-
accumulation calculation also produces an ice
sheet thickness history consistent with the inferred
accumulation history. When they assumed that the
ice sheet margins during the ice age occupied the
same positions that they occupy now, Cutler et al.
predicted an ice age ice sheet that could at times
be as much as 450 m thinner than the present ice
sheet. However, the ice sheet margins probably
moved outward during the ice age. When this was
taken into account, Cutler et al. found that the ice
sheet could have been only 100-250 m thinner
than it is now, depending on how far the margins
moved out, and that the ice sheet has thickened at
a decreasing rate since the last glacial maximum,
such that it is now either in steady state or still
thickening slightly. These results suggest that the
assumption of constant ice sheet thickness in pre-
vious estimates of accumulation rates by Alley et
al. (1993) and Dahl-Jensen et al. (1993) was rea-
sonable.

Bolzan et al. (1995) used a very different
approach to compute the ice thickness as a func-
tion of time over the past 20,000 years. For a giv-
en ice thickness history, they calculated the age of
ice at various depths in the GISP2 core by recon-
structing ice particle trajectories. The ice thickness
history was then adjusted iteratively to give the
best agreement between measured ages and com-

puted ages. Their results from this inverse theory
approach indicate that the ice sheet thickness over
the past 10,000 years has changed by less than 10
m. For earlier times, they obtained upper and lower
bounds on the thickness changes. They estimated
the thickness change at 20,000 years ago to be in
the range of plus or minus 85 m. This conclusion
is compatible with the Cutler et al. (1995) results,
in which they assumed that the ice sheet expanded
during the ice age. Work continues on ways to im-
prove the ice thickness history calculations and to
reduce their uncertainties. The thickness of the ice
sheet changes in response to changing climate, and
an ice thickness history inferred through ice flow
considerations provides paleoclimatic insight not
easily derived from geochemical records alone. In
the future, collaborative simultaneous analysis of
the annual layer thickness data from both GISP2
and GRIP ice cores using a common ice flow mod-
el could help to separate any remaining ice flow ef-
fects from real accumulation rate variations.

As ice flow calculations are refined to address
new questions about the paleoclimate in central
Greenland, more of the assumptions that simplified
previous ice dynamics calculations must be re-
laxed. For example, the depth—age scale and the
strain history of ice near the ice core sites may
depend on the historical positions of the ice
divide. Therefore, estimates of the likelihood,
timing and magnitude of ice divide migration are
required. Anandakrishnan et al. (1994a) modeled
an east—west flowline across the Greenland summit
to study the potential range of divide positions.
They concluded that in the ice age, the ice divide
was likely within 40 km of its current location.
They also showed that the divide position was
more sensitive to the ice sheet margin position than
to the value of ice age accumulation rate.

Current and Future Work

The radar data reported by Hodge et al. (1990)
have since been processed further by Jacobel and
Hodge (1995) to show the internal layering in the
ice sheet. These layers are widely considered to
be isochrons, that is, surfaces of constant age.
Weertman (1993) showed that if the layering can
be dated at one location, as by an ice core, then the
layers can be used to infer some features of the ice
velocity field and the spatial pattern of snow accu-
mulation in the past. Similar analysis of the Jaco-
bel and Hodge (1995) data could add the time
dimension to the mass balance patterns reported by
Bolzan and Strobel (1994) and permit even more
realistic ice flow modeling.

The radar internal layering data shown by Jaco-



bel and Hodge (1995) and by Hempel and Thyssen
(1992) have led to some concern about the appro-
priateness of the current ice flow models, because
efforts to replicate the layering pattern observed by
radar under the ice divide have been unsuccessful
to date when using Glen’s Flow Law, the standard
rheological law for ice (for example, Paterson
1994). It is possible that a more general form of
flow law will be needed at ice divides. To check
the appropriateness of Glen’s Flow Law for polar
ice at low stresses, measurement of the vertical
velocity pattern at both GRIP and GISP2 would be
extremely valuable in the future. These measure-
ments could be accomplished by resistive wire
strain meters frozen into holes drilled by hot water
(Harrison et al. 1993). Vertical strain observations
should also be checked for compatibility with the
detailed horizontal strain measurements.

Calibration of the stable isotope record (for
example, Cuffey et al. 1994, 1995) using the deep-
er borehole temperature measurements described
by Clow et al. (in this volume) will allow more-
accurate long-term ice dynamics calculations, since
ice flow is affected by the changing temperature
distribution in the ice sheet. Finally, the borehole
temperature measurements and the annual layer
thickness records from both the GRIP and GISP2
holes should provide constraints on ice dynamics
analysis of the ice divide migration history.

The GISP2 and GRIP geochemical records are
remarkably similar over the upper 90% of their
depths (Grootes et al. 1993, Taylor et al. 1993b).
This confirms that this section of the paleoclimate
record is intact in both cores. However, earlier por-
tions of the records, including much of the previous
interglacial period known as the Eemian or Sanga-
mon, show striking differences in the geochemical
sequences. It is possible that either overturned
folds or boudins have disrupted the normal strati-
graphic sequence in one or both ice cores at these
depths. (When a relatively stiff layer is stretched by
flow, it can develop thin “necks” like pulled toffee.
These necks may eventually be totally severed. The
resulting structures, resembling a string of link sau-
sages, are called boudins.) Prior to drilling, Cun-
ningham and Waddington (1990) suggested that
the complete Eemian layer could be disrupted by
boudinage under the ice divide, as a result of
known rheological contrasts between ice-age and
interglacial ice in the Northern Hemisphere. How-
ever, the actual form of the mismatch (Grootes et
al. 1993, Taylor et al. 1993b) suggests that disrup-
tion has occurred over depths of meters to tens of
meters, that is, on a shorter depth scale than the
thickness of the complete Eemian sequence. Glaci-
ologists usually think of ice sheets as large homo-
geneous and isotropic masses dominated by pro-

cesses that act on scale lengths comparable to the
ice thickness. The stratigraphic disruption observed
under central Greenland (Alley et al. 1995) stimu-
lates glaciologists to merge this view with a new
appreciation of microdeformation and of aniso-
tropy and inhomogeneity in layers or “blobs” of
differing viscosities caused by impurities or crys-
tal fabrics (Waddington et al. 1995). More field
studies that can measure the spatial variability of
ice fabric and other factors affecting rheological
properties will be required. Continuous high-reso-
lution ultrasound measurements on the ice core
(Anandakrishnan et al. 1994b) and in the borehole
(Taylor 1982) are existing techniques that should
prove to be useful. New techniques may also be
needed. Ice flow models used to investigate the
stratigraphic structure near ice core sites will need
to incorporate more-complicated rheological laws.
This new view of polar ice sheets will be essential
to understand where, why and how the regular
stratigraphic sequence might be disturbed. This is
another valuable contribution that ice dynamics can
make to future ice core studies.

An interesting technique that may be used in the
future to locate suitable deep drilling sites is the
Philberth Probe, originally developed in Europe.
NASA is now trying to develop a probe with the
ultimate goal of using it on the Martian ice cap.
The idea is to launch a thermal probe powered
from the surface through a thin coaxial cable. The
probe contains instrumentation that makes it possi-
ble to transmit information on pH, conductivity and
dust to the surface while it melts its way down into
the ice cap. The technique is difficult, using instru-
mentation at pressures up to 2000 bars, and further
tests in Greenland will show if it is possible to de-
velop this into a reliable vehicle.

Conclusions

The paleoclimate output from the GISP2 ice
core project has been enriched by its geophysical
ice dynamics component. Site selection activities
allowed the GISP2 and GRIP cores to be drilled in
locations that avoid or minimize ice dynamical
effects that could complicate interpretation of the
climate records. Ice flow modeling, aided by geo-
physical studies, has allowed correction of annual-
layer thicknesses for ice flow effects, producing the
first long, high-resolution accumulation-rate rec-
ords ever obtained and greatly enhancing paleo-
climatic interpretations. Temperature measure-
ments in the boreholes have been combined with
computer models to show that the late glacial cli-
mate in Greenland was much colder than the ice
core geochemical data had first suggested, and in
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the process those geochemical data have been
recalibrated to enhance their usefulness in the
paleoclimate reconstruction. These geophysical
model studies can also separate reconstructed
temperature changes into climatic and ice sheet
elevation effects. Ongoing studies to characterize
flow mixing in the deep ice should improve the
interpretation of these and future ice core records.
Drilling two ice cores separated by ten times the
ice thickness has proved to be a valuable and suc-
cessful interpretive asset for both GISP2 and
GRIP programs. At the same time, the unprece-
dented quantity and quality of geophysical and
climatological data from central Greenland prom-
ise to significantly advance our understanding of
how cold ice sheets work.
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Geological or physical studies of ice cores pro-
duce a host of useful results. They have helped
turn the GISP2 core into a “weather station” for
central Greenland, documenting unexpectedly
large and rapid changes in climate that would
severely challenge humans were they to recur.
They have helped us date the ice core, understand
variations in the atmosphere that supplied contam-
inants to the ice sheet, and learn how ice flow can
affect and ultimately confuse the climate record.
Working in close collaboration with colleagues
at the U.S. Army Cold Regions Research and
Engineering Laboratory (CRREL; Tony Gow and
Debra Meese) and at the U.S. Geological Survey
(USGS; Joan Fitzpatrick), we have participated in
a variety of such studies of the GISP2 ice core
and associated surface phenomena. Here, we brief-
ly summarize progress in each of these, concen-
trating only on those aspects to which Penn State
physical-properties researchers have contributed in
some way.

Paleothermometry

The stable isotopic composition of snow that
accumulates on an ice sheet is primarily controlled
by the temperature when it accumulates, providing
a valuable record of past temperature. However,
so many other factors can affect the isotopic
composition of snow that research remains active.

Borehole temperatures provide a different
record of past surface temperature. In the same
way that a frozen roast placed in the oven “re-
members” its history in the freezer for a while be-
fore it thaws fully, the temperature in the ground
or in an ice sheet “remembers” the temperature
changes in the air above. The “memory” of old
events that did not last long is lost to heat diffu-
sion, so the time-resolution of the method is not
high, but the events that are “remembered” are
present with high accuracy. Through a series of
studies, we have used borehole temperatures to
show how to interpret the isotopic composition of
the ice core, and we have demonstrated that tem-
perature changes in Greenland have been huge—
much larger than previously suspected.

In 1989, we assisted Bruce Koci of the Polar
Ice Coring Office (PICO) in measuring a 216-m
borehole-temperature profile, and we demonstrat-
ed that this record contains paleoclimatic informa-

tion from the most recent centuries. Then Kurt
Cuffey led the effort to use the borehole profile
and the oxygen-isotopic data of Pieter Grootes and
coworkers to calibrate the isotopic paleothermom-
eter. The best calibration yields slightly larger
temperature changes than the traditional calibra-
tion based on the modern spatial variation of iso-
topic composition with temperature. Using our
calibration and the isotopic data as surface bound-
ary conditions, a time-dependent heat-flow model
predicts a borehole temperature profile quite simi-
lar to that observed, indicating that stable-isotopic
ratios provide good paleothermometers over

the most recent centuries when averaged over
decades. The snow-pit work of Christopher Shu-
man, described below, produces a similar result
for a scale of months to years.

More recently, a temperature profile from the
deep borehole measured by Gary Clow and
coworkers has become available (see their paper
in this issue). Application of the same techniques
to this profile, again led by Kurt Cuffey, shows
that the isotopic composition of the accumulated
snow faithfully records temperatures on glacial—
interglacial time scales. The coldest part of the ice
age was more than 20°C colder than today, rough-
ly twice as large a change as estimated using older
isotopic calibrations.

These are records of temperatures averaged
over years. By examining how often we see rare
melt features in the core (ranging from roughly
once per century to once per few centuries), we
can estimate changes in summer temperatures as
well. We find that both summer and non-summer
temperatures were higher thousands of years ago
than they were hundreds of years ago.

Atmospheric Modeling

The large temperature changes, and the high
accumulation rate and other changes described be-
low, challenge our understanding of the climate
system. To aid in interpreting these data, Peter
Fawecett and Anna Maria Agustsdottir have begun
an atmospheric-modeling effort focused especially
on the late-glacial Younger Dryas oscillation, us-
ing the Genesis general circulation model. The
ocean in Genesis requires an “extra” heat source in
the Nordic Seas east of Greenland to match the
modern climate; this heat source is related to the



formation of deep water at the “end” of the Gulf
Stream. Paleoceanographic data show that this
deep-water formation and the associated heat
source were reduced or eliminated during ice ages.
Simulation of the climate with and without this
heat source then provides insight into the rapid
oscillations recorded in the ice core.

Among the results are storm-track shifts consis-
tent with those recorded in the accumulation-rate
data, as described below. Also, the model results
suggest that changes in the seasonality of tempera-
tures and snowfall have contributed to the differ-
ences between the actual isotopic calibration over
time and the modern spatial gradient and thus to
previous underestimates of the ice-age cooling.

Origin of Annual Layers

Visible strata have long been used to identify
annual layers in ice cores. Summer accumulation
contains coarse-grained ice of low density, called
depth hoar, sometimes alternating with fine-
grained, high-density wind slabs. Winter accumu-
lation is more homogeneous and more like wind
slabs than depth hoar. As discussed below, the use
of visible strata, when combined with other indica-
tors, allowed accurate dating of the ice core.

