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degree of overlap between the two theories. Conventionally, con-
tact electrification is explained in the physicist’s language of elec-
tronic states and work functions differing between two materials.
The chemist may prefer to speak of acid-base interactions
between surfaces, but these also imply a degree of charge rear-
rangement at the interface, either involving protons (Brgnsted
acids and bases) or electrons, in the more general Lewis sense.
If interacting surfaces are abruptly separated, some fraction of
the charge may remain on the ‘wrong’ material; in other words,
acid-base interactions (insofar as they involve an ionic compo-
nent) may be a precursor to contact electrification. Lee'” has
previously suggested that surface acidity and basicity can be
related to surface acceptor and donor states, thus linking the
languages of chemistry and physics. Whereas work functions for
metals can be measured reliably, they are not easily established
for insulators, whose surface states are strongly affected by
restructuring, defects and adsorbates. On the other hand, the
acid-base nature of insulating surfaces can be readily deter-
mined, for example by wetting experiments"’, and so these
characteristics may serve as useful predictors of the sign and
magnitude of contact electrification between insulators. Which-
ever view is preferred, it is clear that the surface treatment

renders the interface sufficiently asymmetric to achieve contact
electrification and strong adhesion.

We suggest that this approach may lead to applications in
forming exceptionally thin adhesive joints between mating
surfaces of materials having the same or similar surface
chemistries. O
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ICE-CORE reconstructions of atmospheric methane concentrations
for the past 220 kyr have revealed large variations associated with
different climatic periods'™. But the phase relationship between
climate and methane has been uncertain because of dating uncer-
tainties and the coarse sampling interval of available methane
records. Here we present a high-resolution record of atmospheric
methane from 40 to 8 kyr ago from the GRIP ice core in Green-
land. Our improved resolution and dating allow us to conclude that
the large changes in atmospheric methane concentration during the
last deglaciation were in phase (+200 years) with the variations
in Greenland climate. Our results confirm the previous
observation® that methane increased to Holocene levels when much
of the Northern wetlands was still ice-covered, lending support to
the suggestion® that low-latitude wetlands were responsible for the
observed changes. We observe oscillations in methane concentra-
tion associated with the warm periods (interstadials) that occurred
throughout the glacial period®, suggesting that the interstadials
were at least hemispheric in their extent. We propose that varia-
tions in the hydrological cycle at low latitudes may be responsible
for the variations in both methane and Greenland temperature
during the interstadials.

Past variations of atmospheric CH, concentrations can be
reconstructed by analysing the composition of bubbles trapped
in polar ice sheets. Air filling the pore space in firn is enclosed
when firn sinters to ice. The enclosure occurs at a depth of
typically 70 m below the surface in a slow, continuous process.
This implies that the air in the bubbles is younger than the
surrounding ice and that very fast (for example, seasonal) varia-
tions are smoothed by the slow enclosure process.
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Several arguments support the reliability of the ice-core recon-
struction of CH, variations within the experimental
uncertainties®®. Earlier measurements from Dye 3 (Greenland)
and Byrd and Vostok (Antarctica) showed that
glacial-interglacial climatic changes were accompanied by large
variations of the atmospheric CH,4 concentration, and that a
similar relationship might also apply to events of shorter dura-
tion like the Younger Dryas. There remained questions about
the potential leads and lags between CH, and climatic signals,
and about possible CH,4 changes accompanying the interstadial
events of the last ice age in the North Atlantic region. The new
GRIP (Greenland Ice-core Project) ice core obtained on the
top of the Greenland ice sheet at Summit (72° 34’ N, 37° 37’ W,
altitude 3,230 m) offers the opportunity to answer these ques-
tions owing to (1) good time resolution caused by the large
accumulation rate (present-day 0.21 m-H,O yr ') at Summit, (2)
precise dating of the ice’, (3) a relatively short age difference
between air and surrounding ice (210 yr, compared with 2,500 yr
at Vostok under present-day conditions®'®), (4) an excellent ice-
core quality and (5) the measurements in progress of various
chemical compounds in the same core, which can provide addi-
tional information for the interpretation of the CH, record.

