molar volumes® of the base network upon Agl addition; such
increases in molar volumes also progressively lower the T, of the
alloyed glasses (Fig. 1c, Fig. 2¢).

Determining the physics of transport in ionic glasses continues to
be challenging. It is necessary to understand aspects of molecular
structure in order to understand the details*** of the conduction
process. In this respect, the identification of the glass transition
temperatures of Agl and Ag,Se will also be helpful in understanding
the phase separation of these additives in oxide glasses. (I

Methods

Stoichiometric As,Ses, Agl and elemental Ge, Ag and Se (99.999% purity from Cerac, Inc.)
were used as starting materials to synthesize the pseudobinary A,B,_, alloy glasses (see
text). Details of glass synthesis are in our earlier'® work, where we examined the role of Ag
as an additive in Ge-Se base glasses. Tys were measured using a model 2920 MDSC (T.A.
Instruments, Inc.) at a scan rate of 3 °C min™', and modulation rate of 1°C per 100s.
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Abhsence of deep-water formation
in the Labrador Sea during the

last interglacial period
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The two main constituent water masses of the deep North Atlantic
Ocean—North Atlantic Deep Water at the bottom and Labrador
Sea Water at an intermediate level—are currently formed in the
Nordic seas and the Labrador Sea, respectively'. The rate of
formation of these two water masses tightly governs the strength
of the global ocean circulation and the associated heat transport
across the North Atlantic Ocean®. Numerical simulations have
suggested a possible shut-down of Labrador Sea Water formation
as a consequence of global warming’. Here we use micropalaeon-
tological data and stable isotope measurements in both plank-
tonic and benthic foraminifera from deep Labrador Sea cores to
investigate the density structure of the water column during the
last interglacial period, which was thought to be about 2°C

Figure 1 The Arctic—North Atlantic sector and the location of the study cores. Crosses:
zones of formation of deep (DSOW) or intermediate (LSW) water. DSOW, Denmark Strait
Overflow Water; LSW, Labrador Sea Water; NEADW, Northeast Atlantic Deep Water;
NADW, North Atlantic Deep Water. Thin arrows, surface currents from the Fram Strait
(dashed) and from the Arctic archipelago (continuous). EGC, East Greenland Current; LC,
Labrador Current. Thick arrows, deep currents; WBUC, Western Boundary Undercurrent.
The Arctic ice-pack (more than 11 months per year of sea-ice) is shown in dark grey.
Coring sites were on the Greenland slope (P-012; 58°55.35" N, 47°07.01" W; 2,830 m),
the Greenland rise (P-013; 58°12.59" N; 48°22.40" W; 3,380 m), and near Orphan knoll
(P-094; 50°12.26" N, 45°41.14’ W; 3,448 m).
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warmer than present®. Our results indicate that today’s stratifica-
tion between Labrador Sea Water and North Atlantic Deep Water
never developed during the last interglacial period. Instead, a
buoyant surface layer was present above a single water mass
originating from the Nordic seas. Thus the present situation,
with an active site of intermediate-water formation in the Labra-
dor Sea, which settled some 7,000 years ago, has no analogue
throughout the last climate cycle.

The Nordic seas are separated from the North Atlantic by the
Greenland—Scotland ridge, with a maximum depth of only about
600—800 m. Hence the renewal of the deep North Atlantic water is
fed by an overflow of intermediate-depth water’. As these waters
flow southwestwards in a deep western boundary current into the
Labrador Sea, they entrain recirculating, relatively cold and fresh,
Labrador Sea Water (LSW)®” that is largely confined to the subpolar
gyre of the North Atlantic® (Fig. 1). The deep western boundary
undercurrent leaves the Labrador Sea at depths greater than
~2,000 m; this undercurrent is thought to be about 200-300 km
wide, and to transport about 13—14 Sv of newly formed North
Atlantic Deep Water (NADW)>" southward before eventually
encountering northward-flowing Antarctic Bottom Water. Despite
the high salinity of the NADW, the colder Antarctic Bottom Water
has higher density and passes below the NADW (see ref. 2 for a
review).