Observations show that solar heating of near-
surface snow causes mass loss and grain growth in
the upper centimeter or so to form depth hoar,
with at least some of the lost mass contributing to
growth of a surface-hoar layer above. This direct
linkage to the sun causes depth-hoar/surface-hoar
complexes to be good summer indicators. Strong
storms after hoar formation deposit wind slabs
over hoar, typically without removing the hoar,
producing the characteristic summer signal in the
accumulating snow.

The formation of a hoar complex reduces the
density and increases the roughness of the surface,
changing it from something that appears smooth to
something that looks rather like popped corn. This
produces changes in the microwave thermal emis-
sions from the snow that can be detected by satel-
lite. When the surface is a wind slab, some of the
upwelling microwaves are reflected back down-
ward by the smooth, sharp snow-air interface,
with the usual polarization difference caused by
reflection. When the surface is a hoar complex, it
no longer provides a sharp interface, and there is
little reflection of the upwelling microwaves and
little polarization difference. Hoar formation thus
can be monitored by its distinctive signal of a slow
decrease in the polarization difference, followed
by a rapid increase when the hoar is buried under
new snow.

Use of this signal allows hoar formation to be
mapped. It appears that hoar forms primarily from
mid-June to late August and that much of central
Greenland experiences hoar-forming events at the
same time. Comparison of microwave brightness
temperatures and automatic weather station
(AWS) temperature data establishes the passive
microwave data as a useful way to estimate tem-
perature in this area during short times when AWS
data are not available. Comparison of combined
temperature data to the stable isotopic record from
snow pits shows that it snows frequently through-
out the year in central Greenland and that the iso-
topic composition of that snowfall reflects the
temperature over months to years.

Dating, Accumulation and
Climate Records

Reliable dating is critical to ice-core studies.
In the GISP2 core, many indicators show annual
signals. Visible strata proved easiest to measure
rapidly and accurately, especially in the brittle-ice
region where high bubble pressures caused frac-
turing of the core that interfered with other high-
resolution studies. Our observations thus proved
useful in the accurate dating of the core, which is
being refined and finalized by Debra Meese and
the dating committee. In ice-age ice, we relied
mainly on dust layers, which are visible to the na-
ked eye and also appear in electrical-conductivity
(Ken Taylor) and laser-light-scattering (Michael
Ram) records. Fortunately, in the early Holocene,
both indicators were present, and we were able to
calibrate the visible dust record to the hoar record.

An accurate time scale can be used to produce
an accumulation-rate record if corrections are
made for density and ice-flow effects. Measured
densities can be applied directly. Fortunately, the
ice-flow modeling by Edwin Waddington and co-
workers produced accurate predictions of layer
thinning, so we were able to calculate accumula-
tion rates easily. These can be refined by further
flow modeling (see the paper by Waddington et al.
in this issue). The most remarkable result from
this study is that the termination of the Younger
Dryas cold event was exceptionally rapid—it can
be interpreted as almost a step change, with accu-
mulation doubling in one to three years. This con-
firms the pattern of exceptionally large and rapid
climate changes reported by Ken Taylor and co-
workers.

Accurate ages are important in a variety of
paleoclimatic studies. Accurate accumulation rates
allow chemical and particulate data to be trans-
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formed into fluxes if desired, and they can be used
to improve estimates of atmospheric contaminant
loadings from ice-core contaminant loadings.

Accumulation-rate data also allow study of
co-variation with other climate variables. In partic-
ular, Wanda Kapsner led the effort to show that
accumulation rate has been almost independent of
temperature in central Greenland over most of the
most recent 17,000 years and that the large increase
in snow accumulation at the end of the ice age was
caused by storm-track changes as well as by the
warming, consistent with the atmospheric model-
ing results. If this weak dependence persists into
the future, it would cause sea-level rise in response
to global warming to be larger than expected by
some workers, who believe that warming would
increase snowfall in the central regions of ice
sheets.

Crystalline Structure

One of the most remarkable observations of the
GISP2 ice core has been that it and the parallel
GRIP ice core are in almost perfect agreement
above about 2750 m (105,000 years ago) but that
there are important differences between the two
below that level. Physical-properties observations
of the GRIP and GISP2 cores by CRREL, Penn
State and GRIP workers show flow disturbances
in both cores increasing with depth, with the shal-
lowest occurrence of disturbances too large to be
characterized within the diameters of the cores at
approximately (though not exactly) the depths
where differences appear in the records of the
two cores. Significant similarity of the types of
disturbances in the two cores may be related to
past migration of the “continental divide” between
ice flowing east and west, which would have
caused GRIP to have undergone ice-sheet-flank
flow similar to that of GISP2 rather than the
divide flow expected there today.

Other physical-properties results include the
demonstration by Joan Fitzpatrick of an inexpen-
sive, rapid ultrasound technique to measure c-axis
fabrics, which Sridhar Anandakrishnan and Joan
Fitzpatrick have extended to shear-wave observa-
tions. Gregory Woods has developed a grain-size
profile for the core and demonstrated the impor-
tance of impurities in controlling grain growth.
Richard Alley has worked out a framework for
interpreting the ice-crystal orientations and devel-
oped (with Tony Gow and Debra Meese) a new
technique to confirm the contribution of polygo-
nization in controlling grain sizes. M. Fischer has
introduced to the glaciological community a new
technique for measuring the fracture toughness of

firn and ice and is developing an extended data set.
Many other data sets are being developed or ex-
tended by the CRREL team, with some contribu-
tion from Penn State,

This partial catalog barely scratches the surface
of the exciting work to be done on the ice core.
We can anticipate advances in understanding ice
deformation, glacier flow, surface processes and
climate history. We feel fortunate in being able to
contribute to this high-resolution, sensitive, multi-
variate record of North Atlantic and global climate.
There no longer can be any doubt that the climate
in central Greenland has undergone large, abrupt
and “flickering” or oscillating climate changes and
that these climate changes are synchronous with
changes elsewhere in the North Atlantic region and
the world within the time resolution of other indi-
cators of climate change. The GISP2 goal now is
to understand those changes better and any impli-
cations they may have for modern humans.
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Physical Properties of the GISP2 Ice Core

Research from the Cold Regions Research and Engineering Laboratory

This article was prepared by
Anthony Gow and Debra
Meese, both of the U.S. Army
Cold Regions Research and
Engineering Laboratory
(CRREL), 72 Lyme Road,
Hanover, NH 03755.

The CRREL team has been studying the basic
physical properties of the GISP2 ice core (includ-
ing detailed density and ultrasonic velocity mea-
surements and thin-section studies of crystal size
and shape, crystal orientations, and entrapped air
bubble characteristics) as a function of depth in
the ice sheet. A major part of our effort has also
centered on the development of the depth—age
scale of the core. This has been accomplished by
continuous stratigraphic analysis of the core based
on annual layer counting and correlations with
other data sets that also provide an annual signal.
This project has been carried out with close col-
laboration with researchers from The Pennsylva-
nia State University (Richard Alley) and the U.S.
Geological Survey (Joan Fitzpatrick).

General Core Condition

Core recovery at Summit exceeded 98% of the
footage drilled to reach bedrock (3053 m). A num-
ber of important transitions in both the physical
and mechanical condition of the 13.2-cm-diameter
core included:

* The transition from porous firn (compressed

snow) to impermeable bubbly ice at 75-80 m;

* A change from substantially bubble-rich duc-
tile ice to crack-prone ice between 400 and
600 m;

* A gradual decrease in the number of bubbles
until they had completely disappeared by
approximately 1400 m;

* A return to essentially ductile ice below 1400
m, accompanied by major changes in the size
and orientation of crystals composing the ice;
and

* An abrupt transition from bubble-free glacial
ice to silty ice 13.1 m above the ice-rock
interface, which was penetrated at 3053 m.

The bed material was drilled to a depth of 1.55 m
before drilling was terminated.

Depth—-Age Scale

To interpret climatic events, an accurate depth—
age scale must first be obtained. The best way to
accomplish this is by interpreting annual signals if
they exist. We are very fortunate in that several
annual signals exist in the GISP2 core, enabling us
to compare and contrast signals, eliminating any

subjectivity that might occur when using only one.
Determination of the annual layers is being com-
pleted by Debra Meese and the dating committee.

Our primary signal is visible stratigraphy. (The
details of the origin of the stratigraphy are de-
scribed in the article by Alley and others in this is-
sue.) Each summer at the GISP2 site a depth hoar
layer or series of layers forms and is retained in
the core, providing a visual stratigraphic record.
Annual layer counting based on visual stratigraphy
was initiated in the field and completed at the Na-
tional Ice Core Laboratory (NICL) in Denver. A
close analogy to this is counting tree rings, where
variations in the width of the ring are associated
with variations in the local climate. The thickness
of the layer, when corrected for compression and
flow, corresponds to the amount of accumulation
received over an annual cycle. This work was fa-
cilitated by using a focused fiber-optic light source
that illuminated the stratigraphic detail, permitting
essentially continuous layer counting to 2811 m.

Other annual indicators include oxygen iso-
topes, electrical conductivity (ECM) and laser-
light scattering of dust (LLS). Oxygen isotopes
were used to aid in dating in the top 300 m of the
core; below this, diffusion occurs and the annual
signal is not as clear. ECM is a measure of the
acidity in the core. Each spring an acid spike oc-
curs, which provides another annual signal. (See
the article by Taylor and others in this issue for a
more detailed explanation.) Unfortunately the
ECM signal is affected by other factors, including
volcanic eruptions and forest fires, that may influ-
ence annual counts. However, the signal remained
viable throughout most of the core and was a valu-
able indicator. Each spring an influx of dust also
occurs, indicated by LLS. (See the article by Ram
and others in this issue for a more detailed de-
scription of this technique). Although dust is also
affected by other factors, it has proven extremely
valuable, especially in the lower portions of the
core.

Since some of the parameters used to identify
annual signals are affected by other factors, the
counting of the annual signal becomes compli-
cated. However, once patterns and the way in
which the signal is affected by these factors are
realized, an accurate analysis can be completed.
Correlation of the various methods provides the
most accurate depth—age scale possible, as ques-
tionable signals are compared and the strength of
the signals can be weighed. Ongoing analyses of
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annual-layer dust peaks utilizing a laser scattering
technique now indicate that the provisional date of
85,000 years at 2811 m, based primarily on visible
layer counting (Meese et al. 1994), may need to be
revised upwards to 110,000 years. Naturally the
GISP2 depth—age scale constitutes the longest and
oldest continuously dated stratigraphic sequence
ever obtained and has provided the time scale
against which the high-resolution GISP2 climatic
record is being evaluated.

Below 2811 m, visible stratigraphy proved diffi-
cult to decipher. The typically even layering seen in
the upper portions of the core was frequently dis-
torted into s-folds and structures resembling boudi-
nage (a deformational structure that looks like a
string of sausages, resulting from tensional forces)
and was accompanied by intermittent inclined lay-
ering, with inclinations often exceeding 20°. It now
appears that irregular ice flow below 2811 m, lead-
ing to the distortion of the layers, could have dis-
turbed the environmental record that may have ex-
isted in the basal 250 m of ice at GISP2. The extent
of this disturbance is being evaluated in terms of
the distorted layer—crystal structure relationships of
the bottom 10-15% of the core.

In collaboration with Ed Waddington, John Bol-
zan and Nadine Cutler, the annual layer thickness
data are being converted into accumulation. (See
the article by Waddington et al. in this issue.) These
data have provided information about how accumu-
lation rates at Summit have varied with time and
climatic fluctuations. Based on these data we have
ascertained that accumulation rates may be used as
a proxy indicator of climate and/or temperature
changes at Summit site, Greenland (Meese et al.

-

1994). Additionally we found that the climate at
Summit during the Holocene has varied more than
expected and that several possible “Little Ice Age”
events have occurred.

Silty Ice—Bedrock
Relationships

At GISP2 13.1 m of silty ice was found sand-
wiched between bedrock and the overlying clear
glacial ice. Currently the basal silty ice at Summit
is frozen to its bed at —-9°C, approximately 6°C
lower than the pressure melting point. The top 3 m
or so of silty ice contained a number of clear ice
layers ranging in thickness from a few millimeters
to more than 10 cm. The entrained debris consisted
predominantly of fine-grained brown to amber-
colored sediment, mainly silt with some sand and
larger particles up to 2 cm in diameter. Sediment
loads in the GISP2 silty ice ranged from 0.3% to
0.65% by weight based on samples 5 cm and longer.

The GISP2 silty ice also contains significant
amounts of entrapped gas similar to those found in
basal silty ice cores at the GRIP Summit site.
Though gas compositions in the GISP2 silty ice
have yet to be analyzed, along with stable isotope
measurement of the basal ice, the data obtained so
far at GISP2 support the results of the GRIP
research team, who concluded that the silty ice
at both locations originated as ground ice prior to
the growth and establishment of the current ice
sheet and is therefore unrelated to direct interaction
of the present ice sheet with its bed. The fact that
the basal ice at Summit is frozen to the bed also
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Core fron the top of the bedrock underlying the Greenland Ice
Sheet at GISP2. This rock core, 3.4 cm in diameter, features
what appears to be cobbles or boulders in the top 38 cm over-
lying or embedded in unconsolidated (now frozen) breccia or
soil, possibly till. A sharp angular transition to gray granitic
bedrock occurs at 4648 cm.

precludes sliding of ice over the bed or any ero-
sive activity at the bed.

Ongoing measurements of cosmogenic radio-
nuclides to determine the exposure ages of the
bedrock core in immediate contact with the basal
ice at GISP2 may help to determine the most re-
cent date of glaciation at Summit, The bed at
GISP2 was penetrated to a depth of 1.55 m and
consisted of cobbles and boulders embedded in
till-like material to a depth of 4648 cm resting on
top of gray biotite granite, which is the true bed-
rock.

