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The Vil-car-1 flowstone core from Villars cave (SW France) provides one of the first European speleothem
records extending back to 180 ka, based on U—Th TIMS and MC-ICP-MS measurements. The core offers
a continuous record of Termination II and the Last Interglacial. The penultimate deglaciation is charac-
terized by a prominent 5%, depletion in calcite 5'80. Determining which specific environmental factors
controlled such a large oxygen isotopic shift offers the opportunity to assess the impact of various factors
influencing 8'®0 variations in speleothem calcite.

Oxygen isotope analyses of fluid inclusions indicate that drip water 880 remained within a very
narrow range of +19%, from Late MIS6 to the MIS5 580 optimum. The possibility of such a stable
behaviour is supported by simple calculations of various effects influencing seepage water §'80.

Although this could suggest that the isotopic shift in calcite is mainly driven by temperature increase,
attempts to quantify the temperature shift from Late MIS6 to the MIS5 5'30 optimum by assuming an
equilibrium relationship between calcite and fluid inclusion 3'30 yield unreasonably high estimates of
~20 °C warming and Late MIS6 cave temperatures below 0 °C; this suggests that the flowstone calcite
precipitated out of thermodynamic equilibrium at this site.

Using a method proposed by Guo et al. (submitted for publication) combining clumped isotope
measurements, fluid inclusion and modern calcite 380 analyses, it is possible to quantitatively correct for
isotopic disequilibrium and estimate absolute paleotemperatures. Although the precision of these
absolute temperature reconstructions is limited by analytical uncertainties, the temperature rise
between Late MIS6 and the MIS5 optimum can be robustly constrained between 13.2 + 2.6 and
14.6 + 2.6 °C (10), consistent with existing estimates from Western Europe pollen and sea-surface
temperature records.

© 2010 Elsevier Ltd. All rights reserved.

1. Introduction

Climate variations are driven by a complex combination of
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factors such as orbital parameters, interactions between atmo-
spheric and ocean circulation, greenhouse gas effects, and system
feedbacks. Physically deciphering these various influences is one of
the main goals for climatologists.

The penultimate deglaciation (Termination II, or TII; a period
between 135 and 125 ka before present) one of the closest termi-
nation to the present day interglacial, occurred under orbital
parameters different from the more recent Termination I (TI). Thus,
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characterizing this deglaciation is of first importance in order to
better constrain the influence of orbital parameters on major
climatic variations. Several studies based on different archives
cover the TII period but few provide quantitative climatic data.
Antarctic records such as the Vostok ice core cover several climatic
cycles but their temporal resolution is low and the associated age
models suffer from significant uncertainties. Nevertheless, deute-
rium excess records from such core can be used to quantify local
temperature variations, including during Termination II (Vimeux
et al.,, 2002). At lower latitudes, studies of Chinese speleothems
provide a record of East-Asian monsoon strength with a well con-
strained chronology but these studies do not provide temperature
estimates (e.g. Yuan et al., 2004; Cheng et al., 2006). In Western
Europe, several sea-surface temperature (SST) records covering this
key period were recovered from the Alboran sea and the Iberian
Margin (mean annual SST derived from the U, alkenone index:
(Shackleton et al., 2002; Martrat et al., 2004, 2007)), the Bay of
Biscay and offshore West Ireland (seasonal SST deduced from
foraminifera assemblages (Kandiano et al., 2004; Sanchez Gofii
et al,, 2008)). Quantified paleo-climate reconstructions of conti-
nental settings for TII exist but they remain scarce and often entail
large uncertainties. The longest high resolution and continuous
continental record in the area of interest (Western Europe and
Mediterranean basin) was obtained from speleothems in Soreq
cave (Israel), and covers the last 177 ka. According to several studies
involving fluid inclusion 3D, clumped isotope analyses and nearby
marine cores (SST estimates from 5180G,mber and alkenones),
carbonate 5'20 variations through time in Soreq Cave reflect
a combination of source isotopic composition, temperature and
amount effect variations (Matthews et al., 2000; Bar-Matthews
et al., 2003; McGarry et al., 2004; Affek et al., 2008; Almogi-Labin
et al., 2009). Among other important results, these studies esti-
mates the glacial/interglacial temperature rise in the region at
~7 °C (Affek et al., 2008). The Corchia cave in Italy provides spe-
leothem records of the penultimate deglaciation with a well con-
strained U—Th chronology, allowing precise tuning with Iberian
Margin marine records (Drysdale et al., 2005, 2009); these studies
date the inception of TIl at 141.0 + 2.5 ka and abrupt warming of the
deglaciation at 133 4 2.5 ka (mid-point). Over continental Western
Europe, only a few quantified climate reconstructions have been
established for the last climate cycle. Among them, the Monticchio
Maar multiproxy record from South Italy (Brauer et al., 2007; Allen
and Huntley, 2009) has a well constrained chronology based on
radiometric dating and varve counting, covering the last 132 Kka.
Alternatively, the Velay lake record from southern France provides
quantified estimates of temperature and rainfall over the last four
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Fig. 1. Sites locations.

