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The global water cycle

Fig. 1. Global hydrological fluxes (1000 km3/year) and storages (1000 km3) with natural and 
anthropogenic cycles are synthesized from various sources (1, 3–5). 

Taikan Oki, and Shinjiro Kanae Science 2006;313:1068-1072



The global water cycle

• absolute water amount: 
(i) in the atmosphere: 0.013 106km3  
(ii) in the oceans: 1,338·106km3

• 97.3% of all available water (liquid equivalent) 
is stored in the oceans

• mean residence time of water molecules can 
range between a few days (in the atmosphere) 
to thousands of years (in the large glaciers and 
ocean)

• water is the most important greenhouse gas
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The global water cycle

Quizz - Questions #1:

1. How many oceans do exist on Earth? 
 

2. Assume all water vapour in the atmosphere is liquid  
and distributed as a water layer on the Earth’s surface. 
 
=> How high would such a water layer be? 



The global water cycle

• absolute water amount: 
(i) in the atmosphere: 0.013 106km3  
(ii) in the oceans: 1,338·106km3

• 97.3% of all available water (liquid equivalent) 
is stored in the oceans

• mean residence time of water molecules can 
range between a few days (in the atmosphere) 
to thousands of years (in the large glaciers and 
ocean)

• water is the most important greenhouse gas

• how many oceans do exist on Earth 
=> the answer depends whom you ask…

• all vapour condensed as a liquid layer 
=> layer would be approx. 2.5cm high
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Natural abundance of stable water isotopes

• different isotopes have a different molecular weight and a different molecular 
symmetry (both effects change the vapour pressure of the water isotopes)

311.522005.21,000,000
approx. number of molecules in ocean water

δ𝟣𝟪𝖮𝗌𝖺𝗆𝗉𝗅𝖾 =
[ 𝖧𝟣𝟪

𝟤 𝖮

𝖧𝟣𝟨
𝟤 𝖮 ]

𝗌𝖺𝗆𝗉𝗅𝖾

[ 𝖧𝟣𝟪
𝟤 𝖮

𝖧𝟣𝟨
𝟤 𝖮 ]

𝗌𝗍𝖺𝗇𝖽𝖺𝗋𝖽

− 𝟣 . * 𝟣𝟢𝟢𝟢 .

• fractionation: light isotopes evaporate more easily while 
heavy isotopes prefer to stay in the liquid (or solid) phase

• the strength of the fractionation is 
temperature-dependent and expressed 
in a delta-notation (typically given in ‰)



Global distribution of δ18O in the hydrological cycle

[plot adapted from the GNIP brochure, IAEA, 1996]

Every phase change of a water mass is imprinted in its isotopic signature!



Global Network of Isotopes in Precipitation (GNIP)

(GNIP brochure: http://www-naweb.iaea.org/napc/ih/IHS_resources_gnip.html)

<‒30 ‒27 ‒22 ‒16 ‒14 ‒10 ‒6 > 0
δ18O (‰)

The GNIP Network

Since 1961, the Global Network of Isotopes in Precipitation (GNIP) 
has provided the isotopic signatures of precipitation worldwide. The 
GNIP network is a survey of oxygen and hydrogen isotope contents 

in precipitation, including oxygen-18 (18O), deuterium (2H) and tritium 
(3H). Managed by the IAEA in cooperation with the World Meteorological 
Organization, the network is composed of about 900 monitoring stations 
in over 100 countries and territories. The IAEA provides logistical support to 
monitoring stations in sampling of precipitation and analysis, and maintains 
the quality and consistency of the data.

Global distribution 
of oxygen-18 (per mil, ‰) 
in precipitation produced 
by interpolation of long-
term annual means from 
about 700 GNIP stations.

The GNIP Database

The GNIP database of the IAEA, now includes over 120 000 monthly data 
records. The entire GNIP database is available to the public for viewing 
and can be downloaded from the IAEA website (www.iaea.org/water). 

The database is accessed through the new GIS-based, user-friendly computer-
assisted mapping environment known as ‘WISER’. 

A new gridded data set for isotopes in global precipitation has been 
developed, including mapping modules and animations which can be used 
to produce custom-made global- and continental-scale maps of annual and 
monthly precipitation values for various isotopes and meteorological data.

MONTHLY
SAMPLES

RAIN
EVENTS

ATMOSPHERIC
MOISTURE

ANTARCTIC
SNOW
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Stable water isotopes as a temperature or precipitation proxy

Annual δ18O in precipitation in relation to mean 
annual temperature at the same site, based on 
data from the International Atomic Energy 
Agency.

(from: Jouzel et al., 1994)

• δ18O signal is influenced by environmental 
conditions during evaporation and 
condensation

• the exact fractionation processes can be 
very complex to describe

• on a global scale, two effects dominate:
• the temperature effect: linear relationship between 

δ18O and surface temperature for mid- to high 
latitudes

• the precipitation effect: linear relationship 
between δ18O and rainfall amount, mainly in 
tropical regions with strong precipitation events 
and (almost) constant surface temperatures

• for paleoclimate studies, δ18O and δD are 
used (among others) for two purposes:
• measurement of δ-signals in ice cores and 

terrestrial records are used for temperature or 
rainfall amount reconstructions

• δ18O-variations in marine sediments indicate 
changes in global ice volume



The use of of δ18O in precipitation as a temperature proxy

[Johnsen et al., Tellus, 1989]

[Grootes et al., Nature, 1993]

Converting temporal changes 
of δ18O into past temperature 

changes

Modern spatial relation  
between δ18O and surface temperature  

(on Greenland):

δ18O = 0.67 · Tsurf



The use of of δ18O in precipitation as a temperature proxy

[Johnsen et al., Tellus, 1989]

[Grootes et al., Nature, 1993]

Converting temporal changes 
of δ18O into past temperature 

changes

Modern spatial relation  
between δ18O and surface temperature  

(on Greenland):

δ18O = 0.67 · Tsurf

cooling of -5° to -12°C correct?

a priori assumption:
- temporal and spatial slopes are equal
- „constant characteristics“ of circulation processes



The use of of δ18O in precipitation as a temperature proxy

[Johnsen et al., Tellus, 1989]

[Grootes et al., Nature, 1993]

Converting temporal changes 
of δ18O into past temperature 

changes

Modern spatial relation  
between δ18O and surface temperature  

(on Greenland):

δ18O = 0.67 · Tsurf

cooling of -5° to -12°C correct?

a priori assumption:
- temporal and spatial slopes are equal
- „constant characteristics“ of circulation processes

Stable water isotopes only record climate changes for  
places (& periods), where (& when) it is raining (or snowing)!  



The δ18O signal in marine sediment cores

• verschiedene Isotope haben ein unterschiedliches 
Molekulargewicht und auch eine unterschiedliche 
molekulare Symmetrie

• beide Effekte führen zu kleinen Änderungen des 
Dampfdrucks

• Fraktionierung: Leichtere Isotope (H216O) verdampfen eher, 
während die schweren Isotope (H218=, HDO) in der 
flüssigen (oder festen) Phase bleiben

• die Stärke der Fraktionierung ist (vor allem) temperatur-
abhängig und wird i.a. in einer delta-Notation ausgedrückt: 

                    δProbe [‰] = ((RProbe  / RSMOW) -1.) * 1000.

[plot adapted from the GNIP brochure, IAEA, 1996]

[http://www.globalchange.umich.edu/globalchange1/current/lectures/kling/paleoclimate/paleo_fig06.jpg]



The δ18O signal in marine sediment cores

• during the formation of calcium-carbonate (CaCO3), 18O gets enriched in the 
carbonate

• this fractionation effect occurs in different marine species, e.g. foraminifera

• the fractionation strength is temperature-dependent  
(less fractionation with warmer temperatures) 

• when large ice sheets (depleted in 18O) existed in the past,  
δ18O of sea water must have been enriched

• changes of 18O of the sea water influences the 18O signal in CaCO3

• the 18O signal in CaCO3 contains both a local component (temperature)  
and a global component (ice volume)

• an empirical global relationship was determined from a multi-core analysis:

T = 16.9 - 4.2 (δc - δw) + 0.13 (δc -δw)2  

(with δc = δ18OCaCO3 and δw = δ18OOcean)



The δ18O signal in marine sediment cores

• for a correct interpretation of the δ18O signal in CaCO3,  temperature 
effect and ice volume effect have to be separated 
 

T = 16.9 - 4.2 (δc - δw) + 0.13 (δc -δw)2  

 

(with δc = δ18OCaCO3 and δw = δ18OOcean) 

• δ18Ow might be determined by porewater analyses contained in the 
core

• δ18Oc changes of benthic foraminifers living at the sea floor  
are mainly an ice volume signal  
(as temperatures does not change much at the sea floor)



The use of δ18O and δD as a climate proxy in paleo archives

Subfossil Holocene Oaks ( Southern Germany)

[Mayr et al., The Holocene, 2003]

EPICA Dome C and Benthic Oxygen-18 Records

[Jouzel et al., Science, 2007]

Speleothems,
Tree Rings,

Lake Sediments

Vapour 
Measurements,

Precipitation 
Samples Ice 

Cores

Marine Sediments,
Corals

Speleothem Records from Eastern China and Southern Brasil

[Wang et al., Nature, 2004]

pluvial periods to climate at the other localities, relying on our
temporal precision and that of the Hulu record.