Recent Accumulation Rates

In July 1990, 20 stakes were emplaced at inter-
vals of 0.5 km along a line due south of the GISP2
drilling site in order to measure accumulation rates
on an annual basis and also from late spring
through early fall during storm and sublimation
events. Measurements over the last several years
show remarkably uniform snow deposition of
about 70 cm annually, equivalent to 24 cm of
water. This uniformity of accumulation is consis-
tent with the very low surface relief around the
GISP2 site and indicates that the accumulation
rates measured in the core are consistent with the
local environment. A number of new pits were
excavated beside snow stakes to evaluate stable
isotope variations and depth hoar occurrence with
respect to measured increments of snow accumu-
lation at the stakes. Winter and summer accumula-
tions appear similar in magnitude, but the distribu-
tion characteristics of the winter snowfall are not
yet known. Current measurements taken by the
automatic weather stations may resolve secasonal
accumulation rates. Accumulation measurements
continue to be collected annually by researchers
involved in atmospheric—snow gas exchange work
at the GISP2 site.

Ice Density

Density is a major property used to track the
change from snow to firn to ice, calculate the
overburden pressures from the integration of
depth—density profiles, provide accurate estimates
of air bubble pressures in the ice, and monitor the
volume increase of cores with time. The firn—ice
transition corresponds to the pore-close-off densi-
ty and was reached at a depth of 75-80 m at

GISP2 at an overburden pressure of 5.0-5.1 bars.
Thereafter, the bubbly ice densities increased, pri-
marily in response to hydrostatic compression of
the entrapped bubbles. This process was accom-
panied in the deeper ice of the brittle zone by a pro-
gressive decrease in the concentration of bubbles
until they disappeared entirely from the ice at
around 1400 m. This disappearance can be attribut-
ed to pressure-induced diffusion of gas into the ice
structure to form gas hydrates. A maximum density
of 0.9208 Mg/m3 was reached at around 1600 m,
very close to the depth of temperature overturn (to
higher temperatures) in the ice sheet. Densities then
decreased progressively (in response to increasing
temperatures) to 0.9172 Mg/m?3 at the glacial ice—
silty ice transition at 3040 m. Repeated density
measurements show that volume expansion has
occurred along the entire GISP2 core, with the
changes most pronounced in the brittle ice zone
due to microcracking, bubble depressurization and
cavity formation associated with the decomposition
of the gas hydrates.

Crystal Structure

As snow accumulates and becomes incorporated
into the ice sheet, it undergoes recrystallization, and
patterns of preferred orientation of the crystals
composing the ice (called the fabric) begin to
develop in response to stresses induced by the
weight of the ice. Determining the fabric profile is
important in evaluating the rheological behavior or
dynamic state of the ice and its potential impact
on the preservation of paleoclimate records in the
deeper parts of the ice sheet. (See the article by
Waddington and others in this issue for more
details on ice deformation.) The evolution of the
crystal fabric is also accompanied by significant
changes in the size and shapes of the crystals; all
three properties, which collectively make up the
crystal structure of the ice, were extensively exam-
ined optically, in thin sections cut at intervals along
the entire length of the GISP2 core.

The mean crystal diameter based on crystal
cross-sectional area analysis increased approxi-
mately linearly from 2—3 mm at the firn—ice transi-
tion (at a depth of 75-80 m) to 7-8 mm at 1000 m.
Below 1000 m the crystal size remained fairly con-
stant until the onset of the Younger Dryas event at
1678 m, where the crystals underwent a significant
two- to three-fold decrease in size. Progressive de-
velopment of a preferred orientation of individual
crystals, leading to vertical alignment of their crys-
tallographic c-axes, accompanied the crystal size
changes. Increased dust levels that characterized
Wisconsin ice has contributed to the maintenance
of the generally fine-grained crystal texture, which,
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with its strongly vertical c-axis fabric, persisted to
2990 m. Beginning at about 2800 m, in regions of
dust-poor ice, layers of coarse-grained ice, consist-
ing of crystals 50-60 mm in diameter and larger,
began to appear. The growth of very large crystals,
attributed to recrystallization due to elevated tem-
peratures in the basal ice, was also accompanied by
a significant change (degrading) of the c-axis fab-
ric. A transition to much finer-grained ice, 13 m
above the bed, occurred coincidentally with the
appearance of silt-rich ice.

Ultrasonic Velocities

Compressional p-wave (sound-wave) velocities
in ice vary according to the aggregate orientation
(fabric) of the crystals. At GISP2 p-wave velocities
were measured ultrasonically as a first-order indi-
cator of changes in the crystalline fabrics of the
ice. Measurements were made in both the vertical
and horizontal direction on 10-cm-long core pieces
spaced 10 m apart along the entire length of the
GISP2 core. Vertical p-wave velocities increased
progressively with depth, with values exceeding
4000 m/s by 2000 m. This and an accompanying

increase in the velocity difference between the ver-
tical and horizontal direction both signify the onset
and full development of c-axis clustering about the
vertical, consistent with the optically determined
fabric obtained on thin sections. Ultrasonic meas-
urements also revealed other significant changes in
the GISP2 core fabrics, including a significant de-
crease in p-wave velocities of the basal ice associ-
ated with the effects of recrystallization (grain
coarsening and degraded crystal fabric).
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Electrical Conductivity Measurements on
the GISP2 Core

This report was prepared by
Kendrick Taylor, Desert
Research Institute, University
and Community College
System of Nevada, Reno, NV.

To predict the timing and magnitude of future
climate change, we need to have an understanding
of what the climate has been in the past and what
the mechanisms were for previous climate changes.
The GISP2 ice core contains a continuous sampling
of the precipitation, particulate material and atmo-
spheric gases from central Greenland for the last
100,000+ years. The chemical and physical proper-
ties of these preserved materials contain a story
that will improve our understanding of climate
change. The chemistry of the core is being studied
by aqueous chemical methods that involve analysis
of melted samples. Electrical measurements on the
ice can also provide some chemical information.

In the electrical conductivity method (ECM),
the direct current flowing between two electrodes
with a potential difference of 2100 V is measured
(Hammer 1980, Taylor 1992). In ice the H* ion is
the only ion that can conduct the direct current, so
the electrical conductivity signal is controlled by
the acid/base balance of the ice. This is different
than in an aqueous solution, where the total ionic
concentration determines the electrical conductivi-
ty. The ECM has higher spatial resolution than rou-
tine aqueous chemistry work and is particularly
well suited for investigating aspects of climate that
influence the acid/base balance of the ice for short
periods of time. The ECM is frequently used as a
“road map” to identify interesting sections of the
core that merit more detailed examination by other
methods that are more chemically specific. This
article presents a sampling of the electrical conduc-
tivity features observed in the GISP2 core and dis-
cusses how the electrical conductivity record has
been used to assist in interpreting the core.

Annual Layering

At the GISP2 site, the precipitation forms layers
within the firn that are preserved during the transi-
tion of firn to ice. Seasonal physical, chemical and
isotopic ditferences in the snow and particulates
result in a signal that can be used to identify annual
layers. Reliance on a single parameler to deter-
mine the location of annual layers is not advisable
because there is no check on the accuracy of the
layer identification. Instead, it is important to use
multiple independent parameters. This allows dis-
crepancies between the methods to be detected and
resolved. Consecutive counting of the annual layers
is the main method for determining the depth/age

relationship for the upper 40,000 years of the core
(Alley et al. 1993, Meese ct al. 1994),

Because the ECM has a spatial resolution of
less than 5 mm, it is well suited for identifying
seasonal changes during the Holocene in the acid/
base balance that are related to seasonal variations
in the concentration of nitric acid (Taylor 1992).
Ice from the Wisconsin glaciation contains more
than 40 times more dust than Holocene ice. Much
of this dust is calcium carbonate, which makes the
ice alkaline and reduces the ECM signal by ap-
proximately 40 times. However, during the dusty
periods a seasonal variation is still observed in the
ECM signal, which has been used to assist in dat-
ing the core.

Because the ECM can be performed rapidly, a
high-spatial-resolution record was obtained for the
entire core. Electrical conductivity records have
been used in conjunction with the continuously
measured visual stratigraphy (Richard Alley, Tony
Gow, Debra Meese) and particles (Michael Ram)
to determine the locations of annual layers. High-
time-resolution measurements of aqueous chemis-
try (Paul Mayewski) and isotopic measurements
(Pieter Grootes, James White) of selected intervals
were also used to assist in determining the loca-
tions of annual layers. The Holocene accumulation
rate does have significant variability (Meese et al.
1994). During the climate transitions associated
with the start of the Holocene, the accumulation
rate increased by a factor of approximately two in
less than a decade (Alley et al. 1993).

Volcanic Events

Many volcanic eruptions release large quanti-
ties of SO, into the atmosphere, where it reacts
with water vapor to form an aerosol of H,SOy,.
This can alter the optical properties of the atmo-
sphere and impact global weather patterns for sev-
eral years, possibly longer. The higher levels of
H,S04 in the precipitation leave a record that is
casily detectable as an increase in electrical con-
ductivity and have been used to identify the loca-
tion in the core of the byproducts of volcanic erup-
tions. Historical records of volcanic activity over
the last 2000 years have been used in conjunction
with electrical conductivity, SO,4 and particulate
records to correlate specific volcanic eruptions
with individual Jayers of volcanic byproducts that
are preserved in the core. These volcanic events of
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Electrical conductivity
records from the GISP2 core
that show byproducts of
biomass burning (indicated
by “BB”). There is an excel-
lent correlation between

the low-conductivity spikes
and soot carbon from

known age serve as checks on the accuracy of the
layer-counting dating methods (Meese et al. 1994).
The volcanic events also serve as valuable strati-
graphic markers to facilitate correlation of the
GISP2 core to other records. A joint GRIP/GISP2
record of volcanic activity is being developed, and
preliminary work indicates a good correlation
between the cores.

Biomass Burning

Biomass burning introduces many chemical spe-
cies into the atmosphere. When the correct condi-
tions exist, ammonium is released and can be trans-
ported to the ice core site, where it is deposited in
precipitation (Legrand 1993, Whitlow 1994). When
this occurs, the acid/base balance of the ice is af-
fected and the electrical conductivity is reduced by
more than an order of magnitude. The biomass
burning byproducts are deposited in discrete layers
that are from 5 cm to less than 5 mm thick, which
are deposited during a single storm. The short dura-
tion and large decrease in the electrical conductiv-
ity that is associated with biomass burning is easily
recognizable and has been shown to be correlated
with soot carbon from fire activity. During the last
6000 years the primary source area for biomass

biomass burning.  burning byproducts preserved in the core has been
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eastern Canada. The electrical conductivity records
show that the frequency at which biomass burning
byproducts are preserved in the core varies through
time. A record of the relative amount of biomass
burning that has occurred in the eastern Canada
source area has been developed for the last 6000
years and shows several periods of high fire ac-
tivity (0-150 B.P., 350-750 B.P. and 5150-6000
B.P.) that are associated with drier conditions in

the source area. Biomass burning byproducts are
observed prior to 6000 B.P. but are not interpreted
because of uncertainty in the source area (Taylor
et al., in press).

Rapid Climate Transitions

Because the ECM has high spatial (and hence
temporal) resolution, it is well suited for investi-
gating changes that occurred rapidly. In Green-
land, major climate transitions are associated with
changes in the concentration of alkaline particu-
lates (carbonate dust). The alkaline material de-
creases the electrical conductivity, making it easy
to locate the transitions and determine how rapidly
they occurred. The ECM record shows that the
transition between the Younger Dryas and the
Holocene time periods (Taylor et al. 1993)
occurred in less than 10 years, indicating that a
major reorganization of the atmosphere circulation
occurred in less than a decade. The abruptness of
this transition is not unique; all the transitions dur-
ing the Wisconsin glaciation had similarly abrupt
transitions.

Stratigraphic Ties

The ECM was performed on both the GISP2
(Ken Taylor) and the GRIP (Hammer, Clausen
and Dahl-Jensen) cores. By comparing the two
ECM records, we have been able to use volcanic
events and major climate transition to establish
stratigraphic ties between the cores (Taylor et al.
1993b). In the upper 90% of the cores, the ice flow
is well behaved and the environmental record is
reliable. In the lower 10% of the cores, the ice
flow is complicated and is likely to have resulted
in repeated and missing sections, which will make
it difficult to interpret the record. Stratigraphic ties
from the ECM are being incorporated into ice flow
models of the Summit region (Ed Waddington) to
improve our understanding of the deformation of
basal ice.

References

Alley, R.B., D.A. Meese, C.A. Shuman, A.J. Gow,
K.C. Taylor, P.M. Grootes, J.W.C. White, M.
Ram, E.D. Waddington, P.A. Mayewski and
G.A. Zielinski (1993) Abrupt increase in Green-
land snow accumulation at the end of the
Younger Dryas event. Nature, vol. 362, p.
527-529.

Hammer, C.U. (1980) Acidity of polar ice cores in
relation to absolute dating, past volcanism, and
radioechoes. Journal of Glaciology, vol. 25, no.
93, p. 359-372.



Years Before Present

20 11,640 11,660 11,680
= Start of Holocene End of
f:% 501 Younger
T 30 Dryas
o
5 10
O

-10 : .

