
Since the beginning of the Tertiary,
65 million years ago, the Earth has
experienced a long-term cooling

trend1. The reasons invoked to explain the
trend are complex, involving changes in
major ocean currents and continental
topography, the amount of solar energy
reflected by the Earth, concentrations of
atmospheric CO2, and continental glacia-
tions. In contrast, Sigman and colleagues
(page 59 of this issue2) highlight a simple yet
largely overlooked factor, which may have
contributed significantly to cooling during
the past 3 million years or so. It is based on
the temperature-dependent density of sea
water, and the interplay with the other main
contributor to density, salinity.

One of the principal determinants of the
Earth’s mean temperature is the level of
atmospheric CO2, which regulates its radia-
tive balance. One possible contributor to
global cooling during the Tertiary is thus a
reduction of atmospheric CO2 concentra-
tion with time3.Such a reduction would have
resulted from a change in the balance
between CO2 emitted by volcanoes and
ocean ridges, and CO2 uptake by chemical
weathering of the continental crust, which
between them control the amount of carbon
present in the ocean, on continents and in 
the atmosphere on a timescale of millions 
of years. A variety of oceanic processes 
determine the partitioning of CO2 between
atmosphere and ocean, and produce higher-
frequency variability in atmospheric CO2

on timescales of 104 to 105 years. Particularly
well documented are cyclical variations,
which occurred during the past 500,000
years in concert with variations in Earth’s
orbital parameters and which resulted in
lower atmospheric CO2 during glacial 
periods4.

One of the leitmotifs that are used to try
to explain this lower glacial CO2 is stratifica-
tion in the upper ocean at high latitudes.
Some 20 years ago,this mechanism was iden-
tified as a particularly effective means of
sequestering carbon in the deep sea at the
expense of the atmosphere5. In the modern

ocean, there is extensive vertical mixing at
high latitudes, particularly in the cold waters
surrounding Antarctica.This mixing returns
to the atmosphere some of the CO2 that
accumulates in the deep sea from the decay of
sinking organic matter produced in the sun-
lit surface waters. Density stratification of
the upper ocean in these regions would pre-
vent such return and keep CO2 sequestered
in the deep sea. This finding prompted an
extensive search in the sedimentary record
for evidence that such stratification hap-
pened during the recurring ice ages of the
past 500,000 years. Some compelling but 
not universally accepted evidence for glacial
stratification in the Antarctic emerged from
this work, but with no clear consensus about
the mechanism responsible.

Sigman et al.2 have also found evidence
for enhanced ocean stratification at high lati-
tudes starting 2.7 million years ago, a period
coinciding with the initiation of glaciation 
in the Northern Hemisphere. That evidence
comes from the past record of the activity 
of diatoms, one of the main members of
the phytoplankton, whose cell walls are 
made from opal (a mineral composed of
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Palaeoclimate 

Cool stratification
Roger Francois

The quirky relationship between seawater temperature and density is
invoked to account for how, during past global cooling, the high-latitude
oceans locked up atmospheric CO2 and produced further cooling. 
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Figure 1 Variation in seawater density as a
function of temperature, with salinity at 35‰.
Sigman et al.2 argue that this relationship, in
which the density of sea water increases less
rapidly as the temperature drops towards
freezing point, has profound consequences in
partly determining ocean stratification at high
latitudes and sequestration of atmospheric CO2

to the deep sea.

amorphous silica). Sigman et al. report a 
dramatic decrease in opal accumulation rates
in the sediment deposited in the North Paci-
fic and the Antarctic Ocean at that time,
which they interpret as a reduction in opal
production by diatoms and in the phyto-
plankton productivity of both regions. They
also measured the nitrogen isotopic composi-
tion of bulk sediment, and the results suggest
that these fewer diatoms used either a higher
(in the North Pacific) or a similar (in the
Antarctic) fraction of the nitrate nutrients
supplied to the sunlit layer by vertical mixing.