Measurements of methane concentration have been performed
at LGGE using a wet extraction technique followed by gas-
chromatographic analyses of the extracted air” *. The contamin-
ation occurring with this technique has been reduced by replac-
ing the grease sealing of the sample container by an indium seal;
contamination averages now 18426 (20) parts per billion by
volume (p.p.b.v.). The analytical precision (calibration+
contamination) is on average 37 p.p.b.v. (20), excluding the
uncertainty of the standard gas.

Ice samples (83) were analysed every ~10 m between 1,330
and 2,270 m depth. This leads to a mean time resolution ranging
from 100-200 yr (upper part) to 600-900 yr (bottom part). The
timescale for the ice originates from ref. 11. The age difference
between air trapped in the bubbles and the surrounding ice has
been investigated carefully at Summit for present-day
conditions®. For other climatic epochs, it was calculated with a
semi-empirical model of firn densification'’, taking into account
the temperature dependence of the close-off density'?. The model
requires knowledge of the mean annual temperature and the
snow accumulation rate at the drill site, both deduced from the
GRIP §'%0 profile™'. The resulting air—ice age difference ranges
from 210 yr in present-day conditions to 750 yr in full glacial
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conditions. The duration of the bubble enclosure ranges from
20 to ~100 yr respectively.

The atmospheric CH, profile is plotted against depth and gas
age, together with the GRIP isotopic record™'' in Fig. 1. The
record follows the main features revealed by previous Antarctic
and Greenland records: the glacial-interglacial doubling from
350 to 700 p.p.b.v., the high mean concentrations around
30-35 kyr Bp and the remarkable oscillation during the deglacia-
tion, which is shown by the GRIP record to be synchronous
with the Younger Dryas. Surprisingly, the Younger Dryas CH,-
concentration minima at Vostok and GRIP are almost identical.
The air enclosure duration at Vostok is theoretically 900 yr (ref.
10), so a smoothing of the atmospheric Younger Dryas signal,
which lasts ~1,000 yr, is expected. As this is not observed, we
suggest that the air enclosure happened faster at Vostok than
assumed.

New and remarkable in the GRIP core is the observation of
six oscillations between 40 and 28 kyr Bp which were not depicted
previously (by the Vostok profile for example), probably because
of the coarse sampling interval in this part of the Vostok record.
Each of these GRIP CH, oscillations is associated with an iso-
topic interstadial episode (labelled 5, 6, 7, 8, 10 and 11 in Fig.
1). The interstadials labelled 2, 3, 4 and 9 have a shorter duration
(~500 yr) and are associated with less-pronounced CH, peaks
(no peak for interstadial no. 9). This could be due to the limited
depth resolution of methane measurements in this part of the
record, which could also be the reason for the differences of the
ratios of amplitudes between isotopic and CH, oscillations for
the interstadials 5 to 11. An additional new feature coming from
the GRIP record is the distinct CH, minimum in the early part
of the Holocene at 8.2 kyr BP, associated with a drop in the §'0
record.

The differences between the CH, and isotope records are also
remarkable. The first difference concerns the start of the deglaci-
ation, where the isotope indicates a first slow temperature
increase between 20 and 17 kyr Bp, whereas the CH, level stays
at low values until 16.5 kyr Bp. Another difference is in the
Bglling-Allergd period (14.45-12.7 kyr Bp), when the isotope
shows a decreasing trend while CH, is increasing. Finally, the
start of the Pre-Boreal stage (11.5-10.0 kyr Bp) also indicates a
slow isotopic increase, when the CH, level is already at its maxi-
mum. These differences indicate that the slow isotopic changes
are not reflected in the CH, profile. But we note that during the
Bglling-Allergd period, palacodata reveal a warming trend in
eastern North America'®, suggesting that the cooling pattern in
Greenland may not reflect an hemispheric phenomenon.