1676.5 1677.5 1678.5

Depth (m)

The ECM record from the
GISP2 core across the
Younger Dryas/Holocene
transition. The climate flick-
ers between the two climate
states and then makes the
switch in less than a decade.

Legrand, M., M. De Angelis, T. Staffelbach, A.
Neftel and B. Stauffer (1993) Large perturba-
tions of ammonium and organic acids content
in the Summit, Greenland ice core. Fingerprint
from forest fires? Geophysical Research Let-
ters, vol. 19, no. 5, p. 473-475.

Meese, D.A., R.B. Alley, A.J. Gow, P. Grootes,
P.A. Mayewski, M. Ram, M. Stuiver, K.C.
Taylor, E.D. Waddington and G.A. Zielinski
(in press) The accumulation record from the
GISP2 core as an indicator of climate change
throughout the Holocene. Science.

Moore, J.C. and J.G. Paren (1987) A new tech-
nique for dielectric logging of Antarctic ice

cores. Journal de Physique, Supplement au n 3,
Tome 48.

Taylor, K, R. Alley, I. Fiacco, P. Grootes, G. Lam-
orey, P. Mayewski and M.J. Spencer (1992)
Ice-core dating and chemistry by direct-current
electrical conductivity. Journal of Glaciology,
vol. 38, no. 130, p. 325-332,

Taylor, K.C., G.W. Lamorey, G.A. Doyle, R.B.
Alley, P.M. Grootes, P.A. Mayewski, J.W.C.
White and L.K. Barlow (1993a) The ‘flickering
switch’ of late Pleistocene climate change.
Nature, vol. 361, p. 432.

Taylor, K.C., C.U. Hammer, R.B. Alley, H.B.
Clausen, D. Dahl-Jensen, A.J. Gow, N.S. Gunde-
strup, J. Klpfstuhl, J.C. Moore and E.D. Wad-
dington (1993b) Electrical conductivity meas-
urements from the GISP2 and GRIP Greenland
ice cores. Nature, vol. 366, p. 549-552.,

Taylor, K.C., P.A. Mayewski, M.S. Twickler and
S.I. Whitlow (in press) Biomass burning in the
GISP2 ice core: A record from eastern Canada?
The Holocene.

Whitlow, S., P. Mayewski, J. Dibb, G. Holdsworth
and M. Twickler (1994) An ice-core-based rec-
ord of biomass burning in the Arctic and Subarc-
tic, 1750-1980. Tellus.

29



Dust in the GISP2 Ice Core

This article was prepared
by Michael Ram, of the
Department of Physics,

University at Buffalo (SUNY),

Buffalo, NY 14260

Seasonal dust peaks along a
representative section of the
GISP2 ice core recorded us-

30

ing laser-light scattering
[from meltwater.

Dust is ubiquitous and reaches even the remote
heights of the Greenland and Antarctic ice sheets.
The largest influxes occur in the spring and sum-
mer, providing us with important stratigraphic ice
core markers (Hamilton and Langway 1967, Ham-
mer 1989, Ram and Illing 1994, Ram et al. 1995).
This seasonal dependence is not surprising and is
without doubt related to the seasonality of dust
storms, which are most common in the deserts of
Asia and in the arid southwestern U.S. in the dry
spring and summer months. The dust present in the
ice at any depth is representative of the dust that
was in the atmosphere at the time of snow deposi-
tion. By studying the composition, size distribution
and concentration of dust in an ice core, one can
form an image of what past atmospheric dust bur-
dens were like. This is of great interest since dust
can absorb and reflect solar radiation and can,
consequently, affect the Earth’s albedo and, as a
result, its climate (Rasool and Schneider 1971).

When light shines through impurity-free water,
it just passes straight through. If dust is present in
the water, however, the dust makes its presence felt
by scattering the light in all directions. Similarly,
dust is made visible when a ray of sunlight passes
through a crack in a curtain and enters a dark room.
The amount of light that is scattered depends on,
among other things, the number of dust particles in
the path of the light beam. The more particles there
are, the more light is scattered.

When you melt a chunk of polar ice, dust that
was embedded in the ice is released and floats in
the meltwater just like dust floating in air. A beam
of laser light passing through the water and im-
pinging on this dust is scattered in all directions.
We have used laser-light scattering (LLS) from
polar ice meltwater to measure variations in dust
concentration along the GISP2 ice core down to
depths of 2200 m (Ram and Illing 1994). The
maxima in scattered light intensity correlate with
maximum dust concentrations in the ice and corre-
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spond to spring—summer dust maxima. These dust
peaks are annual stratigraphic markers and, togeth-
er with other stratigraphic parameters, have allowed
for excellent dating of the GISP2 ice core (Meese et
al. 1994).

At depths greater than 1900 m, annual ice layers
have thinned down so much that the meltwater
measurements become very slow. For example,
measuring one meter of ice by this technique at
these depths can take over four hours, and meas-
urement time increases with depth. The slowness
of the measurements is dictated by melting require-
ments and by resolution considerations. Measure-
ments would be greatly speeded and resolution
could be increased if we did not have to melt the
ice. This is not feasible in shallow ice, which has
large numbers of air bubbles formed when fluffy
snow was converted into ice under the pressure of
the overlying snow. Air bubbles are excellent scat-
terers of light and can easily mask the scattering
produced by dust. Fortunately, however, the air dis-
appears into the ice matrix at great depths, and no
bubbles are visible in the ice at depths greater than
1400 m. We discovered that at those depths where
the ice is bubble-free, laser-light scattering from the
solid ice core is an effective and speedy method for
measuring changes in dust concentration along the
core (Ram et al. 1995). These measurements are
similar to those done on meltwater; the peaks in the
measurement correspond to maxima in dust con-
centration and are annual spring—summer markers.
Using LLS off solid ice, we have successfully com-
pleted the measurements of dust concentration
along the GISP2 ice core down to bedrock and have
produced the first continuous series of dust concen-
tration measurements along an entire ice core span-
ning both the Holocene and the Wisconsin (Ram
and Koenig, in prep.). Our measurements have the
highest resolution (0.5 mm) of any known strati-
graphic technique.

In addition to its stratigraphic value, the meas-
urement of dust in ice cores is an indicator of past
continental aridity and wind strength. For example,
polar ice contains considerably more dust during
glacial periods than during the Holocene. This has
been related, qualitatively, to the greater continen-
tal aridity of cold periods and to the very strong
winds that are thought to have been induced by
large temperature gradients (Petit et al. 1981). Our
measurements of dust concentration confirm these
observations and show large and abrupt increases in
dust concentration in glacial times that correlate
very well with decreasing atmospheric tempera-
tures as determined by oxygen isotope measure-
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ments. Our dust measurements clearly show all the
stadials (cold periods) and interstadials in the
record. In contrast, dust concentrations during the
Holocene were very steady (just like temperature)
and show very little change on the average.

As a natural extension of our dust concentration
measurements, we are now studying the mineralogy
and size distribution of the dust in the GISP2 ice
core. In particular, we want to determine similari-
ties and differences in the nature of the dust during
the different stadials and interstadials. This should
shed some light on the source of the dust and on the
atmospheric circulation responsible for carrying the
dust to Greenland during the Wisconsin. Size distri-
bution is also an important general parameter
determining whether or not nearby or distant dust
sources are involved.
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Understanding the Earth system and, in partic-
ular, its climate, remains one of the major intellec-
tual challenges faced by science. The processes
influencing climate, the mechanisms through
which they act, and the responses they generate
are, in general, as complex and poorly understood
as they are important. Because observational rec-
ords of climate processes span only the most recent
years of Earth’s history and, in many instances,
are known to be markedly affected by anthropo-
genic influences, paleorecords of past climates are
exceedingly important to the development of scien-
tific understanding of local, regional and global
climate systems. Of the various paleorecords avail-
able to science, ice cores from polar ice sheets pro-
vide the most direct and highest-resolution view of
the paleoatmosphere.

On 1 July 1993 the Greenland Ice Sheet Project
Two (GISP2) successfully completed drilling to the
base of the Greenland Ice Sheet near Summit
(72.6°N; 38.5°W; 3200 m above sea level). In so
doing, GISP2 recovered the deepest ice core record
in the world (3053.44 m) and, along with its Europe-
ancompanion project, GRIP, developed the longest
paleoenvironmental record—more than 250,000
years—available from the Northern Hemisphere
(Mayewski et al. 1994a, Mayewski and Bender, in
press). Based on a comparison of electrical conduc-
tivity and oxygen isotope series between the two
cores (Taylor et al. 1993, Grootes et al. 1993), at
least the upper 90% (approximately 2800 m) dis-
play extremely similar, if not absolutely equivalent,
records. The current best estimate for the age at
this depth is approximately 110,000 years, based
on multiparameter annual-layer counting (Alley
et al. 1993, Meese et al. 1994) combined with mea-
surements of the 8180 of atmospheric O, calibrated
with the Vostok ice core in Antarctica (Bender et
al. 1994). This agreement between the GISP2 and
GRIP cores (separated by 30 km) provides strong
support for the climatic origin of even the minor
features of the records and implies that investiga-
tions of subtle environmental signals (for example,
rapid climate change events with 1- to 2-year onset
and termination) can be rigorously pursued.

One of the primary sets of measurements devel-
oped from the GISP2 ice core is the glaciochemi-
cal record. It has set a new standard for ice core
research by providing a robust measure of change
for both the chemistry of the atmosphere and cli-
mate. The GISP2 glaciochemical record is a highly
resolved, multivariate, continuously sampled time

series of the major chemical species found in gla-
cial ice and snow (sodium, potassium, ammonium,
calcium, magnesium, sulfate, nitrate and chloride).
Each of the major eight species were collected
from the same section of core and sampled at a res-
olution of approximately 2 years through the Holo-
cene, a mean of 3.48 years through the glacial—
interglacial transition, and approximately 3—50
years throughout the remainder of the 110,000~
year-long record, yielding a total of 16,395 samples
analyzed plus an additional 4,500 blanks or repli-
cate samples. The techniques for processing and
analyzing these samples have been described else-
where (for example, Mayewski et al. 1986, 1987,
Buck et al. 1992).

Chemical Species in the Ice

Based on our present knowledge of the chem-
istry of the atmosphere, polar precipitation is
expected to contain various soluble and insoluble
impurities, which are either introduced directly into
the atmosphere as primary aerosols, such as sea salt
(mainly sodium and chloride, with some magne-
sium, calcium, sulfate and potassium) and conti-
nental dust (magnesium, calcium, carbonate, sul-
fate and aluminosilcates), or are produced within
the atmosphere along various oxidation pathways
involving numerous trace gases, mainly derived
from the sulfur, nitrogen, halogen and carbon cy-
cles. In the latter case, the secondary aerosols and
gases (H*, ammonium, chloride, nitrate, sulfate,
fluoride, CH3SO32~, HCOO~ and other organic
compounds) are derived from a variety of biogenic
and anthropogenic emissions or volcanic activity.

Some chemical species have multiple sources.
For example, sulfate present in snow can be linked
to primary marine sea salt (as NaySO4) or conti-
nental dust (as CaSOy). It can also arise due to the
presence of HySO,4 produced by atmospheric oxi-
dation of SO, introduced directly into the atmo-
sphere during volcanic eruptions, through anthro-
pogenic activity or by atmospheric oxidation of
various other sulfur compounds emitted from the
biosphere.

Seasonal chronologies developed from a series
of snowpits collected in the Summit region (May-
ewski et al. 1990a, Whitlow et al. 1992) were de-
fined by overlapping oxygen isotope and chemical
species data series. The total beta activity peak
corresponding to inputs from the Chernobyl nucle-



ar accident served as an absolute time stratigraphic
marker and as a check on the oxygen isotope chro-
nology. This analysis showed that the peak concen-
trations of chemical species have a definite pattern.
From midwinter to spring, there are maximum
peaks in total chloride, sea-salt chloride, sodium,
sea-salt potassium, calcium, magnesium, total sul-
fate, sea-salt sulfate and excess sulfate. Spring to
summer brings maximum peaks in excess chloride
(greater than the ratio in seawater) and nitrate. In
summer there is a maximum peak in ammonium.
Since maxima for total and excess potassium occur
during both midwinter and summer with no appar-
ent regularity, a unique input timing could not be
determined.

The input timing developed from the snowpit
data is similar to that identified for sodium, magne-
sium and calcium in southern and central Green-
land; for ammonium, sulfate, chloride, calcium and
sodium in southern Greenland; and for excess sul-
fate, nitrate, chloride and sodium in southern
Greenland. Therefore, it is assumed that the input
timing for chemical species is probably uniform
over the entire inland portion of the Greenland ice
sheet.

Major chemical species (sodium, potassium,
ammonium, calcium, magnesium, sulfate, nitrate
and chloride) sampled from 25 snowpits collected
from north, central and south Greenland suggest
that the mean annual concentrations of these spe-
cies are the same over the portions of the Green-
land Ice Sheet investigated. Future investigations
will address spatial variability on the sub-annual
scale.

Yang et al. (in press) investigated the relation-
ship between the concentration and flux (concen-
tration times accumulation rate) of chemical spe-
cies (sodium, potassium, ammonium, calcium,
magnesium, sulfate, nitrate and chloride) versus
snow accumulation rate at several sites (GISP2,
south Greenland, Yukon Territory and the Indian
Himalayas). At all sites only nitrate flux and snow
accumulation rate had a significant linear relation-
ship. Of the chemical species, only nitrate concen-
tration data are normally distributed, suggesting
that nitrate is affected by post-depositional ex-
change with the atmosphere over a broad range of
environmental conditions.