Our last glacial period pluvial phases (,15 kyr ago, 39 kyr ago
and 48 kyr ago, and six speleothem growth intervals between 60 and
74 kyr ago) correlate precisely with times of particularly high d18O
values at Hulu cave2, inferred to represent dry conditions associated
with a weak summer East Asian monsoon (Fig. 2). The latter in turn
correlates with Greenland ice-core cold events3, largely associated
with Heinrich events4, and with times of high reflectance in Cariaco

basin sediments that represent periods of low river runoff in
northern South America5. Pluvial periods correlating with Heinrich
events H1, H4, H5 andH6 are represented in our growth phases, but
neither H2 nor H3, which occur at times of low austral autumn
insolation, are represented. Dating of the pluvial phase correlated to
H4 is precise enough to resolve its duration (700 ^ 400 yr from 39.6
to 38.9 kyr ago, on the basis of top and bottom dates of a growth
phase of stalagmite TBV 40, Supplementary Fig. S2).
Before ,75 kyr ago, correlations are more difficult as there are

Figure 2 Comparison of the growth patterns of speleothems from northeastern Brazil with

events recorded in several Northern Hemisphere palaeoclimate archives. a, d18O values

of Greenland ice3. b, Light colour reflectance (greyscale) of the Cariaco basin sediments
from ODP Hole 1002C5. c, d18O values of Hulu cave stalagmites2. d, Speleothem growth

patterns in northeastern Brazil. Growth intervals are shown by separated pink dots or

connections between dots if they are within the same phase. 2j dating errors (error bars)

are typically 0.5–1%. Yellow vertical bars indicate possible correlations between four

records. Also shown are dating errors for the GISP2 ice core29 (blue bars) and Hulu cave

speleothems2 (red bars), and 108 S austral autumn insolation30 (grey line). VSMOW,

Vienna standard mean ocean water. VPDB, Vienna PeeDee Belemnite. H1, H4, H5, H6,

Heinrich events.

Figure 1 Location of study area, present ITCZ seasonal positions, dominant wind
directions, ocean surface currents, and main vegetation distributions in Brazil (modified

from ref. 8). Also shown is the Brazilian geographical boundary (black line). a, Red square
indicates the study area. The ‘pathways’ connecting the Amazon and the Atlantic

rainforest hypothesized by Por6 are represented by double-headed arrows. The thickness

of the arrows indicates the degree of past biogeographical connections. b, Grey arrows
indicate dominant surface and near-surface ocean currents: NBC, North Brazil Current;

BC, Brazil Current; SEC, South Equatorial Current. The blue arrow shows the current

relatively strong southeast trade wind; the red arrow represents the currently relatively

weak northeast trade wind.

letters to nature

NATURE |VOL 432 | 9 DECEMBER 2004 | www.nature.com/nature 741©  2004 Nature  Publishing Group

Although some AIM events are more prominent
in one of the two EPICA sites (fig. S5), they record
millennial variability of comparable magnitude
(SOM text), despite the fact that EDML is
situated in the Atlantic sector whereas Dome C
is facing the Indo-Pacific Ocean. Atmospheric
circulation and/or efficient circumpolar oceanic
currents can contribute to distribute such climatic
signals around Antarctica. This detailed compar-
ison between EDC and EDML records further
supports the thermal bipolar seesaw hypothesis
(23), which postulates that abrupt shutdowns and
initiations of the Atlantic meridional overturning
circulation produce slowwarmings and coolings in
the Southern Ocean and Antarctic region.

Our record exhibits quite similar millennial
climate variability during the past three glacial
periods, in terms of both magnitude and pacing
(fig. S5), suggesting this was also the case in the
North Atlantic, as indicated by sediment data
(24) and inferred from CH4 data from Antarctic
cores (5, 25). Our lower temporal resolution
prevents clear detection of small AIM for earlier
glacials, but the amplitude of large AIM, thus
presumably of large DO events, does not appear
to be substantially influenced by the smaller
extent of Northern Hemisphere ice sheets before
Termination V. In particular, a very well featured
sequence is displayed by the additional cycle
provided by the extension of the core from 740
and 800 ky B.P. (Fig. 2 and fig. S5) with three
well-marked oscillations that have not yet had
counterparts identified in the MIS 18 ocean
record (8). Finally, our record shows that during
each glacial period, AIM events appear once
Antarctic temperatures have dropped by at least
4°C below late Holocene temperature (Fig. 2).
We suggest that decreases in Antarctic temper-
ature over glacial inceptions modified the forma-
tion of Antarctic bottom waters and that the
associated reorganization in deep ocean circula-
tion is the key for the onset of glacial instabilities.

Obliquity changes were previously invoked
to explain the change in amplitude between gla-
cial and interglacial periods at the time of the
Mid-Brunhes Event (MBE), ~430 ky B.P. (1).
This key characteristic of the EDC dD record is
now fully supported by our 800-ky detailed
temperature record and its improved EDC3 time
scale (Fig. 3). Dominated by a periodicity of
~100 ky, the power spectra of DTs (fig. S6) also
reveal a strong obliquity component and point
to the influence of the precession, at least for 0
to 400 ky. The relative strength of the obliquity
and 100-ky components increases when going
from past to present, which is consistent with the
increasing amplitude of obliquity variations over
the past 800 ky due to a 1.2-million-year modula-
tion (26). The 40-ky component is particularly
strong, accounting for one-third (4.3°C) of the
total range of temperature in the 800-ky record
(Fig. 3). Also noticeable are its strong coherency
with 65°N summer insolation in the obliquity
range (0.97) and its substantial ~5-ky lag with re-
spect to obliquity (fig. S7).

Intermediate-complexity climate models in-
deed capture a high-latitude signature in annual
mean temperature in response to extreme config-
urations of obliquity, albeit half of that observed
here (27). With respect to the strong linear rela-
tionship between dD and obliquity, the link may
be local insolation changes, which at 75°S vary
by ~8% up to 14 W/m2 (28). Such changes in
high-latitude insolation may be amplified by as-
sociated changes in heat and moisture transport
in the atmosphere (including water vapor and
sea-ice feedbacks at high latitudes). They can thus

generate changes in the density of ocean surface
waters and therefore in ocean thermohaline cir-
culation; such processes involve deep ocean heat
storage with constants of millennia. Notably, the
obliquity components of temperature records
from the tropical Pacific and from Antarctica are
in phase (29) within age scale uncertainties. They
are thus in phase with the mean annual insolation
at high latitude but out of phase with the obliq-
uity component of the mean annual insolation
in the tropics. This indicates that mechanisms
transferring the high-latitude effect of obliquity

Fig. 2. Dome C temperature anomaly as a function of time over the past 810 ky. Back to 140 ky B.P., we
report 100-year mean values, whereas for earlier periods (middle and lower traces),DTs is calculated from
0.55-m raw data; a smooth curve using a 700-year binomial filter is superimposed on this detailed record.
In the upper trace (which is plotted on a more highly resolved time axis), we show the correspondence
between the DO events as recorded in the North Greenland Ice Core Project isotopic record (2, 15) and
AIM events recorded in the EDC temperature record during the last glacial period and the last
deglaciation. We have indicated the successive MIS, and the transitions are labeled fromTI to TIX.

Fig. 1. Comparison of
the dDDome C record on
the EDC3 time scale (with
all data points in light
gray and a smoothed
curve in black) with the
benthic oxygen-18 record
(blue) on its own time
scale (8). The 3259.7-m
dD record, which includes
published results down to
788m (38), benefits from
an improved accuracy
(1s of ± 0.5‰) and a
muchmore detailed resolution of 55 cm all along the core, whereas the previously published record was based
on 3.85-m samples (1). The agreement between the two time series back to ~800 ky B.P. justifies the use of
oceanic sediment nomenclature (MIS) for describing the ice core record.
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Subfossil Holocene Oaks ( Southern Germany)

[Mayr et al., The Holocene, 2003]
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millennial variability of comparable magnitude
(SOM text), despite the fact that EDML is
situated in the Atlantic sector whereas Dome C
is facing the Indo-Pacific Ocean. Atmospheric
circulation and/or efficient circumpolar oceanic
currents can contribute to distribute such climatic
signals around Antarctica. This detailed compar-
ison between EDC and EDML records further
supports the thermal bipolar seesaw hypothesis
(23), which postulates that abrupt shutdowns and
initiations of the Atlantic meridional overturning
circulation produce slowwarmings and coolings in
the Southern Ocean and Antarctic region.

Our record exhibits quite similar millennial
climate variability during the past three glacial
periods, in terms of both magnitude and pacing
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North Atlantic, as indicated by sediment data
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cores (5, 25). Our lower temporal resolution
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glacials, but the amplitude of large AIM, thus
presumably of large DO events, does not appear
to be substantially influenced by the smaller
extent of Northern Hemisphere ice sheets before
Termination V. In particular, a very well featured
sequence is displayed by the additional cycle
provided by the extension of the core from 740
and 800 ky B.P. (Fig. 2 and fig. S5) with three
well-marked oscillations that have not yet had
counterparts identified in the MIS 18 ocean
record (8). Finally, our record shows that during
each glacial period, AIM events appear once
Antarctic temperatures have dropped by at least
4°C below late Holocene temperature (Fig. 2).
We suggest that decreases in Antarctic temper-
ature over glacial inceptions modified the forma-
tion of Antarctic bottom waters and that the
associated reorganization in deep ocean circula-
tion is the key for the onset of glacial instabilities.

