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FIG. 1 The percentage coalescence observed for a stream of nitrogen
gas bubbles rising in a range of aqueous electrolyte solutions at 21—
23 °C. 100% coalescence corresponds to no change in opacity relative
to pure water; 0% coalescence is at the point where no further change
in opacity was observed.

coalescence was monitored by a photodiode that detects the
amount of light transmitted through the column at a set height
above the frit. The water was purified by passing it through
an activated charcoal column and a reverse osmosis membrane
before a single-stage distillation, then stored in a laminar flow
filtered air cabinet. Salts were of analytical grade and where
possible were roasted before use. The acids were of analytical
grade and were used as purchased. The possibility of surfactant
contamination can be excluded because the column acts as a
flotation cleaning cell. The system gave reproducible results on
addition of electrolytes from a burette at the top of the column.
This either produced a sharp transition with reduction in bubble
sizes, giving a substantially more opaque column; otherwise the
electrolyte gave no effect whatever. Multiple bubble collisions
during passage through the column appear to increase the sensi-
tivity of the transition, compared with the single-collision studies
reported earlier’.

Typical results are shown in Fig. 1. The relative light intensity
values have been converted to percentage coalescence, where
100% corresponds to no change relative to water and 0% to the
point where no further change in opacity was observed. Light
intensity was measured ~5cm above the frit, following the
passage of bubbles through a turbulent region which promoted
coalescence. It was observed that below this region the addition
of salt had no observable effect. This indicates that the effect of
salt was not due to a change at the surface of the hydrophitic
glass frit. As reported earlier, multivalent electrolytes reduce
coalescence at a lower concentration than univalents®. All scale
with the corresponding ionic strength (or Debye length) rather
than concentration.

What is new, however, is that some electrolytes and some
mineral acids have no effect at all on bubble coalescence. Figure
2 lists a series of anions and cations that brings the effects of
different salts to order. There is a remarkable correlation evident
between the ion pairing and their effect. A property (a or )
can be assigned to each anion or cation. The combination (aa)
or () inhibits coalescence, (¢f) or (Ba) has no effect. Thus
NaCl (aa) and CH; COOH (acetic acid) (8f) inhibit coalesc-
ence, but CH; COONa (af3) and HCI (Ba) do not. No excep-
tions have yet appeared. In any event, the phenomenon is
evidently not explicable in terms of any theory based on the
primitive model of electrolytes, and must involve water structure.
That conclusion is reinforced by studies we have carried out on
sugars; glucose and fructose have no effect, whereas sucrose
does.
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Earlier work® focused on electrolytes that show coalescence
inhibition. We have seen that some acids and salts have no effect
whatever. This last admits no obvious explanation. Previous
attempts to explain the limited range of results then extant
involved increased solution viscosity that would increase hydro-
dynamic repulsive forces. That argument cannot be sustained:
KCl reduces solution viscosity, H-SO, increases it.

In the collision process between bubbles it is clear that coalesc-
ence lowers the total free energy by reducing the area of the air-
water interface. Opposing this thermodynamic force that favours
coalescence, there must arise for dynamic bubble collisions a
substantial hydrodynamic repulsion. This is due to the energy
required for drainage of the intervening water film and will be
significant at separations of typically less than about 10 nm.
There must exist a sufficiently strong attractive force between air
bubbles in water to account for the observed coalescence. An
electrostatic repulsion due to selective ion adsorption at the air—
water interface is unimportant'® over the electrolyte levels
studied, where Debye lengths are typically about 1 nm. At small
separations of the order of 5-10 nm, attractive van der Waals
forces will operate to overcome the repulsive forces. But this
force is hardly affected by the levels of salt used and the hydrody-
namic repulsion is substantial at separations >10nm'".