glacial cycles, although its chronology is not as well constrained as
that of the Monticchio record, and is the closest to our study site
(~300 km east from Villars, (Beaulieu et al., 1991; Cheddadi et al.,
2005)). Pollen assemblages recovered from marine cores around
Western Europe also allow reconstructions of terrestrial climate
(e.g. Combourieu-Nebout et al., 2002; Sadnchez Goiii et al., 2005). In
summary, there is currently very limited quantitative data covering
the penultimate deglaciation in Western Europe.

We present here a speleothem stable isotope profile (8'3C. and
3'80,) recovered from a flowstone drill core in Villars cave (SW
France), which provides a discontinuous record of the last 180 ka.
The oxygen profile exhibits a striking —5%, drop in calcite §'%0
coeval with the penultimate deglaciation, similar to the Soreq cave
record. The present study focuses on this major climatic transition,
aiming to characterize it quantitatively through the use of various
analytical techniques: measurements of calcite stable isotopic
compositions (C—0), trace elements relative concentrations (e.g.,
Mg, Sr), stable isotopic compositions of fluid inclusions (H—0), and
calcite clumped isotopes (A47). Combination of these methods
enables us to estimate the amplitude of the temperature rise
between the end of the penultimate glacial and the last interglacial
optimum and to understand the sharp drop of the calcite 580,
values during Termination II. The consequences in terms of paleo-
dripwater oxygen isotopic composition (8'®0y,) and the different
controls on the oxygen isotopic composition of the calcite (3'%0) in
Villars Cave will be discussed.

2. Site and sample description
2.1. Villars cave site

Villars cave is located in south-west France, about 200 km inland
from the Atlantic coast (45°30'N, 0°50’E, 175 masl; Fig. 1 ). The local
climate is oceanic temperate with mild and humid winters. The
surface atmospheric mean annual temperature is 12.1 +0.7 °C (Sept.
1984—Aug. 2007, data from Nontron meteorological station (Genty
et al., 2006; Wainer et al., 2009)) with average temperatures of
6.4 + 1.3 °Cin the winter (January—March) and 18.8 + 1.1 °Cin the
summer (July—September). Total annual rainfall (1020 + 206 mm)
varies from year to year but is distributed rather uniformly
throughout each year. Because the soil cover is thin (0—20 cm) and
the karstic network is densely fissured, stalactite drip rates slow
down during the summer, but infiltration persists even when
monthly theoretical evapotranspiration estimates exceed monthly
amounts of rainfall (Genty et al., 2006; Genty, 2008). However, in
spite of the seasonal variability of stalactite drip rates, the 3'%0
values of the drip water remain fairly stable and closely approximate
the (amount-weighted) average 8'®0 composition of meteoric
waters (—6.33 4 0.187%,); (Genty et al., 2006; Genty, 2008). Local
vegetation cover consists of a deciduous forest comprising juniper,
oak and hornbeam trees (C3 type vegetation).

The Villars cave system lies within a Bathonian—Bajocian
oolithic limestone, at depths of 10—40 m depth. The cave network is
10 km long and organized into two levels (upper and lower), con-
sisting of small galleries with a few larger chambers. The mean
temperature in the upper galleries is 12.4 + 0.4 °C, oscillating
seasonally with a time lag of a more than a month relative to the
surface temperature. The lower galleries, by contrast, do not
experience any significant seasonal variation in temperature,
remaining at 11.6 + 0.1 °C (Genty, 2008).