The LSW mass is renewed locally through convective mixing
during winter' (Fig. 2), although the amount of convection varies
from year to year and from decade to decade (see, for example, Fig. 2
and refs 5, 6, 8, 11). Recent simulations conducted with the Hadley
Centre coupled atmosphere—ocean model have suggested that over
the next few decades, LSW mass formation could be practically
stopped’ as a consequence of global warming. Attempts at recon-
structing the properties of LSW formation in geological episodes
warmer than the present interglacial are thus needed to develop
scenarios for changes induced by global warming, and to help in
evaluating the projections of coupled models. The last intergla-
cial—isotopic substage 5e (ISS-5e)'*—constitutes an appropriate
interval, as it experienced warmer conditions than the present.
Although several studies suggest a high production rate of NADW
during ISS-5e (see, for example, refs 13—15), the status of the

Salinity Temperature (°C)
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Figure 2 Structure of the modern water column at the Greenland rise site. a, Mean
salinities from NODC data sets'” versus 1990 and 1991 survey data on the CSS Hudson;
b, mean temperatures from NODC data sets' versus 1990 and 1991 survey data;

¢, Potential-density values (a5); d, Corresponding oxygen isotope composition (5'0,) for
a calcite precipitated in isotopic equilibrium with ambient waters. The continuous arrows
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Labrador Sea as a source of intermediate or upper North Atlantic
deep water is still unclear. Here we address this issue, based on a
reconstruction of past gradients of potential density (gy) in the
water column off southwestern Greenland (Fig. 1).

The reconstruction of conditions in the surface water layer rely on
transfer functions based on organic-walled dinoflagellate cysts, or
dinocysts, that provide estimates of salinities and temperatures for
the warmest and coldest months, August and February'®. Based on
these estimates, we calculate values of o, with a degree of accuracy
(£0.4; see Fig. 3a and Methods) comparable to the interannual
variability based on National Oceanographic Data Center (NODC)
data sets. This interannual variability is clearly illustrated at the
study site by the difference between profiles from the early 1990s,
when enhanced production of LSW occurred?, and the mean NODC
values" of the preceding decades (Fig. 2).

We then reconstruct thermohaline conditions along the seasonal
pycnocline between surface and underlying water masses from
oxygen isotope compositions of foraminiferal calcite (3'°0.) of
epipelagic (Globigerina bulloides) and mesopelagic (Neoglobo-
quadrina pachyderma left-coiling) planktonic taxa, following
approaches illustrated in refs 18—21, whereas isotopic data from
benthic foraminifers (Cibicides wuellerstorfi) provide complemen-
tary information on bottom water. The measured 8'°O,-values are
converted into gradients of o, using calibration equations derived
from August and February temperatures and salinities in surface
waters, assuming that they determine the seasonal range of o, values
(Figs 2d, 3b and Methods).

The study site is located slightly below the high-velocity core of
the Western Boundary Under Current (WBUC) (core P-013; Fig. 1).
This current—which at present winnows the lower slope where
sedimentation rates are very low (see core P-012; Figs 1, 4a)—is
responsible for sediment focusing in the deep basin. Periods with
high production rate of Denmark Strait Overflow Water (DSOW),
and thus high WBUC outflow, result in enhanced sedimentation
rates on the rise and reduced rates on the slope (Fig. 4a, b). The
Holocene and the last interglacial, associated here to ISS-5e, fall into
this category, indicating high production rates of DSOW during the
last interglacial as during the Holocene, in opposition to much
lower production rates (when any) throughout the glacial interval.

g, August (TF) February (TF)

