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other factors that might in¯uence DNA conductivity. For example,
if vibrational modes of the molecules participate in the conduction
mechanism, a certain length of the molecule may simply be required
to allow for those collective effects, like solitons, to build up and to
mediate electron transport. This would imply that restrictions of the
degree of freedom of the DNA molecules such as through adsorp-
tion to a surface for example, could affect electrical conduction.
There are probably a range of other issues that need to be considered
to understand the details of the conduction mechanism on a
molecular scale, but they do not affect our ®nding that DNA
molecules, under the conditions described here, are electrical
conductors. Further carefully designed experiments are now
needed to explore the factors in¯uencing DNA conductivity.
Measurements of the temperature dependence of DNA resistivity,
as well as the characterization of the electrical noise, should help to
determine how DNA transports charges.

The detailed understanding of the conduction mechanism
remains a challenge and, once achieved, should undoubtedly
provide a better insight into the biological, chemical and physical
properties of DNA molecules. The work reported here suggests
that DNA molecules should be considered, among other candidates,
as potential one-dimensional quantum wires for mesoscopic
devices. M
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The stable-isotope signatures of oxygen and hydrogen in the water
of preserved ice and snow are both widely used to infer local
temperatures of past environments. A derived quantity based on
these two signatures, the `deuterium excess'1, provides additional
palaeoclimatic information2±4, as this parameter depends on the
meteorological and oceanic characteristics of the water's source-
regions (in particular, their temperature2,3 and relative
humidity4). Published studies mainly focus on records from the
past 40,000 years. Here we present a deuterium-excess history

obtained from ice cores from Vostok, East Antarctica, spanning
the full glacial±interglacial cycle of the past 150,000 years. The
deuterium-excess record shows a strong anticorrelation with the
Earth's orbital obliquity (,41,000-year periodicity), and values
are markedly higher during the cold stage 5d (following the last
interglacial) than during the other cold stages. We interpret the
relationship with obliquity as resulting from changes in the
latitudinal insolation gradient affecting ocean surface conditions
and, thus, the delivery of moisture to the polar region. We argue
that the high 5d values, relative to other cold stages, are driven by
relatively less moisture delivered from high latitudes, and more
from low latitudes. The deuterium-excess in Antarctic precipita-
tion thus provides long-term, spatially integrated information on
ocean surface conditions and ocean/atmosphere circulations in
the Southern Hemisphere.

The deuterium excess, d, (hereafter the excess) is de®ned as the
deviation from the meteoric water line5: d � dD 2 8d18O (see Fig. 1

Figure 1 Time series of dD, deuterium excess, obliquity and insolation. a, dD;

b, deuterium excess, d. Measurements were performed along a shallow core

from the surface to 138 m (BH8, drilled in 1996) and along deep core 3G from

138 to 2,083 m, with different sampling resolutions (50 cm between 0 and 138 m;

5m down to 1413m, 2 m below this10). Experimental accuracy for deuterium

excess is 60.7 ½ (60.5 ½ for dD and 60.05 ½ for d18O) down to 1,413m and

61.3 ½ below this (d18O measurements were performed with a dual mass

spectrometer with a precision of 60.1 ½). Data are presented at a 5-m depth

resolution representing a temporal resolution of 200 to 500 years. We use a

modi®ed version of the extended glaciological timescale, the accuracy of

which is estimated to be 66 kyr (ref. 10). c, Gaussian-®ltered deuterium

excess in the obliquity band (0:0256 0:005 kyr2 1). d, Difference between mean

annual insolation at 208 S and 608 S. e, Mean annual insolation at 608 S (black

line), and obliquity14 (red line). (Here dD � ���D=H�sample=�D=H�vsmow�2 1� 3 103;

d18O � ���18O=16O�sample =�
18O=16O�vsmow�2 1� 3 103.)
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legend for nomenclature). The excess mainly re¯ects the kinetic
fractionation occurring during non-equilibrium processes (evap-
oration above the ocean6 surface and snow formation7) due to the
difference in diffusivity between heavy and light molecules. As
shown by simple models based on the closure equation3,6, the
excess in the vapour above the ocean surface increases when the
ocean surface temperature increases (+0.35 ½ per 8C) and
decreases when relative humidity increases (-0.43 ½ per %).
Simple models3,8 have also shown that the initial excess value
re¯ecting the oceanic source information is, at least partly, pre-
served all over the air-mass trajectory towards polar regions. Recent
results obtained with a more complex atmospheric general circula-
tion model (AGCM) calibrated with isotope tracer diagnostics
support the idea that polar deuterium-excess values contain infor-
mation on meteorological conditions at distant evaporative
sources9.