The question of possible time lags between CH,4 and climate
changes can best be addressed by the use of our results covering
the deglaciation and the Younger Dryas. The two fast CH, and
temperature increases at 14.45 and 11.55 kyr Bp (ref. 5) and the
decreases at 12.7 kyr Bp are almost in phase. The observed CH,4
changes precede the isotopic shifts by 100-200 yr, but such
differences still lie within the uncertainties linked to the tempera-
ture and accumulation rate changes introduced in the
densification model and are therefore not significant.

The GRIP CH, profile brings new insights to the causes of
the methane concentration variations. The scenarios proposed
to date involve (1) fluctuations in the global wetland extent, (2)
clathrate decomposition, and (3) variations in the atmospheric
concentration of the OH radical. Photochemical model studies
indicate that the changes in the oxidative capacity of the atmos-
phere probably amplified the changes in CH,4 concentration dur-
ing the deglaciation, requiring, in any case a major change in
the CH, source strength as a primary cause (see ref. 14 for a
review). Clathrate outgassing could lead to several abrupt
increases of the atmospheric CH, level, up to thousands of
p.p.b.v., during the deglaciation'’. Such features are not
observed in the GRIP record although its time-sampling interval
is a factor of ten better than the pre-existing records. Moreover,
clathrate decomposition due to warming in permafrost regions'”
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FIG. 1 GRIP ice-core profiles. Top, CH, record. The thick line runs
through the mean concentration (black dots) and the two accompanying
thin lines correspond to the experimental uncertainty (2o). Bottom, §*20
record along 2.2-m sections of the core®'*. The significant climatic
events are noted by name or by suggested numbering®. The timescale
applies to both records. The depth scale applies only to the CH4 curve
(top), because of the difference in age between trapped air and ice at
a given depth. The CH,4 data are archived in the Ice Core Data Bank of
the World Data Center-A for Paieoclimatology (NOAA, Bouider, Coiorado).

would induce a CH, lag over the major Greenland warmings,
which is not observed in the GRIP record. Although not ruled
out, the hypothesis of catastrophic outgassing appears less prob-
able. (It is, however, possible that clathrate outgassing contri-
buted to smaller and slower CH,4 changes in the ice record.) On
the other hand, we can quantitatively explain the deglacial CH,
doubling by the moisture increase on the continents'®. The rela-
tive role of high and low latitude wetlands in the control of
atmospheric CH, levels is still questioned. But we note that CH,
already reaches interglacial levels during the Bglling, when the
Laurentide and Fennoscandinavian ice sheets were still largely
extended. The CH, increase at the end of the last glaciation
therefore leads the development of boreal vegetation and associ-
ated wetlands at high latitudes'’, as for example depicted by the
comparison with organic acid variations in the GRIP ice core'®.
Also, the two CH, oscillations (during the Younger Dryas and
around 8.2 kyr Bp) parallel two episodes of drought well marked
in (for example) tropical Africa'*>' and Tibet**. These observa-
tions reinforce the hypothesis that low-latitude moisture fluctu-
ations play an important role in changes of atmospheric methane
concentrations during the deglaciation.
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The Greenland isotopic interstadials, as well as the Younger
Dryas and 8.2 kyr Bp droughts in the northern tropics are
thought to result from changes in the formation of North Atlan-
tic deep water (NADW)>>*, possibly linked to instabilities of
the Laurentide ice sheet for the glacial episodes™. Therefore,
the parallelism between the CH, fluctuations and the Greenland
interstadial episodes depicted by our record would reflect an
intimate connection between the North Atlantic thermohaline
circulation and the hydrological cycle over the tropics, if the
latter is effectively responsible for the major CH, changes. One
possible mechanism to generate this connection could be a
change in the evaporation rate over the tropical Atlantic, which
would affect the advection of warm and saline subtropical water
(towards the pole) and hence the NADW formation®, as well
as precipitation over land. Such a mechanism could even account
for a slight lead of the CH, increases over the Greenland abrupt
warmings if the changes in evaporation and moisture at lower
latitudes would first produce warm and salty water streaming
north. A more detailed CH,4 record and progress on air dating
can, together with coupled ocean-atmosphere models, help to
find the basic mechanisms behind this emerging Greenland
climate-methane connection.