Obliquity changes were previously invoked
to explain the change in amplitude between gla-
cial and interglacial periods at the time of the
Mid-Brunhes Event (MBE), ~430 ky B.P. (1).
This key characteristic of the EDC dD record is
now fully supported by our 800-ky detailed
temperature record and its improved EDC3 time
scale (Fig. 3). Dominated by a periodicity of
~100 ky, the power spectra of DTs (fig. S6) also
reveal a strong obliquity component and point
to the influence of the precession, at least for 0
to 400 ky. The relative strength of the obliquity
and 100-ky components increases when going
from past to present, which is consistent with the
increasing amplitude of obliquity variations over
the past 800 ky due to a 1.2-million-year modula-
tion (26). The 40-ky component is particularly
strong, accounting for one-third (4.3°C) of the
total range of temperature in the 800-ky record
(Fig. 3). Also noticeable are its strong coherency
with 65°N summer insolation in the obliquity
range (0.97) and its substantial ~5-ky lag with re-
spect to obliquity (fig. S7).

Intermediate-complexity climate models in-
deed capture a high-latitude signature in annual
mean temperature in response to extreme config-
urations of obliquity, albeit half of that observed
here (27). With respect to the strong linear rela-
tionship between dD and obliquity, the link may
be local insolation changes, which at 75°S vary
by ~8% up to 14 W/m2 (28). Such changes in
high-latitude insolation may be amplified by as-
sociated changes in heat and moisture transport
in the atmosphere (including water vapor and
sea-ice feedbacks at high latitudes). They can thus

generate changes in the density of ocean surface
waters and therefore in ocean thermohaline cir-
culation; such processes involve deep ocean heat
storage with constants of millennia. Notably, the
obliquity components of temperature records
from the tropical Pacific and from Antarctica are
in phase (29) within age scale uncertainties. They
are thus in phase with the mean annual insolation
at high latitude but out of phase with the obliq-
uity component of the mean annual insolation
in the tropics. This indicates that mechanisms
transferring the high-latitude effect of obliquity

Fig. 2. Dome C temperature anomaly as a function of time over the past 810 ky. Back to 140 ky B.P., we
report 100-year mean values, whereas for earlier periods (middle and lower traces),DTs is calculated from
0.55-m raw data; a smooth curve using a 700-year binomial filter is superimposed on this detailed record.
In the upper trace (which is plotted on a more highly resolved time axis), we show the correspondence
between the DO events as recorded in the North Greenland Ice Core Project isotopic record (2, 15) and
AIM events recorded in the EDC temperature record during the last glacial period and the last
deglaciation. We have indicated the successive MIS, and the transitions are labeled fromTI to TIX.

Fig. 1. Comparison of
the dDDome C record on
the EDC3 time scale (with
all data points in light
gray and a smoothed
curve in black) with the
benthic oxygen-18 record
(blue) on its own time
scale (8). The 3259.7-m
dD record, which includes
published results down to
788m (38), benefits from
an improved accuracy
(1s of ± 0.5‰) and a
muchmore detailed resolution of 55 cm all along the core, whereas the previously published record was based
on 3.85-m samples (1). The agreement between the two time series back to ~800 ky B.P. justifies the use of
oceanic sediment nomenclature (MIS) for describing the ice core record.
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EPICA Dome C and Benthic Oxygen-18 Records

[Jouzel et al., Science, 2007]
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Speleothem Records from Eastern China and Southern Brasil

[Wang et al., Nature, 2004]

pluvial periods to climate at the other localities, relying on our
temporal precision and that of the Hulu record.

Our last glacial period pluvial phases (,15 kyr ago, 39 kyr ago
and 48 kyr ago, and six speleothem growth intervals between 60 and
74 kyr ago) correlate precisely with times of particularly high d18O
values at Hulu cave2, inferred to represent dry conditions associated
with a weak summer East Asian monsoon (Fig. 2). The latter in turn
correlates with Greenland ice-core cold events3, largely associated
with Heinrich events4, and with times of high reflectance in Cariaco

basin sediments that represent periods of low river runoff in
northern South America5. Pluvial periods correlating with Heinrich
events H1, H4, H5 andH6 are represented in our growth phases, but
neither H2 nor H3, which occur at times of low austral autumn
insolation, are represented. Dating of the pluvial phase correlated to
H4 is precise enough to resolve its duration (700 ^ 400 yr from 39.6
to 38.9 kyr ago, on the basis of top and bottom dates of a growth
phase of stalagmite TBV 40, Supplementary Fig. S2).
Before ,75 kyr ago, correlations are more difficult as there are

Figure 2 Comparison of the growth patterns of speleothems from northeastern Brazil with

events recorded in several Northern Hemisphere palaeoclimate archives. a, d18O values

of Greenland ice3. b, Light colour reflectance (greyscale) of the Cariaco basin sediments
from ODP Hole 1002C5. c, d18O values of Hulu cave stalagmites2. d, Speleothem growth

patterns in northeastern Brazil. Growth intervals are shown by separated pink dots or

connections between dots if they are within the same phase. 2j dating errors (error bars)

are typically 0.5–1%. Yellow vertical bars indicate possible correlations between four

records. Also shown are dating errors for the GISP2 ice core29 (blue bars) and Hulu cave

speleothems2 (red bars), and 108 S austral autumn insolation30 (grey line). VSMOW,

Vienna standard mean ocean water. VPDB, Vienna PeeDee Belemnite. H1, H4, H5, H6,

Heinrich events.

Figure 1 Location of study area, present ITCZ seasonal positions, dominant wind
directions, ocean surface currents, and main vegetation distributions in Brazil (modified

from ref. 8). Also shown is the Brazilian geographical boundary (black line). a, Red square
indicates the study area. The ‘pathways’ connecting the Amazon and the Atlantic

rainforest hypothesized by Por6 are represented by double-headed arrows. The thickness

of the arrows indicates the degree of past biogeographical connections. b, Grey arrows
indicate dominant surface and near-surface ocean currents: NBC, North Brazil Current;

BC, Brazil Current; SEC, South Equatorial Current. The blue arrow shows the current

relatively strong southeast trade wind; the red arrow represents the currently relatively

weak northeast trade wind.
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Ice cores - a key climate archive

• ice cores
• where are they drilled?
• how are they drilled?
• how are they dated?

• key analyses
• temperature reconstruction by stable water isotopes
• gas analyses - the composition of the past atmosphere



Cross section of an ice sheet



Greenland ice cores
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Antarctic ice cores

REVIEW INSIGHT

reconstructions at the WAIS Divide site in west Antarctica10 indicate 
a glacial–interglacial temperature change of 11.3 ± 1.8 °C for the last 
termination, consistent with estimates based on stable water isotopes 
alone. Globally, glacial–interglacial temperature change has been  
estimated15 at about 3.5 °C; the higher Antarctic values confirm the 
theory that polar temperatures change more than tropical temperatures 
do (polar amplification)10.

It is understood that the glacial cycles are paced by variations in 
Earth’s orbit16, with insolation changing due to orbital eccentricity 
(with an approximately 100-kyr period), axial tilt (with an approxi-
mately 41-kyr period) and precession of the equinoxes (with an approx-
imately 19–23-kyr period). In terms of radiative forcing at the top of 
the atmosphere, the insolation changes by themselves are too weak 
to drive global temperature changes, and feedbacks such as changes 
in greenhouse gases and the high albedo of extensive (Northern 
Hemisphere) glaciation are required to explain the observed climate  
variations10.

Several challenges remain to our understanding of glacial– 
interglacial dynamics, foremost of which is the lack of a clear expla-
nation for the apparent 100-kyr periodicity of the glacial cycle, given 
that the 100-kyr eccentricity cycle produces negligible variations in 
either seasonal or annual radiative forcing (the so-called ‘100-kyr 
problem’)17–19. Closer inspection shows that individual cycles are 
not uniform in length; accurate U/Th dating of speleothems suggests 
that glacial terminations are actually spaced by four to five precession 
cycles, supporting the theory that changes in Northern Hemisphere 
insolation driven by precession are the predominant driver of glacial 

terminations20. Several models have been put forward to ‘predict’ which 
Northern Hemisphere insolation maxima lead to glacial terminations 
and which do not19,21. Most proposed solutions to the 100-kyr prob-
lem rely on the inertia of gradually growing Northern Hemisphere ice 
sheets that have the ability to survive several insolation maxima, typ-
ically with a nonlinear response of ice volume to insolation17,19,22–24.

A second challenge concerns the remarkable coherence of Antarctic 
temperature variability and global climate change on orbital timescales, 
although orbital forcing due to precession acts with opposite effect 
in each hemisphere25. The canonical view holds that global climate 
responds to summer solstice insolation at 65° N, the latitude band of the 
large Northern Hemisphere ice sheets. Indeed, accurate dating of the 
Dome Fuji ice core confirms that Antarctic orbital-scale climate change 
follows Northern Hemisphere insolation closely, with the largest warm-
ings concurrent with rising Northern Hemisphere summer insolation26.

