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ICE CORES, ANTARCTICA AND GREENLAND

Introduction
Polar ice results from the progressive densification of snow
deposited at the surface of the ice sheet. The transformation
of snow into ice generally occurs within the first 100 meters
and takes from decades to millennia, depending on temperature
and accumulation rate, to be completed. During the first stage
of densification, recrystallization of the snow grains occurs
until the closest dense packing stage is reached at relative den-
sities of about 0.55–0.6, corresponding to the snow-firn transi-
tion. Then plastic deformation becomes the dominant process
and the pores progressively become isolated from the surface
atmosphere. The end product of this huge natural sintering
experiment is ice, an airtight material. Because of the extreme
climatic conditions, the polar ice is generally kept at negative
temperatures well below the freezing point, a marked differ-
ence to the ice of temperate mountain glaciers.

Ice cores are cylinders of ice with a diameter of �10 cm.
They are obtained by drilling through glaciers or ice sheets.
This entry deals with ice cores recovered in the two ice
sheets existing today at the surface of the Earth: in Antarctica
and Greenland. Ice cores from mountain glaciers are handled
in another section (see Ice cores, mountain glaciers). Ice cores
range from shallow (from the surface to 100 m), to intermediate
(down to about 1,000 m) and deep (>1,000 m), and are recov-
ered using specific technologies, including thermal and electro-
mechanical drilling systems. The main purposes of recovering
ice cores in Antarctica or Greenland are to describe the past
changes in atmospheric composition and climate of our planet,
understand the past behavior of the ice sheets and the mechan-
isms controlling ice flow, and ultimately contribute to an
improved understanding of the Earth system.

The main Antarctic and Greenland ice cores
Apart from several shallow drilling sites in the most coastal
area and a few drillings through the ice shelves, a total of 14
drill cores have reached bedrock or a depth close to bedrock
in Antarctica and Greenland. Therefore, the current number of
drill sites is still fairly limited in relation to the large dimen-
sions of these ice sheets. Table I1 provides information on the
ten deepest drilling operations; Figures I1 and I2 show their
location in Antarctica and Greenland.

Two pioneering long ice cores, the Camp Century (Greenland)
(Hansen and Langway Jr., 1966; Dansgaard et al., 1971) and the
Byrd (West Antarctica) (Gow et al., 1968; Epstein et al., 1970)
cores, drilled in the 1960s, provided the first continuous and
already detailed record back to the last deglaciation and the last
ice age.

Three deep Antarctic ice cores record several glacial-
interglacial cycles: Vostok (4 cycles, back to 420 kyBP; Petit
et al., 1999), Dome Fuji (DF) (3 cycles, 330 kyBP; Watanabe
et al., 2003) and EPICA Dome C (EDC) (8 cycles, 740 kyBP;
EPICA Community Members, 2004, Figure I3).

The Vostok drill site holds the world’s record in terms of
depth, as of 2007. The EDC core, although shorter by a few
hundred meters, provides the longest record, approximately
twice as old as the Vostok record. New measurements are per-
formed to extend the EDC record back to 800,000 yBP. Further-
more, a new deep drilling at DF, completed in 2006, lies close
to bedrock. It should provide the second longest record, cover-
ing �700,000 years.

Three long Greenland ice cores, GRIP, GISP2 and NGRIP
cover the last100,000years; i.e.,mostof the lastglacial-interglacial
cycle, but only the NGRIP core provides an undisturbed record
back to the latest part of the penultimate interglacial (also
called Eemian) (North Greenland Ice Core Project Members,
2004). A new drilling operation (called NEEM) is planned in
Greenland to recover an ice core able to provide a complete
record of the Eemian. In addition, a number of intermediate-type
cores recovered from both ice sheets sample the Holocene
(our current interglacial) and part of the last glacial period with
good resolution.

Establishing an ice core chronology
Establishing the chronology of Antarctic and Greenland ice
cores is essential for interpreting ice core records. The age
of the ice corresponds to the time the snow is deposited at
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Table I1 Major ice cores: sites, depth, length of record. Please, note that in most cases, we use the first publication that provides the basic
information, rather than the most recent or most relevant ones

Site Ice sheet Year of recovery Depth (m) Temporal length of the record

Camp Century (Dansgaard et al., 1971) Greenland 1966 1,387.4 Back to the last ice age
Byrd (Epstein et al., 1970; Gow et al., 1968) West Antarctica 1968 2,164 Back to the last ice age
Dye 3 (Dansgaard et al., 1985) Greenland 1981 2,037 Back to the last ice age
GRIP (GREENLAND-SUMMIT-ICE-CORES, 1997) Greenland 1992 3,029 �105 ka
GISP 2 (GREENLAND-SUMMIT-ICE-CORES, 1997) Greenland 1993 3,053 �105 ka
Vostok (Petit et al., 1999) East Antarctica 1998 3,623 �420 ka
North GRIP (NORTH-GREENLAND-ICE-CORE-

PROJECT-MEMBERS, 2004)
Greenland 2003 3,085 �120 ka

EPICA DC (EPICA-COMMUNITY-MEMBERS, 2004) East Antarctica 2004 3,270 �800 ka
EPICA DML (EPICA-COMMUNITY-MEMBERS,

2006)
East Antarctica 2006 2,774 More than one glacial-interglacial

cycle
Dome Fuji East Antarctica 2006 3,029 The age at the bottom is

estimated to be �700 ka

Figure I1 Index map showing the locations of ice cores from Antarctica that are listed in Table I1.
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the surface of the ice sheet and its chronology can be estab-
lished using different tools including layer counting, synchroni-
zation to the Earth orbital variations (orbital tuning approach),
synchronization to other well dated archives, and glaciological
modeling. On the other hand, during snow densification, inter-
stitial air can exchange with the atmosphere at the surface
through the firn porosity until it is trapped in the form of bub-
bles. Therefore, in any ice core, contemporaneous gas and ice
signals are not recorded at the same depth and air occluded in
air bubbles is younger than its surrounding ice.

Note that methods based on radioactive decay are not of use
to date polar ice directly. In particular, 14C dating of the CO2
trapped in air bubbles is possible but limited in accuracy
because of in situ production in the firn.

Counting preserved annual layers through the seasonal var-
iations of different properties, like ice isotopic composition,
aerosol chemical composition or dust content, works in sites
with high accumulation rates and is especially appropriate for
Greenland ice cores. For instance, the method has been used
on the DYE-3, GRIP, GISP2 and NGRIP cores, and can be
especially accurate for Holocene ice (maximum counting error
estimated to be up to 2%; Rasmussen et al., 2006). This layer
counting method is, however, not applicable for low accumula-
tion sites such as those of the East Antarctic Plateau. Orbital
variations of the Earth impact the solar radiation received at
the top of the atmosphere (generally called insolation), and in
turn the Earth’s climate. The orbital tuning approach consists of
tuning ice core climatic records to those changes in insolation
that can be accurately calculated for the past millions of years
(Berger, 1978; Laskar et al., 2004). This approach has been
used in the case of the long, 420-kyr Vostok record. Unfortu-
nately, the phasing between insolation and the climatic
response is generally poorly constrained and not likely to be
constant due to the non-linearity of the climatic system, which
is a major limitation of the orbital tuning approach. As a conse-
quence, the chronological uncertainty of the orbital tuning
approaches is about 5 kyr. Nevertheless, it has been recently
suggested that ice core properties recording local insolation
directly may overcome this limitation (Bender, 2002; Raynaud
et al., 2007).



Figure I2 Index map showing the locations of ice cores from Greenland that are listed in Table I1.

Figure I3 Ice core protruding from the drill head from EPICA Dome C,
Antarctica (photo courtesy of Eric LeFèbre, LGGE, Grenoble).
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Ice cores can also be dated by synchronization with other
well-dated archives. For example, back to the last glacial per-
iod, ice cores from Antarctica can be synchronized with the
Greenland ice cores using the CH4 records or the Be-10 records
(Yiou et al., 1997; Blunier and Brook, 2001). A second exam-
ple is the identification of well-dated volcanic eruptions in the
ice cores.

In order to provide a method independent of the orbital tun-
ing approach, glaciologists have proposed to date ice cores
continuously using snow accumulation and ice flow models
for calculating the annual layer thickness at each depth. In this
case the main limitations include the uncertainties in our
knowledge of past accumulation changes, basal conditions
(melting, sliding) and rheological conditions.

Finally, it has been recently proposed to use an inverse
method, which associates the information of the different dat-
ing methods available on one core to obtain an optimal chron-
ology. This inverse method has been applied on the Vostok
(Parrenin et al., 2001; Parrenin et al., 2004), Dome Fuji (Watanabe
et al., 2003) and EPICA Dome C (EPICA Community Mem-
bers, 2004) cores. In the future, such an inverse method could
be applied to several drilling sites simultaneously, obtaining a
common and optimal chronology for those drilling sites.

The difference between the ages of gas bubbles and the sur-
rounding ice can be computed with a firn model (see Goujon
et al., 2003 and references therein). Under present-day condi-
tions, this difference is on the order of a few centuries for high
accumulation/high temperature sites and of several thousands
of years in sites of the high Antarctic Plateau with low accumu-
lation and temperature conditions (e.g., �3,000 years at Vostok).
Under glacial conditions it increases significantly due to colder
climate, which is paralleled by lower accumulation rates, but
the accuracy of the calculation under past conditions is limited
due to uncertainty in past accumulation rates and temperatures.

Antarctic and Greenland ice core: an archive of the
atmospheric composition and climate
The Antarctic and Greenland ice cores contain a wide spectrum
of information on past changes in the environmental conditions
of the Earth. Examples are given in Table I2.

Polar ice cores record both variations in climate and in
atmospheric composition. They essentially provide a pure
record of solid precipitation, atmospheric gases, dust and aero-
sols and are, in fact, a unique archive of past changes of our
atmosphere. For their part, deep oceanic and continental sedi-
ments are recording oceanic, vegetation or soil changes.



Table I2 Climatic or environmental parameters and corresponding properties measured in ice. Note the diversity of the information contained in
ice cores, which deals with the atmosphere, the cryosphere, the oceans and the continents

Climatic and environmental parameter Ice properties

Temperature change at the surface of the ice sheet Isotopic composition of the ice (18O/ 16O, D/H); Isotopic
composition of the air trapped in ice (15N, 40Ar)

Variations of atmospheric greenhouse trace gases Greenhouse trace gas concentrations in the air trapped in ice
(CO2, CH4, N2O)

Origin of the precipitation Deuterium excess of ice
Atmospheric transport and circulation; Source (marine, continental, volcanic,

anthropogenic) of dust and aerosols
Dust and aerosols in ice

Changes in continental ice volume and sea level; Changes in hydrological
cycle and biological activity

Isotopic composition (18O / 16O) of the atmospheric oxygen trapped
in ice

Local insolation changes due to orbital cycles O2 /N2 of air trapped in ice; Air content of ice
Changes in surface elevation of the ice sheet Air content of ice; Isotopic composition of ice
Changes in ice flow Physical properties of ice
Solar activity and Earth’s magnetic field intensity Beryllium-10 (10Be)
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Continuous changes in temperature at the surface of the ice
sheet are revealed by measuring the isotopic composition of the
ice (deuterium or oxygen-18), and more sporadic abrupt tem-
perature changes are accurately recorded by the isotopic com-
position of N2 and Ar found in the air trapped in ice.

Polar ice cores also provide the most reliable paleo-archive
of air composition, by directly recording atmospheric composi-
tion in the form of air bubbles when the firn becomes ice.
They allow the reconstruction of the past evolution of impor-
tant greenhouse gases (see section on carbon dioxide and
methane, Quaternary variations). Thus, the Vostok and the
new EPICA DC record produce clear evidence of the strong
correlation between greenhouse gases (CO2 and CH4) and
climate over glacial-interglacial cycles (EPICA Community
Members, 2006; see also Carbon dioxide and methane,
Quaternary variations).

Dust and aerosols found in Antarctic or Greenland ice cores
have been collected at the surface of the ice sheets by dry or
wet deposition. The ice record of their concentration and size
distribution provides information about past extent of marine
and continental sources as well as variations in atmospheric
transport. Since marine sources can be influenced by the extent
of sea ice, it may also be able to reconstruct past changes in sea
ice. Ice cores also provide a precious volcanic record in the
same way.

Apart from these natural variations in gases, dust and aero-
sols, ice cores record the impact of human activities, especially
on greenhouse trace gases and sulfate compounds. They also
document paleometallurgy activities from as early as Greek
and Roman times and, during the last few decades, radioactive
fallout and added lead in gasoline.

The ice core record also contains information about past
changes of the ice sheets. The air content of polar ice depends
on the atmospheric pressure when bubbles close-off, and thus
gives information about past surface elevation. Physical proper-
ties of ice such as grain size and orientation are indicators of
past ice flow in the vicinity of the drilling site.
Conclusion
Polar ice cores provide a wide range of information on the Earth
system, some of which have a real impact on societal and educa-
tional issues. Because they play a central role in global change
research, the international ice coring community is planning new
projects in both Antarctica and Greenland under the International
Partnerships in Ice Core Sciences (IPICS) initiative (Brook and
Wolff, 2006). IPICS aims to extend the ice core record in time
and enhance spatial resolution. Concerning deep ice coring, one
of the projects is to search for a 1.5 million year record of climate
and greenhouse gases in Antarctica, during a time period when
Earth’s climate shifted from �40,000 year to �100,000 year
cycles. In northwest Greenland, a deep ice core is planned to
recover a complete record of the Eemian for the first time.