28 1.5 *

25

3.5

Enhanced

convection
in the

7 early 908

DSOW

C.w 1
- +r
2

3
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indicate 8'30, values for surface water conditions (respectively in August and February,
based on transfer functions) and measured in foraminiferal assemblages from box-core
sediments (G.b., Globigerina bulloides; N.p.).: Neogloboquadrina pachyderma left-coiling;
C.w., Cibicides wuellerstorfi). The dashed lines and arrows highlight the deepening of the
pycnocline (dashed line) between the LSW and the NEADW in the early 1990s.
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The inception of a modern-like situation during the early
Holocene (Fig. 4c) is recorded through large isotopic offsets
between the benthic foraminifers bathed by the DSOW, and
planktonic foraminifers which develop along the pycnocline
between the LSW and the surface layer. Transcribed into poten-
tial-density gradients, and compared with surface-water estimates
(Fig. 4g), these values indicate the development of a LSW/NADW
stratification early during the Holocene. However, it is only after
~7,000 *Cyr pp that surface-water values of oy in February exceed
almost permanently those recorded by Neogloboquadrina pachy-
derma left-coiling, thus suggesting winter convection and produc-
tion of LSW. Similar analyses performed on a core from the outlet of
the NADW into the North Atlantic, at Orphan knoll (P-094; Fig. 1),
indicate the same time frame for the development of a modern-like
situation'®. The two records also suggest maximum density values in
surface waters, thus maximum LSW production, during the late
Holocene (Fig. 4g). Both also depict large-amplitude, millennial-
scale oscillations of density in surface waters, throughout the
Holocene, that probably correspond to the pervasive millennial
cycle described in the North Atlantic by Bond et al.”. These authors
link these oscillations to ice-rafting events. Here, they seem driven
by salinity changes (Fig. 4e).

The minima in salinity and density probably correspond to
enhanced freshwater supplies from the Arctic into the Labrador
Sea, possibly associated with reduced sea-ice cover in the Arctic®.
Accordingly, maxima in salinity and density, with February g, values
in surface waters exceeding those values recorded by planktonic
foraminifers (the black arrows in Fig. 4g), should reflect reduced
freshwater supplies.

The freshwater export from the Arctic to the North Atlantic
Ocean is governed by the total precipitation and runoff into the
Arctic. Coupled modelling studies, such as that conducted by Wood
et al.’, suggest that a warmer world is one in which the hydrological
cycle, and hence runoff into (and precipitation over) the Arctic, is
enhanced. Freshwater export from the Arctic can either be in the
form of sea ice or liquid water, and can leave the Arctic into the
Atlantic through either the Fram Strait or the Canadian Archipe-
lago. The freshwater export through the Fram Strait occurs via the

30 August (R? = 0.91)
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narrow East Greenland Current which turns into the Labrador Sea
at Cape Farewell as the West Greenland Current. Analogous to
conditions which occurred in the late 1960s associated with the
‘great salinity anomaly’, we can infer that when LSW formation
was not in operation, as was the case during ISS-5e (see below),
enhanced freshwater export from the Arctic probably occurred.
Conversely, during intervals with enhanced LSW production, the
net export of fresh water from the Arctic into the Labrador Sea was
reduced.

The ISS-5e section at site P-013 indeed shows features very
different from those of the Holocene, notably minimum isotopic
offsets between planktonic and benthic foraminifers (Figs 4c, d).
Here, ISS-5e can be subdivided into two climate episodes. As shown
in Fig. 4d, a maximum abundance of Osmunda spores at
~121kyrago marks the transition between them. It indicates the
spreading of a fern-rich vegetation over southern Greenland and
spore transport through the riverine network”. The Osmunda
maximum should thus match the maximum ice retreat over south-
ern Greenland. The interval preceding the Osmunda maximum
shows variable but generally low surface salinity conditions, and
minimum values of gy (Fig. 4d, f, h), probably due to high rates of
ice meltwater supplies from the retreating ice-sheet. The late ISS-5e
interval corresponds to more stable conditions in surface waters,
with temperatures exceeding those of the Holocene (Fig. 4e, f).
Throughout both intervals, o values in surface waters remained
apparently too low to permit winter convection to occur (Fig. 4h).
Even at the very end of ISS-5e (at ~117 kyrago, Fig. 4h), when
maximum gy values are recorded in surface waters, gy values in
planktonic foraminifers still remained slightly higher.