The most obvious mechanism to explain this bi-hemispheric coher-
ence is through the globally well mixed greenhouse gases, although 
their link to Northern Hemisphere insolation remains incompletely 
understood. Rising Northern Hemisphere insolation could further 
drive enhanced Laurentide ice sheet meltwater runoff into the North 
Atlantic to reduce the Atlantic overturning circulation, which would 
in turn warm Antarctica via the so-called ‘bipolar seesaw’ (see section 
‘The close view: millennial-scale variability’), suggesting a role for 
ocean circulation in synchronizing the hemispheres5,25,27. Alternatively, 
it has been suggested that synchroneity at precession frequencies arises 
from the fact that Antarctic temperature is sensitive to local summer 
duration (which changes in-phase with the Northern Hemisphere 

Box 1  
Ice core drilling
The science of ice core drilling originated in the 1950s and the !rst deep core in Antarctica was at Byrd Station in 1968, during the 
International Geophysical Year111. Since then, numerous deep-coring projects have been completed (blue circles in a in the !gure). The 
longest core, at Vostok Station, reaches 3,700 m below the ice surface. The oldest so far, the EPICA Dome C ice core, extends to 800,000 
years11,112. The technology for deep ice coring has gradually evolved, with recent developments in larger volume and replicate coring drills113, 
and new access tools that will allow quick sampling of deep ice sections, coring within bedrock and analysis in situ101–103. National archive 
facilities retain samples from all deep ice cores, preserving a unique resource for the scienti!c community. At an ice core drilling camp at the 
South Pole (b), the long arch structure contains the drill. The tipping tower of the US Deep Ice Coring Drill is shown (c). An ice core section 
in the WAIS Divide Drill (d) is shown immediately after a drilling run. A core section from the WAIS Divide site (e) shows a visible volcanic ash 
layer. The core is 12 cm in diameter. Image credits: b, US National Science Foundation (http://spicecore.org/photos.shtml); photographs in  
c and d were taken by Jay Johnson and in e by Heidi Roop.
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Ice core sites in (sub)tropical regions



Ice cores

Quizz - Questions #2:

1. In which region can we find the oldest ice cores? 
 
=> Antarctica  

(most parts of Greenland melted approx. 130,000-125,000 B.P.) 

2. How old is the oldest ice core retrieved so far? 
 
=> approx. 800,000 years



Future ice core sites in Antarctica
(where to find and drill the oldest ice?)

(H. Fischer et al., Where to find 1.5 million yr old ice for the IPICS “Oldest-Ice” ice core, Climate of the Past, 2013)

H. Fischer et al.: Where to find 1.5 million yr old ice for the IPICS “Oldest-Ice” ice core 2501

than 3m and a typical glacial–interglacial transition of
10 000 yr length to less than 0.7m. To obtain a suffi-
cient resolution new continuous flow analysis methods
for stable water isotopes, aerosol chemical compounds
as well as gases have to be used, which have been re-
cently developed (Kaufmann et al., 2008; Rhodes et
al., 2013; Stowasser et al., 2012; Gkinis et al., 2011).
However, even if a nominal resolution of 1 cm can be
achieved using these methods, the original signal may
be strongly altered or completely lost due to diffu-
sion. For CO2, Bereiter et al. (2013) have shown that
glacial–interglacial CO2 changes are only very slightly
affected. The same holds true for other greenhouse
gases. Accordingly, one of the most important objec-
tives of an Oldest-Ice ice core (reconstructing green-
house gas changes over the last 1.5Myr) should be
possible to achieve. However, studies on the diffusion
of stable water isotopes on the MIS19 record in the
EDC ice core (Pol et al., 2010) revealed an unexpect-
edly large diffusion length of about 40 cm at an age of
about 780 000 yr BP. Assuming the same temperature
in the deep ice of the Oldest-Ice site as in the EDC
bottom part, this implies that the diffusion length for
1.5million yr old ice may be as large as 55 cm (dif-
fusion length is proportional to the square root of t)
and, thus, oscillations of a period of 10 000 yr would
be entirely lost in the bottom ice and a 40,000 yr
glacial–interglacial cycle should be severely damped.
Accordingly, other paleo-thermometers, such as the
noble gas ratios reflecting global mean ocean temper-
ature (Headly and Severinghaus, 2007), as well as lo-
cal temperature reconstructions using nitrogen and no-
ble gas isotopes recording the temperature dependent
change in the firn column (Kobashi et al., 2011; Cail-
lon et al., 2003) have to be further explored. Also ionic
compounds may be subject to diffusional smoothing,
while particulate mineral dust should not be impaired
by this effect. Accordingly, high-resolution particulate
dust records derived from the ice core material as well
as from borehole backscattering analysis will become
a major objective.

6. Finally, age control becomes a crucial issue. Flow
models respond extremely sensitive in the bottom part
to wrong input data and require age markers or or-
bital tuning to be constrained. This could be accom-
plished by using the orbital signal in the O2 /N2 ra-
tio (Kawamura et al., 2007; Landais et al., 2012) or
in �

18O2 of atmospheric molecular oxygen (Dreyfus et
al., 2007). A recent gas diffusion model study (Bere-
iter et al., 2013) shows that O2/N2 may be strongly
damped by permeation of these gases in the deep ice.
These results are still preliminary due to the insuffi-
cient knowledge of the permeation constants of gases
in clathrate ice. In the worst case scenario (using the
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Fig. 11. Potential Oldest-Ice study areas, where horizontal flow is
smaller than 2myr�1, mean ice thickness larger than 2000m and
the bottom temperature below �5 �C. The color bar indicates the
root mean square error of the basal temperature derived from a
mode ensemble (van Liefferinge and Pattyn, 2013).

fastest permeation constants available in the literature)
the O2/N2 signal may be entirely lost and could not
be used for unambiguous orbital tuning of an Oldest-
Ice ice core (Bereiter et al., 2013). Accordingly, ra-
diometric chronological constraints become even more
important. Only recently, the increase of 40Ar in the
atmosphere, which is produced during 40K decay in
the lithosphere has been employed for dating (Bender
et al., 2008). The error of this rather straightforward
method is still quite large, but provides a model inde-
pendent constraint of the age of core material. Also
U / Th dating has been developed for ice cores and
applied to the EDC ice core. This provided accurate
ages, however, the error is on the order of 25% for
800 000 yr old ice and becomes substantially larger
for 1.5million yr (Aciego et al., 2011). Absolute age
markers are also provided by maxima in the 10Be de-
position flux caused by anomalous 10Be production
rates during geomagnetic anomalies. For example the
oldest such event, currently recorded in the EDC ice
core, is the Brunhes–Matuyama geomagnetic reversal
780 000 yr ago (Raisbeck et al., 2006a). Other methods
such as 10Be / 36Cl, amino acid racemization or DNA
dating (Willerslev et al., 2007) are explored and may
provide additional age constraints for such old ice. To
obtain the best age information possible all the dating
methods mentioned above should be used in parallel.

5 Conclusions

Based on simple 1-D ice and heat flow modeling, in combi-
nation with a wide range of geophysical, glaciological and
climatological data available to date we conclude that strati-
graphically undisturbed ice of an age of 1.5million yr should

www.clim-past.net/9/2489/2013/ Clim. Past, 9, 2489–2505, 2013



Future ice core sites in Antarctica
(where to find and drill the oldest ice?)

for more information: https://www.beyondepica.eu/en/

https://www.beyondepica.eu/en/
https://www.youtube.com/watch?v=ls_inIwtAZI


Ice cores - a key climate archive

• ice cores
• where are they drilled?
• how are they drilled?
• how are they dated?

• key analyses
• temperature reconstruction by stable water isotopes
• gas analyses - the composition of the past atmosphere



Ice core drilling

European Project for Ice Coring in Antarctica (EPICA)

ice core:
length 3270m,
age ~800,000 years

1996-2004:  
drilling campaign at  
Dome C, East Antarctica



Ice core drilling



Ice core drilling
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Ice core drilling

Ice Core Laboratory, AWI Bremerhaven



Ice core drilling

Hans Oerter, AWI
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Ice cores - a key climate archive

• ice cores
• where are they drilled?
• how are they drilled?
• how are they dated?

• key analyses
• temperature reconstruction by stable water isotopes
• gas analyses - the composition of the past atmosphere



Dating methods

• relevance of dating methods

• an exact dating is the Achilles‘ heel of all paleoclimate data series!!

• even the most exact measurements and/or reconstructions of  
climate change (e.g., temperature change, precipitation pattern)  
are useless, if the timing of the change is not known well enough 

• difference in dating methods 

• absolute dating:  
climate events can be attributed to a specific calendar year  
(or duration of years)

• relative dating: 
the temporal order of several climate events can be determined, 
but not the absolute timing of these events



Dating methods

Quizz - Questions #3:

•  Which dating methods could be used for ice cores?