Dominique Raynaud and Frédéric Parrenin
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Introduction
With the help of recent innovations in light-weight drilling
technology, ice core paleoclimatic research has been expanded
from the polar regions to ice fields in many of the world’s
mountain ranges and on some of the world’s highest moun-
tains. Over the last few decades, much effort has been focused
on the retrieval of cores from sub-polar regions such as western
Canada and eastern Alaska, the mid-latitudes such as the
Rocky Mountains and the Alps, and tropical mountains in
Africa, South America, and China. Unlike polar ice cores, cli-
mate records from lower-latitude alpine glaciers and ice caps
present information necessary to study processes where human
activities are concentrated, especially in the tropics and subtro-
pics where 70% of the world’s population lives. During the
last 100 years, there has been an unprecedented acceleration
in global and regional-scale climatic and environmental
changes affecting humanity. The following is an overview of
alpine glacier archives of past changes on millennial to decadal
time scales. Also included is a review of the recent, global-
scale retreat of these alpine glaciers under present climate con-
ditions, and a discussion of the significance of this retreat with
respect to the longer-term perspective, which can only be pro-
vided by the ice core paleoclimate records.

Locations of mountain ice core retrieval
The sites from which many of the high-altitude ice cores have
been retrieved are shown in Table I3. Among the earliest efforts
to retrieve climate records from mountain glaciers were pro-
grams involving surface sampling on the Quelccaya Ice
Cap (13�560 S, 70�500 W; 5,670 m a.s.l.) in southern Peru
(1974–1979). The results from this preliminary research, con-
ducted by the Institute of Polar Studies (now the Byrd Polar
Research Center) at The Ohio State University, paved the
way for the first high-altitude tropical deep-drilling program
on Quelccaya in 1983, which yielded a 1,500-year climate
record. Meanwhile, in western Canada, a 103-m ice core was
drilled on Mt. Logan (60�350 N, 140�350 W; 5,340 m a.s.l.) by
Canada’s National Hydrology Research Laboratory. The record
from this core extends back to 1736 AD. Recently, the ice caps
on both these mountains have been redrilled, Mt. Logan in
2002 and Quelccaya in 2003. During the intervening decades,
mountain ice core research has expanded significantly through-
out the world, with programs successfully completed on the
Tibetan Plateau and the Himalayas, the Cordillera Blanca of
Northern Peru, Bolivia, East Africa, the Swiss and Italian Alps,
Alaska, and the Northwest United States (Table I3).

Climatic and environmental information from
mountain ice cores
The records contained within the Earth’s alpine ice caps and
glaciers provide a wealth of data that contribute to a spectrum
of critical scientific questions. These range from the reconstruc-
tion of high-resolution climate histories to help explore the
oscillatory nature of the climate system, to the timing, duration,
and severity of abrupt climate events, and the relative magni-
tude of twentieth century global climate change and its impact
on the cryosphere. Much of the variety of measurements made
on polar ice cores, and the resulting information, is also rele-
vant to cores from mountain glaciers. Researchers can utilize
an ever-expanding ice core database of multiple proxy informa-
tion (i.e., stable isotopes, insoluble dust, major and minor ion
chemistry, precipitation reconstruction) that spans the globe in
spatial coverage and is of the highest possible temporal resolu-
tion. The parameters that can be measured in an ice core are
numerous and can yield information on regional histories of
variations in temperature, precipitation, moisture source, arid-
ity, vegetation changes, volcanic activity and anthropogenic
input (Figure I4). Many of these physical and chemical consti-
tuents produce wet and dry/cold and warm seasonal signals in
the ice, which allow the years to be counted back similar to the
counting of tree rings.

Isotopic ratios of oxygen and hydrogen (d18O and dD,
respectively) are among the most widespread and important
of the measurements made on ice cores. Early work on polar
ice cores on these “stable” (i.e., as opposed to unstable, or
radioactive) isotopes indicated that they provide information
on the precipitation temperature (Dansgaard, 1961), based on
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Figure I4 A large variety of environmental information can be obtained
from high-altitude ice cores. On the left is an image of a core from a
typical mountain glacier in Tibet. The dust bands were deposited
during the dry seasons, and the space between them is cleaner ice from
snow deposited during the wet seasons.

Table I3 A sampling of mountain glaciers sites from which ice cores have been retrieved since 1980. This is by no means a complete inventory of all
alpine ice cores ever collected

Mountain Location Elevation (m a.s.l.) Year drilled Leading organization Length of core (m) Length of record (yr)

Bona Churchill 61�240 N, 141�420 W 4,420 2002 BPRC 460 1700
Mt. Logan 60�350 N, 140�350 W 5,340 1980 NHRI 103 225

2002 NGP, AINA
NIPR

190 NA
220 NA

IQCS, UNH 345 NA
Eclipse Dome 60�510 N, 139�470 W 3,017 1996 UNH 160 NA
Fremont Glacier 49�070 N, 109�370 W 4,100 1991 USGS 160 275,

1998 50, 160 NA
Belukha 49�480 N, 86�340 E 4,062 2001 PSI, UNIBE 140 200+
Fiescherhorn 46�320 N, 8�020 E 3,880 1988 PSI, UNIBE 30 42

2002 150
Coropuna 15�320 S, 72�390 W 6,450 2003 BPRC 146.3, 34.3, 34.3 16,000+
Col du Dôme 45�500 N, 6�500 E 4,250 1994 LGGE, IFU 139 75
Mont Blanc 45�450 N, 6�500 E 4,807 1994 LGGE 140 200+
Djantugan 43�120 N, 42�460 E 3,600 1983 IGRAS 93 57
Gregoriev 41�580 N, 77�550 E 4,660 1991 IGRAS, BPRC 20, 16 53

2001 IGRAS 21.5 NA
2003 IGRAS 22 NA

Dunde 38�060 N, 96�240 E 5,325 1987 BPRC, LIICRE 138 10,000+
Malan 35�500 N, 90�400 E 6,056 1999 LIICRE 102 112+
Guliya 35�170 N, 81�290 E 6,200 1992 BPRC, LIICRE 302 110,000+
Puruogangri 33�550 N, 89�050 E 6,000 2000 BPRC, LIICRE 208 7000
Dasuopu 28�230 N, 85�430 E 7,200 1996 BPRC, LIICRE 162 1,000+
Qomolangma 27�590 N, 86�550 E 6,500 1998 UNH, LIICRE 80 154
Kilimanjaro 3�040 S, 37�210 E 5,895 2000 BPRC 52 11,700
Huascarán 9�060 S, 77�360 W 6,050 1993 BPRC 166 19,000
Quelccaya 13�560 S, 70�500 W 5,670 1983 BPRC 155, 164

168, 129
1,500
17802003

Illimani 16�370 S, 67�470 W 6,350 1999 IRD, PSI 137, 139 18,000
Sajama 18�060 S, 68�530 W 6,540 1996 BPRC 132 20,000

NA: Data not available.
Abbreviations: BPRC, Byrd Polar Research Center, The Ohio State University (USA); NHRI, National Hydrology Research Institute (Canada); NGP,
National Glaciology Program (Canada); AINA, Arctic Institute of North America, University of Calgary (Canada); NIPR, National Institute of Polar
Research (Japan); IQCS, Institute for Quaternary and Climate Studies, University of Maine (USA); USGS, United States Geological Survey (USA);
PSI, Paul Scherrer Institute (Switzerland); IRD, Institute of Research and Development (France); LGGE, Laboratoire de Glaciologie et Geophysique de
l’Environnement (France); IGRAS, Institute of Geography, Russan Academy of Science (Russia); IFU, Institut für Umweltphysik (Germany); UNIBE, Uni-
versity of Bern (Switzerland); LIICRE, Key Laboratory of Ice Core and Cold Regions Environment (China); UNH, Institute for the Study of Earth, Oceans
and Space, University of New Hampshire (USA).
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the fractionation of the oxygen and hydrogen atoms into their
light and heavy isotopes (16O and 18O, 1H and 2H or deuterium
(D)), and on the higher vapor pressure of H2

16O over HD16O
and H2

18O. The resulting ratios of the light and heavy isotopes
of these elements act as recorders of temperature both at the
moisture source and at the deposition site.

The use of d18O and dD as temperature proxies for polar ice
is now widely accepted; however, it is still a source of contro-
versy for lower-latitude cores. Some who have studied the pro-
blem suggest that d18O, rather than being a temperature
recorder at lower latitudes, is a function of precipitation amount
(Rozanski et al., 1993; Dahe et al., 2000; Shichang et al., 2000;
Baker et al., 2001; Tian et al., 2001). However, real-time com-
parisons of air temperature and d18O measured on precipitation
on the Northern Tibetan Plateau reveal a very close relationship
between the two (Yao et al., 1996). Correlations between ice
core records from the Himalayas and the Northern Hemisphere
temperature records show that on longer time scales (longer
than annual) the dominant factor controlling mean d18O values
in snowfall must be temperature rather than precipitation
(Thompson et al., 2000; Davis and Thompson, 2003). On sea-
sonal to annual time scales, both temperature and precipitation
influence the local d18O signal (Vuille et al., 2003).

The annual precipitation rate on an ice cap, or net balance,
can be reconstructed by measuring the length of ice between
seasonal variations in one or more parameters (e.g., d18O
indicating warm or cold seasons or high aerosol concentrations
characterizing dry seasons, Figure I4) Since ice is viscous, it
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tends to flow not only horizontally but also vertically, resulting
in annual layer thinning with depth. In order to correct for this
deformation and reconstruct the original thickness of an annual
layer at the time of its deposition in the past, vertical strain
models are used that take into account the changing densities
with depth, the thickness of the glacier, and the rate of thinning
(Bolzan, 1985; Reeh, 1988; Meese et al., 1994).

Aerosols in the atmosphere are either deposited on mountain
ice fields and glaciers as nuclei of snow (wet deposition) or car-
ried by turbulent air currents to high altitudes (dry deposition).
Either way, these insoluble mineral dust particles and soluble
salts, such as chlorides, record variations in environmental con-
ditions such as regional aridity. The concentration and size
distribution of insoluble dust particles are also helpful for qua-
litative reconstructions of wind strength. Evidence of volcanic
eruptions in the ice is provided by sulfate concentrations and/
or the presence of microscopic tephra particles. If these volca-
nic layers are identifiable (e.g., the 1815 eruption of Tambora
or the 1883 eruption of Krakatoa), they can serve as valuable
reference horizons to calibrate the time scale. Biological aero-
sols, such as pollen grains (Liu et al., 1998) and nitrates that
may have been injected into the atmosphere by vegetation
upwind of a glacier (Thompson et al., 1995; Thompson,
2000), have been useful for reconstructing past climate and
environmental changes that have had impacts on regional flora.

The record of human activity is also available from ice cores,
although this type of research on high-altitude glaciers lags
behind polar ice sheets. Research on heavy metal types and con-
centrations in high-altitude glaciers is relatively new, but what is
available from Mont Blanc in the French-Italian Alps provides
information about increasing industrial production and other
activities associated with expanding populations and urbaniza-
tion (Van DeVelde et al., 1999). Measurements of carbon diox-
ide and methane, as well as lesser gases, trapped in ice bubbles
are not as extensive on ice from mountain glaciers as they are
from polar cores; however, the research that has been done
shows correlations of so-called “greenhouse” gas concentrations
with the temperature proxy d18O (Yao et al., 2002a, b). The
information from these ice core studies complements other
proxy records that compose the Earth’s climate history, which
is the ultimate yardstick by which the significance of present
and projected anthropogenic effects will be assessed.

The significance of climate records from mountain
glaciers
Ice core records from high-altitude glaciers, when combined
with high-resolution proxy histories such as those from tree
rings, lacustrine and marine cores, corals, etc., provide an
unprecedented view of the Earth’s climatic history that can
extend over several centuries or millennia. The longest of them
have revealed the nature of climate variability since the Last
Glacial Maximum (LGM), 18–20 thousand years ago, and
even beyond. The more recent parts of the climate records,
which are of annual and even seasonal resolution, can yield
high-resolution temporal variations in the occurrence and inten-
sity of coupled ocean-atmosphere phenomena such as El Niño
and monsoons, which are most strongly expressed in the tro-
pics and subtropics, and are of world-wide significance. This
is particularly valuable information since meteorological obser-
vations in these regions are scarce and of short duration.

Four records from the Andes (Huascarán in Northern Peru,
Coropuna in Southern Peru and Sajama and Illimani in Bolivia)
and one from the Western Tibetan Plateau (Guliya) extend to or
past the end of the last glacial stage and confirm, along with
other climate proxy records (e.g., Guilderson et al., 1994; Stute
et al., 1995), that the LGM was much colder in the tropics and
subtropics than previously believed. Although this period was
consistently colder, it was not consistently drier through the
lower latitudes as it was in the polar regions. For example,
the effective moisture along the axis of the Andes Mountains
during the end of the last glacial stage was variable, being
much drier in the north than in the Altiplano region in the
central part of the range (Thompson et al., 1995, 1998; Ramirez
et al., 2003). In another example in Western China, the Guliya
Ice Cap is partly affected by the variability of the southwest
Indian monsoon system, which was much weaker during
the last glacial stage than during the Holocene. However, this
region of the Tibetan Plateau also receives (and received)
moisture generated from the cyclonic activity carried over
Eurasia by the prevailing wintertime westerlies. Not only were
lake levels in the Western Kunlun Shan higher than tropical
lakes during the LGM (Li and Shi, 1992), but the dust concen-
trations in the Guliya ice core record were consistent with those
of the Early Holocene when the summer Asian monsoons
became stronger, suggesting that local sources of aerosols were
inhibited during this cold period by higher precipitation and
soil moisture levels (Davis, 2002).