2.2. Flowstone core Vil-car-1

The flowstone core Vil-car-1 (7.5 cm diameter, 114.2 cm long)
was drilled by Y. Quinif and D. Genty in 1998 in a decametric large
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chamber (“chambre du Blacon”) about 150 m from the nearest
entrance, at a depth of ~25 m below ground. This chamber lies at
the junction of the lower and upper galleries. Temperature
measurements between July and October 2007 at the sampling site
indicate a temperature of 12.8 & 0.4 °C (n = 3). The (~5 m?)
flowstone surrounds and gently slopes away from a large pillar.
Local slope at the drill location is ~20°. The flowstone surface was
visibly wet at the time of sampling, which suggests that the spe-
leothem was still active at that time.

Petrographic observations of the core material indicate that
most of the calcite has a palisade columnar fabric. The petrography
varies from dark compact to white porous laminated calcite
including gours features at some places (Fig. 2). A particularly
striking petrographic feature is the extremely dark translucent
“grey” calcite visible between 63.5 and 50 cm from the top. Some
detrital material (probably clay particles) can be observed between
calcite layers at some places (Fig. 2). Until a few decades ago, an
underground river was known to flow through the lower part of
this chamber. It is thus likely that clay-rich intervals in the flow-
stone (25.4—424 cm/top and 99-108.8 cm/top) are the

consequence of flooding episodes. Detrital contamination makes
these layers are difficult to date with U-Th methods.

3. Methods
3.1. U-Th dating

In total, 42 samples were analyzed in different laboratories. In
the early stages of this study, two assessment dates were measured
at the LSCE (France) according to procedures described in (Plagnes
et al., 2002). Eighteen samples were dated in the Geological Survey
of Israel (GSI). Less than 2 g were ground to powder, dissolved in
nitric acid and spiked with 2?°Th—236U. The samples were then
loaded into columns containing 2 ml Bio-Rad AG 1X8
200—400 mesh resin in order to separate U fraction and Th fraction.
U—Th measurements were performed by multicollector inductively
coupled plasma mass spectrometer (MC-ICP-MS) Nu instruments
Ltd using an Aridus micro-concentric nebuliser. Analytical details
are provided in (Vaks et al., 2006).
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Fourteen samples were dated at the GEOTOP-UQAM, Canada.
Samples of 2—5 g of calcite were dissolved in nitric acid and spiked
with 22°Th—?35U—%33U. Uranium and thorium were separated in
the anion exchange columns, as described in (Marshall et al., 2009).
Both uranium and thorium fractions were loaded on pre-out-
gassed single rhenium filaments with graphite coating. The
measurements were made on a VG sector thermo-ionisation mass
spectrometer fitted with an electrostatic filter and a Daly ion
counter. U and Th isotopes were measured on the Daly detector.

Five samples were dated at the Open University (OU), UK.
Fragments of 0.8—3 g were dissolved and spiked with 2>°Th—236U
as described in (Edwards et al., 1987). Uranium was analyzed using
single Re filament on thermo-ionization Finnigan MAT 262-RPQ-II
mass spectrometer (McDermott et al., 1993; van Calsteren and
Schwieters, 1995). Thorium was measured using bracketing tech-
nique on Nu plasma MC-ICP-MS (Turner et al., 2001).

3.2. Calcite stable isotopes measurements

Approximately 650 sub-samples were extracted along the
growth direction of the flowstone using a 0.7 mm-diameter hand-
held dental drill. In addition, samples were taken along 5 indi-
vidual laminae at 11.55, 31.4, 47.45, 63.65, 97.45 cm/top to test for
isotopic equilibrium, (“Hendy tests”; (Hendy, 1971; Schwarcz,
1986)). Resolution of sampling ranges from 0.5 to 5 mm. Most of
the calcite isotope measurements 380, and §'3C. were made on
a VG OPTIMA mass spectrometer at LSCE. Calcite was converted to
CO, through reaction with orthophosphoric acid at 90 °C. Fewer
than 10% of measurements were made on a Finnigan A+ mass
spectrometer (LSCE). Details of this technique are provided in
(Govin et al., 2009).

Oxygen and carbon isotopic composition are normalized to
VPDB standard. Analytical errors are 0.08%, for 580, and 0.05%, for
313¢. (20).