• counting annual layers

• identifying individual time horizons (e.g. volcanic events)

• radioisotope dating (but no 14C dating, so far)

• modelling of ice flow dynamics

• synchronising different ice cores (e.g. via CH4 concentrations)  
and/or synchronising ice cores with marine & terrestrial records 
(„wiggle matching“)



Example: dating of ice cores - annual layer counting
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Example: ice core synchronising

Bazin et al., ClimPast, 2013 

1724 L. Bazin et al.: AICC2012: 120–800 ka
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Fig. 5. (a)Water stable isotope records of NGRIP (NorthGRIP Community Members, 2004), TALDICE (Stenni et al., 2011), EDML (EPICA
Community Members, 2006, 2010), Vostok (Petit et al., 1999) and EDC (Jouzel et al., 2007) on the AICC2012 age scale. (b)Methane records
of NGRIP (Greenland composite: Capron et al., 2010; EPICA Community Members, 2006; Flückiger et al., 2004; Huber et al., 2006; Schilt
et al., 2010), TALDICE (Buiron et al., 2011; Schüpbach et al., 2011), EDML (EPICA Community Members, 2006), Vostok (Caillon et al.,
2003; Delmotte et al., 2004; Petit et al., 1999) and EDC (Loulergue et al., 2008) on the AICC2012 age scale. Stratigraphic links and age
marker positions are displayed under each core.

the uncertainty of AICC2012, with the Vostok ice core being
slightly older (1 ka) than the other ice cores. The duration
of MIS 5.5, defined here by the �403‰ threshold of �D on
EDC (EPICACommunityMembers, 2004), is slightly longer
in AICC2012 (16.8 ka) compared to its duration in the EDC3
chronology (16.2 ka) and the age of Termination II is not sig-
nificantly modified compared to its age in EDC3. Still, the re-
duction of uncertainty associated with the age of Termination
II and MIS 5.5 compared to previous ice core chronologies

makes it interesting to compare our result with other dated
records.
Absolute dating of Termination II has been possible in

at least two well-dated speleothems. In China, Cheng et al.
(2009) dated a strong decrease of calcite �18O in the Sanbao
cave speleothem at 128.91± 0.06 ka. In Italy, Drysdale et al.
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Ice cores - a key climate archive

• ice cores
• where are they drilled?
• how are they drilled?
• how are they dated?

• key analyses
• temperature reconstruction by stable water isotopes
• gas analyses - the composition of the past atmosphere



Ice cores are currently the only archive  

which allow to directly measure  

the past atmospheric composition!
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Example: difference between ice age and gas age
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Extended Data Figure 1 | Difference between gas age and ice age (Dage) at
WAIS Divide. a, Comparison of WDC Dage with other Antarctic cores. Ice
core abbreviations: EDC, EPICA Dome Concordia; EDML, EPICA Dronning
Maud Land; TALDICE, Talos Dome; WDC, WAIS Divide. Dage values are
taken from refs 23, 63–65. The vertical axis is on a logarithmic scale. b, Dage
uncertainty bounds obtained from an ensemble of 1,000 alternative Dage

scenarios; details are given elsewhere23. A Dage scenario obtained with an
alternative densification model (ref. 39 instead of ref. 38) is shown in blue.
c–e, Histograms of the 1,000 Dage scenarios at 20 kyr BP (c), 40 kyr BP

(d) and 60 kyr BP (e); stated values give the distribution mean 6 the 2s
standard deviation.
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Orbital-scale changes of greenhouse gases

180 ppm glacial climate

280 ppm interglacial climate
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Orbital-scale changes of greenhouse gases

•action or reaction?

• CO2 and CH4 go in parallel with temperature changes during the last 800,000 
years

• no large time lags between temperature and GHG changes exist 

• it still remains open if temperature changes are leading or lagging  
the changes in greenhouse gas concentrations 
 

•where did the CO2 go?

• during glacial times, over 1000 billion tons of CO2 must have been shifted 
from the atmosphere, land surface and upper ocean towards deeper ocean 
layers

• several factors may have contributed (biological pump, ocean circulation 
changes, increased CO2 solubility in cold waters)



• example of recent research
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the corresponding level of −90 m (Fig. 3a: marine isotope stage 
(MIS) 2, 6, 10, 12 and 16) coincided with phases for which we mod-
elled excess CO2 release from pyrite-oxidation-driven carbonate 
dissolution (Figs. 1a and 3b,c). While some of the matches and mis-
matches of the relationship between sea level and CO2 may be due to 
dating uncertainties, the striking mismatch during glacial maxima 
appears to be a robust feature (Supplementary Fig. 7).

In our model, continental shelves were charged with an initial 
pyrite content of 1.5 wt% at 3 million years ago (Ma) and then 
pyrite was leached down to depths of approximately −75 m around 
800 ka and subsequently to approximately −93 m at present (Figs. 
3a and 4a). We included a term for the formation of fresh pyrite 
when sediments are inundated, such that net pyrite leaching occurs 
only if total pyrite oxidation during times of exposed shelves 
exceeds the amount of pyrite burial during previous highstands. 
The timing of the modelled CO2 release and O2 drawdown fluxes 
coincides with those glacial periods during which sea-level and 
CO2 records were clearly ‘decoupled’ (Fig. 3a–d). The modelled 
glacial pyrite oxidation rate of 0.5–1.5 Pmol kyr−1 suggests that 
during glacial maxima, pyrite weathering rates on shelves were up 
to 2.3 times higher than the current terrestrial pyrite weathering 
rate (0.65 Pmol kyr−1 (ref. 11)).

Effect on atmospheric O2 and CO2 levels
Pyrite oxidation consumes O2 (equation (1)) and thus has the poten-
tial to lower the atmospheric O2 level (Fig. 3d,e). Oxygen demand 

by pyrite oxidation modelled here can explain about 70% of the 
atmospheric O2 decline during the past 800 kyr as derived from ice-
core records31. Our modelled range of pyrite oxidation rates (0.5–
1.5 Pmol kyr−1) corresponds to CO2 release rates of 1–3 Pmol kyr−1 
(12–36 Pg C kyr−1) if the acid is completely buffered by carbonate 
mineral dissolution (equation (2)). The corresponding carbon-
ate dissolution rate is 7–20% of the global carbonate accumulation  
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the corresponding level of −90 m (Fig. 3a: marine isotope stage 
(MIS) 2, 6, 10, 12 and 16) coincided with phases for which we mod-
elled excess CO2 release from pyrite-oxidation-driven carbonate 
dissolution (Figs. 1a and 3b,c). While some of the matches and mis-
matches of the relationship between sea level and CO2 may be due to 
dating uncertainties, the striking mismatch during glacial maxima 
appears to be a robust feature (Supplementary Fig. 7).
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pyrite content of 1.5 wt% at 3 million years ago (Ma) and then 
pyrite was leached down to depths of approximately −75 m around 
800 ka and subsequently to approximately −93 m at present (Figs. 
3a and 4a). We included a term for the formation of fresh pyrite 
when sediments are inundated, such that net pyrite leaching occurs 
only if total pyrite oxidation during times of exposed shelves 
exceeds the amount of pyrite burial during previous highstands. 
The timing of the modelled CO2 release and O2 drawdown fluxes 
coincides with those glacial periods during which sea-level and 
CO2 records were clearly ‘decoupled’ (Fig. 3a–d). The modelled 
glacial pyrite oxidation rate of 0.5–1.5 Pmol kyr−1 suggests that 
during glacial maxima, pyrite weathering rates on shelves were up 
to 2.3 times higher than the current terrestrial pyrite weathering 
rate (0.65 Pmol kyr−1 (ref. 11)).

Effect on atmospheric O2 and CO2 levels
Pyrite oxidation consumes O2 (equation (1)) and thus has the poten-
tial to lower the atmospheric O2 level (Fig. 3d,e). Oxygen demand 

by pyrite oxidation modelled here can explain about 70% of the 
atmospheric O2 decline during the past 800 kyr as derived from ice-
core records31. Our modelled range of pyrite oxidation rates (0.5–
1.5 Pmol kyr−1) corresponds to CO2 release rates of 1–3 Pmol kyr−1 
(12–36 Pg C kyr−1) if the acid is completely buffered by carbonate 
mineral dissolution (equation (2)). The corresponding carbon-
ate dissolution rate is 7–20% of the global carbonate accumulation  

–10 –5 0 5 10 15 20

Coastal area (106 km2)

–120

–100

–80

–60

–40

–20

0

20

40

–120

–100

–80

–60

–40

–20

0

20

40a

b

R
S

L 
(m

)
R

S
L 

(m
)

CO2 O2

Glacial

Interglacial

Pyrite free, water saturated

Pyrite bearing, water saturated

Pyrite free, drained

Pyrite
free, drained

Pyrite bearing, drained

Pyrite bearing, water saturated
Glacial

sea level

Interglacial sea level

Present sea level

Present sea level

Pyrite gap
Surface pyrite burial

Surface pyrite
oxidation

Deep pyrite
oxidation front

Fig. 2 | Interglacial pyrite burial and glacial pyrite oxidation on continental 
shelves. a, Pyrite is formed and buried (olive) in shelf sediments together 
with carbonates. b, Pyrite-bearing sediments are being exposed, resulting 
in pyrite oxidation and the formation of acidic drainage. The acid is buffered 
by carbonates abundant in shelf sediments, resulting in CO2 release. 
During each glacial, young pyrite (red) is initially leached from the surface, 
and subsequently deep pyrite (purple) is being oxidized. Deep pyrite 
oxidation causes the pyrite oxidation front to move downward, increasingly 
‘discharging the acid capacitor’ and delaying this effect. Hypsographic 
curve41 as average shelf topography plotted over the coastal land area.