Ice cores from the Andes can also contribute to what is
known about past environmental and climatic conditions of
the Amazon Basin. The extent of biological activity in the
Amazon rainforest during the LGM is controversial, and the
nitrate concentration record from the Huascarán ice core has
been included in the argument (Colinvaux et al., 2000). Pollen
studies from the Amazon Basin suggest that the extent of the
rainforest has not changed much between the glacial maximum
and the Holocene. However, proponents of the “refugia” theory
(i.e., Clapperton, 1993) assert that the cold, dry climate in the
tropics caused a major retreat of the rainforest flora into a
small, geographically isolated area, leaving most of the Basin
covered by grasslands. In the Huascarán core, the nitrate con-
centration profile is similar to the d18O levels throughout most
of the record, and the very low concentrations of nitrate, which
are concurrent with very depleted d18O, suggest that biological
activity upwind of the Cordillera Blanca was impeded by the
cold and dry climate �19,000 years ago.

Most of the deep cores from the low latitudes extend
through at least the Holocene, and show spatial variations in
climate, even between records from the same region. For exam-
ple, the Holocene d18O profiles from Huascarán and Illimani,
while similar to each other in that they show Early Holocene
isotopic enrichment, are different from that on Sajama, which
has a relatively stable isotopic record through the last 10,000
years. Although Sajama and Illimani, both in Bolivia, are geo-
graphically close to each other, they are on opposite sides of
the Andean Mountains, with Illimani located in the eastern
range. Like Huascarán far to the north, it received most of its
precipitation from the northeast after it had been recycled
through the Amazon Basin. Sajama, which is located on the
high, dry Altiplano, is more subject to Pacific influences and
local hydrological effects.

Holocene ice core records from mountain glaciers around
the world show evidence of major climatic disruptions, such
as droughts and abrupt cold events during this period, which
previously was believed to have been stable. Major dust events,
beginning between 4.2 and 4.5 ka and lasting several hundred
years, are observed in the Huascarán and Kilimanjaro ice cores
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(Thompson, 2000; Thompson et al., 2002, respectively), and
the timing and character of the dust spikes are similar to one
seen in a marine core record from the Gulf of Oman (Cullen
et al., 2000) and a speleothem d13C record from a cave in Israel
(Bar-Matthews et al., 1999). This dry period is also documen-
ted in several other proxy climate records throughout Asia
and Northern Africa (see contributions in Dalfes et al., 1994).
Two other periods of abrupt, intense climate change in east
Africa are observed in the Kilimanjaro ice core at �8.3 ka
and 5.2 ka (Thompson et al., 2002). The latter event is asso-
ciated with a sharp decrease in d18O, indicative of a dramatic
but short-term cooling.

More recently, a historically documented drought in India in
the 1790s, which was associated with monsoon failures and a
succession of severe El Niños, was recorded in the insoluble
and soluble aerosol concentration records in the Dasuopu
ice core (Thompson et al., 2000). Another recorded Asian
Monsoon failure in the late 1870s (Lamb, 1982) is noticeable
in the Dasuopu dust flux record, which is a calculation that
incorporates both the dust concentration and the annual net bal-
ance. The dust concentration on Dasuopu is also linked to the
magnitude of the Southern Oscillation and the phase of the
Pacific Decadal Oscillation (Davis, 2002), thus indicating a
linkage between these tropical processes. However, recent
research on Tibetan Plateau ice cores drilled north of 32� N
shows that their climate records are not only influenced by
the South Asian Monsoon and other tropical coupled atmo-
spheric-oceanic processes such as the El Niño-Southern Oscil-
lation (ENSO), but also by atmospheric pressure variations
such as those seen in the North Atlantic Oscillation (Davis
and Thompson, 2003; Wang et al., 2004). Thus, the high reso-
lution isotope, chemistry, dust, and accumulation records from
Figure I5 Composite records of decadal averages of d18O from ice cores f
(b) the Tibetan Plateau (Dunde, Guliya and Dasuopu) from 1000 AD to the
view of variations in d18O over the last millennium in the tropics, which i
record (d) (from Thompson et al., 2003).
ice cores retrieved from across the Plateau help us to recon-
struct the spatial and temporal variability of the climate in this
region.

There is little purpose in trying to reconstruct the history of
global climate change from one ice core, especially at high
resolution on short time scales. However, as discussed above,
it is clear that certain parameters such as d18O do record
large-scale regional variability in sea surface temperatures,
while others such as aerosols may be more sensitive to local
as well as regional conditions. Although the mountain ice core
records that extend back through the last millennium show
regional differences with each other and with the polar records,
many of them also document common climatic variations on
hemispheric, and even global, scales. This is illustrated in
Figure I5, where composites of the decadally-averaged d18O
profiles of three South American cores (Huascarán, Quelccaya,
and Sajama) and three Tibetan Plateau cores (Dunde, Guliya and
Dasuopu) show different interhemispheric trends (Thompson
et al., 2003) (Figures I5a and I5b, respectively). For example,
the “Little Ice Age,” a cold event between the fifteenth and nine-
teenth centuries that is recorded in many Northern European
climate records, is more evident in the South American ice core
composite than in the Tibetan Plateau. The “Medieval Warming,”
a period before the “Little Ice Age,” which appears in the
Greenland ice core records, is also obvious in the Andean ice
cores. However, both the composites show isotopic enrichment
(indicating warming) beginning in the late nineteenth century
and accelerating through the twentieth century. When all six
of the profiles from these mountain glaciers are combined,
the resulting composite (Figure I5c) is similar to the Northern
Hemisphere temperature records of Mann et al. (1998) and
Jones et al. (1998) covering the last 1,000 years (Figure I5d).
rom (a) the South American Andes (Huascarán, Quelccaya, Sajama) and
present. All six ice-core records are combined (c) to give a total

s compared with the Northern Hemisphere reconstructed temperature

Eli Tziperman



Figure I6 Retreat of ice fields in the Kibo Crater of Kilimanjaro,
Tanzania. Shaded areas show “snapshots” of areas of ice cover at five
times over the twentieth Century. At the rate of retreat shown here, all
the ice on this mountain will disappear within the first half of the
twenty first century (insert) (from Thompson et al., 2002).
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Not only do these comparisons argue for the important role of
temperature in the composition of oxygen isotopic ratios in gla-
cier ice, but they also demonstrate that the abrupt warming
from the late nineteenth century through the twentieth century
(and continuing into this century) transcends regional varia-
tions, unlike earlier climatic variations. Indeed, on a global
basis, the twentieth century was the warmest period in the last
1,000 years, which also encompasses the time of the “Medieval
Warming.”

The modern climate warming and its effects on
mountain glaciers
Meteorological data from around the world suggest that the
Earth’s globally averaged temperature has increased 0.6� C
since 1950. The El Niño year of 1998 saw the highest globally
averaged temperatures on record, while 2002 (a non-El Niño
year) was the second warmest, followed by 2003 and 2001 (a
la Niña year). The recent warming of the past century, which
has been accelerating in the last two decades, is recorded in
alpine glaciers in other ways, both within the ice core records
and by the rapid retreat of many of the ice fields. This glacier
retreat is observed in almost all regions, from the Caucasus
and other Eurasian mountain ranges in the mid-latitudes
(Mikhalenko, 1997), to central Europe and western North
America (Huggel et al., 2002; Meier et al., 2003), and to the
Tibetan Plateau and the tropics (Thompson et al., 1993; Dahe
et al., 2000; Thompson et al., 2000). In the Andes, on the
Tibetan Plateau and in the East Africa Rift Valley region, this
climate change has left its mark. The many ice fields on
Kilimanjaro covered an area of 12.1 km2 in 1912, but today
only 2.6 km2 remains (Figure I6). If the current rate of retreat
continues, the perennial ice on this mountain will likely disap-
pear within the next 20 years (Thompson et al., 2002).

Future priorities
Ice cores from mountain glaciers, especially those from the
tropical and subtropical latitudes where most of the world’s
Figure I7 Map demonstrating the current condition of the Earth’s cryosphere. Dark shading depicts regions where glacier retreat is underway. The
light shading represents over land between 30� N and 30� S.
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population is concentrated, provide unique and valuable
archives of climate information because they are able to record
variations in atmospheric chemistry and conditions. Since
1982, the El Niño-Southern Oscillation phenomenon has
gained worldwide attention as populations and governments
have come to realize the extent of its widespread and often
devastating effects on weather. As we begin to understand
how this coupled atmospheric-oceanic process works, we also
see its linkages with other important systems such as the
Asian/African Monsoons. Because both of these tropical sys-
tems influence precipitation and temperature over large regions,
their effects are also recorded by the chemistry and the amount
of snow that falls on alpine glaciers. Seasonal and annual reso-
lution of chemical and physical parameters in ice core records
from the Andes Mountains has allowed reconstruction of the
variability of the ENSO phenomenon over several hundred years
(Thompson et al., 1984, 1992; Henderson, 1996; Henderson
et al., 1999). Because the effects of El Niño and La Niña
events are spatially variable, ice core records from the north-
ernmost (Colombia) and southernmost (Patagonia) reaches
of the Andes Mountains will help further resolve the fre-
quency and intensity of ENSO, along with temperature varia-
tions, from long before human documentation. This will aid in
placing the modern climate changes and the modern ENSO
into a more comprehensive perspective. Variability of the
South Asian Monsoon is also of vital importance for a large
percentage of the world’s population that lives in the affected
areas. Cores from the Tibetan Plateau have yielded millennial-
scale histories of monsoon variability across this large region
and information on the interaction between the monsoon sys-
tem and the prevailing westerlies that are traced back to the
Atlantic Ocean.

The clearest evidence for major climate warming underway
today comes from the mountain glaciers, recorded in both the
ice core records and in the drastic reductions in both total area
and total volume. The rapid retreat causes concern for two rea-
sons. First, these glaciers are the world’s “water towers,” and
their loss threatens water resources necessary for hydroelectric
production, crop irrigation and municipal water supplies for
many nations. The ice fields constitute a “bank account” that
is drawn upon during dry periods to supply populations down-
stream. The current melting is cashing in on that account,
which was built over thousands of years but is not currently
being replenished. As Figure I7 illustrates, almost all the
Earth’s mountain glaciers are currently retreating. The land
between 30� N and 30� S, which constitutes 50% of the global
surface area, is home to 70% of the world’s population and
80% of the world’s births. However, only 20% of the global
agricultural production takes place in these climatically sensi-
tive regions. The second concern arising from the disappear-
ance of these ice fields is that they contain paleoclimatic
histories that are unattainable elsewhere and, as they melt, the
records preserved therein are forever lost. These records are
needed to discern how climate has changed in the past in these
regions and to assist in predicting future changes.

Lonnie G. Thompson
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Earth’s climate has changed, within life-sustaining bounds, from
warm to cool intervals, on scales from thousands to hundreds of
millions of years. In the Phanerozoic Eon there have been three
intervals of glaciation (Ordovician, Carboniferous and Cenozoic)
lasting tens of millions of years, with ice down to sea level at
mid-latitudes (Frakes et al., 1992; Crowell, 1999). These cool “ice-
house” intervals were generally times of lower sea level, lower
CO2 percentage in the atmosphere, less net photosynthesis and
carbon burial, and less oceanic volcanism than during alternating
“greenhouse” intervals (Fischer, 1986). The transitions from Pha-
nerozoic icehouse to greenhouse intervals were synchronous with
some biotic crises or mass extinction events, reflecting complex
feedbacks between the biosphere and the hydrosphere.

Figure I8 summarizes Earth’s entire paleoclimate history,
and Figure I9 shows the better-known Phanerozoic Eon, with
carbon, strontium and sulfur isotopic ratios that are linked to
major climate changes. Figure I10 shows an anti-correlation
between atmospheric CO2 levels and d18O values (proxy for
oceanic temperature), which tracks the latitude of ice-rafted
glacial debris.

The Cryogenian Period of Neoproterozoic time (about
750–580 Ma) contains rocks deposited in two or more severe
Icehouse intervals (Harland, 1964; Knoll, 2000). Laminated
cap carbonates with depleted d13C ratios are found on top of
glacial marine diamictites in many successions (Kauffman et al.,
1997). The sharp juxtaposition of icehouse versus greenhouse
deposits has led some to suggest that rapid and extreme cli-
mate changes took place in Neoproterozoic time. The Snowball
Earth hypothesis proposes that during these Neoproterozoic
glaciations, the world ocean froze over. The cap carbonates
are thought to have been deposited during a subsequent alkali-
nity event, caused by rapid warming and supersaturation of sea
water on shallow continental shelves (Hoffman et al., 1998;
Kennedy et al., 2001; Hoffman and Schrag, 2002).

The Earth’s temperature has remained relatively constant
for 3.8 by, within a range where life could exist (Figure I11),
even though solar luminosity has increased and atmospheric
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Figure I8 Major ice ages on Earth when the extent of continental glaciers was so great that tongues of ice reached the sea. Duration of icy
andnon-icy times is shown in the middle of the figure. CZ = Cenozoic;MZ = Mesozoic; PZ = Paleozoic; NEOPROT = Neoproterozoic;
MESOPROT = Mesoproterozoic; PALEOPROT = Paleoproterozoic (from Crowell, 1999, Figure 1, used by permission of Geological Society of America).
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CO2 levels have steadily decreased, since Archean time. In the
Phanerozoic, the atmospheric CO2 concentration has varied dras-
tically between icehouse and greenhouse times (Figure I10)
(Berner, 1990, 1991; Veizer, 2000; Crowley and Berner, 2001).
These concentrations are buffered by feedback loops involving
water vapor within the hydrosphere and complex relations in
the biosphere (Kump, 2002).