The only remaining attractive force operating between bubble
surfaces is the long-range hydrophobic interaction® ¥, Tt has been
measured, can have a range of up to 150 nm between solid hyd-
rophobic surfaces in water, and is 10 to 100 times larger in
magnitude than any van der Waals force. It has also been
observed between a hydrophobic solid and an air bubble'?. The
origin of this force is not understood, but its existence and repro-
ducibility is not in doubt.

How should electrolytes affect the hydrophobic interaction?
The limited data available show that the long-range hydrophobic
interaction between solid surfaces is reduced by the addition of
simple salts like KBr**®, For bubbles also, salts reduce the range
of the attractive force. At electrolyte concentrations above our
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FIG. 2 Effect of electrolytes on bubble coalescence.
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transition point, the effect on bubble interactions is to reduce
the range of the attractive force from ~100 nm to 55 nm'. It
seems that such salts act to prevent bubble coalescence by reduc-
ing the range of the attraction between bubbles. Any explanation
for the combining rules that emerge from the table shown in Fig.
2 must then be directly related to the effect of electrolytes on the
hydrophobic interaction. As such, this table may provide insight
into the mechanism of the hydrophobic interaction.

Finally, it is interesting to note that the salt level in the human
body, marked by an arrow in Fig. 1, corresponds to the concen-
tration where the onset of maximum coalescence prevention was
achieved in the bubble chamber experiments. This surprising
result indicates a possible link between salt levels and suscept-
ibility to decompression sickness, as small bubbles present in
tissue do less damage than larger bubbles. O

Received 16 November 1992; accepted 15 June 1993.

1. Kiasson, V. I. & Mokrousov, V. A. An introduction to the Theory of Flotation (Butterworths,
London, 1963).
2. Israelachvilli, J. N. & Pashley, R. M. Nature 300, 341-342 (1982).
3. Pashiey, R. M., McGuiggan, P. M., Ninham, B. W. & Fenneil Evans, D. Science 299, 1088—
1089 (1985).
Claesson, P. M., Blom, C. E., Herder, P. C. & Ninham, B. W. J. Coll. Int. Sci. 114, 234-242
(1986).
5. Rabinovich, Y. I. & Derjaguin, B. V. Coll. Surf. 30, 243-251 (1988).
6. Christenson, H. K., Claesson, P. M. & Pashley, R. M. Proc. Ind. Acad. Sci. (Chem. Sci.) 98,
379-389 (1987).
Christenson, H. K. & Claesson, P. M. Science 239, 330-392 (1988).
. Christenson, H. K., Fang, J., Ninham, B. W. & Parker, J. L. J. phys. Chem. 94, 8004-8006
(1990).
9. Lessard, R. R. & Zieminski, S. A. Ind. Eng. Chem. Fundam. 10, 260-269 (1971).
10. Coliins, G. L. & Jameson, G. J. Chem. Eng. Sci. 31, 985-991 (1976).
11. Chan, D. Y. C. & Horn, R. G. J. chem. Phys. 88, 5311-5324 (1985).
12. Blake, T. D. & Kitchener, J. A. J. chem. Soc. Farad. Trans. |. 68, 1435-1442 (1972).
13. Cain, F. W. & Lee, J. C. J. Coll. Int. Sci. 108, 70-85 (1985).

>

0~

Reconstructing sea surface
temperature and salinity
using /%0 and alkenone
records

Frauke Rostek*§, Gotz Ruhlandf,
Franck C. Bassinot*, Peter J. Miillert,
Laurent D. Labeyrle}, Yves Lancelot*
& Edouard Bard$

* Laboratoire de Géologie du Quaternaire, CNRS, Marseille, France

§ Laboratoire de Géoscience de I’'Environnement, JE DRED 192,
Université d’Aix-Marseille Ill, France