Interpreting the Record

Bipolar Chemical Species Comparisons
Whitlow et al. (1992) compared the high-
resolution chemistry record from a site close to the
South Pole, covering the period 1955-1989, with
the one from Summit, Greenland, for the period
1979-1987 (anthropogenically affected) and 1259—

1989 (natural and anthropogenic era). Gaseous
species and some species with gaseous precursors
(nitrate, ammonium and excess chloride) have
similar timings in South Pole and pre-1900 snow.
The timing of non-sea-salt (nss) sulfate and spe-
cies that are generated as marine and crustal aero-
sols (sodium, nss magnesium and nss calcium)
differs between the two sites. The timing of nss
sulfate and nitrate is complicated in recent precipi-
tation at Summit by the impact of anthropogenic
emissions. Fluxes of sea-salt species, nss sulfate
and nitrate (pre-1900 values for Summit) are less
than a factor of two higher at Summit. Species
with a continental source (nss potassium, nss mag-
nesium, nss calcium and ammonium) are more
than five times higher at Summit.

Unique Chemical Events

Anthropogenic influences on climate and atmo-
spheric chemistry have been investigated in the
GISP2 record. Previously identified increases in
sulfate and nitrate seen in south Greenland ice
cores and attributed to anthropogenic activity
(Mayewski et al. 1986) have been identified in the
GISP2 record and contrasted to the pre-anthropo-
genic atmosphere (Mayewski et al. 1990b). In-
creases in excess chloride associated with anthro-
pogenically increased sulfate and nitrate have also
been suggested from the GISP2 core (Mayewski
et al. 1993a). The role that anthropogenic sulfate
may have on the depression of North Atlantic
temperatures has also been confirmed by a com-
parison of GISP2, south Greenland and Yukon
Territory ice cores with temperature change
records (Mayewski et al. 1993b).

Volcanic event signatures have been identified
in the GISP2 core by measurements of electrical
conductivity, chemistry and insoluble particles,
providing evidence of local eruptions [for exam-
ple, the A.D. 1783 Laki (Iceland) eruption and the
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A.D. 1362 Oracfajokull (Iceland) eruption (Palais
et al. 1991)], intrahemispheric eruptions [for exam-
ple, the A.D. 1479 Mt. St. Helen’s (Washington)
eruption (Fiacco et al. 1993)] and interhemispheri-
cally distributed eruptions [for example, Tambora
(1815)]. The last 300 years of the GISP2 volcanic
record has also been compared to volcanic records
developed from cores in south Greenland and the
Yukon Territory in order to investigate the trans-
port of volcanic aerosols (Mayewski et al. 1993b).
Ammonium increases and accompanying
enrichment in NO3- and K* in three ice cores
(GISP2, south Greenland and Yukon Territory)
covering the period 1750 to the 1980s is believed
to reflect biomass-burning events (Whitlow et al.
1994). Most of the NH4* spikes at GISP2 and
south Greenland occur between 1820 and 1920,
when large, intense fires burned in North America.

Paleoenvironmental Reconstructions

Climatic events can be robustly characterized
by interpreting the multiparameter GISP2 glacio-
chemical series. The multivariate nonstationary
and nonlinear processes recorded in these glacio-
chemical series have been analyzed through the
innovative use of several existing and newly devel-
oped statistical tools (Mayewski etal. 1193a,c,
1994b), many of which were summarized by
Meeker (in press).
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The most recent analogs for conditions cooler
and warmer, respectively, than the present century
[the Little Ice Age (LIA) and the Medieval Warm
Period (MWP)] have been investigated in some
detail (Mayewski et al. 1993a). Based on the gla-
ciochemical record the LIA appears to span the
period A.D. 1350 or 1450 to approximately A.D.
1900, depending on measurement type (since
each may respond to climate change differently).
Non-sea-salt sulfate (reflecting primarily volcanic-
source sulfur) does not appear to be a major forc-
ing agent on multi-decadal-scale climate. Dust
(including particles, calcium, magnesium and
potassium) and marine (including sodium, chlor-
ide and MSA) sources or transport to the central
Greenland increased during the LIA. Nitrate
sources (for example, lightning and soil exhala-

tion) decreased during the LIA. Finally, ammoni-
um, primarily reflecting biomass destruction, has
peaks that parallel the onset and end of the LIA.

Several periods of air flow reorganization oc-
curred during the Holocene, as determined from
the GISP2 glaciochemical record. The timing of
these events appears to have some regularity. The
circulation patterns described in this study include
both large-scale features, such as the polar atmo-
spheric cell, as well as regional-scale atmospheric
systems.

A record of volcanism since 7000 B.C. and its
relationship to climate has been determined from
the GISP2 sulfate series (Zielinski et al. 1994).
Three times as many volcanic events occurred from
7000 to 5000 B.C. as over the last 2000 years. As
reported in this study, this increased volcanism may
have contributed to volcanic cooling in the early
Holocene.

One of the most dramatic climate events ob-
served in marine and ice core records is the Young-
er Dryas (YD), a return to near-glacial conditions
that punctuated the last deglaciation. Multi-para-
meter annual-layer counting of the GISP2 core has
provided a high-resolution view of this event
(Alley et al. 1993). The end of the YD is character-
ized by a doubling of accumulation at GISP2 in
perhaps one to three years, and the onset of this
event is also characterized by a large and abrupt
change in accumulation rate. Further, dramatic and
rapid changes (10-20 years) in the soluble com-
position of the atmosphere over central Greenland,
attributed to changes in the size of the polar atmo-
spheric cell and changes in source regions (for
example, the growth and decay of continental bio-
genic and terrestrial source regions), mark the
Younger Dryas onset and termination (Mayewski
et al. 1993c). Massive and frequent, decadal-or-
less-scale changes in atmospheric composition also
exist throughout the YD.

Multivariate GISP2 chemical records covering
the last 41,000 years provide a sensitive measure
of climate change (response and forcing) and chem-
ical composition of the atmosphere (Mayewski et
al. 1994b). Modeling the common temporal behav-
ior of these chemical series reveals a record of
change in the relative size and intensity of the cir-
culation system that transported air masses to
Greenland [the polar circulation index (PCI)]. In-
creases in the PCI were accompanied by increased
levels of terrestrial and sea-salt aerosols. Examina-
tion of chemical indicators such as excess chloride
reveals evidence of changes in the extent of the
ocean ice Cover.

Massive iceberg discharge events, called Hein-
rich events, previously defined from the marine
record and correlated with certain stadials (cold



periods) in the ice core record, are defined in the
glaciochemical record as notable expansions of
ocean ice cover and the PCI. During the latter type
of stadial, the ocean ice cover appears to reach
some common maximum level. It is believed
(Mayewski et al. 1994b) that the presence of conti-
nental ice sheets during the last glaciation and YD
provided conditions suitable for relatively unstable
conditions (massive and rapid changes in the size
and intensity of the PCI and the ocean ice cover)
relative to the Holocene. The rapid, massive fluctu-
ations in the extent of the ocean ice cover (sea ice
and icebergs) may have played a major role in the
radiation balance and thermohaline circulation of
the ocean. Changes in the ocean ice cover have the
potential to significantly magnify temperature over
marine surfaces and consequently affect atmo-
spheric circulation.

Changes in atmospheric circulation and ocean
ice cover monitored by the GISP2 glaciochemical
record appear to respond rapidly enough to yield
direct evidence of the effects of climate forcing,
and future studies of such events over the 110,000-
year-long record should prove valuable in con-
straining the significance and character of climate
forcing agents.
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Records of Past Volcanism in the GISP2 Ice Core

Record of volcanically pro-
duced sulfate deposited on
the Greenland Ice Sheet and
recorded in the GISP2 ice
core for the last 9000 year
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Explosive volcanic eruptions eject large quanti-
ties of debris (both gaseous and mineral matter)
into the upper parts of the atmosphere. The gas-
eous component, in particular, plays an important
role in modifying both the physical and the chemi-
cal nature of the atmosphere, including modifica-
tion of the Earth’s climate system (Lamb 1970,
Self et al. 1981, Angell and Korshover 1985,
Rampino et al. 1988). Although recent eruptions
(for example, Bl Chichén in 1982 and Pinatubo in
1991) have provided much information that can be
used to evaluate the environmental effects of vol-
canism, the magnitude and longevity of these ef-
fects are still not well understood (Self and Ramp-
ino 1988). Part of the reason for not having a more
complete grasp of the atmospheric and, in par-
ticular, the climatic effects of volcanism is the
limited number of explosive eruptions that have
occurred in historical time. In fact, many recent
eruptions are only moderate when compared to
some prehistoric events as known from evidence
in the geologic record.

The direct deposition of both volcanically de-
rived soluble chemical species and insoluble spe-
cies (volcanic ash or tephra) on polar ice sheets
offer the potential to develop very high resolution
records of past volcanic activity and in particular
past volcanic activity that may have had a signifi-
cant effect on Earth’s climate (Hammer et al.
1980, Delmas et al. 1992, Mayewski et al. 1993,
Zielinski et al. 1994a). As snow falls on these ice
sheets, volcanic material in the atmosphere is re-
moved by deposition onto the ice surface. Con-
tinued snow accumulation and the ultimate con-
version of this snow to ice as it is buried enables
this material to be preserved in the ice sheet and
recorded in ice cores. Specific characteristics of
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the ice enable annual layers to be detected, which
allows the exact year of the deposition of the vol-
canic material to be known (Meese et al. 1994).
Because the annual layers of snow and ice in the
GISP2 ice core can be detected to about 110,000
years ago, the most complete record of past vol-
canism, to date, is available from this ice core.

The primary chemical species measured in
the GISP2 ice core used to establish a record of
past volcanism is sulfate. Sulfur dioxide or hydro-
gen sulfide gases emitted during an eruption are
quickly converted to sulfuric acid in the upper
atmosphere, primarily in the stratosphere. The
concentration of sulfate in the ice core is a direct
measurement of the amount of sulfuric acid de-
posited on the ice sheet (Mayewski et al. 1993,
Legrand and Delmas 1987, Delmas et al. 1992,
Zielinski et al. 1994a,b). It is the presence of sul-
furic acid in the stratosphere that both absorbs and
reflects incoming solar radiation, leading to the
cooling of the Earth’s climate for several years
following a major explosive eruption (Self et al.
1981). The volcanically produced sulfate recorded
in the ice core is represented by very high peaks in
sulfate concentration that are much above back-
ground levels.

Continuous biannual sampling of the GISP2
core has produced a record of volcanism for the
past 9000 years, with each large peak representing
the deposition of volcanically produced sulfate
(Zielinski et al. 1994a). The record over the last
2000 years matches well with the known record of
global volcanism (the time period where the vol-
canic record is better known), thus supporting the
use of these data for developing longer records of
past volcanic activity. One of the more obvious
characteristics of this record is the greater number
of large eruptions recorded between 7000 and
9000 years ago. The amount of sulfate deposition
associated with many of these events is much
greater than the large historical eruptions of
Tambora (Indonesia, A.D. 1815) and Laki (Ice-
land, A.D. 1783). The Tambora eruption is often
thought to have played a major role in causing the
“year without a summer” (A.D. 1816) in the north-
eastern U.S. Extending this record over the entire
110,000 years is presently underway.

The second major component of the volcanic
record available in the GISP2 ice core is the pres-
ence of volcanic glass (tephra). This material is
usually not visible to the naked eye, so a scanning
electron microscope is used to find individual te-
phra grains from filtered meltwater samples (Pal-
ais et al. 1991, Palais et al. 1992, Fiacco et al.
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in the ice core at a depth
of about 32 m.
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1993, 1994, Zielinski et al. 1995). The chemical
composition of the glass is then determined with
an clectron microprobe to match with the chemical
composition of volcanic glass from the suspected
eruption. A successful match verifies the volcanic
eruption responsible for deposition of debris on
the ice sheet. Because volcanic glass is often
found in the same layers of ice that have a large
sulfate spike or in layers immediately adjacent to
the chemical signal, identifying the source of the
volcanic glass is an important step in verifying the
volcanic record developed by the sulfate data.
Accurately identifying the source volcano also is
important in evaluating the climatic effects esti-
mated from the magnitude of the sulfate signal

for individual eruptions.

Several additional pieces of information may
be obtained from the presence of volcanic glass in
the ice core. For example, the identification of
glass of different compositions in the same layer
of ice may indicate the changing composition of
magma during the eruption. This was the case for
the 10th century eruption of Eldgjd, Iceland (Zie-
linski et al. 1995). On the other hand, identifying
several different compositions of glass shards in
the same layer or in adjacent layers can indicate
that multiple eruptions occurred at nearly the same
time. Such information is again useful in decipher-
ing the chemical signal in the ice core and ulti-
mately the effects of multiple volcanic eruptions
on the atmosphere and on climate (Zielinski et al.
1994b). Evidence of circulation patterns at the
time of the eruption may be suggested by the size
of the shards found in the core and the timing of
the deposition of the shards relative to the time of

the eruption. We have found that the residence
time of volcanic glass in the atmosphere following
the Katmai eruption was at least one year (Ger-
mani et al., in review).