Icehouse characteristics
In general, icehouse conditions occur at times of lower sea
level, less cumulative volcanic activity, more vigorous oceanic
circulation and bottom water oxidation, less diversity in marine
organisms, and deeper levels of the carbonate compensation
depth. Relatively warmer, greenhouse intervals are characterized
by marine transgression, extensive carbonate bank systems,
organic-rich shale basins, marine chert and phosphorite deposi-
tion, and nutrient upwelling (Fischer and Arthur, 1977). During
icehouse intervals, several or all of the tectonic, geochemical,
and astronomical events discussed below coincide. However,
determination of the relative cause and effect of each factor, each
with its own feedback system, is complex. Both terrestrial and
celestial components are involved.

Glaciation to sea level at mid latitudes
The empirical definition of an icehouse state as seen in the geolo-
gic record is the presence of floating sea-ice at mid-latitudes (30�),
and therefore the presence of ice-rafted debris (dropstones) in
marine sediments (Frakes et al., 1992). Glacial ice has likely been
present in highmountains throughout the Phanerozoic but the pre-
servation potential of such alpine glacial deposits is low (Crowell,
1999) (see Ice-rafted debris (IRD); Glacial geomorphology).

Well-mixed and colder oceans
During an icehouse, the deep ocean floor is oxygenated, and
oceans are well-mixed. Icehouse conditions are favored when
continental positioning allows north-south ocean circulation
to bring warm equatorial water into polar latitudes where it eva-
porates and generates snowfall. This was the case during the
Quaternary. Pleistocene oceanic bottom water temperatures were
15 �C lower than during the Mesozoic greenhouse (Crowley and
Berner, 2001).

Carbon dioxide in atmosphere is lower
The percent of CO2 in the atmosphere is lower in icehouse
times, and generally tracks, and partly causes, the net change
in temperature (Berner, 1990). Today’s CO2 percentage is in
the icehouse range, at 300–370 ppm (Crowley and Berner,
2001). Models show this to be 17% of the Late Cretaceous
greenhouse value, and perhaps only 5% of Cambrian Green-
house CO2 levels (Figure I10) (Chen and Drake, 1986; Berner,
1990). CO2 percentage dropped with the Devonian advent of
land plants and resulting accelerated silicate weathering.



Figure I9 Carbon (d13C), strontium (87Sr / 86Sr), and sulfur (d34S) isotopic ratios through Phanerozoic time compared with sea level and icy times.
Cz = Cenozoic; K = Cretaceous; J = Jurassic; Tr = Triassic; P = Permian; C = Carboniferous; D = Devonian; S = Silurian; O = Ordovician; = Cambrian
(from Crowell, 1999, Figure 25; originally modified from Veevers, 1994, Figure 1, used by permission of Geological Society of America).
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Carbon isotope values are complex
Carbon is fractionated between organic matter (which is rela-
tively concentrated in 12C) and carbonate (inorganic) carbon
(which is heavier in d13C). Mantle carbon and methane (organic
carbon) are both depleted in 13C. The more sedimentary carbon
that is buried as organic matter, the heavier will be the remaining
carbonate carbon (Knoll, 1991). Further, increased weathering
of sediments that contain isotopically light organic carbon, in
orogenic belts, or from exposed continental shelves during
times of low sea level, will shift the d13C ratio in carbonate
sediments to more negative values.

In the Pleistocene, more negative d13C values correspond
with times of greater glaciation. In the Neoproterozoic, major
negative d13C spikes are found in carbonate rocks deposited
on top of glacial marine sediments.

However, for the Late Paleozoic Ice Age and the Ordovician
glaciation, d13C values are heavier than during the intervening
greenhouse intervals (Figure I9). This apparent ambiguity has
caused much controversy.

Global sea level is lower
Sea level is relatively lower during icehouse modes (Figure I9).
At such times, water is stored in glacial ice, causing significant
drops in global sea level on timescales of 105 yr (100 kyr). The
extent of sea ice has an important positive feedback on the
albedo or reflectivity of the Earth, which increases as sea level
drops and ice expands. As the albedo increases, the Earth
absorbs less solar radiation, and the climate becomes cooler.
Conversely, during warmer, more humid times, sea level is
high and polar ice is minimal, lowering the Earth’s albedo.
The ultimate long-term (108 years – first order) controls on
sea level are tectonic, expressed as the average elevation of
water-displacing, thermally inflated ocean floor, which is itself
a function of the average rate of sea-floor spreading.

Bioherms and evaporites restricted to low latitude:
aragonite seas
During icehouse intervals, bioherms and evaporites are rest-
ricted to less than 20� latitude. There is lower invertebrate
diversity in high latitudes. Like today, aragonite and high-Mg
calcite ooids precipitate in shallow marine environments (as
opposed to low-Mg calcite ooids during greenhouse times)
(Stanley and Hardie, 1998).

Reduced pelagic diversity
Diversity of the pelagic marine realm was reduced (oligotaxy)
during icehouse intervals. Such oligotaxic times fostered
intense blooms of opportunistic pelagic organisms at times of
cumulative lowest diversity (Fischer and Arthur, 1977; Fischer,
1982, 1986).



Figure I10 Phanerozoic climatic indicators and reconstructed pCO2 levels (adapted from Shaviv and Veizer, 2003, Figure 1). Icehouse and
greenhouse intervals are shown at the top of the diagram. Upper two curves represent estimated pCO2 from the GEOCARB III CO2 model
(Berner and Kothavala, 2001) and the model of Rothman (2002). Oxygen isotope values from shells are shown with 10-Myr steps and 50-Myr
averages. This smooths the curve and eliminates the highest readings. Paleolatitude of ice rafted debris and qualitative estimate of other
glacial deposits are shown in the lower part of the diagram.
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Carbonate compensation depth is deeper
During icehouse intervals, the CCD (carbonate compensation
depth) is relatively deep within the world ocean, caused
by the cooler oceanic temperatures and the resulting greater
solubility of carbonate. Such conditions may not, however,
apply to the Neoproterozoic, before the advent of pelagic car-
bonate-secreting organisms (Ridgwell et al., 2003).

Rates of carbon burial are reduced
In general, rates of carbon burial, or sequestration of organic
carbon, are reduced in icehouse times, because the oceans are
better aerated and the area of dysoxic restricted basins is smal-
ler. The locations of such basins and associated carbon sinks
are determined by plate configuration, global and local sea
level, and by local organic productivity (controlled by upwel-
ling). Low rates of accumulation of marine organic matter in
Late Paleozoic time suggest well-ventilated Icehouse oceans.

Volcanic production of CO2 is lower
In Phanerozoic cool periods, net production of CO2 by volcanic
activity is lower than during greenhouse events. Plate tectonic
and mantle events cause these changes in net volcanic eruption
rates, with decreased rates reflecting periods of supercontinents
and slow sea-floor spreading.

Plate tectonic causation
Icehouse climates are favored during times of relatively slow
sea-floor spreading, which, in the Phanerozoic, have been times
of supercontinent persistence. In general, large continents favor
formation of ice sheets (Frakes et al., 1992). For the Late
Paleozoic and Late Cenozoic ice ages, a north-south arrange-
ment of continents, fostering longitudinal ocean circulation,
was a first-order cause of climate cooling.

A decrease in worldwide volcanic activity, with reduction in
CO2 emission, is controlled by the rate of sea-floor spreading.
Such a decrease is favorable for a long-term icehouse event.
Slower sea-floor spreading leads to lower global sea level,
another icehouse characteristic.

Veevers (1990) suggests that supercontinent cycles are the
ultimate cause of icehouse climates, which occur at times of
maximum continentality and slower sea-floor spreading. Appa-
rent long-term periodicities in global tectonic phenomena and
impact cratering have been linked to motions of the solar sys-
tem through the galaxy (e.g., Rampino and Stothers, 1986).



Figure I11 Variation of surface temperature, solar constant and atmospheric CO2 over geologic time. Temperature curve refers to average
surface temperature at 35� latitude. Note that CO2 percentage has been falling steadily since the Archean, while solar output has been
increasing. The net temperature has remained quite constant. Small-scale CO2 changes, related to icehouse cycles, are superposed on this
decreasing secular trend (simplified from Frakes et al., 1992, Figure 1.1).
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However, Crowell (1999) does not recognize these tectonic
supercycles. The presence or absence of deterministic chrono-
tectonic supercontinent cycles is a recurring point of discussion
in the study of Earth history.

Records of ancient glaciations
Glaciers are manifested differently at different latitudes, and
include ice sheets, valley glacier and piedmont glacier compl-
exes and mountain glaciers. Geological evidence for glaciation
and glacial sedimentation are important to paleoclimatologists
and sedimentologists, because they can indicate former cold cli-
mates (Harland, 1964; Deynoux et al., 1994; Crowell, 1999). Defi-
nitive ancient glacial deposits include poorly sorted diamictites,
whichmay contain striated clasts and be associatedwith dropstone
facies in proglacial lakes or seas (Link and Gostin, 1981).

A brief summary of the main icehouse intervals since 1,000
Ma follows. More detail is given in Crowell (1999).

Neoproterozoic (Cryogenian) glacial interval
Late Proterozoic glacial strata are found on all continents. The
first evidence for ice sheets at low latitudes was marshaled by
Harland (1964) who proposed the Great Infra-Cambrian ice
age. Neoproterozoic paleocontinental positions suggest that
most landmasses were at low latitudes, in areas of intense sili-
cate weathering (Evans, 2000). This intense weathering traps
carbonate and lowers global atmospheric CO2 percentage
(Kirschvink, 1992). Repeated studies have demonstrated low
paleolatitudes for Neoproterozoic glacial marine strata (Sohl
et al., 1999).

The Cryogenian Period of the Neoproterozoic is named for
these icehouse intervals and has been investigated by the Inter-
national Union of Geological Sciences (Knoll and Walter,
1992; Knoll, 2000; Narbonne, 2003).

Only recently have sufficiently accurate geochronologic data
been obtained to place constraints on the Neoproterozoic glacial
intervals, so that issues of synchroneity and extent of specific
glacial advances remain controversial. Figure I12 shows the
time and isotopic constraints, grouped into two broad icehouse
intervals, Sturtian (730–670 Ma) and Marinoan (640–580 Ma),
each tens of millions of years long in duration and each with sev-
eral glaciations. The Marinoan glacial interval is used here in the
inclusive sense (Knoll, 2000) to encompass the Varanger, Ghaub,
and Gaskiers glaciations and is succeeded by the Ediacaran (Ven-
dian) Period. New radiometric ages from glacial strata reveal
multiple ages for ice advance, rather than two synchronous global
ice ages (Bowring et al., 2003; Lund et al., 2003; Calver et al.,
2004; Fanning and Link, 2004; Hoffmann et al., 2004; Zhou et al.,
2004). Purely lithostratigraphic correlations have been a first start,
but, to be credible, must be verified by geochronology.

Cap carbonates
Neoproterozoic glacial marine diamictites are often overlain
by laminated cap carbonates that have strongly negative d13C
values (e.g., Kauffman et al., 1997; Hoffman et al., 1998,
Kennedy et al., 2001). Some cap carbonates contain spectacular
aragonite crystal fans that grew rapidly on the sea floor. The
juxtaposition of glacial (icehouse) deposits with carbonate
(greenhouse) deposits is striking. In the Snowball Earth sce-
nario, which proposes that the world oceans froze entirely over
(Hoffman et al., 1998; Hoffman and Schrag, 2002), cap carbo-
nates play an integral role and are thought to have been depos-
ited rapidly during a post-glacial marine alkalinity event that
was fed by a deeply weathered carbonate-rich regolith formed
during the glaciation.

The severity of Cryogenian climate cycles is represented by
the wide range of d13C values from Neoproterozoic carbonates
(Figure I12) (Kaufman et al., 1997; Lorentz et al., 2004). Docu-
mented negative d13C isotopic excursions for carbonates imme-
diately above the glacial rocks are as great as 16%, going
from + 10 to �6%, which exceeds the magnitude of Phanero-
zoic excursions (Hoffman and Schrag, 2002). Levels of �6%
suggest near-shutdown of the fractionation of 12C in organic
matter, as would happen with rapid deposition of shallow-
marine carbonate during post-glacial transgression.

Crowell (1999) points out that these carbonates may not
represent immediately warmed ocean water, but rather, slowly



Figure I12 Late Neoproterozoic glacial intervals, carbon isotope values (Kaufman et al., 1997; Kennedy et al., 2001), and geochronologic
constraints. Figure prepared by F. A. Corsetti, University of Southern California.
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warming transgressive shelves above marine tillites. At least
one post-glacial cap carbonate in south China has extremely
low d13C values of �45%, suggesting local methane release
caused by post-glacial sea level rise and flooding of continental
shelves (Jiang et al., 2003).

Proposed explanations of low-latitude Cryogenian
glaciation
Low latitude glaciation has been explained by several
hypotheses:

1. A climate system similar to that of today with unusual
paleogeographic and tectonic factors combining to allow
low-latitude glaciation;

2. A Snowball Earth with an ice shelf covering the ocean.
(Note that a modification into a “Slushball Earth” may be
necessary to account for evidence of meltwater during Neo-
proterozoic glaciations).