As suggested by the very narrow bracket of o, values between
planktonic and benthic foraminifers (Fig. 4h) a single water mass
seems to have occupied the water column below the low-density
surface layer throughout the entire ISS-5e episode. Therefore, the
Holocene-type LSW/NADW stratification never apparently devel-
oped during ISS-5e. The water mass then occupying the Labrador
Sea, from its bottom up to very near its top, had a potential density
slightly greater than that of the modern LSW. It ranged from
27.80 = 0.16 (n = 168), at the level corresponding to the habitat of

— ISS-5e conditions G.b. (6-12 °C)
B Dinocysts: February N.p.l. (4-8 °C)
A Dinocysts: August

¢ C.w. (0-6 °C)

ISS-5e G.b.-C.w
gradient

%

Late Holocene
G.b.-C.w
gradient

[f N.p.l. (~5 °C)
.*" G.b.(~6.5°C)

""" Modern conditions
<> Mean NODC values
O August NODC values

| A R N e
15 20 25 30

og from NODC data

Figure 3 Estimation of potential-density values from proxies. a, Comparison of potential-
density (ag) estimates, using dinocyst assemblages from 354 core tops from the North
Atlantic'®, with o, values derived from NODC data sets at the corresponding sites. The
strong correlation coefficients (R? > 0.88) provide an indication of the robustness of the
0y estimates. The scatter is due equally to variability in hydrographic measurements and
to transfer-function uncertainty. The latter (that is, the standard deviation along the x axis)
is +=0.404 units (=1s.d.). b, Calibration of the relationship between values of o, and
580, values in foraminiferal calcite. The equation for modern conditions is based on
NODC data sets'”: gy = 25.1 + (1.35'80,) — (0.145"80,)%. The equation for 1SS-5e is
based on conditions in surface waters, from dinocyst transfer functions: oy =
25.5+(1.33'%0,) — (0.153'%0,)2. The I1SS-5e equation has been constrained for high
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8'80, values using maximum February a,-values from transfer functions (grey triangles)
and limits defined on the basis of ecological temperature ranges (the double vertical bars)
of the foraminifer taxa used (the temperatures used to calculate the limits are shown in
brackets). The difference between the Holocene and ISS-5e equations is essentially due to
distinct boundary conditions (notably the difference of isotopic composition of fresh
waters). Black arrows, mean &'80; values of foraminiferal assemblages during 1SS-5e;
white arrows, mean §'80; values during the Holocene (growth temperatures in brackets
for each taxa are calculated from the projection of the measured 50, value on the
calibration curve). Note the much narrower gradient of o, values between N.p.l. and C.w.
during ISS-5e compared with the Holocene.
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Neogloboquadrina pachyderma left-coiling, to 27.90 = 0.12 (n = 15),
at the sea floor (Fig. 4h), and thus compares with that of the
Holocene DSOW (27.94 = 0.02; n = 18; Fig. 4g). This last
interglacial water mass was probably produced in the Nordic seas.
A high Denmark Strait overflow rate is indeed suggested by the
strong WBUC outflow of the interval (Fig. 4a, b).

Although the Holocene and ISS-5e differ in many features, both
interglacials depict the same large-amplitude, millennial-scale oscil-
lations in surface-water o, values. In both cases, salinity variations
seem to be the determining factor (Fig. 4e,f). Oscillations in the
Arctic ice-pack and related changes in freshwater outflow routes
could be invoked for both intervals. Unfortunately, direct evidence
for Arctic sea-ice conditions during the last interglacial that would
support this hypothesis is still missing.