20.85

20.90

20.95

21.00

21.05

21.10

–4

–2

0

2

4

6

8

δO
2 /N

2  (‰
)

0

40

80

1
2

3
4

5
6

7
8

9
10

11
12

13
14

15
16

17
18

19
20

–120

R
S

L (m
)

–80

–40

0

160

200

‘E
xc

es
s 

C
O

2’
C

O
2 

(p
pm

v)
C

O
2 

re
le

as
e

(1
015

 m
ol

 k
yr

–1
)

P
yr

ite
 fl

ux
 (

10
15

 m
ol

 k
yr

–1
) O

2  flux (10
15 m

ol kyr –1)

B
ur

ia
l

O
xi

da
tio

n
O

2 
(v

ol
 %

)

240

280

0

a

b

c

d

e

100 200 300 400 500 600 700 800

Age (ka)

0 100 200 300 400 500 600 700 800

Age (ka)

4

D
em

and
R

elease

2

0

1.2

0.8

0.4

0

0

1

2

Ice-core
CO2

Sea level
Pyrite oxidation

front (model)

MIS

O2 (model)O2 (ice-core data)

Fig. 3 | Sea level, atmospheric CO2 and O2, and pyrite oxidation during 
the past 800!kyr. a, Records of RSL (blue)1 and CO2 (brown)16,17. Original 
CO2 data16,17 resampled (1!kyr). Modelled effective location of the pyrite 
oxidation front (black). MIS numbers are given across the top. b, Difference 
between curves in a as CO2 (ppmv) × 1 (ppmv–1) – 280 – RSL (m) × 1 (m–1). 
c, Pyrite oxidation rate as CO2 release rate (brown). d, Modelled sea-level-
driven global net pyrite oxidation rates (black line), surface pyrite oxidation 
(red), deep pyrite oxidation (purple), pyrite burial (green) and equivalent 
O2 consumption and release rates. e, Corrected ice-core O2 level31 (blue 
crosses), average decline (blue hashed line) and effect of modelled pyrite 
oxidation on O2 (purple line). The modelled change in atmospheric O2 
level shows a stepwise decline when deep pyrite oxidation occurs (purple 
arrows). Shading indicates interglacials.

NATURE GEOSCIENCE | VOL 12 | NOVEMBER 2019 | 929–934 | www.nature.com/naturegeoscience 931

Orbital-scale changes of greenhouse gases

ARTICLES
https://doi.org/10.1038/s41561-019-0465-9

1MARUM - Center for Marine Environmental Sciences, University of Bremen, Bremen, Germany. 2Faculté des Sciences Appliquées Ait Melloul, Ibn Zohr 
University, Agadir, Morocco. 3LUMCON, DeFelice Marine Center, Chauvin, LA, USA. 4IGB, Department of Chemical Analytics and Biogeochemistry,  
Berlin, Germany. *e-mail: koelling@uni-bremen.de

The current sea level is unusually high compared with the aver-
age of the past 800 kyr, when it stood at least 20 m below the  
present level for 90% of time1 (Fig. 1a and Supplementary Fig. 4).  

At the current sea level, vast amounts of sulfur are being buried in 
sediments on inundated continental shelves2. In anoxic sediments, 
sulfur is sequestered as authigenic sulfide minerals2 and as organo-
sulfur compounds3. During glacial maxima, the total area of the 
terrestrial surface increases by up to 14%, exposing 20 × 106 km2 
of potentially sulfide-mineral-bearing shelf area along the coasts  
(Fig. 2b). The previously submerged marine shelf sediments become 
subaerially exposed, and sulfide minerals such as pyrite (FeS2) are 
re-oxidized (Fig. 2b). This process is important in controlling the 
difference between short- and long-term global sulfur burial rates2,4.

In the terrestrial realm, subaerial sulfide oxidation has been 
extensively studied in sulfide mines and open-pit lignite mines5,6 as 
it causes the formation of acidic fluids, which are associated with 
large-scale environmental problems6,7. Modern subaerially exposed 
pyrite-bearing sediments typically become acidic within weeks8. 
Pyrite can be oxidized either by ferric iron or by atmospheric oxy-
gen. Both reactions result in a net stoichiometry where 1 mol pyrite 
consumes 3.75 mol O2 and releases 2 mol sulfuric acid (equation (1)):

4FeS2 þ 15O2 þ 14H2O ! 4Fe OHð Þ3þ8H2SO4 ð1Þ
In natural systems, the sulfuric acid produced during pyrite oxida-
tion is most effectively buffered with the dissolution of calcium car-
bonate, such that the net effect is the release of 2 mol CO2 per mol 
pyrite (equation (2)):

4FeS2 þ 15O2 þ 22H2Oþ 8CaCO3 !
4Fe OHð Þ3þ8CaSO4 $ 2H2Oþ 8CO2

ð2Þ

Recent studies have suggested that glacial shelf erosion of pyrite has 
affected the coupled cycles of sulfur and carbon through increased 

pyrite weathering rates during glacials9 and that this continen-
tal pyrite weathering results in substantial CO2 release10,11. The 
potential long-term impact of continental pyrite weathering on 
atmospheric CO2 over the Cenozoic has been suggested recently12. 
However, a dynamic examination of how much pyrite weathering 
could contribute to changes in atmospheric CO2 during Quaternary 
glacial–interglacial cycles is still lacking.

Here we explore the potential impact of coupled pyrite oxida-
tion and carbonate dissolution occurring on continental shelves on 
atmospheric CO2 over the Pleistocene. The sedimentary pyrite res-
ervoir has the unique potential to not only store reduction capacity 
but also release sulfuric acid upon atmospheric exposure7,12; thus, 
it acts as an ‘acid capacitor’. This capacitor is discharged during 
extended sea-level lowstands by subaerial pyrite oxidation followed 
by reaction of this acid with the carbonate-mineral reservoir (equa-
tion (2)). During sea-level highstands, it is recharged by iron sul-
fide formation driven by microbial sulfate reduction in the presence 
of an iron source (Fig. 2a). The carbonate reservoir is recharged 
through increased carbonate-mineral sedimentation13 during sea-
level highstand. It has been suggested that this carbonate sedimen-
tation would be more than enough14 to buffer the acid released 
through oxidative weathering of pyrite at sea-level lowstands.

If glacial CO2 release through this acid capacitor has indeed been 
as globally relevant as has been suggested by estimates of glacial 
pyrite weathering rates9,15, a negative feedback through increased 
temperature, enhanced ice melt and rising sea level should have 
stabilized both sea level and CO2 concentration throughout most 
of Earth’s recent icehouse history. Instead, CO2 (refs. 16,17) and 
sea-level1 records over the past 800 kyr show a positive correla-
tion18 rather than evidence of a stabilizing negative feedback (Fig. 
1b). In fact, this relationship has encouraged the reconstruction of  
past CO2 concentration from sea-level proxies18,19. Only during gla-
cial maxima does there seem to be a lower threshold (Fig. 1a) of 

Consistent CO2 release by pyrite oxidation on 
continental shelves prior to glacial terminations
Martin Kölling! !1*, Ilham Bouimetarhan1,2, Marshall W. Bowles1,3, Thomas Felis! !1, 
Tobias Goldhammer! !1,4, Kai-Uwe Hinrichs1, Michael Schulz! !1 and Matthias Zabel1

Previous evidence suggests enhanced pyrite oxidation on exposed continental shelves during glacial phases of low sea level. 
While pyrite oxidation directly consumes atmospheric oxygen, acid generated by this reaction should increase the release of 
CO2 through carbonate dissolution. This scenario represents a climate control loop that could temper or even prevent glacials 
because increasing CO2 triggers warming and rising sea level. However, the amplitudes of sea-level changes increased over the 
Quaternary, and CO2 concentrations co-varied with sea level throughout most of the past 800,000 years. Only during peak 
glacial conditions did CO2 levels reach an apparent lower threshold independent of falling sea level. Here we suggest that dur-
ing the last nine glacial–interglacial cycles, pyrite-oxidation-driven release of CO2 and consumption of O2 occurred during 10!kyr 
to 40!kyr periods preceding glacial terminations. We demonstrate that repeated sea-level lowstands force pyrite oxidation to 
ever-greater depths in exposed shelf sediments and cause CO2 release that could explain the glacial CO2 threshold. When the 
duration of interglacials with high sea level is insufficient to restock the shelf pyrite inventory, this CO2-releasing process rep-
resents a discharging ‘acid capacitor’.
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Downcore G. bulloides δ18O, δ11B and shell weights co-vary with 
each other (Fig. 2) and with atmospheric CO2 over the past 25 kyr 
(Fig. 3b). This co-variation is interpreted here to arise from the GIG 
evolution of the surface water temperature and chemistry22–27. As 
MD972106 was recovered at a depth above and close to the modern 
calcite saturation horizon (Supplementary Fig. 2), it is important to 
consider the possible effects of postdepositional calcite dissolution 
on shell weights26,28, particularly when considering GIG lysocline 
changes versus primary calcification driven by surface water car-
bonate ion concentration ([CO3

2−]). Holocene core-top G. bulloides 
shell weights indicate that the foraminiferal lysocline at the South 
Tasman Rise is at ~3,600 m water depth29. Carbonate preservation 
indicators, percent calcium carbonate and percent whole foramin-
ifera (Supplementary Fig. 3) suggest that seafloor calcite dissolution 
did not play a significant role in changing shell weights over the past 
25 kyr at this site.