3. A greater inclination of Earth’s spin axis such that polar
regions have more equable climates than low-latitude posi-
tions (Williams, 1975);

4. True polar wander, where the lithosphere decouples from
the asthenosphere and moves with respect to the magnetic
field. This would cause inconsistent paleomagnetic pole
positions on different continents;

5. Extraterrestrial influences, which may trigger climate cool-
ing by the presence of abundant air-borne ejecta.

Late Ordovician and Early Silurian glaciations
During the Late Ordovician to early Silurian (�458–421 Ma),
short but severe glaciations affected areas of South Africa,
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the Saharan region of North Africa, and South America as the
continents drifted over the South Pole. These glaciations were
primarily due to continental positioning, and did not represent
a global icehouse event. Atmospheric CO2 percentage was high
(Figure I10), but its effects were overridden by favorable con-
tinental positioning of Gondwanaland near the South Pole
(Crowley and Berner, 2001).

Late Devonian and Early Carboniferous glaciations
Late Devonian and Early Carboniferous ice ages are recognized
in isolated places in Brazil, in what were then high southern
polar latitudes. Crowell (1999) includes these in his major epi-
sodes of glaciation, though Frakes et al. (1992) do not do so.

Late Paleozoic ice age
The Late Paleozoic ice age, from early Carboniferous to late
Permian time (Figure I13) (�350–253 Ma) is the period of the
Figure I13 Time plot of glacial expansions during the Late Paleozoic ice a
cause and effect factors related to glacial advances. Geologic time scale c
from Vail et al. (1977), percent of oxygen in atmosphere from Berner (199
strontium isotopic ratios simplified from Burke et al. (1982) and Holser et
the Geological Society of America).
well-known Gondwanan glaciations. It produced striated sur-
faces and tillites on all Gondwanan continents (Australia, India,
Asia, Antarctica, South America and Africa). Glaciers extended
away from the South Pole as far as 40� S latitude. In most
places, several advance and retreat cycles can be recognized,
and they are diachronous on different continents, tracking move-
ment through high southern latitudes. In the Northern Hemi-
sphere, glacio-eustatic cyclothems are recognized in the North
American mid-continent. Gondwanan glacial deposits were part
of the evidence used by Wegener for continental drift. Stones
derived from southern and western Africa are found in glacial
deposits in Brazil and Argentina.

The Late Paleozoic ice ages ended at least 5 Myr before
the mass extinction at the end of the Permian. The warming
process may have been facilitated by the outpouring of the
Siberian trap lavas and associated CO2 emission (see Glacia-
tions, pre-Quaternary; Late Paleozoic climates).
ce from Devonian through Triassic time. Figure shows several possible
alibrations from Harland et al. (1990), generalized sea-level curve
0), number of species of land plants from Niklas et al. (1985),
al. (1988) (from Crowell, 1999, Figure 39; used with permission of
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Late Cenozoic ice age
The Late Cenozoic, Eocene to Recent glaciation (�55–0 Ma)
(Frakes et al., 1992) began slowly and locally in the Antarctic.
Ice-rafted sediment is present in 35 Ma Antarctic sediments.
Worldwide cooling ensued by early Miocene time (22 Ma).
Northern Hemisphere climates got progressively colder, as
reflected by paleobotanical records of the southward migration
of the extent of broad-leafed evergreen vegetation. The Cenozoic
rise of the Himalayas intensified the Indian monsoon, and affected
climate in numerous ways, including favoring Arctic cooling. The
collision of India and Asia also created a CO2 sink, due to
enhanced chemical weathering of the upliftedHimalayan orogenic
belt, which removed CO2 from the atmosphere (see Mountain
uplift and climate change). The greatest extent of glaciation was
reached in the Pleistocene. Pleistocene climate cyclicity is
recorded in d18O curves asmeasured fromCaCO3 shells of forami-
nifera, with the d18O values inversely related to ocean-water tem-
perature (i.e., positive values indicate cold ocean temperatures
and vice-versa; seeOxygen isotopes). Pleistocene glacial cyclicity
generally follows Milankovich astronomical controls (see Astro-
nomical theory of climate change; Pleistocene climates; Glacia-
tions, Quaternary).

Summary
Earth has undergone several Icehouse periods, with the Pleisto-
cene being the most recent. The controlling factors are both cyclic
(external or astronomical) and secular (internal to the Earth), lar-
gely the product of plate tectonics (see Climate change, causes).
In his synthesis of pre-Mesozoic ice ages, Crowell (1999) sees
an irregular pattern of major glaciations, caused by changes in
paleogeography and driven by plate tectonics, with secondary
atmospheric and astronomical influence.

Earth’s orbital variations are surely cyclic: “Allocyclic sedi-
mentary rhythms– driven by orbital reaction of the Earth with this
moon, its sibling planets, and the Sun, and transmitted through
climate – are real” (Fischer, 1986). Luckily for us, Earth’s history
of extraterrestrial interactions has not fundamentally disrupted
the life-sustaining Earth-Ocean-Lithosphere system. As shown in
Figure I11, Earth’s surface temperature has remained relatively
constantwithin limits since theArchean, even though the luminos-
ity of the Sun has increased and the amount of CO2 in the atmo-
sphere has decreased. Water vapor has acted as a buffer and
climate moderator (Kump, 2002; Shaviv and Veizer, 2003).

CO2 cycling through the biosphere is internal to the climate
system, and thus cannot drive a secular change through time,
but does affect feedbacks (see Carbon cycle). Net volcanism,
related to sea-floor spreading rate, is an external forcing factor
to the climate system, and had a major effect on the levels of
CO2 during the Mesozoic Greenhouse period (Kump, 2002).
Even though the burning of fossil fuels has caused atmospheric
CO2 concentration to rise steadily since observations on Mauna
Kea began in 1958 (Chen and Drake, 1986), changes in climate
owing to human activity are geologically ephemeral. In taking
a long-time view of the Earth’s history, they represent but a
quick excursion.

Paul K. Link
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Introduction
Ice-rafted debris (IRD) is sediment of any grain size that has
been transported by floating ice and released subsequently into
an aqueous environment; the ice acts as a raft, providing buoy-
ancy to any debris included within it or on its surface.
Although IRD is often assumed to be transported by icebergs,
the ice raft can be in the form of either icebergs, derived from
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glaciers and ice sheets, or from sea ice formed by the freezing
of sea water. IRD is usually deposited by icebergs and sea ice
floating in marine waters, but icebergs, lake and river ice can
also transport debris and release it subsequently into lakes.

Sources and distribution of debris
The best-known source of IRD is from glaciers and ice sheets.
This form of IRD is heterogeneous in grain size, ranging from
fine clays and silts to large boulders. This is because glacier ice
can erode and transport material of all grain sizes. Sediments
produced in the zone of shearing and crushing at the base of
an ice sheet often show microscopic and larger edge rounding,
together with striations and faceting of their surfaces. The
modal shape class of this debris is sub-rounded in terms of
Powers’ visual roundness index. Such basally-derived glacial
debris is usually found in the lowermost few centimeters to
meters of glacier ice, at concentrations ranging from a few per-
cent to a few tens of percent (Anderson et al., 1980). It can be
present at higher levels in a glacier, usually in discrete bands of
debris-rich ice, as a result of glaciotectonic processes such as
folding and thrusting.

By contrast, debris incorporated at the glacier surface is
usually derived from either rockfall or dirty-snow avalanching
onto the ice, although finer-grained material can be deposited
by the action of wind. Rockfall and avalanche debris is pro-
duced predominantly from weathering of exposed rock on val-
ley walls, and is often relatively coarse-grained and angular in
shape, with a sub-angular or angular modal Powers’ roundness.
Wind-blown debris is of silt and clay size, and is well sorted.
Except locally, where significant rockfalls and avalanches have
taken place, most of the debris load of glaciers is of basally-
derived debris that is eroded or reworked at the glacier bed
(Dowdeswell, 1986).

Sea ice also provides a vehicle for the long-distance ocean
transport of sediments, although its load is typically of fine-
grained material with rather few large clasts (Nürnberg et al.,
1994). Fine sediments, entrained in shallow waters during
storms, are incorporated when the sea-surface freezes during
winter (Barnes et al., 1982). In addition, sediments can be
entrained from the sea floor where the ice contacts it in shallow
water, or where supercooled water freezes at the sea bed and
entrains debris – such anchor ice can incorporate sand and
coarser debris. Finally, debris can be introduced to the sea-ice
surface through delivery by wind action or from the sediment
load of rivers which can flow across shorefast sea ice during
spring melting.

Debris release by melting and dumping
Icebergs are formed when ice breaks off, or calves, from the
marine or lake margins of glaciers and ice sheets. The icebergs,
and any included debris, then drift under the action of ocean
currents and, to a lesser extent, wind. The icebergs melt and
fragment during their drift. As they melt, at a rate dependent
on the temperature of the water, and their size and velocity,
any included sediment is released. Coarser material rains out
to the sea floor directly, whereas silts and clays have a resi-
dence time in the water column linked to particle size, surface
roughness and water viscosity. Those parts of an iceberg
exposed above water also melt, and debris released there can
build up on the surface to be deposited as a single event when
the iceberg fragments or overturns. Icebergs vary in diameter
from meters to tens and even over 100 km on initial calving,
and can be hundreds of meters in thickness. They may travel
up to several thousand kilometers from their glacier source
before complete melting, providing a mechanism of long-
distance transport for included debris.

Sea ice forms during winter as the sea-surface freezes. Its
drift is controlled mainly by wind because, at only a few meters
in thickness but covering millions of square kilometers of the
ocean, wind shear on its surface is particularly important. Sea
ice melts from its base as it drifts into warmer waters, and at
its surface due to increased radiative energy in summer. Predo-
minantly fine-grained sediments are released in this way, in
contrast to the delivery of material of heterogeneous grain size
from icebergs.

Sedimentology of IRD
Deep-ocean sediments are usually fine-grained muds or oozes
that are deposited in an environment of low energy. Floating
ice, mainly in the form of icebergs, is the only mechanism by
which significant quantities of very coarse-grained debris can
be delivered into such environments. Individual pebbles, some-
times referred to as dropstones or lonestones, within fine-grained
massive muds are a clear indicator of IRD deposition. Often
dropstones exhibit striated and faceted surfaces, confirming their
glacial origin. In higher energy marine environments, closer to
the glacier source of icebergs and meltwater, isolated pebbles
can be found within laminated silts and clays. Sometimes the
laminations beneath the pebble have been deformed downward
by the clast, and overlying sediments are, in turn, draped over
it. Where large numbers of icebergs have traversed an area,
releasing debris on melt or overturn, layers of sandy material
have been observed, known as ice-rafted debris layers (Bond
et al., 1992).

Paleoenvironmental significance
At timescales of hundreds of millions of years, the occurrence
of isolated dropstones has been used to provide evidence of
past ice ages, during which sufficient ice built up on land to
reach the sea and produce sediment-laden icebergs. The occur-
rence of six ice ages over the past thousand million years of
Earth history has been inferred using this and other evidence
(Eyles, 1993). The first occurrence of IRD in long cores from
the Late Cenozoic geological record has also been used to iden-
tify the initial growth of ice sheets on Antarctica and Northern
Hemisphere landmasses.

The record of IRD deposition is usually constructed by
counting the numbers of grains larger than a given size, often
between 0.5 and 2 mm, per increment of core depth. Cores
spanning the last glacial-interglacial cycle of about 115,000
years have also been examined at high resolution. The most
easily distinguished ice-rafted layers yet found are the six so-
called “Heinrich Layers,” deposited as six events in North
Atlantic cores over the past 60,000 years or so (Heinrich,
1988; Bond et al., 1992). Each IRD layer represents a collapse
of the Hudson Bay-Hudson Strait drainage basin of the North
American Ice Sheet, with the discharge of huge numbers of ice-
bergs into the North Atlantic. The thickness of these Heinrich
Layers decreases from about 0.5 m offshore of eastern Canada,
to just a few centimeters some 3,000 km away off western
Europe (Dowdeswell et al., 1995). Other IRD layers, less thick
and continuous over space, probably indicate instabilities within
smaller ice-sheet drainage basins, and have also been used to
infer regional climatic and sea-level changes. However, IRD



INTEGRATED OCEAN DRILLING PROGRAM (IODP) 473
layers are sometimes difficult to correlate over large distances
because the very nature of iceberg drift and fragmentation is sta-
tistical, and long-distance correlations of IRD layers may be
restricted to the products of major ice-sheet collapse events
(Dowdeswell et al., 1999).

Finally, the sources and drift tracks of icebergs can be recon-
structed from the mineralogical analysis of IRD grains. Debris
derived from characteristic source rocks can be identified sev-
eral thousands of kilometers distant, allowing patterns of past
ocean currents to be reconstructed. The work of Bischof
(2001) on the sources and drift tracks of icebergs in the Arctic
Ocean provides an example of the use of mineralogical tracers.

Julian A. Dowdeswell
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Introduction
Studies of the ocean floor have greatly improved our under-
standing of processes responsible for the evolution of oceans
and continents. Because the geology of oceans is simpler than
that of continents and because the oceans are relatively young,
reconstruction of their geologic history is simpler. However, the
oceans hide crustal rocks under sediment cover that can be sev-
eral kilometers thick. We can study the underlying rocks by
remote-sensing geophysical means and geochemical analyses
of rocks recovered by coring and dredging. Definitive knowl-
edge about the composition of underlying rocks and the pro-
cesses responsible for their formation can only be obtained
by acquiring samples, and that can only be accomplished by
drilling and coring operations. It is not surprising, therefore,
that scientific deep-ocean drilling, which started in 1968, has
greatly increased our knowledge about the Earth. The Inte-
grated Ocean Drilling Program is a complex international
scientific drilling program that currently operates throughout
the world.