22

6,810 8,830 4G AGE
¥ ¥ (uncal. yr)

We can draw three conclusions from this study. (1) No LSW
formation apparently occurred during the last interglacial, or
during the subsequent ice age', and the modern-like LSW/
NADW stratification never developed during the penultimate
deglaciation. LSW formation, which became established mainly
after 7,000yrsp seems to be a feature specific to the present
interglacial. (2) Both the last and Holocene interglacials depict
large-amplitude, millennial-scale oscillations in surface water den-
sity, possibly linked to sea-ice conditions in the Arctic and to the
subsequent routing of fresh water into the North Atlantic. (3) The
maximum ice retreat over Greenland, which followed an interval of
low salinity and low density related to high meltwater supply rates,
was in turn followed by the establishment of relatively warm winter
conditions in the Labrador Sea.
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Figure 4 Magnified views of Holocene and ISS-5e records. a and b, Comparison of
oxygen isotope stratigraphies at the emplacement of the high-velocity core of the WBUC
(core P-012) and below it (core P-013), showing sediment focusing during interglacial
intervals with high WBUC outflow (thus DSOW production)?®. ¢ and d, Oxygen isotope
compositions (3'80; values) of the epipelagic (G.b.), mesopelagic (N.p.l.) and benthic
(C.w.) foraminifers during the Holocene and ISS-5e. 880, values in C.w. have been
corrected by 0.64%s for specific fractionation®. The fern-spore concentration curve of the
1SS-5e section illustrates the maximum ice retreat over southern Greenland. Complete
data sets and references are available in ref. 29 and at http://www.unites.ugam.ca/
geotop/ wwwgeotop.html. e and f, Temperature and salinity estimates (August versus
February) from transfer functions for the Holocene and ISS-5e. g and h, Potential density
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gradients (reverse scale) in surface waters (grey area), from dinocyst transfer functions,
and in underlying water masses, from 8'0, values in foraminifers. In h, the 1SS-5e
section is enlarged with respect to d and f. During ISS-5e, one single water mass seems
to have occupied the whole water column below the dilute surface-water layer (no LSW
formation, no LSW/NADW stratification). During the Holocene, notably after ~7,000 yr sp,
winter o, values in the surface exceed those of the underlying water mass suggested
by N.p.l. data, indicating winter convection and LSW production. We note the large-
amplitude, millennial-scale oscillations of salinity and density in surface waters during
both interglacial intervals. The GISP-based chronology for the ISS-5e section is from
Stoner et al>’,
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If we view the last interglacial, thought to be about 2 °C warmer
than the present’, as an analogue for a future climate warmed by
anthropogenic greenhouse gases, we might expect the eventual
permanent elimination of LSW formation, in accord with the
model projection of Wood et al.’. We propose that the mechanism
for the eventual shutdown would involve a move towards enhanced
freshwater export from the Arctic into the Labrador Sea, as a
consequence of an enhanced hydrological cycle in a warmer mean
climate. O

Methods
Isotopic approaches

Oxygen isotope compositions of foraminiferal calcite was determined for specimens in the
150-250 and >150 pwm size fractions, respectively, for planktics and benthics, and
expressed in 8'%0 values against the PDB standard (henceforth 80, in %o, with

3"%0, = [(180/160)Sample/(180/160)5‘“&,@] —1). Transcription of temperatures and
salinities into 8'*O, values is made through the equation:

t = (16.9 — 4.38)(8"°0, — A) 4+ 0.10(3"°0, — A)*, with A = (3"°0,, —0.27)

where ¢ (in °C) stands for temperature during calcite precipitation, 8'%0, for the oxygen
isotope composition of calcite (versus the PDB standard), and §'°0,, for the oxygen
isotope composition of the ambient water expressed against standard mean ocean water
(SMOW)*. 3"%0,, is linked to salinity (S) through a mixing equation between a ‘standard
ocean’ (8'%0,, and S,,) and the local freshwater (8'°0g, , S = 0) end-members:

8"0, = 8"0,, ~[(8"05, —8"0,,) X (S, = S.)/S.]