Combining these two observations, the
authors conclude that nutrient supply to sur-
face waters by vertical mixing must have
been reduced, implying increased vertical
stability of the upper water column in these
two oceanic regions, starting 2.7 million
years ago. These trends and their interpreta-
tion are similar to those for the Antarctic
Ocean during the last glacial period,between
80,000 and 20,000 years ago. Sigman et al.,
however, go further by proposing a mecha-
nism to account for the stratification.

That mechanism is based on the knowl-
edge that the increase in the density of sea
water with decreasing temperature becomes
less rapid as the temperature approaches the
freezing point (Fig.1).A stable water column
is vertically stratified, with seawater density
increasing with depth.At low latitude, where
surface waters are warm, there is a strong
temperature-controlled density gradient, or
thermocline,between depths of about 200 m
and 1,000 m, where the temperature drops
from above 20 �C to below 5 �C. At high 
latitudes, where surface-water temperatures 
are much colder and approach those of deep
waters, this thermocline disappears.

Because of that, stratification in cold
regions at high latitudes is mainly controlled
by another factor, the salinity of surface
water, which depends on the balance
between precipitation and evaporation, or
sea-ice melting and formation. In the mod-
ern ocean, only the North Pacific has surface
salinities low enough to be permanently
stratified. The Antarctic Ocean also has low
surface salinity, but not low enough to pro-
duce permanent stratification. Instead, there
is seasonal stratification during summer
melting of the sea ice produced in winter.
The North Atlantic Ocean has higher surface
salinity, which prevents stratification and
promotes deep-water formation. The con-
trast in surface salinity between the North
Pacific and North Atlantic is due to the trans-
port of water vapour from the Atlantic to the
Pacific as a result of the interaction between
atmospheric circulation and continental
topography.

Sigman et al.2 argue that, before 2.7 mil-
lion years ago, high-latitude surface waters
and the resulting deep waters were suffi-
ciently warm that winter cooling would have
overwhelmed any vertical salinity gradient.
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Under these conditions,no permanent strat-
ification would have been possible, and rela-
tively warm, deep water would have formed
in most high-latitude regions. As Earth
cooled through the Tertiary, however, it
reached a threshold coinciding with the
onset of glaciation in the Northern Hemi-
sphere. In this situation, high-latitude 
surface waters became so cold that further
cooling in winter did not have enough of an
effect on seawater density to overcome the
salinity gradients. Surface water would then
have been able to accumulate more fresh
water by precipitation, exacerbating stratifi-
cation, which would have then become per-
manent,as in the modern North Pacific.

Global cooling would then be an impor-
tant factor promoting high-latitude stratifi-
cation. This, in turn, would have trapped
more carbon from the atmosphere in the
deep sea, thereby lowering greenhouse
warming and further intensifying cooling.
During the Quaternary climatic cycles that
followed, interglacial periods would have
been sufficiently warm to allow deep winter
convection in the Antarctic Ocean,but not in
the North Pacific.Presumably,during glacial
periods, stratification would also have taken
place in the Antarctic6, thereby contributing
to further lowering of atmospheric CO2.

A corollary pertinent to present-day con-
cerns is that anthropogenic warming of the

ocean would increase vertical mixing at high
latitudes, thereby further increasing atmos-
pheric CO2 and global change. Although it
would take about 1,000 years to fully take
effect, this would be a totally uncool legacy
for our descendants.

Sigman et al.2 present compelling evi-
dence for increased high-latitude stratifica-
tion starting 2.7 million years ago. No doubt
their conclusions will stimulate further
scrutiny of the history of deep-water tem-
perature7, and of the validity of their 
interpretation of the sedimentary record.
Nonetheless, they propose an elegantly sim-
ple mechanism that could very well explain
some of the major climatic shifts of the geo-
logical past. It is refreshing to see that, even 
in a field as complex as palaeoclimatology,
there are still such kernels of simplicity that
may be ready for the picking. ■
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A t the beginning of mitosis, the
process of cell division, chromo-
somes are organized randomly —