Legacy programs
Scientific deep-ocean drilling started in 1968 with the Deep
Sea Drilling Project (DSDP). The project’s drillship was the
GLOMAR CHALLENGER, whose operations were managed by
the Scripps Institution of Oceanography. The drillship succeeded
in overcoming several technical challenges, including dynamic
positioning (how to keep the drillship positioned over the bore-
hole in the presence of currents) and heave compensation (how
to compensate for the ship’s heave, so that the cores represent
proper vertical positioning of the rock layers). DSDP’s spec-
tacular achievements became evident through the wealth of
scientific results that emerged after drilling and coring at more
than 600 sites throughout the world’s oceans – all oceans except
the Arctic. The DSDP verified seafloor spreading in the South
Atlantic – ages were determined from examination of marine
magnetic anomalies and were confirmed radiometrically, by
comparing age from basement core samples. By obtaining core
samples in all the oceans and by correlating the layering in the
samples to environmental conditions, the field of paleoceanogra-
phy was launched. Before DSDP started, a large number of
seismic reflection profiles had been obtained in the world’s
oceans. Drilling, however, established the identity of layering
in the seismic reflection profiles.

DSDP was succeeded by the Ocean Drilling Project (ODP)
in 1985. The JOIDES RESOLUTION was the drillship used
and the project was run by Texas A&M University. This pro-
gram continued until 2003 and involved drilling at more than
650 sites. As more and more complex targets were attempted,
technical innovations became necessary and a number of scien-
tific discoveries were made. Among these were the presence of
extensive microbial populations and the recovery of frozen
methane reservoirs beneath the deep seafloor. It became possi-
ble to investigate fluid flow in the crust in several environ-
ments. The presence of vast sand deposits in deep water was
discovered. Much was learned about the evolution of continen-
tal margins and new investigations probed the enigmatic large
igneous provinces in the oceans.

Some of the major paleoclimate discoveries made under
DSDP and ODP include:

� Development of the field of paleoceanography. The near-
global network of continuous stratigraphic sections obtained
by ocean drilling is the foundation of the field of paleocea-
nography.

� Orbital variability during the Cenozoic. By linking the
record of climatic variation preserved in deep-sea sediments
to calculated variations in Earth’s orbital parameters, scien-
tists have demonstrated the role of orbital variability in driv-
ing climate change.
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� Development of high-resolution chronology. Complete recov-
ery of fossiliferous marine sedimentary sections has greatly
facilitated linking Earth’s geomagnetic polarity reversal his-
tory to evolutionary biotic changes and to the isotopic compo-
sition of the global ocean.

� Ocean circulation changes on decadal to millennial time-
scales.The record preserved inmarine sediments and recovered
by ocean drilling has clearly demonstrated that deep- and
surface-ocean circulation is variable on decadal to millennial
timescales, confirming results from polar ice cores.

� Global oceanic anoxic events. Deep-sea sediments exhibit
specific times when the surface water productivity of large
areas of the ocean was unusually high.

� Timing of ice-sheet development in Antarctica and the Arctic.
Drilling has revealed that Earth’s entry into its current Ice
Age extended over 50 Myr.

� Sea-level change and global ice volume. Marine sediments
recovered from shallow water areas have shown that important
global sea-level changes have occurred synchronously through
at least the past 25 Myr, and that these changes can be matched
to oxygen isotope records of climate produced from the
deep sea.

� Uplift of the Himalayas and the Tibetan Plateau. Drilling
results have shown that the onset and development of both
the Indian and Asian monsoons are the result of climate
change associated with this uplift.

The Initial Science Plan for IODP
The success of DSDP and ODP encouraged scientists interested
in scientific drilling to inquire whether a new program could
be launched aimed at previously unreachable drilling targets.
Some of these targets were located beneath the ice-covered Arctic
Ocean. Others involved drilling to great depths, where the stability
of the borehole could not be assured with existing techniques, or
where the release of hydrocarbon fluids under pressure could
lead to blow-outs. A number of international conferences were
held based on the premise that the drilling program needed
enhancements – new drilling platforms were needed that could
deal with problems associated with stability of drill hotels, with
blow-out prevention, and with difficult locations such as ice-
covered seas and shallowwater depths (where the JOIDES RESO-
LUTION could not be used). These conferences included the
Conference on Cooperative Ocean Riser Drilling (CONCORD)
in Tokyo (1997), the Conference onMultiple PlatformExploration
of the Ocean (COMPLEX) in Vancouver (1999), and a workshop
on Alternate Drilling Platforms (APLACON) in Brussels (2001),
as well as several other workshops and conferences. The conclu-
sions from these meetings formed the basis of deliberations by an
Integrated Ocean Drilling Program (IODP) Planning Subcom-
mittee (IPSC), which provided a report entitled “Earth, Oceans,
and Life.” The report outlines the IODP Initial Science Plan
for 2003–2013 and constitutes the program’s scientific basis.
It outlines three principal scientific themes and eight new initiatives
derived from these themes, aswell as principles of implementation.

The principal themes include the deep biosphere and the sub-
seafloor ocean; environmental change, processes, and effects;
and solid Earth cycle and geodynamics.

Within the science plan themes, the following initiatives are
detailed:

� Deep biosphere

“Define bounding temperatures, pH and redox potential of
the subseafloor biosphere ecosystem.”
“Evaluate the biogeochemical impacts of the subseafloor
microbiota.”

“Provide uncontaminated samples necessary for high priority
studies of deep-biospheric trophic strategies.”

� Gas hydrates

“Explore the nature of gas hydrates and the range of deposi-
tional settings; study the origin of the gas and the processes of
its migration and entrapment.”

� Extreme climates

“Understand the mechanisms by which climate extremes
develop and are maintained.”

Understanding the mechanisms by which climactic extremes
develop, are maintained and end is fundamental to a quantitative
description of global change. Earth is now in one of those
extremes, the geologically unusual situation of bipolar glaciation.
Our knowledge of how Earth’s system operates to maintain the
current climate is relatively good, but we are still debating how
the climate has reached this state.

A question of fundamental importance is how, once estab-
lished, Earth’s climate system operated to maintain the low
thermal gradients indicated by warm, high-latitude climates.
The paradox in this case is the apparent requirement to trans-
port the great amount of heat needed to warm the poles, versus
the sluggish oceanic and atmospheric circulation suggested by
low pole-to-equator thermal gradients.

� Rapid climate change

“Recover detailed marine sedimentary records to examine
the presence of rapid climate changes in the past.”

One of the most striking results of recent paleoclimate research
has been the determination that climate can change abruptly across
the globe. For example, during the last glacial cycles, jumps
between warmer and colder states occurred within decades, and
these jumps were often associated with alternations in ocean cir-
culation patterns.

Records of “natural” rapid climate change provide an indispen-
sable context for evaluating contemporary anthropogenic inputs to
the environment. The timing and distribution of the present warm-
ing trend may match those of previous times, or they may differ in
some way explainable only by anthropogenic forcing. Such com-
parisons are greatly facilitated by recovery and use of detailedmar-
ine sedimentary records with resolutions approaching those of
instrumental records.

The Arctic Ocean is essentially unknown, yet has the poten-
tial to advance our knowledge of rapid climate change pro-
cesses enormously.

� Continental break-up and sedimentary basin formation

“Investigate difference in continental break-up and sediment
basin formation at volcanic and non-volcanic margins.”

� Large igneous provinces

“Understand mantle behavior during the massive episodic
magmatic events that are responsible for the formation of large
igneous provinces and determine potential causal relationships
and feedback mechanisms between their formation and envir-
onmental change.”

� Twenty-First Century Mohole

“Recover a complete section of oceanic crust and upper-
most mantle and advance significantly our understanding
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of the processes governing the formation and evolution of
oceanic crust.”

� Seismogenic zone

“Understand the nature of the seismogenic zone andmechanics
of the earthquake cycle through a comprehensive, multidisciplin-
ary project focused on the behavior of rocks, sediments and fluids
in the fault zone region.”

The above initiatives give a flavor of IODP plans. IODP is
to be dynamic in nature and further initiatives will result as
drilling proceeds.

Certain principles have been agreed on during IODP’s
implementation. Foremost is the coordinated use of multiple
drilling platforms. (The individual drilling platforms will be
discussed in the next section.) A comprehensive engineering
development program will be developed to provide a number
of special measurement and sampling tools. Existing logging
programs will be reviewed and enhanced as necessary. Bore-
holes drilled as part of IODP will be instrumented to serve as
sub ocean-bottom observatories. These initiatives will require
coordination with other scientific programs that demonstrate
interest in such observatories. For example, coordination and
cooperation with programs involved in climate change may
be desirable, as well as with industry, which shares similar
goals with IODP.

Drilling ships and platforms
Scientists participating in the IODP will be able to make use of
three drilling platforms:

� The riser-equipped drilling vessel, the CHIKYU, built by
JAMSTEC (acronym for the Japan Agency for Marine-Earth
Science and Technology);

� A riserless platform provided by the United States, the
JOIDES RESOLUTION, a 143-m long drillship used in
ODP and for the first phase of IODP operations has recently
undergone major renovations.

� Mission-specific platforms contributed by European coun-
tries that can operate in ice-covered oceans, shallow water
zones, and areas inaccessible to the drilling vessels CHIKYU
and JOIDES RESOLUTION.

The centerpiece of IODP is the drilling vessel CHIKYU.
Built at a cost of more than $500 million, the ship is 210 m
long, and has a gross tonnage of 57,500 tons. The top of her
70-m derrick rises 116 m above the waterline. A dynamic posi-
tioning system can keep her within a 15-m radius above a
drill hole. The CHIKYU contains a number of laboratories
for intensive, non-destructive core analysis. These include a
microbiology laboratory, a paleomagnetism laboratory, and
a laboratory that includes an X-Ray CT scanner. It can drill
7 km beneath the ocean floor and can thus penetrate oceanic
crust and reach the mantle. Drilling at a water depth of 2.5 km,
the CHIKYU can wield a total drill pipe length of 9.5 km.
Other distinguishing features of the CHIKYU include the avail-
ability of a riser and a blow-out preventer. The riser consists of
a large diameter pipe which connects the drillship to the well-
head on the ocean floor and contains the drill pipe. Drilling
fluid, which consists of “drilling mud,” is pumped down
through the drill pipe together with the cuttings (ground up bits
of rock), and returns through the space between the drill pipe
and the riser pipe to the drillship. The cuttings are separated
by filtering, and the drilling fluid is recycled. Circulating the
drilling mud through the riser pipe provides several advantages.
Drilling mud is superior to seawater (which has to be used if
there is no return circulation) in flushing the cuttings out,
which otherwise could clog the drill hole. Appropriately dense
mud can be used to line the drill hole and prevent it from cav-
ing in. In the absence of coring, the cuttings provide informa-
tion about the formation that is being drilled through. When a
riser is being used, a blow-out preventer sits over the drill hole.
It acts as an automated shut-off device which provides protec-
tion against unintentional release of high pressure fluids and
gases. The CHIKYU uses a massive 380-ton blow-out preven-
ter, which contains a pressure-control system that maintains
pressure at 15,000 pounds per square inch.

Mission-specific platforms are chosen for each mission-
specific expedition. The Arctic Coring Expedition (ACEX)
included a fleet of three icebreaker-class ships: a drilling vessel,
the VIDAR VIKING, which remained at a fixed location and
suspended more than 1,600 m of drill pipe through the water
column and into the underlying sediments; a Russian nuclear
icebreaker, the SOVETSKIY SOYUZ; and a diesel-electric ice-
breaker, the ODEN. The SOVETSKIY SOYUZ and ODEN
protected the VIDAR VIKING by breaking “upstream” floes
into smallish iceberg bits that allowed the VIDAR VIKING
to stay positioned and recover sediment cores.

IODP structure
The IODP organization is complex. It includes Funding Agencies;
Implementing Organizations, which run the drillships; the Science
AdvisoryStructure,which provides scientific advice; and aCentral
Management Organization. The two Lead Funding Agencies are
the U.S. National Science Foundation (NSF) and the Japanese
Ministry of Education, Culture, Sports, Science and Technology
(MEXT). They provide equal funds for the program. Funds also
are contributed by the European Consortium for Ocean Research
Drilling (ECORD), which consists of 17-member countries.
China’s Ministry of Science and Technology (MOST) is an asso-
ciate funding agency. The Implementing Organizations (IOs)
include: the USIO comprising the Consortium for Ocean
Leadership, Texas A&M University, and Lamont-Doherty Earth
Observatory – the USIO operates the JOIDES RESOLUTION;
CDEX, the Center for Deep Earth Exploration, part of JAMSTEC,
operates the CHIKYU; and ESO, the European Consortium for
Research Drilling (ECORD) Science Operator, which operates
mission-specific platforms. The Science Advisory Structure
(SAS) includes a number of committees and panels that provide
scientific advice. Several hundred scientists serve on these
committees and panels. IODP Management Internatio-
nal (IODP-MI), a nonprofit corporation, serves as the Central
Management Organization.

The structure of IODP can be perceived as a matrix with
international funding agencies as program sponsors along one
axis, and the Science Advisory Structure and Implementing
Organizations along another axis, with the Central Manage-
ment Office providing program focus.

Expeditions
IODP’s first two expeditions (in 2004) were the Juan de Fuca
Hydrogeology Expedition and ACEX. IODP’s inaugural voyage
was conducted at the Juan de Fuca Ridge in the summer of
2004, 200 km off the coast of British Columbia. Its objective
was to conduct a series of studies to evaluate how fluid flows
within oceanic crust. To succeed, the science party had to establish
three “borehole observatories.” Two new observatories were
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installed nearly 600 m below the seafloor, and another was estab-
lished to replace an existing observatory. When completed within
the next few years, the observatory network will enable scientists
to discern the flow pattern in the oceanic crust. Expedition 301,
the Juan de Fuca, also sampled sediments, basalt, fluids andmicro-
bial samples, and collected wireline logs in the deepest borehole.