S, stands for the salinity of ambient waters. 3804, 8'%0,, and S, constitute boundary
conditions that varied through time, in response to mass transfers between oceans and ice
sheets, and to a lesser extent, to the meltwater release and dispersal patterns'®. For the
Holocene and ISS-5e, we used 8'°0y, = 0%o and Sy, = 35. The Holocene and modern
3804, (local) value was set to —17.8%o (ref. 27) and the 1SS-5e 80y, to —16.3%o,
assuming a difference proportional to that observed in the isotopic composition of
Greenland ice between the two interglacials®.

Transfer-function estimates and the o, versus 5'®0; relationship

Transfer functions based on dinocysts permit the reconstruction of temperature and
salinity in the photic zone (essentially, the upper mixed layer). Dinocysts are abundant in
sediments from estuarine to open-ocean environments, and are thus suitable for
reconstructing past conditions along continental margins of the sub-Arctic'®. Validation
exercises of transfer functions yielded the following degree of accuracy: 1.6 °C and
+1.2°C, for mean temperatures in August and February, respectively, and = 0.7 salinity
units in the 25-36 salinity domain'®. Most reconstructed values fall within the range of
interannual variability of the hydrographic parameters. Salinity and temperature estimates
are then used to calculate oy values and compared with values from NODC data'” (Fig. 3a).
The scatter of oy values around the y = x line has a normal distribution with a standard
deviation of *£0.54 (August + February data). As interannual variations of thermohaline
conditions in surface waters are almost as large, uncertainties along the x axis of Fig. 3a
(*0,, linked to transfer-function reconstructions) have been considered equivalent to
those along the y axis (interannual variability), allowing us to retain a o, value of (0.54 x
2%%) =~ £0.40.

The seasonal and bathymetric ranges for the development of the planktic foraminifer
taxa vary depending the hydrographic settings. In the Labrador Sea, where a strong
seasonal pycnocline is observed, Globigerina bulloides develops during warmest months
only (essentially, August) towards the top of the seasonal pycnocline, in shallow and
relatively low density water, whereas Neogloboquadrina pachyderma left-coiling develops
much earlier, since May, in colder, denser and deeper waters, that is, deeper along the
seasonal pycnocline (see a review in ref. 18). Accordingly, Globigerina bulloides shows
lower 8'%0, values than Neogloboquadrina pachyderma left-coiling, and their isotopic
compositions can thus be used to estimate density gradients along the seasonal pycnocline
between the surface and the sub-surface water layers'*?'. Here, a polynomial 3'*0.—a,
relationship is calibrated from hydrographic conditions in August and February (usually
the warmest and coldest months, respectively), either using NODC hydrographic data sets
(modern conditions) or estimates from dinocyst transfer functions (past or modern
conditions). As shown in Fig. 2d, 3180, estimates for February and August based on
transfer functions encompass isotopic compositions measured for Globigerina bulloides
and Neogloboquadrina pachyderma left-coiling. The 8'*0 —0; calibration equation, based
on such estimates, thus seems suitable for interpolating gy values from measurements of
380, in planktonic foraminifers (Fig. 3b). It has also been used for benthic foraminifers.
However, because 8O, values in benthic foraminifers fall slightly outside the range
defined for surface waters (Fig. 3b), and because bottom-water masses may have different
ages and hydrographic histories from surface waters, the corresponding oy values are
possibly less accurate.

Statistical assessment of past o, values

Reconstructions of mean oy values for ISS-5e and the past 7 kyr (the period of the
Holocene with LWS formation) are based on 41, and 18 or more, data points, respectively.
The corresponding mean oy estimates for surface waters in February are of 26.72 * 0.43
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(n=41) and 27.56 = 0.26 (n = 18), respectively. Those calculated for the subsurface water
layer, based on data from Neogloboquadrina pachyderma left-coiling, are 27.80 * 0.16
(n=168) and 27.51 * 0.05 (n = 34), respectively. At >95% confidence interval, these
values indicate density gradients compatible with winter convection, during the interval
from 7 kyr ago to the present, but much too strong during ISS-5e for such deep mixing to
have occurred.
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