like jigsaw puzzle pieces spread out on the
floor. Their constituent two ‘sister chro-
matids’, each of which contains one of the
two identical DNA molecules produced by
replication, must be oriented such that they
will be pulled in opposite directions into
the two newly forming cells. Like a jigsaw,
the solution for correctly orienting all chro-
mosomes comes partly through trial and
error. Mechanisms must exist to eliminate
wrong configurations while selecting the
right ones. The nature of such mechanisms
was first suggested by micromanipulation
experiments begun more than 30 years
ago1. Recent molecular analyses in budding
yeast, including a new paper from Dewar 
et al. on page 93 of this issue2, extend this
earlier work by showing that mechanical
tension is crucial to solving the chromo-
some orientation puzzle.

To segregate chromosomes, eukaryotic
cells assemble spindles, bipolar arrays of
microtubule polymers formed from the pro-
tein tubulin. Spindle microtubules attach to
a single site on each chromatid where a large
multi-protein complex, the kinetochore, is
formed3.When mitosis begins,microtubules
start a ‘search and capture’ process to find
these kinetochores. This process is random,
so some kinetochores fail to attach efficiently
to spindle microtubules. Others generate
incorrect attachments — for example,where
both sister kinetochores attach to the same
pole (Fig. 1). Such ‘syntelic’ attachments
must be corrected so that all chromosomes
are bi-oriented — that is, sister kinetochores
are stably attached to microtubules from
opposite spindle poles. Only then can the
glue holding the sister chromatids together
be dissolved so that the two spindle poles and
their associated chromatids are distributed
to the daughter cells.

Micromanipulation studies1 first provided

100 YEARS AGO
In his notice of my “Papers on Education,” in
taking exception to my nomenclature, Prof.
Smithells has touched on a question of
much importance to teachers. “Chalk gas
seems unnecessary,” he says, “even as a
temporary name for carbon dioxide. Why not
‘Fixed air,’ which is both descriptive and
historical?”… “One remark struck me. He
does not seem to appreciate that by calling
the gas ‘Fixed air’ you must presuppose that
it is fixed and hence all that the word ‘Fixed’
entails of a knowledge of the gas; whereas,
your name is eminently descriptive and
entails no knowledge of the gas at all but
simply described the source from which it
was first obtained.” Henry E. Armstrong

But I think that history usually supplies 
a good professional name, such as
inflammable air, calx of lead, spirit of nitre…
To call carbon dioxide chalk-stuff gas
asserts that it comes from chalk, or that, in
other words, it is a kind of air fixed somehow
in chalk… Historically it was called fixed air,
and I value that name because Black’s clear
perception and proof that a gas could be
fixed in a solid and be a weighable part of it
was the means of inspiring Lavoisier with
the right view of the part played by air in the
calcination of metals, and so led to results of
revolutionary importance. Arthur Smithells

From Nature 3 March 1904.

50 YEARS AGO
In connexion with some recent legal
proceedings, a new method for detecting
fingerprints has been discovered… The
method involves the well-known ninhydrin
test for amino-acids, often used in
chromatography. In this method, fingerprints
on paper have always been considered a
great nuisance, and one is often
recommended to use forceps “to avoid
fingerprints”. In our opinion, the method will
be most suitable for detecting fingerprints on
paper and similar materials… A spontaneous
fingerprint contains 98.5–99.5 per cent
water, the rest being organic and inorganic
compounds. Normally, the water will
evaporate, leaving the rest as a fingerprint
pattern containing fats, salts, amino-acids,
etc. The last group of substances gives the
well-known reaction with ninhydrin… Fig. 1
shows part of a page of a French grammar
which had not been used for twelve years.
The owner’s fingerprint can be compared
with a fresh print developed on sized paper.
From Nature 6 March 1954.

Cell division

Feeling tense enough?
Iain M. Cheeseman and Arshad Desai

Accurately distributing half of each replicated chromosome to both
daughters is a major challenge for dividing cells. The mechanisms used
to achieve this are becoming apparent, thanks to studies old and new.
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