The Vostok ice-core deuterium-excess pro®le is shown in Fig. 1
along with dD (ref. 10), a proxy of local past temperatures changes
(see ref. 11 for a recent review). This record covers a full climatic
cycle back to 150 kyr before present and considerably extends the
40-kyr Antarctic continuous record from Dome C (ref. 4; except for
this site and for limited discontinuous Vostok data10, most studies
of deuterium excess in Antarctica have focused on surface snow).
Large variations are found in this record, from ,10 ½ to 20 ½.
For the ®rst 40 kyr, we note similar excess changes at Vostok and
Dome C. In particular, for both records, the excess is 4±5 ½ lower
over the deglaciation than for the youngest part of the Holocene,
indicating that glacial±interglacial ¯uctuations in Vostok excess
represent at least a synoptic-scale pattern. We note a general anti-
correlation between d and dD. However, Fig. 2, in which d is plotted
as a function of dD, illustrates that the excess contains additional
information compared to the deuterium pro®le. This is con®rmed
by a principal-component analysis performed on the two isotopes
which provides (as second component) a combination similar to
the excess pro®le.

During the two interglacial periods characterized by high dD
values (Holocene in red and Eemian in dark blue; Figs 1 and 2) the
excess increases with time. During transitions (characterized by
large dD changes), two distinct types of excess behaviour appear;
glacial inception with high excess values and deglaciations with low
excess values. During glacial periods (low dD values), various excess
levels can be present for a given temperature. In particular, stage 5d
is characterized by the highest excess values (,19.5 ½), whereas
stages 2, 4 and 6 have lower excess values (,15 ½). Before

interpreting this obvious feature, we examine the spectral properties
of the excess signal.

Various spectral methods have been used, and we have tested that
the spectral properties are robust with respect to the empirically
based de®nition of the excess by replacing 8.0 by any value between
7.0 and 9.0 (note that, in our record, the dD±d18O slope is 7.85). We
conclude that only the obliquity (41-kyr periodicity) is strongly
signi®cant for the excess, and that it differs from the local dD
temperature record for which both obliquity and precession (23-kyr)
are signi®cant (Fig. 3 shows only results from the multi-taper
method12). A cross-spectral analysis of coherence and phase
(using the Blackman±Tukey method13) between the excess and
the obliquity points out their strong anticorrelation over the past
150 kyr. This is illustrated by comparing the excess values ®ltered in
the 40-kyr band with the obliquity: the highest (lowest) values of
deuterium excess are in phase with the lowest (highest) values of
obliquity (Fig. 1). This orbital parameter strongly modulates the
annual mean insolation14, in particular at high latitudes (Fig. 1) and
we now examine how annual insolation changes could in¯uence the
deuterium excess of Antarctic snow.

First, Vostok local temperatures are partly in¯uenced by the
obliquity (as indicated by dD) and we could therefore think of the
40-kyr excess modulation as being due to local post-deposition
effects such as those related to sublimation and depth-hoar forma-
tion (ice crystals formed by sublimation within snow, but beneath
the snow surface) which, under certain conditions, may induce
additional kinetic fractionation15. However, due to the extremely
low temperatures in Vostok, this possibility can probably be
discarded. Second, a recent study with an AGCM coupled with a
slab ocean model has shown the effects of obliquity ¯uctuations on
high-latitude climate due to the response of sea-ice cover. Increased
obliquity (increased annual insolation at 608 S) and therefore
reduced sea-ice cover16 induces a larger relative contribution of
local cold moisture sources, resulting in low excess values, and vice

18

16

14

12

d 
(‰

)

-480 -470 -460 -450 -440 -430

δD (‰)

Figure 2 Deuterium excess versus dD (with smoothing over a 4,500-year running

period). The colour represents the different stages as de®ned in Fig.1: Holocene

(red), Last Glacial Maximum (orange), stage 4 (green), stage 5d (light blue), last

interglacial (dark blue) and previous glacial period (purple).
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Figure 3 Harmonic analysis of the deuterium excess (a) and dD (b) interpolated at

0.5-kyr intervals. The analysis used the multi-taper method (MTM); the bandwidth

parameter, NQ, is 4 and the number of tapers is 6 (see ref.12 for details). This non-

parametric method provides high-frequency resolution and has the advantage of

providing a statistical test (solid line) for the validity of the amplitude (dashed line)
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Analyseries software30.
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versa. Although a signi®cant in¯uence of high-latitude oceans south
of the polar front on central Antarctic precipitation is supported by
AGCM simulations of present-day moisture sources, this contribu-
tion is too low (,15%) to explain by itself the 40-kyr modulation17.