Records of volcanic aerosol deposition and vol-
canic glass in the GISP2 ice core have provided
exciting new information on volcanic activity in
both historical and prehistorical time. This infor-
mation is beneficial in determining the effects of
volcanism on our environment and particularly on
the Earth’s climate system.
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Cosmogenic Radionuclides in the GISP2 Ice Core

This article was prepared by

Robert Finkel, of the Cenier

for Accelerator Mass Spec-

!

and Kunihiko Nishiizami, of

trometry, Lawrence Liver-
nore National Laboratory,

the Space Sciences Labora-

for

Th

'y, University of Calitornia

Berkeley.

is work was partially per-

formed under the auspices of

the U.S. Department of

Energy by Lawrence Liver-
more National Laboratory
under contract W-7405-Eng-
48 and was also supported

40

by an NSF grant to
Kunihiko Nishiizumi

Cosmic rays are charged particles, mostly pro-
tons and alpha particles, which originate outside
the solar system (galactic cosmic rays) and in our
sun (solar cosmic rays). Most cosmogenic radio-
nuclides found in the terrestrial environment are
produced by the interaction of galactic cosmic ray
particles with terrestrial materials. The cosmo-
genic radionuclides found in ice cores can yield
information about many facets of the terrestrial
environment during the late Pleistocene and
Holocene.

The cosmic rays penetrate through the atmo-
sphere into the upper levels of the Earth’s crust
and ocean. In the process they produce a spectrum
of radioactive products with half-lives that range
from less than a minute up to millions of years.
These radionuclides serve geochemistry both as
tracers (What pathway does a material follow
through the Earth system?) and as chronometers
(When did this event happen?). In the context of
polar ice core research, cosmogenic radionuclide
concentrations are yielding information about
those properties of the terrestrial environment that
control their concentration in precipitation over
Greenland. Thus cosmogenic radionuclides reflect
changes in the primary cosmic ray flux (which
causes direct changes in their production rate), in
solar activity (which modulates the cosmic ray
flux in our solar system), in the geomagnetic field
(which influences the extent to which the cosmic
rays penetrate the Earth’s atmosphere) and in
atmospheric circulation, precipitation and other
climate-related parameters.

The history of these parameters can only be
read if a suitable archive can be found that records
past changes. The GISP2 ice core comprises one
such archive, which spans at least the past 120,000
years. Polar ice sheets are an almost ideal archive,
containing a record of past environmental condi-
tions not limited to cosmogenic radionuclides but
also including climate change, the global CO,
cycle and ancient atmospheric components. In our
work on the GISP2 ice core, we are focusing on
the use of 19Be (half-life = 1.5 x 106 years) and
36C1 (half-life = 3.0 x 105 years) for reconstructing
the history of solar activity, variations in the geo-
magnetic field strength and changes in climate. In
addition, 19Be spikes have been used as strati-
graphic markers to cross-correlate both polar ice
cores and marine sediment cores from different
geographic areas (Yiou et al. 1985, Raisbeck et al.
1987, McHargue et al. 1992). 361, which follows
more complicated atmospheric pathways than
10Be (Deck et al. 1990), has been less extensively

studied but also promises to be of significance.
Since we are in the middle of our analysis of the
GISP2 ice core, we can present here only an out-
line of our work, with some indication of the con-
clusions we will be able to draw.

Solar Variability and
Paleoclimate

Concentrations of 10Be in the GISP2 ice core at
Summit are producing information about the histo-
ry of solar variability. This knowledge is important
because, although it is clear that climate is ulti-
mately driven by the solar energy intercepted by
the Earth and by the subsequent redistribution of
that energy, we have very little information about
the effect of changes in solar irradiance on climate
over time scales that are of concern to policy mak-
ers. Therefore, predictions of climate change based
solely on emission scenarios of greenhouse gases
may be misleading if they ignore solar forcing. For
example, the IPCC Scientific Assessment (Shine et
al. 1990) suggests that changes in radiative forcing
due to solar variability may be on the same order of
magnitude as greenhouse forcing. Neither solar
physics, which determines solar irradiance, nor at-
mospheric physics and chemistry, which determine
global energy flow, can yet directly answer the
question of the importance of solar irradiance
changes. The paleoclimate record, however, may
contain this information by enabling us to detect
correlations between solar irradiance and climate.

The 19Be record at Summit offers one method
for determining solar irradiance before the era of
instrumental observations. Two properties of the
sun make this possible. First, satellite data show
that solar irradiance is correlated with sunspot
number. Second, measurements at several sites,
including Camp Century (Beer et al. 1990) and
Dye 3 (Beer et al. 1993), and preliminary meas-
urements from GISP2, all in Greenland, have
demonstrated that 1°Be concentrations in polar
ice cores are inversely correlated with sunspot
number. We will interpret our cosmogenic radionu-
clide record in the GISP2 core to extend the sun-
spot record to periods before recorded observa-
tions. This will allow investigations of the rela-
tionship between solar irradiance and climate.
There is already circumstantial evidence that solar
variability may have an influence on climate. Parts
of the 17th and 18th centuries were periods of cli-
mate deterioration, also known in parts of Europe
and North America as the Little Ice Age. During
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this period, which has come to be known as the
Maunder Minimum, the sun was almost devoid of
sunspot activity. Measurements at Milcent in cen-
tral Greenland (Beer et al. 1988) have shown that
during the Maunder Minimum (A.D. 1645-1715)
10B¢ concentrations were substantially higher than
during other periods. Using cosmogenic nuclides
to study past solar activity changes can be very
helpful in understanding the nature of climate
change (Alley et al. 1994).

Atmospheric Concentration

The ultimate goal of much of the ice core work
is to determine a time series of atmospheric
concentrations of various geochemical species and
to relate this to changes in climate or other envi-
ronmental parameters. The success of this effort
depends on the confidence with which an ob-
served change in the concentration of a species in
ice can be translated to a change in the concentra-
tion of that species in the atmosphere. We have
used !OBe to calibrate a simple model that relates
atmospheric and ice concentrations of various an-
ionic and cationic species. By fitting a very simple
atmospheric-chemistry model to high-resolution
data on ice accumulation and on chemical fluxes
in the GISP2 ice core and by assuming that the
10Be atmospheric concentration changes were
small, we have been able to calculate the atmo-
spheric concentrations of sodium, soluble calcium
and 19Be during the transition from glacial to
Holocene conditions. The atmosphere over Green-
land during the Younger Dryas cold event con-
tained on average of about three times more sea
salt and seven times more soluble calcium derived
from continental sources, but only slightly more
cosmogenic 19Be, than during the warmer Prebo-
real period that followed. This indicates stronger
winds and probably an enhanced dust source dur-
ing the Younger Dryas but little change in the
mechanisms of chemical transfer to the ice sheet.

Geomagnetic Field

The available geomagnetic data, which are not
very complete, support a picture of slow variation
of the geomagnetic field over the past 10,000
years, with a peak at roughly 2,000 years ago, fol-
lowed by a slow decrease in the magnetic mo-
ment, which reached about half the present value
by 20,000 years ago. Tree ring studies suggest that
there is a correlation between the geomagnetic
field and atmospheric 14C concentrations (Bard et
al. 1990a), at least in the upper Holocene. Studies
of 19Be in Holocene ice, which shows a different
pattern than 14C, have led to a re-examination of
this question (Lal 1987). The nuclide patterns
could also be interpreted as indicating that produc-
tion rates were higher during glacial time (Beer et
al. 1984). Recently, Bard et al. (1990b), by com-
paring Th-U dates of corals with 14C dates of cor-
als and tree rings, have also deduced that 4C pro-
duction may have been higher in the past, as much
as 50% higher 30,000 years ago than it is today.
The question is complicated by the dipole nature
of the geomagnetic field, which has the conse-
quence that production rates at polar latitudes are
much less affected by changes in the geomagnetic
field than are those at equatorial latitudes. Atmo-
spheric mixing tends to decrease the importance of
this effect. Since the solar effects mentioned above
show the opposite latitude dependence, compari-
son of core data from different latitudes will make
it possible to assess the sensitivity of sites to both
effects and thereby allow the extraction of a geo-
magnetic signal. The results will have important
implications for many fields, including 14C dating.

Dating

Cosmogenic nuclides can also be used for dat-
ing polar ice, which is important not only for
understanding the environmental record of the past
but also for understanding ice flow dynamics and
the history of polar ice sheets. Several dating
methods have been applied to ice cores, including
counting annual dust layers and measuring annual
changes in 8180 values. Dating old ice at depths
where annual layer counting is no longer possible
relies heavily on ice flow models, the validity of
which can be difficult to assess under the different
climate regime that occurred during the glacial pe-
riod. Radioactive nuclides can provide absolute
ages based on the half-lives of the nuclides. How-
ever, since several factors influence the 19Be con-
centration in ice, the age of ice can’t be deduced
by a simple analysis of the concentration of 1%Be.
Nishiizumi et al. (1983) proposed a dating method
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for polar ice using the 36C1/19Be pair. It was
expected that changes in atmospheric production
rates and the effects of transport in the atmosphere
and precipitation scavenging would affect 36Cl
and 19Be identically and thus cancel. Our results
so far indicate that at GISP2 the 36Cl/10Be ratio is
constant to about 20%. This would allow dating to
about £75,000 years.

10Be/26 Al may be another dating pair for old
ice because their atmospheric chemistries are
expected to be more similar. Although 26A1
measurements require larger samples than 36Cl
(approximately 20 kg), by pooling samples we
intend to investigate the 19Be/26Al pair. The con-
stancy of the ratio has to be tested using the ice
core. The limitation of this method is that the rela-
tive half-life (1.3 million years) is very long. The
technique will be useful only for old ice with high-
precision AMS measurements. 26Al1 has another
limitation in that the contribution from extraterres-
trial sources may be significant.

Anomalous Peaks

Recent work (Raisbeck et al. 1987) has demon-
strated the presence of two 19Be spikes at about
60,000 years and 35,000 years in ice cores from
widely separated regions of Antarctica. The 10Be
concentration at these times is up to three times
higher than either before or after. Careful examin-
ation of 8180 and other parameters has excluded
the possibility that this change in 19Be concentra-
tion could be due to a climate effect such as a
change in the snow accumulation rate. At least one
of these peaks has also been tentatively identified
in marine sediment cores, one from the Gulf of
California (McHargue et al. 1992) and one from
the Mediterranean (Castagnoli et al. 1995). Sev-
eral explanations have been proposed, including
a geomagnetic excursion and a nearby supernova
that temporarily increased the 10Be production rate
in the atmosphere. Aside from the question of the
origin of these peaks, these !9Be anomalies are
valuable stratigraphic markers for correlating the
climate records from widely different areas. We
have detected a peak of anomalous Be concen-
tration in the GISP2 core, which occurs at about
40,000 years. Further study of this peak and a
search for the 60,000-year peak are underway.
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High-precision temperature measurements are
being acquired in the 3-km-deep GISP2 borehole
and in the companion European borehole at the
GRIP site, 30 km to the east. These data will be
used to reconstruct paleotemperatures on the sur-
face of the ice sheet directly from the climate-
induced temperature transients still remaining at
depth in the ice. The data are also necessary for
several other GISP2/GRIP studies, including:

* An improved calibration of the 8!80 isotopic

paleothermometer for central Greenland;

* Evaluation of the non-thermal effects present
in the stable isotope signals within the ice
cores;

e Ice dynamics studies; and

* Detection of shear heating at the base of the
ice sheet.

Paleoclimate Reconstruction

Any temperature change on the surface of the
ice sheet will cause a temperature transient to slow-
ly diffuse down into the ice and ultimately into the
bedrock below. This process has occurred continu-
ously since the ice sheet came into existence. The
two deep boreholes drilled at Summit, Greenland
(GISP2 and GRIP) provide ideal access holes in
which to directly measure the temperature tran-
sients still remaining at depth due to past changes
in climate. Once the borehole temperatures have
been measured, these data can be used to recon-
struct the history of temperature change on the sur-
face of the ice sheet using geophysical inverse
methods. This type of climate reconstruction has
been accomplished at other sites in Greenland
(Dahl-Jensen and Johnsen 1986, MacAyeal et al.
1991, Firestone 1995) and at GISP2 using tempera-
ture data from a 217-m dry borehole (Alley and
Koci 1989).

Summit is an ideal site to conduct this experi-
ment for several reasons:

* The ice sheet geometry is relatively simple at

this location.

* Because of the great depth of the two main
boreholes (3 km), surface paleotemperatures
can potentially be reconstructed well back into
the Wisconsin glaciation (tens of thousands of
years into the past) directly from the borehole
temperature measurements.

* Unlike the situation for boreholes drilled into

differing rock strata, the thermal properties of
the ice are both simple and well known. This
reduces the uncertainty in the inferred
paleoclimate.

Temperatures within the ice sheet are strongly
affected by the motion of the ice, as well as by
past climatic changes. Thus, the climate recon-
struction process must incorporate the effects of
ice dynamics. At Summit, ice dynamics are being
intensively studied by several other projects,
providing important constraints on the ice velocity
(both vertical and horizontal), the snow accumula-
tion history, and the ice density as a function of
depth. Information on all of the significant physi-
cal factors that affect our interpretation of the
borehole temperature measurements will ulti-
mately be available.

Because of the comprehensive nature of the
GISP2 and GRIP programs, several fundamentally
different approaches are being used to extract pa-
leoclimatic information from the Summit ice cores
and geophysical measurements. These approaches
are complementary. Paleotemperatures derived
from the borehole temperature measurements have
the following characteristics:

* Because the paleotemperatures are deter-
mined by directly measuring the tempera-
ture transients still remaining at depth from
past climatic changes, no calibration con-
stants are involved. As a corollary of this,
the borehole temperatures can be used to
calibrate the geochemical proxy-tempera-
ture signals derived from stable isotopes
(Dansgaard et al. 1973) in the ice core.