Reconstructing seawater pH and pCO2

IPast variations in sea-surface water pH at the MD972106 core site 
were calculated from the δ11B–pH relationship for G. bulloides30 
and from the alkenone SST record (Methods). The estimated pH 
shows a decline from LGM values of ~8.38 to Holocene values of 
~8.16 (Fig. 3a). By comparison, the modern anthropogenic-influ-
enced surface water pH at the MD972106 site was 8.11 in 2001 ce 
(Supplementary Note 1). Variations in surface water pCO2

I
 (Fig. 3b) 

over the past 25 kyr can be estimated using the SST alkenone record, 
the δ11B surface water pH record and estimates of either alkalinity or 
dissolved inorganic carbon (DIC) (Methods). There is a close agree-
ment between pCO2

I
 calculated using estimates of pH combined with 

either estimates of alkalinity (Method 1) or DIC (Method 2) (Fig. 3b).  
Methods 1 and 2 both use pH estimated from G. bulloides δ11B, and 
hence any differences result from the assumptions that underlie 

estimates of the alkalinity and DIC parameters. These calculations 
show that surface water pCO2

I
 rose from ~165 ppmv at the LGM to 

~280 ppmv in the early Holocene (Fig. 3b). The interval ~6.3–4.2 ka 
is marked by an elevated pCO2

I
 of ~315–360 ppmv that decreased to 

~270 ppmv at ~2 ka (Fig. 3b). The 2001 ce surface water pCO2

I
 at this 

site was ~330 ppmv, broadly consistent with the known anthropo-
genic rise in atmospheric CO2 (Supplementary Note 1).

The difference between the estimated pCO2

I
 of the surface water 

and the atmosphere (ΔpCO2

I
) can be calculated by using ice core CO2 

data from Antarctica1 (Fig. 3b). Estimated ΔpCO2

I
 (Figs. 3c and 4e) 

indicates that surface waters near MD972106 were a net sink for 
atmospheric CO2 during the LGM (ΔpCO2

I
 = −25 ppmv) and dur-

ing the GIG transition until ~12 ka, when surface waters became 
a net source of CO2 during the early Holocene (ΔpCO2

I
 = 15 ppmv). 

Between ~6.3 and 4.2 ka the surface waters were a strong net source 
for CO2 (ΔpCO2

I
 ≈ 50–90 ppmv), before returning to a weak net sink 

(ΔpCO2

I
 ≈ −6 ppmv) at ~2 ka (Figs. 3c and 4e). In addition, past  
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Fig. 2 | δ18O, δ13C, shell weight and δ11B for the planktonic foraminifer,  
G. bulloides and SST estimates from alkenones in sediment core MD972106. 
a–d, Measured G. bulloides δ18O (with y axis reversed) (a), δ13C (b), shell 
weight (c) and δ11B (d). e, SST estimates from alkenone unsaturation ratios 
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37Þ
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. The age model was constructed using calibrated 14C ages (black 
triangles, Methods). Error bars represent 1σ uncertainties for δ18O, δ13C  
and shell weight, and 2σ uncertainties for δ11B based on replicate 
measurements (Methods). Error bar on the SSTs represent 2σ analytical 
uncertainties for replicate measurements on a homogeneous laboratory 
standard (Methods).
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Downcore G. bulloides δ18O, δ11B and shell weights co-vary with 
each other (Fig. 2) and with atmospheric CO2 over the past 25 kyr 
(Fig. 3b). This co-variation is interpreted here to arise from the GIG 
evolution of the surface water temperature and chemistry22–27. As 
MD972106 was recovered at a depth above and close to the modern 
calcite saturation horizon (Supplementary Fig. 2), it is important to 
consider the possible effects of postdepositional calcite dissolution 
on shell weights26,28, particularly when considering GIG lysocline 
changes versus primary calcification driven by surface water car-
bonate ion concentration ([CO3

2−]). Holocene core-top G. bulloides 
shell weights indicate that the foraminiferal lysocline at the South 
Tasman Rise is at ~3,600 m water depth29. Carbonate preservation 
indicators, percent calcium carbonate and percent whole foramin-
ifera (Supplementary Fig. 3) suggest that seafloor calcite dissolution 
did not play a significant role in changing shell weights over the past 
25 kyr at this site.

Reconstructing seawater pH and pCO2

IPast variations in sea-surface water pH at the MD972106 core site 
were calculated from the δ11B–pH relationship for G. bulloides30 
and from the alkenone SST record (Methods). The estimated pH 
shows a decline from LGM values of ~8.38 to Holocene values of 
~8.16 (Fig. 3a). By comparison, the modern anthropogenic-influ-
enced surface water pH at the MD972106 site was 8.11 in 2001 ce 
(Supplementary Note 1). Variations in surface water pCO2

I
 (Fig. 3b) 

over the past 25 kyr can be estimated using the SST alkenone record, 
the δ11B surface water pH record and estimates of either alkalinity or 
dissolved inorganic carbon (DIC) (Methods). There is a close agree-
ment between pCO2

I
 calculated using estimates of pH combined with 

either estimates of alkalinity (Method 1) or DIC (Method 2) (Fig. 3b).  
Methods 1 and 2 both use pH estimated from G. bulloides δ11B, and 
hence any differences result from the assumptions that underlie 

estimates of the alkalinity and DIC parameters. These calculations 
show that surface water pCO2

I
 rose from ~165 ppmv at the LGM to 

~280 ppmv in the early Holocene (Fig. 3b). The interval ~6.3–4.2 ka 
is marked by an elevated pCO2

I
 of ~315–360 ppmv that decreased to 

~270 ppmv at ~2 ka (Fig. 3b). The 2001 ce surface water pCO2

I
 at this 

site was ~330 ppmv, broadly consistent with the known anthropo-
genic rise in atmospheric CO2 (Supplementary Note 1).

The difference between the estimated pCO2

I
 of the surface water 

and the atmosphere (ΔpCO2

I
) can be calculated by using ice core CO2 

data from Antarctica1 (Fig. 3b). Estimated ΔpCO2

I
 (Figs. 3c and 4e) 

indicates that surface waters near MD972106 were a net sink for 
atmospheric CO2 during the LGM (ΔpCO2

I
 = −25 ppmv) and dur-

ing the GIG transition until ~12 ka, when surface waters became 
a net source of CO2 during the early Holocene (ΔpCO2

I
 = 15 ppmv). 

Between ~6.3 and 4.2 ka the surface waters were a strong net source 
for CO2 (ΔpCO2

I
 ≈ 50–90 ppmv), before returning to a weak net sink 

(ΔpCO2

I
 ≈ −6 ppmv) at ~2 ka (Figs. 3c and 4e). In addition, past  
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Fig. 2 | δ18O, δ13C, shell weight and δ11B for the planktonic foraminifer,  
G. bulloides and SST estimates from alkenones in sediment core MD972106. 
a–d, Measured G. bulloides δ18O (with y axis reversed) (a), δ13C (b), shell 
weight (c) and δ11B (d). e, SST estimates from alkenone unsaturation ratios 
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. The age model was constructed using calibrated 14C ages (black 
triangles, Methods). Error bars represent 1σ uncertainties for δ18O, δ13C  
and shell weight, and 2σ uncertainties for δ11B based on replicate 
measurements (Methods). Error bar on the SSTs represent 2σ analytical 
uncertainties for replicate measurements on a homogeneous laboratory 
standard (Methods).

NATURE GEOSCIENCE | www.nature.com/naturegeoscience

ARTICLES
https://doi.org/10.1038/s41561-019-0473-9

1Australian Antarctic Division, Kingston, Tasmania, Australia. 2Antarctic Climate and Ecosystems Cooperative Research Centre, University of Tasmania, 
Hobart, Tasmania, Australia. 3Ocean and Earth Science, University of Southampton, Southampton, UK. 4Climate Change Institute, The Australian 
National University, Canberra, Australian Capital Territory, Australia. 5Marine Biogeosciences, Alfred-Wegener-Institut Helmholtz-Zentrum für Polar- und 
Meeresforschung, Bremerhaven, Germany. 6ICM-CSIC, Institut de Ciències del Mar, Barcelona, Spain. 7ICREA, Institució Catalana de Recerca i Estudis 
Avançats, Barcelona, Spain. 8School of Earth and Environmental Sciences, The University of Queensland, Brisbane, Queensland, Australia. 9Research School 
of Earth Sciences, The Australian National University, Canberra, Australian Capital Territory, Australia. *e-mail: Andrew.Moy@aad.gov.au

Atmospheric CO2 concentrations range from minima 
of ~180 ppmv during glacial intervals to maxima of  
~280–300 ppmv during interglacial intervals1. The ocean 

is the largest active carbon reservoir; hence, changes in ocean– 
atmosphere interactions, ocean circulation and marine biogeochem-
istry probably played major roles in modulating glacial–interglacial 
(GIG) atmospheric CO2 variability2–5. Despite this understanding 
of the ocean’s overall role in modulating atmospheric CO2, infor-
mation on the temporal and spatial evolution of ocean source–sink 
behaviour remains scarce. Determining the factors that control 
ocean–atmosphere CO2 dynamics requires an understanding of 
the physical and biological processes that affect the state of CO2 in 
the ocean, and is of key importance to validate the different mech-
anisms used in geochemical models to explain GIG variations in 
atmospheric CO2 (for example, Sarmiento and Toggweiler6, Sigman 
and Boyle7 and Toggweiler et al.8). Changes in these processes in the 
Southern Ocean are hypothesized to have been crucial8–17. However, 
proxy histories of past GIG changes in surface–ocean CO2 partial 
pressure (pCO2

I
) are limited to one record for the Atlantic sector of 

the Southern Ocean13 that only captures part of the GIG change in 
atmospheric CO2. Our study focuses on the Indo-Pacific sector of 
the Southern Ocean south of Australia and we present a Southern 
Ocean surface–ocean carbonate chemistry reconstruction that 
allows the quantification of the ocean–atmosphere CO2 exchange 
that accompanies the full GIG rise in atmospheric CO2.