Third, annual insolations are in phase with obliquity south of
,458 S and in antiphase from there to the Equator. Thus obliquity
¯uctuations signi®cantly modulate the difference between annual
insolations at low and high latitudes (,4% for the difference 208 S±
608 S, Fig. 1) and have effects on both atmospheric and ocean
circulations (moisture and heat transport). A minimum latitudinal
insolation gradient weakens the atmospheric meridonal circulation
and reduces the contribution of low-latitude moisture to Antarctic
precipitation. In parallel, less oceanic heat transport from low to
high latitudes results in lower sea surface temperature (SST) at high
latitudes. Both effects contribute to a colder origin for the pre-
cipitation and therefore excess values are lower when the insolation
gradient is weak, that is, when the obliquity is large. This change in
source temperatures also affects the Antarctic snow isotopic con-
tent: if relative humidity is kept constant, a colder source implies an
increase of dD and d18O and vice versa. Indeed this may explain
the generally observed anticorrelation between d and dD. Part of the
40-kyr modulation in the Vostok isotopic record may result from an
associated shift of the polar front which is itself re¯ected in the
deuterium excess (by inducing a parallel shift in the source areas).

Although the in¯uence of changes in relative humidity cannot be
discarded4, we favour the SST interpretation for two reasons. First,
simple isotopic models show that the imprint of the source
temperature on Antarctic snow deuterium excess increases inland
while the imprint of the source relative humidity8 decreases. Second,
we have analysed the modern and glacial climates simulated by
various AGCMs within the Paleoclimate Modeling Intercomparison
Project18. All models show only weak relative humidity changes
(typically 1%) above southern oceans north of the polar front.

The changes in respective contributions of low- and high-latitude
moisture also provide a plausible explanation for the extremely high
excess level during cold stage 5d compared with the other cold
periods (stages 2, 4, 6). The high latitudes are characterized by
similarly cold temperatures during all these stages (Table 1), but,
during glacial inception, the southern tropics are warmer than
during stages 2, 4 and 6 as generally shown by available ocean
cores19±21 covering these periods. Indeed, the high excess level
implies a strong contribution of moisture from the warm ocean
and suggests that, during glacial inception, low-latitude evaporation
was maintained at its interglacial level.

Moreover, the Vostok marine sodium pro®le22 shows much lower
concentrations during stage 5d than during stages 2, 4 and 6
(Table 1), probably associated with a decreased atmospheric trans-
port from production regions (high latitudes) to the ice cap23. Dust
concentrations in the Vostok ice are also different in stage 5d (no
dust) than in the other glacial periods24. The absence of dust peaks
during stage 5d may be also due to a weaker atmospheric
circulation23,24 over the dust sources (mainly South America25).

The combined information from marine sodium and dust
suggests a weakened atmospheric circulation at high latitudes24

during stage 5d and therefore less atmospheric transport of high
latitude moisture. Thus, two phenomena are different at stage 5d

compared with stages 2, 4 and 6: warmer SST in the equatorial
region, possibly maintaining local evaporation, and less atmospheric
transport from the high latitudes as indicated by dust and marine
sodium records. As a result, the relative contribution of low
latitudes to Vostok precipitation would be higher during stage 5d
than during other Vostok cold stages, explaining higher values of
deuterium excess.

The study of the last climatic cycle in Vostok points out the
importance of the moisture origin, and the relative contribution of
low and high latitudes, in controlling the excess values. Therefore,
the deuterium excess provides integrated, and thus unique, infor-
mation on oceanic conditions and their past ¯uctuations, comple-
menting relatively scarce southern deep-sea core data. The use of
isotopic AGCMs should help to quantify better the changes in the
deuterium excess and the link of relevant oceanic surface parameters
with obliquity. Here, using the deuterium excess, we have pointed
out the effect of the insolation gradient on the relative contribution
of low and high latitudes to Antarctic precipitation (this relative
contribution is inaccessible by other means). Indeed, changes in
deuterium excess at Vostok also provide an indirect measure of
southern latitudinal moisture transport above the ocean. The
importance of this latitudinal moisture transport on thermohaline
oceanic circulation is now fully recognized for the North Atlantic
(see ref. 26 and references therein). This should also hold true for
the Southern Ocean. In turn, obtaining information on latitudinal
moisture transport may help the understanding of the role of the ocean
in linking the climates of the Southern and Northern hemispheres27.