* Since the ice sheet continually responds to
temperature changes on its surface through-
out each year, changes in the derived paleo-
temperatures reflect changes in the mean
annual temperature. This information com-
plements that provided by paleoclimate
reconstruction methods based on the ice
core, which may be more sensitive to partic-
ular seasons. For example, stable isotopes
only record temperature when it is snowing.

* Analysis of the borehole temperature
measurements yields the surface-tempera-
ture history in the immediate vicinity of the
boreholes (within a few kilometers). In con-
trast, temperatures determined from geo-
chemical characteristics of the ice core are
influenced by climatic changes both at the



moisture source regions in the north Atlantic
Ocean and at the snow deposition site (cen-
tral Greenland); the moisture source regions
may shift with time, adding an additional
complication.

Unfortunately, any surface-temperature history
derived from a set of borehole temperature
measurements will be “smeared” in time (Clow
1992). This is primarily a consequence of heat
diffusion. The signals from relatively short-dura-
tion climate events disappear as the associated
temperature transients diffuse down into the ice.
Consequently it would be difficult to detect a de-
cade-long climate event that happened only 100
years ago using present-day temperature measure-
ments in a borehole. Similarly it would be difficult
to detect a 1000-year-long event that occurred
10,000 years ago. The presence of instrumental
and natural sources of noise further aggravates the
problem. Two strategies can be used to improve
our ability to resolve past climatic events:

* Reduce the noise due to instrumental and
natural sources to the 1-mK (0.001°C) level;*
and

¢ Increase the number of temperature measure-
ments in the borehole. However, significant
gains would require at least a 100-fold
increase in the number of data points used in
the reconstruction process (Clow 1992).

Borehole Temperature
Measurements at GISP2

Temperatures in the ice immediately surround-
ing a borehole can be significantly disturbed by
the drilling process. At GISP2 this thermal distur-
bance, which was quite large, was due to the heat
generated by the drill motor, heat radiated by the
drilling cable, and the sensible heat associated
with the temperature difference between the ice
and the drilling fluid (n-butyl acetate), which was
periodically added to the hole as it was deepened.
To obtain undisturbed ice temperatures, our
strategy is to obtain several temperature logs at
one-year intervals. Comparison of the repeat logs
will establish the magnitude of the drilling dis-
turbance and the rate at which it is dissipating.
We can then extrapolate in time to determine the
undisturbed temperatures that will ultimately be
reached when the drilling disturbance goes away.

Shortly after the GISP2 borehole was com-
pleted (July 1993), Niels Gundestrup of the Uni-
versity of Copenhagen obtained a baseline geo-

* A one-degree difference on the kelvin (K) temperature scale
is equivalent to a one-degree change on the Celsius (°C) scale.

physical log in the GISP2 hole. This was part of
an exchange program between the GISP2 and
GRIP borehole logging teams. During this logging
experiment, Gundestrup measured the borehole
diameter, inclination, azimuth and temperature
using the same tool he used to log the European
GRIP hole during 1992, 1993 and 1994 (Gunde-
strup et al. 1994). These baseline data provide
important information regarding the initial temper-
ature disturbance in the borehole and its original
geometry. Such data greatly enhance the value of
the ongoing temperature and ice deformation
measurements in the GISP2 borehole.

Subsequently Gary Clow used a temperature
logging system developed at the U.S. Geological
Survey to obtain high-precision temperature mea-
surements to bedrock in the GISP2 borehole. With
a sensitivity of 0.14 mK (0.00014°C), this system
was specifically designed to provide the data that
would improve our ability to detect past climatic
changes. The resulting temperature logs (July
1994 and June 1995) consist of over 20,000 meas-
urements, each with a precision of 1 mK. A set
of experiments was also conducted to characterize
the degree to which the fluid in the lower section
of the borehole is convecting; temperature fluctua-
tions associated with fluid convection constitute a
natural source of thermal noise.

Comparison of the USGS’s 1994 and 1995 logs
with Gundestrup’s 1993 log reveals that the drill-
ing disturbance upon completion of the borehole
was roughly 100-150 mK. Our data suggest that
by June 1995 the drilling disturbance had dissipat-
ed to about 25 mK in the upper section of the
borehole and to about 1 mK at depths greater than
400 m. The final temperature logs in the GISP2
borehole are scheduled to take place during the
summer of 1996. The new data, when used in con-
Jjunction with a heat-transfer model and the 1993—
1995 temperature logs, will allow us to determine
the undisturbed temperatures in the ice surround-
ing the GISP2 borehole. In cooperation with the
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thermal equilibrium after the thermal disturbance caused by
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Europeans, the USGS logging system was used

to make high-precision temperature measurements
in the GRIP borehole during July 1995. Additional
temperature measurements are planned for the
GRIP borehole during the summer of 1996.

Additional Studies Utilizing
Borehole Temperatures

Calibration of the 8180
Paleothermometer

5180 data obtained from an ice core are often
used as a proxy for ice sheet surface temperature
in the past (Dansgaard et al. 1973). This climate
reconstruction method relies on an empirical
relationship between 8180 and temperature; the
calibration constants are generally derived from
modern spatial relationships. However, the mod-
ern, spatially derived 8180—temperature relation-
ship may not be valid over long periods of time.
One way 1o est this is to use the surface tempera-
tures derived from 8180 to predict the present-day
temperatures at depth in the borehole. If there is
a large discrepancy between the predicted subsur-
face temperatures and those actually measured in
the borchole, then the 8180 calibration constants
may be in error. Cuffey et al. (1995) turned this
problem around, using the temperatures measured
in the GISP2 borehole and a thermomechanical
model of the ice sheet to calculate the average
8180 calibration constants over the last 100,000
years. They found that the modern, spatially
derived calibration constants were not valid in
the past at GISP2. Using the new calibration
constants, they found that Greenland warmed
15°C when the last ice age (the Wisconsin) ended.
This warming is twice as large as previously
thought.

Evaluation of Non-Thermal
Isotopic Effects

Even with the improved isotope calibration, there
remains some discrepancy between the present-day
subsurface temperatures predicted from §!80 and
the measured borehole temperature profile. The
remaining deviations may be due to deficiencies in
the thermomechanical models, which are being im-
proved all the time, and to non-thermal processes
that affect the isotopic records. Such non-thermal
processes include changes in the source regions for
the moisture transporting oxygen isotopes, isotopic
fractionation in the snow, and changes in the sea-
sonal distribution of snowfall. Thus, the borehole
temperature measurements may prove useful for
discriminating the non-thermal component of the
8180 signal in the GISP2 ice core.

Ice Dynamics Studies

Both climatic change and the vertical velocity
distribution within the ice strongly influence the
subsurface temperatures we measure in the bore-
holes. By comparing temperature data from both the
GISP2 and the GRIP boreholes, we hope to isolate
the effects of ice flow from true climatic signals.
This should be possible because GRIP and GISP2
have experienced essentially the same climate histo-
ry, while the vertical velocity distribution may be
very different at the two sites; GRIP is located on
the present ice divide, while GISP2 is on the flank.
If the ice divide has migrated significantly, as is
suggested by the pattern of internal layers within the
ice sheet, changing velocity patterns should have in-
fluenced both temperature profiles in different but
predictable ways. Thus, the borehole temperature
data may provide important constraints for the Sum-
mit ice flow models.

Shear Heating in Basal Ice

The silty ice at the base of the ice sheet may be
much softer than the overlying clean ice and could
thus contribute a large fraction of the total shear de-
formation. In this case, the soft basal ice would have
a serious impact on the ice flow modeling projects
underway to derive a time scale or to derive paleo-
precipitation rates from layer thicknesses in the
deep ice. The best way to detect rapid shear in the
basal layer is by repeat measurements of the bore-
hole inclination. However, the borehole inclination
tool is fairly large, so it may be unable to re-enter
the deformed basal zone after a few years. Shear
heating associated with deformation in the silty bas-
al ice may be detectable by temperature measure-
ments at the mK level. If so, the USGS temperature
sensor, which is much smaller than the inclination
tool, may provide an additional means for measur-
ing the basal shear rate.
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Climate changes over time scales ranging from
intra-annual to glacial-interglacial transitions are
recorded in the physical and chemical properties of
glacial ice. Changes in ice chemistry are thought to
largely reflect changes in atmospheric chemistry
and dynamics resulting from variations in biogeo-
chemical cycling due to climatic (and other) pertur-
bations. There is a broad list of parameters in polar
ice cores that have been, and will be, widely used
to describe the evolution of past climate. Each of
these parameters is linked to a specific aspect of
the Earth system. All of these signals (for example,
temperature, moisture and trace impurities) pass
through, and may be modified in, the atmosphere,
the surface layer of snow and then the snowpack
before they are recorded by the ice. Therefore,
variations in the properties measured down an ice
core have to be translated first into corresponding
variations of the atmospheric properties before
they can be used to estimate past climate signals.

In other words, full use of ice core records
requires that we be able to identify and account
for any compositional changes occurring between
air and newly fallen snow, between new snow and
aged snow beginning its metamorphism into ice
(termed firnification), and finally during the trans-
formation of firn into ice. However, the overall
transfer function involves multiple physical and
chemical processes. The composition of the atmo-
sphere over any ice coring site is the result of hori-
zontal and vertical transport from a variety of
source types and regions. Physical and chemical
modifications that occur in each air mass during
transport to the ice sheet must also be considered.
Another complication involves the effects of tem-
poral averaging; the snowpack and ice usually pre-
serve, at best, monthly or seasonal resolution.

On these time scales, the air reaching the ice sheet
can originate from widely divergent source regions
and follow numerous pathways.

Initial incorporation of atmospheric constituents
into surface snow can result in large differences
in the proportions of various chemical species
between the atmospheric and snow phases. The
relative importance of wet and dry deposition of
aerosols and gases will differ between species
present in the atmosphere and between sites. Re-
emission of some species to the atmosphere, mobi-
lization and redistribution within the snowpack,
and the potential for wind to redistribute (and per-
haps import or export) surface snow will further
modify any atmospheric signal that is eventually
preserved in glacial ice. Thus the overall goal of
understanding air-to-snow transfer involves devel-

oping an understanding of:
* Source areas and transport pathways of the air
masses reaching a site;
* Processes controlling the incorporation of ma-
terial from the atmosphere into the snowpack;
» Temporal variations in these processes as
related to observable atmospheric processes
from the meso- to micro-scale; and
* Post-depositional modification of snow.
Climate change will likely alter the air/snow
transfer function of a chemical species at a given
site. Moreover, air/snow transfer functions devel-
oped for one ice coring site may not be completely
transportable to a different site. Therefore, it is
imperative that we obtain a fundamental under-
standing of the processes responsible for the com-
position of a given layer of glacial ice. In addition
to quantifying present-day transfer functions, we
must also determine the parameters that affect each
of the linked transfer processes. This will entail a
series of intensive field experiments, including
sampling of a variety of chemical species in the air
and snow under a range of atmospheric conditions,
and laboratory experiments investigating single
processes under controlled conditions (temperature,
relative humidity, “atmospheric” loading). These
efforts must support modeling at different temporal
and spatial scales, ranging from cloud microphysi-
cal processes governing scavenging and gas—ice
interactions within firn pore spaces, on the small
scale, up to general-circulation model (GCM) simu-
lations of the atmosphere over the past several hun-
dred thousand years at the larger end of the scale.

Recent Results from Summit

Over the past several summer seasons, a
multinational atmospheric research program has
been underway in the Summit region of the Green-
land Ice Sheet. The program began as an integral
part of the U.S. and European deep ice coring cam-
paigns (GISP2 and GRIP, respectively) and in-
volves researchers from 20 institutions in the U.S.
and Europe. The primary purpose of the surface
snow and atmospheric sampling activities at Sum-
mit has been to study the transfer functions that re-
late atmospheric acrosols and gases emitted from
source regions to their ultimate fate in the deep ice.
Such information is crucial to allow the best possi-
ble interpretation of the detailed ice core records
that have been recovered from Summit.

Findings from this research are helping to
unravel the complexity of physico-chemical pro-
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cesses occurring in the atmosphere over the ice
sheet and in the snowpack during the first few
weeks to years after snow deposition.

The composition of air along the crest of the
Greenland Ice Sheet (Summit and Dye 3) does not
reflect that in the better-studied Arctic Basin. In
particular, the Arctic haze phenomenon, which
blankets the Arctic Basin with pollutants and dust
for 34 months during late winter, is manifested at
Dye 3 only as brief episodes (a few days) of trans-
port from the basin to the higher elevations of the
ice sheet interior. Most of these events appear to
occur in spring (toward the end of the Arctic haze
season), and they can contribute a large fraction of
the annual deposition of anthropogenic and crust-
ally derived species to the snow surface. The
Greenland Ice Sheet’s orientation (a tall obstruc-
tion perpendicular to the prevailing westerly
winds) and boundary layer dynamics mediated by
the presence of the ice are responsible for this de-
coupling between low-elevation Arctic sites and
those on the ice sheet (Dibb 1990, Davidson et al.
1993; see also the special issue of Atmospheric
Environment on “Arctic Air, Snow and Ice Chem-
istry,” December 1993).

In the surface layer of snow (the top 1-3 cm),
replicate samples separated by at most a few tens
of centimeters typically show 10-30% variability
in concentration of soluble ions. In general, the
variability of “reversibly deposited” species (for
example, HyO,, Cl-, NOg") is significantly less
than that of aerosol-associated species (for exam-
ple, Na*, CaZ*, Mg?+), with H,O, concentrations
usually varying only a few percent on these spatial
scales. The variability in surface snow composi-
tion of a given surface layer appears to increase
only slightly (no more than three-fold) when the
spatial scale of replicate sampling is expanded to
tens or hundreds of meters.