T FB Geowissenschaften, Universitat Bremen, FRG

{ Centre des Faibles Radioactivités, CNRS-CEA, Gif-sur-Yvette, France

THE oxygen isotope (6'°0) composition of foraminiferal tests from
deep-sea sediments is widely used as a palaeoclimate proxy, but it
includes contributions from sea surface temperature, global ice
volume and local salinity, which are difficult to separate. Recently a
new technique for deriving palaeotemperatures has been developed
which is based on the abundance ratios of unsaturated alkenones
in phytoplankton algae’*. Here we use a combination of oxygen
isotope and alkenone records in a deep-sea core from the juncture
of the Arabian Sea and the Bay of Bengal to extract the salinity
signal from the former record. Variations in salinity are related to
the balance between evaporation and precipitation®, and are thus
a sensitive indicator of climate change. Our 170-kyr salinity record
enables us to reconstruct changes in the Indian monsoon over this
period, considerably extending earlier studies (which reached back
to 18 kyr ago)* . Like these previous studies, we find that large
variations in the monsoon occurred during the transition from the
last glacial period to the present interglacial, but our results also
provide a view of the monsoon throughout the last glacial and
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demonstrate the potential of this approach for reconstructing
palaeosalinity.

Variations of sea surface salinity are strongly related to the
evaporation-precipitation (E— P) balance® and thus represent a
sensitive climate indicator. Due to extreme monsoonal atmos-
pheric and oceanographic gradients®'® (Fig. 1), the Northern
Indian Ocean is characterized by two main surface water masses:
high-salinity surface water (35-36.5%0) due to strong evapora-
tion in the Arabian Sea and low-salinity water (31-34%o) in the
Bay of Bengal caused by high precipitation and large river run-
off, particularly during the SW monsoon''.

In order to reconstruct climate variability in the Equatorial
Indian Ocean, Core MD900963 (05° 04’ N, 73° 53' E; 2,450 m
water depth; Fig. 1) was recovered on the eastern shoulder of the
Maldives Islands (SEYMAMA expedition, 1990; RV Marion
Dufresne). Situated between the Arabian Sea and the Bay of
Bengal, Core MD900963 is probably ideally located to monitor
the changes of the monsoon during the last glacial cycle. A
detailed 5'®0 stratigraphy was established on the surface dwell-
ing planktonic foraminifer Globigerinoides ruber (white) for the
54-m long piston core (Fig. 2b). The timescale was obtained'?
by tuning the §'®0 record to the SPECMAP record'.

We measured the alkenone unsaturation ratio U/ (refs 1, 2)
on the uppermost 10 m of the core to determine sea surface
temperature (SST) variations for the last 170,000 years using the
temperature equation of Prahl er al.'®. Alkenone measurements
were carried out at intervals of 10 cm at the Department of
Geoscience of the University of Bremen. Sample preparation
and technical details are described elsewhere'. Preliminary
observations of the coccoliths indicate that Emiliania huxleyi and
other species of the family Gephyrocapseae are abundant in
the first 10m of Core MD900963 (L. Beaufort, personal
communication).

SST variations during the last 170,000 years are rather
small—between 25.5 and 28 °C (Fig. 2a). Low SST values of
~25.5-26.5 °C are observed in oxygen isotope stages 4 and 3
with a minimum centred within stage 3. Interglacial stage 5 is
characterized by high SST’s between 27 and 28 °C. For stage 6,
the SST’s are ~1.5 °C higher than those observed in the stage 3
minimum.

Our data agree with SST reconstructions based on foramini-
fera assemblages from the tropical Indian Ocean'® and in par-
ticular with the record published by Clemens ez al.'” The fact
that these two SST time series (both obtained in the tropical
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FIG. 1 Circulation patterns in the northern Indian Ocean® and location
of Core MD900963. The solid lines represent the oceanic circulation
during the SW monsoon (May to October), stippled lines the circulation
during the NE monsoon (November to April). SC, Somali Current; NEC,
North Equatorial Current; ECC, Equatorial Counter Current; SW-MC, SW
Monsoon Current; SEC, South Equatorial Current.
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