The deuterium excess at Vostok also suggests that oceanic con-
ditions during glacial stage 5d were more similar to an interglacial
than to other glacial stages (2, 4, 6); this indicates a signi®cant
difference in the hydrological cycle between a cold stage just
following an interglacial peak (5e) and a full glacial cold stage.
Preliminary results10 seem to indicate a similar situation for the
previous glacial inception (stage 7). The possibility now offered of
obtaining a continuous pro®le of deuterium excess over four
climatic cycles in Vostok28 should allow further investigation of
this difference in hydrological cycle; it should also allow further
study of the link between deuterium excess, insolation, and surface-
condition changes. M
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Whether modern tectonic processes differ substantially from
those in Archaean times (.2,500 Myr ago) remains controversial.
One view1 is that Archaean tectonic processes were some combi-
nation of modern ones, occurring faster or more shallowly
because of the larger heat output of the early Earth, but others2

have proposed that signi®cantly different processes operated.
Here I argue that gravitational spreading of Archaean continents
would have caused them continuously and pervasively to `over-
¯ow' onto adjacent ocean basins, and that this process would have
naturally ceased at the end of the Archaean era. Because modern
continental crust is believed to be ductile rather than brittle below a
depth corresponding to a temperature of about 350±400 8C (ref. 3), it
seems likely that such a ductile zone was universally present within
the hotter Archaean continental crust. If the mean geothermal
gradient of the continents had exceeded ,25±30 8C km-1, then
the resulting ductile zone would have caused continental over¯ow
to occur, and such a process can account for many of the
distinctive peculiarities observed in the Archaean geological
record. The cessation of continental over¯ow corresponds
naturally to the stabilizing `cratonization' which marked the end
of the Archaean era, with its timing dependent on the evolution of

both the geothermal gradient in the continents and the depth of
the ocean basins.

Processes such as tectonic compression and subduction- or
plume-related magmatism can thicken continental crust. The
amount of such thickening is limited by gravitational collapse4,
which thins and spreads continental crust. Gravitational spreading
uses the gravitational energy of overthickened crust to provide the
power needed to drive extensional normal faulting in the upper
brittle crust, viscous simple shear of the lower ductile crust, and
viscous shear in the mantle as mantle ¯ow accommodates isostatic
adjustments of the crust. If the crustal ductile channel is suf®ciently
inviscid, signi®cant upper-crustal topographic relief cannot be
maintained in the spreading region, and must be concentrated in
a `front' at the leading edge (or edges) of a spreading plateau, as
observed in Tibet today. Such a front can take one of two forms: if
the crust into which the front is propagating also possesses a ductile
channel, spreading will drive lower-crustal material into this chan-
nel and thicken it, `in¯ating' the crust in the manner modelled by
Bird5. Alternatively, and this is the case I analyse here, the adjacent
crust may contain no ductile channel: in particular, it may be
oceanic crust, which, although being as hot as the advancing felsic
material, is not ductile because of its ma®c composition. In this case,
frontal advance can proceed only if continental material over¯ows
the oceanic crust by thrusting, as shown schematically in Fig. 1.

To assess the degree of crustal overthickening required to drive an
over¯ow front, I estimate here the magnitude of the various energy
dissipation terms relative to the available gravitational power.
Because viscous shear heating must be quadratic in the over¯ow
front velocity, it must be negligible at the onset of over¯ow relative
to the other components of the energy budget, which must be linear
in the over¯ow front velocity; the threshold for over¯ow is therefore
determined by the balance of these linear terms. As I will show, the
threshold is primarily determined by the balance of gravitational
input power and normal-fault dissipation; all other terms are much
less important. To show the relative importance of these terms, it is
convenient to have a speci®c and simple example in mind; here I
evaluate them for the case of a microcontinent of width L and much
longer strike length whose brittle upper crust and deep crustal
ductile zone are of uniform thicknesses b and h, respectively (Fig. 1).
Spreading is assumed to be perpendicular to strike, increasing L
with frontal velocity vf. For simplicity, I assume that the frontal
geometry does not change with extension, although the thicknesses
b and h must decrease proportionally with the rate of increase of L in
order to conserve mass, the former by normal-fault rotation in the
brittle crust, and the latter by Couette (simple shear) ¯ow in the
ductile zone (implying that the ¯ow velocity tends to zero at the base
of the ductile zone). The simplifying assumption that the depth of
the brittle±ductile transition is approximately independent of strain
rate is reasonable; the strongly thermally activated nature of any
reasonable crustal rheology means that the effective viscosity pro®le

Figure 1 Cross-section perpendicular to strike of a simpli®ed Archaean

microcontinent. Symbols are de®ned in the text.