Concentrations of some aerosol-associated spe-
cies showed variation of over 100% at a given
depth in snowpits over horizontal distances of a
few meters. The increased variability observed in
these pits reflects sampling of different layers at
the same level in the snow. (In contrast to the sur-
face snow samples, where distinct stratigraphic
layers are selected, any fixed-depth sampling
scheme can mix different events.) Departures of
snowpack stratigraphy from uniform, planar layers
are largely due to the formation of dunes and other
bedforms caused by wind (drifting of loose sur-
face material). Such variability is probably inher-
ent in any ice core sampling scheme that attempts
to resolve sub-seasonal events (Dibb et al. 1992).

With increasing degrees of reversibility, the
concentrations of gases seem to be determined by
post-depositional adjustment of the upper snow

layer to the air ventilated through the firn. In the
case of HyO,, which is considered the archetypal
“reversibly deposited” species, the time scale to
reach equilibrium appears to be at least weeks, as
the snow responds to seasonal patterns of tempera-
ture, water accumulation, and photochemically
controlled variations in the atmospheric concentra-
tion of H>O». In general, H,O, concentrations in
the air a few meters above the snow at Summit
during the summer are too high to be explained by
homogeneous photochemistry yet too low to be in
Henry’s law equilibrium with surface snow. Out-
gassing must continue into fall and winter even af-
ter burial, with grain-scale processes dominating
the kinetics of equilibration at Summit (Conklin et
al. 1993, Drummey 1993, Neftel et al. 1995, Bales
et al. 1995a,b).

During the summer, snowfall is the dominant
process delivering soluble species to the ice sheet.
However, fog carries down a significant fraction
(up to 40% of the total) of the summer flux of
some species, even though it is a negligible frac-
tion of the water budget. The contribution of dry
deposition is insignificant for the summer in re-
cent years but might be more important in spring,
when acerosol loading increases or during periods
of reduced snowfall (Borys et al. 1992, Bergin et
al. 1994, 1995a,b).

Depth profiles of several chemical tracers sug-
gest that the winter is underrepresented in the
snowpack at Summit (Dibb et al. 1992, Jaffrezo et
al. 1994). The combination of detailed stable iso-
tope records from snowpits and satellite-borne
microwave images yields snow accumulation esti-
mates with winter—spring minima (Shuman et al.
1995) that are consistent with preliminary results
from an acoustic snow-depth gauge mounted on
an automatic weather station at Summit. Variable
accumulation of snow through the year may create
substantial biases in the reconstruction of atmo-
spheric concentrations, particularly if the phase
relationships between annual cycles in snow accu-
mulation and airborne concentrations vary over
time (that is, small changes in the relative amount
of snow falling and accumulating during a given
season could have disproportionate impacts on the
annual flux to the snow of those species whose
airborne concentrations are at minima or maxima
during that season).

Ongoing Research

Penetration of the entire thickness of ice and
collection of samples of the underlying rock in the
summer of 1993 marked the successful completion
of GISP2 drilling activities. However, the inves-
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tigations of air—snow relationships have continued,
and even expanded, in the past several summers.
Some preliminary results from ongoing, collabora-
tive investigations are briefly highlighted below.

Inorganic nitrate (acrosol-associated NO3
and gas-phase HNOj3) are thought to be the major
sinks for the complex tropospheric chemical cycles
involving reactive nitrogen. The atmospheric
chemistry of nitrogen is, in turn, central to the
larger issue of atmospheric photochemical cycles.
For example, recent intensive atmospheric sam-
pling campaigns in the North American Arctic
troposphere suggest that documented increasing
concentrations of O3 are at least partly due to
greater availability of NO.

Nitrate is the dominant ion in summer snow
at Summit, presumably reflecting contributions
from both forms of inorganic nitrate. On an annual
basis, NO3 remains one of the two dominant spe-
cies (with SO%‘) for both recent (anthropogenic-
ally impacted) times as well as in the snow that
has accumulated at Summit over the 10,000 years
preceding the rapid spread of industrial pollution,
Variations in the concentrations of NO3 preserved
in Greenland ice cores must contain valuable infor-
mation about atmospheric photochemistry and the
biogeochemical cycling of nitrogen, if we can
decipher the atmospheric signals trapped in the
snow and ice.

We are focusing on improving our understand-
ing of reactive nitrogen chemistry over Summit
and establishing the relationship between NO3 in
snow and atmospheric nitrogen. Measurements of
“total reactive nitrogen” (NOy), made in conjunc-
tion with very highly resolved micrometeorologi-
cal measurements, allow us to estimate fluxes of
NOy into or out of the surface snow by a technique
known as the eddy-correlation method. These are
complemented by measurements of HNOj at sev-
eral heights above the surface (gradient-flux
method) and NOj3 concentrations in the surface
snow. Concentrations of NOy have been found to
be quite high, with an indication of marked de-
creases from the spring into midsummer. Flux
estimates from these data indicate that several-
hour-long periods of flux out of the snow generally
alternate with similar periods of flux to the surface,
resulting in a season-long mean flux very close to
zero. By inference from similar studies in other
environments, we would expect the inorganic
nitrate species to constitute the bulk of the NOy
depositing to the snow surface. However, concen-
trations of HNOj3 during the same period, while
much higher than those of aerosol-associated NO3
(Dibb et al. 1994), could generally account for
only a few percent or less of measured NOy. These
unexpectedly low values of HNO3/NOy, and sur-

prisingly high concentrations of gas-phase organic
acids, suggest that poorly understood organic ni-
trate species in the NOy pool may make a signifi-
cant contribution to the high concentrations of
NOj measured in Greenland snow. Gradients of
HNOs3 concentration suggesting both deposition to,
and emission from, the snow were also observed,
and comparisons between the timing and magni-
tudes of the apparent fluxes of NOy, and HNO5 are
in progress; these should confirm or refute our
hypothesis about the need to also consider organic
nitrates.

These preliminary results for NO7, and the
investigations of HyO, described above, indicate
that post-depositional interactions between air and
snow have the potential to significantly modify the
composition of snow before it is buried. These two
examples are concerned with species that are main-
ly, or entirely, in the gas phase in the atmosphere.
We might hope that post-depositional modifica-
tions of the concentration of aerosol-associated
species are smaller or nonexistent. However, recent
experiments to characterize the composition of
snow drifting over the surface (after deposition but
prior to burial) have shown that the concentrations
of all soluble ionic species are subject to changes
by this process. Careful examination of the strati-
graphic features preserved in the snowpack indi-
cate that essentially all of the snow accumulating
at Summit is redistributed by wind at some point
before it is covered by subsequent layers.

Burial alone is not sufficient to “lock in” the
composition of a given layer of snow. The concen-
trations of HyO, and NO3 in summer snow have
been shown to decrease substantially between the
end of one summer season and the following one
(Drummey 1993, Bales et al. 1995a,b, Dibb et al.
1994). These findings suggest that the snow contin-
ues to equilibrate with the air in pore spaces for
some time. Earlier theoretical work indicated that
the subdued topography at Summit should limit the
flow of air into and through the snowpack, such
that equilibrium between snow and pore air would
be expected to be rapidly established. However, we
have made the first bidirectional measurements of
permeability in the snowpack at Summit and found
the values to be high enough to permit air flow
through the snow and firn, even under moderate
wind forcing conditions (Albert 1995, Albert et al.
1995). The permeability actually increases with
depth in the top 3 m of the snowpack, and there are
very large differences in horizontal and vertical
permeability created by the layering in the profile.
This greatly increases the potential for significant
flow of air in and through the top several meters of
the snowpack.

As part of the same investigation, the distribu-



tion of surface pressure variations caused by the
turbulent flow of air (at the relatively slow wind
speed of 4 m/s) over the natural small-relief bed-
forms at Summit was also measured. When these
pressure fluctuations are used as the forcing term
for advective transfer of air through a modeled
snowpack with the observed permeability profile,
we find the highest air flow velocities in the sur-
face snow, but velocities on the order of 1 mm/s
still occur at depths of 1.5 m and deeper in the
firn. Such exchange of the pore air would disrupt
any rapid equilibration between the snow and pore
air. Analysis of bidirectional permeability data
down to 20 m, and additional ventilation model-
ing, is underway. Merging chemical reaction and
exchange processes with the models of snowpack
ventilation is the obvious next step in our ongoing
attempts to quantify the processes controlling air—
snow exchange.
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The ARCSS Data Coordination Center at the
National Snow and Ice Data Center

This article was prepared by
Claire S. Hanson, David 1.
McGinnis, Matihew D, Croys
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Research in Environmental
Sciences, Universiry of
Colorado at Boulde:

Data Management
for Integration

Since September 1994 the National Snow and
Ice Data Center (NSIDC), at the University of
Colorado at Boulder, has been funded as the
ARCSS Data Coordination Center for all compo-
nents of the ARCSS program. This unified project
follows separate grants for ARCSS data manage-
ment pilot projects for Ocean—Atmosphere-Ice
Interactions (OAII) and Land-Atmosphere—Ice
Interactions (LAII), and for the Greenland Ice
Sheet Project Two (GISP2) archive. Current
NSIDC efforts focus on identifying ways to inte-
grate the ARCSS component communities and on
providing access to existing, unarchived data of
interest for ARCSS research. In parallel, archiving
planning for ARCSS-funded data sets continues in
concert with the OAII, LAII, GISP2 and PALE
(Paleoclimates of Arctic Lakes and Estuaries) Sci-
ence Management Offices. Close contact is main-
tained with the Surface Heat Budget of the Arctic
Ocean (SHEBA) experiment planning process and
the emerging Human Dimensions of the Arctic
System (HARC) and Synthesis, Integration and
Modeling Studies (SIMS) components. The con-
cept of system science, or integration, depends
heavily on the accessibility and sharing of data
and results among all those involved. NSIDC is
seeking to develop the ways and means to ensure
that accessibility.

Exploiting the
World Wide Web

Because communication is a fundamental
building block for integration, we provide an
ARCSS World Wide Web information server at
http://nsidc.colorado.edu/ARCSS. A “Home Page”
and an electronic mail listserver were established
in early 1995, providing access to such informa-
tion as a listing of all ARCSS-funded investigators
with their contact information, the ARCSS Data
Catalog, and links to the NSIDC “anonymous ftp”
area, where small data sets will be available for
on-line retrieval, and to other information sources
at NSIDC. As the service develops, links to other
ARCSS and ARCSS-related sites are added.
PALE, SHEBA, OAII, NSF/Office of Polar Pro-

grams, and Arctic Tundra LTER (Long-Term Eco-
logical Research site, Toolik Lake, Alaska) links
are already established.

Data Requirements:
Setting Priorities

Another fundamental building block for
integration is discussion, in an established forum,
of data issues and priorities across all ARCSS
components. The ARCSS Data Management
Working Group and the ARCSS Modeling Work-
ing Group held their inaugural meetings in August
1995, in conjunction with the first meeting of the
ARCSS Advisory Committee. Each ARCSS com-
ponent is represented on the Data Management
Working Group (DMWG) to provide input and
feedback for data management and coordination
planning within the ARCSS program. Priorities
for data product development and delivery mecha-
nisms are set by this group, with additional guid-
ance from the ARCSS Advisory Committee. The
Modeling Working Group brings together repre-
sentatives of the ARCSS modeling projects and
related non-ARCSS efforts to develop a coherent
plan for an integrated approach to ARCSS model-
ing strategies.

A primary purpose of the DMWG is to deter-
mine the data needs of ARCSS-funded projects.
Each component, and the Modeling Working
Group, must be involved in this task, and the
ARCSS Advisory Committee assists the Working
Groups in determining whether the ARCSS sci-
ence questions can be answered by the available
and ARCSS-generated data. There is a general
need for “griddable data” that are:

* Spatially and temporally registered;

* In original spatial and temporal resolutions;

* In a consistent format per data type; and

* Accompanied by tools to allow easy subset-

ting and gridding to various map projections
and grid sizes.

Current ARCSS
Data Products

In late November 1994 NSIDC announced its
first ARCSS CD-ROM product, the ARCSS/LAII
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Data Series, Volume 1: Alaska North Slope Data
Sampler. This volume contains a group of data sets
identified by the LAII/Flux Study investigators as
needing improved access and as useful to them in
the progress of their field work and data analysis.
Included on the disk are:

» The Imnavait Creek watershed climate data-
base, from Douglas Kane, University of
Alaska;

» Climate, plant biomass, soils, nutrient and re-
lated data from the Toolik Lake Long-Term
Ecological Research Field Station, from J ohn
Hobbie, Marine Biological Laboratory at
Woods Hole;

» The GIS and permanent plot data for the Too-
lik Lake area, from Donald Walker, University
of Colorado; and

» Active layer temperature, thickness, soil mois-
ture and snow depth data at Barrow, from Fre-
derick Nelson, SUNY-Albany, and Jerry
Brown, Arctic Connections, Inc.

Also included are several Alaska subsets of gener-
ally available global data:

» Monthly temperature and precipitation for
Alaska, from the NOAA/National Climatic
Data Center’s Global Historical Climatology
Network;

» ETOPOS elevation data for all areas north of
50°N, from the NOAA/National Geophysical
Data Center;

» Northwestern Canada soil survey data (Barrow
data will follow), from the USDA/Soil Conser-
vation Service in Lincoln, Nebraska;
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