The Arctic Coring Expedition, the first scientific drilling
expedition to the central Arctic Ocean followed, in late summer
2004. Expedition 302 recovered sediment cores deeper than
400 m below seafloor in water depths of �1,300 m at a loca-
tion only 250 km from the North Pole.

ACEX’s destination was the Lomonosov Ridge, hypothe-
sized to be a sliver of continental crust that broke away from
the Eurasian Plate at �56 Ma. As the ridge moved north and
then subsided, marine sedimentation occurred and continued
to the present, resulting in what was anticipated (from seismic
data) to be a continuous paleoceanographic record. The elevation
of the ridge above the surrounding abyssal plains (�3 km)
ensures that sediments atop the ridge are free of turbidites.
ACEX’s primary scientific objective was to continuously
recover this sediment record and sample the underlying sedimen-
tary bedrock by drilling and coring from a stationary drillship.

ACEX’s biggest challenge was maintaining the drillship’s
location while drilling and coring 2–4-m thick sea ice that
moved at speeds approaching half a knot. Sea-ice cover over
the Lomonosov Ridge moves with the Transpolar Drift and
responds locally to wind, tides, and currents. Never before
had the high Arctic Ocean Basin (known as “mare incognitum”
within the scientific community) been deeply cored, primarily
because of these challenging sea-ice conditions.

Initial offshore results, based on analysis of core catcher
sediments, demonstrated that biogenic carbonate only occurs
in the Holocene-Pleistocene interval. The upper �170 m repre-
sent a record of the past �15 Myr composed of sediment with
ice-rafted sediment and occasional small pebbles, suggesting
that ice-covered conditions extended at least this far back in
time. Earlier in the record, spanning a major portion of the
Oligocene to late Eocene, an interruption in continuous sedi-
mentation occurred. This may represent a hiatus encompassing
a time interval of non-deposition or an erosional episode that
removed sediment of this age from the ridge. The sediment
record during the middle Eocene is of dark, organic-rich silic-
eous composition. Isolated pebbles, interpreted as ice-rafted
dropstones, are present well into the middle Eocene section.
An interval recovered around the lower /middle Eocene bound-
ary contains an abundance of Azolla spp., suggesting that a
fresh/ low-salinity surface-water setting dominated the region
during this time period. Drilling revealed that, during the latest
Paleocene to the earliest Eocene boundary interval known as the
Early Eocene Thermal Maximum (EETM) or the Paleocene-
Eocene Thermal Maximum (PETM), the Arctic Ocean was sub-
tropical with warm surface-ocean temperatures. ACEX penetrated
into the underlying sedimentary bedrock, revealing a shallow-
water depositional environment of Late Cretaceous age.

IODP expeditions aboard the JOIDES RESOLUTION
continued through 2005 into 2006. As of July 2005, six riser-
less expeditions were completed. Of the six, five occurred in
the North Atlantic; the sixth was conducted in the deep
Gulf of Mexico. The JOIDES RESOLUTION proceeded to
the Pacific for the remainder of 2005 and a portion of 2006.

Two mission-specific operations, the Tahiti Sea Level and
the New Jersey Sea Level Expeditions, were planned for imple-
mentation by ESO.
Brief descriptions of 2004–2005 IODP expeditions follow.

North Atlantic Climate
The objective of these two back-to-back expeditions was to
establish the intercalibration of geomagnetic paleointensity, iso-
tope stratigraphy, and regional environmental stratigraphies for
the Late Neogene to Quaternary period, and to develop a
millennial-scale stratigraphic template for the North Atlantic.
Other objectives were: (a) to better understand the relative
phasing of atmospheric, cryospheric, and oceanic changes cen-
tral to the mechanisms of global climate change on orbital or
millennial timescales; and (b) to improve our knowledge of
the temporal and spatial behavior of the geomagnetic field
through high-resolution records of directional secular variation
and geomagnetic paleointensity. A total of 36 holes was drilled
at 11 sites, and 6,998 m of core were retrieved from beneath
the seafloor.

Complete sedimentary sections were drilled by multiple
advanced piston coring directly south of the Central Atlantic
“ice-rafted debris belt” and on the southern Gardar Drift. In
addition to the North Atlantic paleoceanography study, a bore-
hole observatory was successfully installed in a new 170 m
deep hole close to an earlier Ocean Drilling Program site.

Core Complex
This two-expedition program was aimed at documenting the
conditions under which oceanic core complexes (OCCs) develop.
These large shallow seafloor features appear to be related to rifting
and accretion at slow-spreading mid-ocean ridges. However, cur-
rently available data are inadequate to characterize the mag-
matic/ tectonic/metamorphic history, which is needed to better
understand the mechanisms of OCC uplift and emplacement.
Two sites were drilled: a deep-penetration site on the central dome
of Atlantis Massif to sample the detachment fault zone and the
alternation front and to drill into unaltered mantle (core and log-
ging analyses were planned); and a shallower-penetration site
through the hanging wall to sample rock just above the detach-
ment, the shallowest part of the unexposed fault, and through the
fault zone (core and logging analyses were planned). Twenty-
two holes were drilled at four sites, with a total of 1,113 m of core
retrieved. Unfortunately, the unaltered mantle was not reached.

Porcupine Basin Carbonate Mounds
The Porcupine Basin Carbonate Mounds Expedition included
drilling a downslope suite of three sites on the eastern slope
of Porcupine Sea Bight, west of Ireland. The sites are centered
on “Challenger mound,” a 170-m high, partly buried carbonate
mound in the “Belgica mound province,” topped by dead, cold-
water coral rubble. The Belgica mound province belongs to
one of the world’s most well-documented carbonate mound
provinces. The on-mound site was expected to unveil the envir-
onmental record locked in a carbonate mound and to shed light
on the processes which may have controlled the genesis of
the mound – in particular to test the hypothesis of the possible
role of fluid venting as a trigger for mound growth and to
assess the importance of environmental forcing factors. Particu-
lar attention was paid to microbiological and biogeochemical
processes in mound genesis and development.

Deepwater Gulf of Mexico
This expedition was named “Overpressure and Fluid Flow Pro-
cesses in the Deepwater Gulf of Mexico: Slope Stability, Seeps,
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and Shallow Water Flow.” It was designed to explore the
relationships that exist among and between overpressure, flow,
and deformation in passive margin settings, and to test a multi-
dimensional flow model by examining how physical properties,
pressure, temperature, and pore fluid composition vary with-
in low-permeability mudstones that overlie a permeable and
over-pressured aquifer.

Superfast Spreading Crust
Two expeditions to examine the superfast spreading crust retur-
ned to an earlier ODP borehole to recover a complete section
through>200 m yr–1 oceanic crust. Multiple trips to the drill sites
resulted in retrieval of gabbros from intact ocean crust. In addition,
for the first time, Scientists were able to drill through the entire
sequence of volcanic rocks that cap the ocean crust to reach a fossil
magma chamber 1.4 km beneath the seafloor. A complete section
of the upper oceanic crust, drilled 1005 meters into the basement,
was recovered.

Tahiti Sea Level
This expedition drilled a series of boreholes along a number of
transects to: (a) reconstruct the deglaciation curve for the period
20,000–10,000 yBP in order to establish the minimum sea-level
during the Last Glacial Maximum (LGM), and to assess the
validity, timing and amplitude of meltwater pulses (so-called
MWP-1A and MWP-1B events; ca. 13,800 and 11,300 cal.
yBP), which are thought to have disturbed the general thermoha-
line oceanic circulation and, hence, global climate; (b) establish
the sea surface temperature (SST) variation accompanying the
transgression at each transect. These data will allow the examina-
tion of the impact of sea-level changes on reef growth, geometry
and biological makeup, especially during reef drowning events,
and will help improve the modeling of reef development; and
(c) identify and establish patterns of short-term paleoclimatic
changes that are thought to have punctuated the transitional per-
iod between present-day climatic conditions following the LGM.
It is proposed to quantify the variations of sea surface tempera-
tures based on high-resolution isotopic and trace element ana-
lyses on massive coral colonies. A attempt was made to
identify specific climatic phenomena such as El Niño-Southern
Oscillation (ENSO) in the time frame prior to 10,000 yBP.

Cascadia Margin Gas Hydrates
The Cascadia Margin Gas Hydrates proposal, designed in an
accretionary prism environment, aimed to better constrain the
models concerning the formulation of gas hydrates. Expedition
311 drilled a series of sites across the northern Cascadia accre-
tionary prism to improve understanding of the deep origin of
methane, its upward transport, its incorporation in gas hydrate,
and its subsequent loss to the seafloor.

New Jersey Sea Level
This IODP expedition is to obtain continuous cores and down-
hole logging measurements of siliciclastic sequences from
this modern continental margin within crucial paleo-inner-shelf
facies at three sites that represent the most sensitive and acces-
sible locations for deciphering amplitudes and testing facies
models.

Conclusion
While surface samples in the ocean bottom can be recovered
by coring and dredging, samples of deep rocks can only be
recovered by deep drilling and coring. The deep drilling pro-
grams DSDP, ODP, and now IODP are programs that obtain
rocks at great depths by coring and are therefore, by examination
of these rocks, able to tell us much of climate conditions and
ocean conditions at the time that the sediments that constitute
the rocks were laid down. The science of paleoceanography
can thus be said to have developed largely as a result of these
drilling programs. Climate changes with frequencies ranging
from several hundreds of thousands of years to the millennial
scale have thus been elaborated through an examination of the
cored rocks. The goals of IODP with respect to paleoceanogra-
phy are focused on a number of specific problems; these include
the studies of rapid climate change, as well as extreme climates
and the variables that relate oceans to climate. During the next
five years we expect major discoveries with respect to climates
and oceans of the past, which in turn may give us clues as to
what we can expect of climate and oceans in the future.

Manik Talwani
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INTERSTADIALS

Definitions
Interstadials are regarded as the relatively short-lived periods of
thermal improvement during a glacial phase, when temperatures
did not reach those of the present day and, in lowland mid-latitude
regions, the climax vegetation was boreal woodland (Lowe
and Walker, 1997). Jessen and Milthers (1928) defined intersta-
dials as periods that are either too short or too cold to allow the
development of temperate deciduous forest of interglacial type in
the same region. Interstadials are, however, not only defined on
biostratigraphical grounds. In the USA, for instance, an intersta-
dial is formally regarded as a climatic episode within a glaciation
during which a secondary recession or standstill of glaciers took
place (Gibbard and West, 2000).



Table I4 Interstadials during the Weichselian in Europe: Denmark (DK),
The Netherlands (NL), Germany (D) France (F), Great Britain (UK),
compared to GRIP Summit glacial interstadials IS as defined by
Dansgaard et al. (1993)

Terrestrial sequences Europe IS

Bølling-Allerød (DK), Windermere (UK) 1
Denekamp (NL) 8
Hengelo (NL) 12
Moershoofd (NL) 13
Glinde (D) 14
Oerel (D) 16
Odderade (D) St. Germain II (F) 21
Brørup (DK), St. Germain I (F), Chelford (UK) 23
Amersfoort (NL)
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Interstadials during the Weichselian
Many different interstadials are defined in Europe based on
palynology. The interstadials that occurred during, for
instance, the Weichselian Glacial have been named after the
place where the interstadial was described for the first time.
Many of these Weichselian interstadial stratotypes have
been defined in NW Europe and are described by Behre
(1989), Zagwijn (1989), and de Beaulieu and Reille (1992)
(Table I4). Dansgaard et al. (1993) described 24 interstadial
phases in the GRIP oxygen isotope record from the Greenland
ice, characterized by a sudden increase and gradually decrease
of oxygen isotope values. Recent evidence points to a total of
25 interstadial phases that are resolved in the Greenland ice
core (NGRIP Members, 2004). These so-called Dansgaard-
Oeschger interstadial events can be correlated with low per-
centages of the planktonic cold water foraminifera Neoglobo-
quadrina pachyderma in high-resolution records from the
North Atlantic (Bond et al., 1993).

Wim Z. Hoek
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IRON AND CLIMATE CHANGE

Iron availability limits the ability of phytoplankton in some
parts of the surface ocean to photosynthesize biomass from dis-
solved CO2 in seawater. An important source of iron to phyto-
plankton is the deposition of dust from continents. The
sensitivity of dust deposition to climatic factors such as aridity
and windiness makes iron a possible link between climate and
the CO2 concentration in the atmosphere. Iron climate linkages
and their biogeochemical ramifications are explored further in a
recent article by Jickels et al. (2005).

The element iron is abundant in the core and crust of the
Earth. In the early Earth, the oceans contained high concentra-
tions of dissolved iron in the form of Fe2+. However, as the
oceans became oxidized by increasing O2 concentrations in
the atmosphere, iron oxidized to the relatively insoluble state
Fe3+, and deposited into sedimentary structures known as
Banded Iron Formations. Except for anoxic regions such as in
sediments or isolated basins such as the Black Sea, dissolved
iron concentrations have remained low in the oceans ever since.

However, iron is not absent in the oxic ocean. Fe3+ is stabi-
lized in the dissolved form by complexing organic compounds
called chelators or siderophores (Rue and Bruland, 1995).
These compounds appear to be biogenic, but little is known
of their structure, lifetime, or origins. Similar compounds are
secreted in soil and freshwater systems to enable plants, fungi,
and bacteria to acquire iron. A vast majority of the iron in sea-
water is found to be complexed to siderophores. In addition,
the precipitation of Fe3+ into solid form does not result in its
immediate removal by sinking when the particles generated
are very small. More than half of the Fe3+ in seawater is found
in colloidal form, too small to sink but potentially too large to
be biologically useful. In particular, the diffusion coefficient of
colloidal complexed iron will be slower than that for truly dis-
solved iron, and its availability for biological uptake will be
correspondingly less (Wu et al., 2001).