We analysed δ18O, δ13C, δ11B and shell weight for the plank-
tonic foraminifer Globigerina bulloides, δ18O and δ13C in benthic 
foraminifera and alkenone unsaturation ratios in sediment core 
MD972106 (Fig. 1 and Methods) and used these proxies to recon-
struct surface water pH and CO2 partial pressure (pCO2

I
) over  

the past 25 kyr in the Southern Ocean region south of Tasmania. 

Long-term climatological studies18 show that the core site is posi-
tioned at the southern edge of the Sub-Tropical Front (STF), which 
marks the northern boundary of the Southern Ocean and separates 
the Sub-Tropical Zone and Sub-Antarctic Zone (SAZ) surface waters 
(Fig. 1 and Supplementary Fig. 1). As a result, the core site is located 
just north of the high nutrient, low chlorophyll area of the Southern 
Ocean19 and the seafloor there is bathed by Lower Circumpolar 
Deep Water. Sea-surface temperature (SST) reconstructions for the 
Late Quaternary indicate that the STF migrated north of its pres-
ent position during glacial periods and was at its most northerly 
position at the Last Glacial Maximum (LGM)20. Therefore, we  
infer that the surface waters over MD972106 during the LGM had 
SAZ properties.

The GIG proxy record
Down-core variations in G. bulloides δ18O exhibit a GIG amplitude 
of ~2‰ (Fig. 2a). The GIG change in global ocean δ18O is estimated 
to have been ~1.1‰ (ref. 21), hence the ~2‰ shift in the G. bulloides 
δ18O record includes a SST (and carbonate ion effect22) component,  
which we account for here using alkenone-derived SSTs. The  
G. bulloides average δ13C values for the Holocene and LGM (~18–22 
thousand years ago (ka)) are similar, but the GIG transition dis-
plays δ13C minima at ~12 ka and during the Holocene at ~7.4 ka 
(Fig. 2b). G. bulloides shell weights are heavier during glacial times 
(Fig. 2c). There is also a clear difference in G. bulloides δ11B values, 
with Holocene δ11B about 2‰ lower than that in the LGM (Fig. 2d). 
Alkenone-based SST estimates show a GIG change of ~4.1 °C with a 
minimum of 8.2 °C at ~21.4 ka, followed by postglacial warming to 
13.9 °C at ~11 ka and cooling to ~13 °C over the past ~6 kyr (Fig. 2e).  
The most recent samples (~2.6 to 2 ka) show deviations in δ18O, 
shell weight and δ11B compared to earlier Holocene values.

Varied contribution of the Southern Ocean to 
deglacial atmospheric CO2 rise
Andrew D. Moy! !1,2*, Martin R. Palmer3, William R. Howard4, Jelle Bijma! !5, Matthew J. Cooper! !3, 
Eva Calvo! !6, Carles Pelejero6,7, Michael K. Gagan8,9 and Thomas B. Chalk3

Glacial–interglacial changes in atmospheric CO2 are generally attributed to changes in seawater carbon chemistry in response 
to large-scale shifts in the ocean’s biogeochemistry and general circulation. The Southern Ocean currently takes up more CO2 
than any other and it is likely to have played a crucial role in regulating past atmospheric CO2. However, the physical, biologi-
cal and chemical variables that control ocean–atmosphere CO2 exchange during glacial–interglacial cycles are not completely 
understood. Here we use boron isotopes and carbon isotopes in planktonic foraminifera and an alkenone-based proxy of tem-
perature to reconstruct seawater pH and CO2 partial pressure in sub-Antarctic surface waters south of Tasmania over the past 
25,000 years, and investigate the mechanisms that regulate seawater CO2. The new record shows that surface waters in this 
region were a sink for atmospheric CO2 during the Last Glacial Maximum. Our reconstruction suggests changes in the strength 
of the biological pump and the release of deep-ocean CO2 to surface waters contributed to the last deglacial rise in atmospheric 
CO2. These findings demonstrate that variations in upwelling intensity and the distribution of Southern Ocean water masses in 
this sector played a key role in regulating atmospheric CO2 during the last glacial–interglacial cycle.
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Downcore G. bulloides δ18O, δ11B and shell weights co-vary with 
each other (Fig. 2) and with atmospheric CO2 over the past 25 kyr 
(Fig. 3b). This co-variation is interpreted here to arise from the GIG 
evolution of the surface water temperature and chemistry22–27. As 
MD972106 was recovered at a depth above and close to the modern 
calcite saturation horizon (Supplementary Fig. 2), it is important to 
consider the possible effects of postdepositional calcite dissolution 
on shell weights26,28, particularly when considering GIG lysocline 
changes versus primary calcification driven by surface water car-
bonate ion concentration ([CO3

2−]). Holocene core-top G. bulloides 
shell weights indicate that the foraminiferal lysocline at the South 
Tasman Rise is at ~3,600 m water depth29. Carbonate preservation 
indicators, percent calcium carbonate and percent whole foramin-
ifera (Supplementary Fig. 3) suggest that seafloor calcite dissolution 
did not play a significant role in changing shell weights over the past 
25 kyr at this site.

Reconstructing seawater pH and pCO2

IPast variations in sea-surface water pH at the MD972106 core site 
were calculated from the δ11B–pH relationship for G. bulloides30 
and from the alkenone SST record (Methods). The estimated pH 
shows a decline from LGM values of ~8.38 to Holocene values of 
~8.16 (Fig. 3a). By comparison, the modern anthropogenic-influ-
enced surface water pH at the MD972106 site was 8.11 in 2001 ce 
(Supplementary Note 1). Variations in surface water pCO2

I
 (Fig. 3b) 

over the past 25 kyr can be estimated using the SST alkenone record, 
the δ11B surface water pH record and estimates of either alkalinity or 
dissolved inorganic carbon (DIC) (Methods). There is a close agree-
ment between pCO2

I
 calculated using estimates of pH combined with 

either estimates of alkalinity (Method 1) or DIC (Method 2) (Fig. 3b).  
Methods 1 and 2 both use pH estimated from G. bulloides δ11B, and 
hence any differences result from the assumptions that underlie 

estimates of the alkalinity and DIC parameters. These calculations 
show that surface water pCO2

I
 rose from ~165 ppmv at the LGM to 

~280 ppmv in the early Holocene (Fig. 3b). The interval ~6.3–4.2 ka 
is marked by an elevated pCO2

I
 of ~315–360 ppmv that decreased to 

~270 ppmv at ~2 ka (Fig. 3b). The 2001 ce surface water pCO2

I
 at this 

site was ~330 ppmv, broadly consistent with the known anthropo-
genic rise in atmospheric CO2 (Supplementary Note 1).

The difference between the estimated pCO2

I
 of the surface water 

and the atmosphere (ΔpCO2

I
) can be calculated by using ice core CO2 

data from Antarctica1 (Fig. 3b). Estimated ΔpCO2

I
 (Figs. 3c and 4e) 

indicates that surface waters near MD972106 were a net sink for 
atmospheric CO2 during the LGM (ΔpCO2

I
 = −25 ppmv) and dur-

ing the GIG transition until ~12 ka, when surface waters became 
a net source of CO2 during the early Holocene (ΔpCO2

I
 = 15 ppmv). 

Between ~6.3 and 4.2 ka the surface waters were a strong net source 
for CO2 (ΔpCO2

I
 ≈ 50–90 ppmv), before returning to a weak net sink 

(ΔpCO2

I
 ≈ −6 ppmv) at ~2 ka (Figs. 3c and 4e). In addition, past  
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Fig. 2 | δ18O, δ13C, shell weight and δ11B for the planktonic foraminifer,  
G. bulloides and SST estimates from alkenones in sediment core MD972106. 
a–d, Measured G. bulloides δ18O (with y axis reversed) (a), δ13C (b), shell 
weight (c) and δ11B (d). e, SST estimates from alkenone unsaturation ratios 
ðUK0

37Þ
I

. The age model was constructed using calibrated 14C ages (black 
triangles, Methods). Error bars represent 1σ uncertainties for δ18O, δ13C  
and shell weight, and 2σ uncertainties for δ11B based on replicate 
measurements (Methods). Error bar on the SSTs represent 2σ analytical 
uncertainties for replicate measurements on a homogeneous laboratory 
standard (Methods).
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