As the interhemispheric mixing of the atmosphere is fast com-
pared with the CH, changes observed in the GRIP ice core, the
latter could be used to establish the link between the ice-core
climatic records of the Northern and Southern Hemispheres. So
far, the only GRIP CH, oscillation seen in the Antarctic ice
is the Younger Dryas event in the Vostok profile. In order to
synchronize the GRIP and Vostok (dating in ref. 4) Younger
Dryas CH, oscillations, it is necessary to shift the Vostok oscilla-
tion by 1,200 yr (older), either by decreasing the air-ice age
difference or by increasing the age of the ice. Uncertainties in
these two quantities prevents attribution of the 1,200 yr shift
definitely to one or the other. Moreover, re-dating the Vostok
deglaciation would become easier with additional CH, measure-
ments on this core.

The close relationship between atmospheric CH,4 concentra-
tions and the Greenland isotopic temperature points to a strong
biosphere—climate coupling on the secular timescale, and is in
agreement with a positive CH, forcing on the climate. The mag-
nitude of the CH,4 changes leads however, to a direct radiative
impact of (at most) one-tenth of a degree®’ and therefore cannot
be responsible for the abrupt shifts of several degrees recorded
in Greenland. Additional CH, measurements on existing Green-
land and Antarctic ice cores are still an important future objec-
tive, as they would help to clarify the crucial issues of (1) the
phase relationship between the climatic events of the two hemi-
spheres, (2) the interhemispheric CH, difference and its varia-
tions (that is an additional constraint for the causes of CH,
changes) and (3) the geographical extent of the Greenland clim-
atic flip-flops observed along the GRIP ice core''. O

Received 2 August; accepted 19 October 1993.

1. Stauffer, B., Lochbronner, E., Oeschger, H. & Schwander, J. Nature 332, 812-814 (1988).

2. Raynaud, D., Chappellaz, J., Barnola, J. M., Korotkevich, Y. 8. & Lorius, C. Nature 333,
655-657 (1988).

. Chappellaz, J., Barnola, J. M., Raynaud, D., Korotkevich, Y. S. & Lorius, C. Nature 345,
127-131 (1990).

. Jouzel, J. et al. Nature 364, 407-412 (1993).

. Johnsen, S. ). et al. Nature 359, 311-313 (1992).

. Etheridge, D. M., Pearman, G. I. & Fraser, P. J. Tellus 44B, 282-294 (1992).

Raynaud, D. et al. Science 2589, 926-934 (1993).

. Raynaud, D. & Chappellaz, J. The Global Cycle of Atmospheric Methane, NATO ARW Ser.
(ed. Khalil, M. A, K.} {Springer, Berlin, in the press).
9. Schwander, J. et al. J. geophys. Res. 98, 2831-2838 (1993).

10. Barnola, J. M., Pimienta, P., Raynaud, D. & Korotkevich, Y. S. Tellus 43B, 83-90 {1991).

11. Dansgaard, W. et al. Nature 364, 218-220 (1993).

12. Martinerie, P., Raynaud, D., Etheridge, D., Barnoia, J. M. & Mazaudier, D. Earth pianet. Sci.

Lett. 112, 1-13 (1992).

13. Peteet, D. et al. Quat. Sci. Rev. (in the press).

14. Thompson, A. M. Science 256, 1157-1165 (1992).

15. Nisbet, E. G. J. geophys. Res. 97, 12859-12867 (1892).

16. Chappellaz, J. A., Fung, I. Y. & Thompson, A. M. Tellus 458, 228-241 (1993).

17. Adams, J. M., Faure, H. & Petit-Maire, N. Nature 385, 214 (1992).

18. Legrand, M., De Angelis, M. J. geophys. Res. (submitted).

w

LSRRI

NATURE - VOL 366 - 2 DECEMBER 1993

19. Street-Perrott, F. A. & Roberts, N. in Variations in the Global Water Budget (eds Street-
Perrott, A., Beran, M. & Ratcliffe, R.) 331-345 (Reidel, Dordrecht, 1983).