In spite of its scarcity, iron is an essential co-factor in enzy-
matic systems such as the light-harvesting photosynthesis
systems, and in nitrogenase, the enzyme which fixes NH4

+ from
molecular N2 (Falkowski et al., 1998). Because of its low solubi-
lity in oxic seawater, iron has been shown to limit the production
of biomass in several regions of the surface ocean. These regions,
historically called High Nutrient Low Chlorophyll (HNLC)
regions, include the equatorial Pacific, the North Pacific, and
the Southern Ocean. When the iron concentration in the surface
ocean is artificially increased in these areas, the iron stimu-
lates increases in chlorophyll concentration, photosynthetic
efficiency, and phytoplankton growth rates (Coale et al.,
1996). These iron fertilization experiments constitute one of
the most dramatic breakthroughs in biological oceanography
in several decades.
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The link between phytoplankton and the CO2 concentration
of the atmosphere occurs via the biological pump in the ocean.
Photosynthesis produces particles that can leave their source
waters by sinking. The downward net flux of biological mate-
rial leaves the surface ocean depleted in nutrients such as
NO3

2� and PO4
3�, as well as dissolved CO2. CO2 gas dissolves

into surface seawater, or evaporates into the atmosphere,
according to its concentration in seawater or air, and its solubi-
lity (mostly controlled by temperature). Depletion of CO2 from
surface waters by biological activity therefore draws down the
CO2 concentration of the atmosphere. In the present-day ocean,
Southern Ocean surface waters contain the majority of the poten-
tially biologically usable nutrients NO3

2� and PO4
3�. In addition,

because the Southern Ocean is a conduit to the largest oceanic
carbon reservoir – the deep ocean, atmospheric pCO2 in models
is more sensitive to surface chemistry changes in the Southern
Ocean than other oceanographic regions. Therefore, the search
for an explanation for lower glacial pCO2 values has centered
on deposition of iron onto the Southern Ocean.

There are arguments for and against the Southern Ocean fer-
tilization hypothesis. On the positive side, the deposition of
dust and Fe in Antarctic ice cores was indeed higher during
glacial times, by more than an order of magnitude. Most of this
dust appears to originate from a specific region in Patagonia,
but dust deposition increased globally by a factor of two or
more. The decline in Antarctic dust deposition is also one of
the earliest indicators of the coming deglaciation (suggesting
that dust decrease could be an ultimate cause for the other
aspects of the deglaciation) (Broecker and Henderson, 1998).

On the other hand are arguments against the Southern Ocean
fertilization hypothesis. Several models of iron geochemistry
in the ocean conclude that the dominant iron source to the
Southern Ocean surface is from below, in the upwelling water,
and that increasing the negligible deposition flux will have little
effect (Archer and Johnson, 2000). Fertilization experiments in
the Southern Ocean have not resulted in increased sinking
of organic matter into deep waters, but rather an increased stand-
ing biomass stock in surface waters as the added iron is effi-
ciently recycled (Boyd et al., 2000). Trace element tracers for
sea surface nutrient concentration in the Southern Ocean have
not shown a substantial drawdown during glacial time (Boyle,
1992). Furthermore, the pCO2 sensitivity to the Southern Ocean
decreases with increasing model complexity and realism, such
that even a complete drawdown of Southern Ocean nutrients
would not be enough to generate glacial pCO2 values (Archer
et al., 2000). Finally, an increase in the biological pump would
result in a decrease in the O2 concentration of the deep ocean,
which is not apparent in the sedimentary record.

With these counter-arguments in mind, the community is
also investigating the possibility that an increased glacial iron
supply might stimulate an increase in nitrogen fixation, result-
ing in an increase in the nitrate inventory of the ocean
(Broecker and Henderson, 1998). A release from nitrogen lim-
itation might result in a stronger biological pump, although
phosphorus availability could limit this effect. In addition, iron
fertilization is being explored as a potential fix for rising CO2
concentrations resulting from fossil fuel consumption.

David Archer
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ISOTOPE FRACTIONATION

Isotopes are atoms whose nuclei contain the same number of pro-
tons but a different number of neutrons. The term ‘isotope’ is
derived from a Greek word meaning equal place: the various iso-
topes of an element occupy the same position in the periodic table.
Isotopes of an element can be either stable or unstable (radio-
genic). Differences in chemical and physical properties arising
from variations in atomic mass of an element are called ‘isotope
effects’. The partitioning of isotopes between two substances or
two phases of the same substance with different proportions of iso-
topes is called ‘isotope fractionation’ (Hoefs, 1997; Criss, 1999).

The isotopic composition of materials contains informa-
tion that can be used, for example, to reconstruct the palaeo-
environment and to understand the hydrological cycle and
biochemical pathways.

History
In 1913, isotopes were discovered by J. J. Thomson who found
that the element neon has two different kinds of atoms with
atomic weights 20 and 22. A few years later, 212 of the 287
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naturally occurring isotopes were known. The reason for the
existence of isotopes was, however, unclear until the discovery
of the neutron by Chadwick in 1932. The seminal papers by
Urey (1947) and Bigeleisen and Mayer (1947) on the thermo-
dynamic properties of isotopic substances provided the basis
for the utilization of stable isotopes in geology, geochemistry,
biogeochemistry, paleoceanography and elsewhere.

Notation, definitions
Isotopic ratios, R, are measures of the relative abundances of
isotopes of an element, E; they are usually arranged so that
the lightest stable isotope (index a), which is often also the
most abundant isotope, appears in the denominator: bR = bE/ aE
(stable boron isotopes are an exception: 11B is about four times
more abundant than 10B). The three stable oxygen isotopes 16O,
17O, and 18O will be used to explain the notation and basic
definitions.

The oxygen isotope with mass number 16 contains 8 pro-
tons and 8 neutrons and is denoted by 16O. It is by far the most
abundant (99.76%) of the three stable oxygen isotopes. For
example, the ratio of 17O to 16O in water, or the ratio of 18O
to 16O in carbon dioxide can be written as:

17RH2O ¼ H2
17O½ �

H2
16O½ � ;

18RCO2 ¼
2 C18O18O½ � þ C18O16O½ �
2 C16O16O½ � þ C18O16O½ �
The isotopic composition, d, of a sample, determined by
mass spectrometric methods, is measured with respect to a
standard (std):

dbEsample ¼
bRsample
bRstd

� 1

� �
� 1;000

where b is the atomic mass of the isotope and the factor 1,000 con-
verts the d value to per mil. The standards (cf. Hoefs, 1997) used
for stable oxygen isotopes are V-SMOW (Vienna-Standard Mean
Ocean Water; 18RV-SMOW · 106 = 2,005.20 � 0.43) and V-PDB
(Vienna-Pee-Dee Belemnite, 18RV-PDB · 106 = 2,067.1� 2.1).

The fractionation factor, a, is defined as the ratio between
the isotopic ratio in compound X and that in compound Y:

baðX�YÞ ¼
bRX
bRY

¼ dbEX þ 1;000
dbEY þ 1;000
It is a measure of the partitioning of isotopes between two
or more phases in response to an isotope effect.

Whereas the d value is the result of the whole history of the
sample, the a value is characteristic for, say, an equilibrium
between X and Y or for a process that leads from X to Y. Since
a values are usually very close to 1.0, the e notation is com-
monly used to express isotope fractionations in per mil (�%):

beðX�YÞ ¼ baðX�YÞ � 1
� � � 1;000

Isotope effects

The most important isotope effects arise from differences in: (a)
random mean velocities and (b) vibrational frequencies of
molecules.

a) Random mean velocity effects. In (local) thermodynamic
equilibrium, the mean kinetic energy is equal for all molecules
and determined by temperature alone:
Ekin;j

� � ¼ 1
2
mj vj

2
� � ¼ 3

2
kB T ¼ Ethermalffiffiffiffiffiffiffiffiffiffi
2

D Er

where mj and vrms;j ¼ vj

are mass and random mean square (rms) velocity of molecule j,
kB is Boltzmann’s constant, and T is absolute temperature. At a
given temperature, the rms velocity varies with the mass of the
molecule: light molecules are faster than heavy molecules (Gra-
ham’s law of diffusion):

vrms;1=vrms;2 ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
m2=m1

p

As a consequence, molecules containing the light isotope

diffuse faster. The ratio of the diffusion coefficients Dv for
the light (mass ma) and the heavy molecule (mass mb) of a
gas that diffuses through air (mass mc = 29) is given by

aða�bÞ ¼ Db

Da
¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
mb þ mc

mb � mc

ma � mc

ma þ mc

r

13 12
For CO2 and CO2, one obtains

13adiff : CO2 in air ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
45þ 29
45 � 29

44 � 29
44þ 29

r
	 0:9956

The relation does not apply, however, for diffusion of gases

through liquids where the ratio of the diffusion coefficients is clo-
ser to one (13adiff. CO2 in water 	 0.9993). The variation of the rms
velocity with mass also leads to differences in evaporation.

b) Effects due to molecular vibrations. The zero-point
energy of vibrations in molecules, E0, is mass dependent. For
diatomic molecules E0 = hv /2, where h is Planck’s constant
and v is the (vibration) frequency. The ratio of frequencies v
and v0 for two diatomic molecules of different isotopic compo-
sition is approximately given by v0 /v = (µ /µ0)1 / 2 where µ = m1
· m2 / (m1 + m2) is the reduced mass and m1 and m2 are the
masses of the two atoms involved.

Example: compare the frequencies for 16O 16O (v, µ = 16 · 16/
(16 + 16) = 8), 17O 16O (v0, µ0 = 17 · 16/(17 + 16)	 8.2424), and
18O 16O (v00, µ00 = 18 · 16/(18 + 16) 	 8.4706): v0 /v 	 0.9852,
v00 /v	 0.9718, i.e., the strength of the isotope effect increases with
the mass difference and thus it is not surprising that the resulting
isotope fractionation is also ‘mass-dependent’, as a rule.

Isotope fractionation
The difference in isotopic composition between various com-
pounds or between various phases of a single compound is
called isotope fractionation. It is noted that even the largest iso-
tope effect may not cause fractionation if the reaction goes to
completion, i.e., a quantitative reaction in which the reactant
is completely transformed into the product. However, an isoto-
pic fractionation will always be observed when a reaction has
an isotope effect and the formation of the product is not quan-
titative (Hayes, 1982).

Equilibrium isotope fractionation
Isotope fractionation can occur in equilibrium, for example,
between the various isotopic forms of carbon dioxide, bicarbonate,
and carbonate ions (Zeebe and Wolf-Gladrow, 2001). As a rule:
“The heavy isotope goes preferentially to the chemical compound
in which the element is bound most strongly.” (Bigeleisen, 1965).
For example, in the temperature range between 0 and 25� C, the
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d13CCO2 in seawater is 8–10% lower (“isotopically lighter”) than
d13CHCO3

�.
The fractionation factors for equilibrium fractionation invol-

ving three isotopes with masses m1 < m2 < m3 usually scale such
that a2=1 ¼ ab3=1, whereb= (1/m1– 1/m2) / (1/m1– 1/m3) (Young
et al., 2002). For the three stable oxygen isotopes: 17a = (18a)0.529.

Nonequilibrium (“kinetic”) isotope fractionation
Nonequilibrium effects are associated with incomplete or uni-
directional processes such as evaporation, kinetic isotope
effects in chemical reactions, diffusion, or metabolic effects.
Kinetic isotope effects in chemical reactions occur when reac-
tion rates for compounds containing light or heavy isotopes
are different, which is almost always the case and thus isotope
fractionation can be expected. If the reservoir of reactants is
finite, the isotope effect associated with the reaction will not
only yield a product of different isotopic composition but will
lead to a change in the isotopic composition of the reservoir
as well (Rayleigh distillation; Bigeleisen and Wolfsberg,
1958). Kinetic isotope effects can quantitatively be understood
on the basis of the ‘transition state theory’ (Bigeleisen and
Wolfsberg, 1958). The fractionation factors for kinetic fractio-
nation involving three isotopes with masses m1 < m2 < m3
often scale such that a2=1 ¼ ab3=1, where b = ln(m1 /m2) / ln(m1 / -
m3) (Young et al., 2002). For the three stable oxygen isotopes:
17a = (18a)0.515.

“Mass-independent” fractionation
A mass-independent fractionation of stable oxygen isotopes
was reported (for the first time) in 1973 in meteorites and in
1983 in laboratory studies (Thiemens and Heidenreich, 1983).
These studies show differences in the isotopic compositions
for certain compounds that contain 16O only (Substance X)
and Compounds X and compound Y with fractionation
factors 17a and 18a (between X and Y) that are almost equal,
i.e., 17a 	 18a. These fractionation processes are called ‘mass-
independent’. They may occur at low pressures and, for exam-
ple, play an essential role for stratospheric ozone. The resulting
unusual composition of atmospheric oxygen has been used in
the so-called ‘triple-isotope method’ to derive estimates of
the biosphere productivity (Luz et al., 1999). A theoretical
explanation based on an extension of the Rice, Ramsperger,
Kassel, Marcus (RRKM) theory has been developed only
recently (Gao and Marcus, 2001). A mass-independent isotope
effect has also been observed during thermal decomposition of
carbonates in vacuo (Miller et al., 2002).

Dieter A. Wolf-Gladrow and Richard E. Zeebe
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