20. Street-Perrott, F. A. & Perrott, R. A. Nature 343, 607-612 (1990).

21. Gasse, F. & Fontes, J. C. in The Last Deglaciation: Absolute and Radiocarbon Chronologies,
NATO ASI Ser. 12 (eds Bard, E. & Broecker, W. S.) 285-325 (Springer, Berlin, 1992).

22. Van Campo, E. & Gasse, F. Quat. Res. 39, 300-313 (1993).

23. Broecker, W. S. Oceanography 4, 79-89 (1991).

24. Bond, G. et al. Nature 360, 245-249 (1992).

25. Duplessy, J. C. et al. Nature 358, 485-488 (1992).

ACKNOWLEDGEMENTS. This work is a contribution to the Greenland Ice-core Project (GRIP)
which was coordinated and supported by the European Science Foundation. We thank the
national funding organizations in Belgium, Denmark, France, Germany, Iceland, Italy, Switzer-
fand and the UK, together with the X!Ii Directorate of CEC, the CNRS Programme de {"Environne-
ment {(PACB) and the Fondation de France. We also thank all GRIP participants, M. Legrand and
D. Peteet for the communication of unpublished data, R. Delmas and C. Lorius for corrections to
the manuscript, and A. Watson and L. Labeyrie for discussions.

Marine barite as a monitor of
seawater strontium isotope
composition

A. Paytan, M. Kastner, E. E. Martin,
J. D. Macdougall & T. Herbert

Scripps Institution of Oceanography, University of California,
San Diego, La Jolla, California 92093, USA

THE strontium isotope ratio in sea water is influenced by climate,
tectonics, weathering and hydrothermal activity at ocean ridges'™.
Its evolution through time, determined primarily by measuring the
strontium isotope composition of marine carbonates, holds infor-
mation about variations in these processes, and is also useful for
stratigraphic correlation and dating®’. Carbonates are absent
from some marine sediments such as siliceous oozes and red clays,
and can be significantly diagenetically altered in others, especially
in Eocene and older sediments. Here we show that marine barite
is an effective alternative monitor of seawater *’Sr/**Sr. We find
that microcrystals of marine barite separated from Holocene Pac-
ific, Atlantic and Indian Ocean sediments all record the modern
seawater *'Sr/*°Sr value. Moreover, the ¥’Sr/**Sr of barite from
25 sediment samples spanning the past 35 Myr falls within the
range of published data for carbonates over this time period. We
conclude that marine barite reliably records both present and past
variations in seawater strontium isotope composition.

The residence time of dissolved Sr in the oceans is 2-3 Myr,
several orders of magnitude longer than the mixing time
(~1,500 yr), and thus the Sr isotope composition is uniform
throughout the worlds’ oceans. Based primarily on measure-
ments of carbonates, the seawater Sr isotope composition has
been determined for the past 500 Myr of geological history®. The
record is known in considerable detail for the Tertiary period® '
but, although the general features are known, becomes progress-
ively uncertain further back in the geological record.

A limitation in using seawater Sr isotope composition for
palacoceanographic research is the availability and integrity of
the recording material. Calcite is known to undergo recrystal-
lization on burial, changing its chemical and/or isotope
composition'>”"*. Furthermore, almost 50% of the ocean floor
is covered with non-calcareous sediment. Therefore, identifying
other phases that accurately record seawater Sr isotope ratio is
an important goal. Marine barite, a widespread component of
pelagic sediments'®'’, may be such a phase. Within the rather
large uncertainty limits available in the late 1960s, Goldberg et
al.'™® showed that barite in surface sediments has the same Sr
isotope composition as sea water.

Marine barite, in the form of microcrystals or aggregates of
0.5-5 um size, is a ubiquitous minor phase of oceanic particulate
matter and pelagic sediments'® ?'. It is particularly abundant in
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