3.3. Fluid inclusions stable isotope (H—0) analyses

The isotopic composition of percolating water from which the
flowstone calcite precipitated can be determined by analyzing
water released from fluid inclusions (FI) trapped within the
carbonate matrix. Analyses were performed in two laboratories at
Faculty of Earth and Life Sciences, Vrije Universiteit (VU) in
Amsterdam and at the Institute for Geology and Palaeontology,
Innsbruck University (IU). Both lines are based on the concept of
Sharp et al. (2001) but employ slightly different techniques.
Aliquots of calcite are crushed in a heated crusher (120—130 °C)
under helium flow. Water released from inclusions and entrained
by the helium flow is collected in a cryogenic trap. Upon
completion of collection, water is released by flash-heating the
trap and admitted into the high-temperature reactor of the stan-
dard thermal combustion/elemental analyzer (TC/EA) unit
(Thermo Fisher Scientific). Molecular hydrogen and carbon
monoxide evolved from water through reaction with glassy carbon
at 1400 °C in the TC/EA reactor are separated in a chromatographic
column and admitted, via a ConFlow II interface (Thermo Fisher
Scientific), to an isotope-ratio mass spectrometer (Delta XP or
Delta V Advantage; Thermo Fisher Scientific). Hydrogen is
analyzed first, and, following a peak jump, the oxygen isotopic
composition of carbon monoxide is determined subsequently in
the same acquisition. Analytical uncertainties are ~1.59%, for dD
and ~0.5%, for 3'%0 (1¢). More detailed descriptions of both
methods are given in (Vonhof et al., 2006, 2007) and (Dublyansky
and Spétl, 2009).

Twelve samples were collected between 65 and 50 cm/top from
twelve calcite layers. The masses of crushed sub-sample ranged

between 0.3 and 1.3 g; each layer was characterized by several
replicate analyses. Analyses at VU were performed during three
analytical periods (2006, 2007 and 2008), and measurements at [lU
were performed in one period (2009).

3.4. Trace element measurements

Between 72.20 and 43.20 cm/top from the top of the core, 103
analyses of trace elements were performed. Powder from samples
drilled for stable isotope analyses was used for trace element
studies. Some 30—60 pg were dissolved in nitric acid (0.1 mol .I"1)
at 20 or 40 ppm of calcium and measured on a Varian Vista Pro AX
simultaneous inductively coupled plasma atomic emission spec-
trometer (ICP-AES) at the LSCE. Relative (normalized to Ca)
concentrations of Mg, Sr, Ba, K, Na, Zn, Fe, Mn and Al were deter-
mined because they are most frequently found in the carbonates
(e.g. Fairchild et al., 2000; Verheyden, 2001; Borsato et al., 2007)
and have the potential to record paleo-hydrological conditions,
speleothems growth rate, and processes such as prior calcite
precipitation (Fairchild et al., 2006). For details of the method see
(Cleroux et al., 2008; Greaves et al., 2008).

Concentrations of 228U and 23%Th isotopes were measured in the
course of the U-Th analyses. Because these isotopes are dominant
in natural samples, their concentrations give a good approximation
of the respective elemental contents.

4. Results
4.1. Stable isotopic composition of calcite

4.1.1. Hendy test

The Hendy test is one of the most widely used tool to test
whether calcite from a given stalagmite was deposited out of
isotopic equilibrium (Hendy, 1971; Schwarcz, 1986). In this test
both §'80. and 3!3C. are measured along an individual lamina, and
usually plotted against the distance from the apex of the stalagmite.

Samples precipitated under thermodynamic equilibrium
conditions are expected to display the following criteria: (a) no
correlation between §'80. and 3'3C. along a single growth layer and
(b) 3'80, remains constant along a single growth layer while 3'3C.
may vary irregularly.

The Hendy test is usually applied to stalagmites, eventually to
stalactites (Vaks et al., 2006) but not on flowstone where the
flowing path from a drop impact to the edge of the speleothem is
difficult to define and, consequently, the possible isotopic enrich-
ment difficult to constrain. However, we have applied it to five
different flowstone laminae to check the isotopic composition
behaviour laterally (Fig. 3a and b). The only lamina where we
observed an arguably significant positive correlation between 380
and 5'3C, (first Hendy criterion) is that located at 47.45 cm/top
(Fig. 3a, R?> = 0.8). The 3'®0. and 5'3C, variations along laminae
(second Hendy criterion) are shown in Fig. 3b: both 8'80. and 3'3C,
exhibit small variation along each lamina, varying within 0.79%,
(oxygen) and 0.6%, (carbon).

4.1.2. Oxygen isotope variations

Calcite oxygen isotopic composition fluctuates between —5.5
and —2.29%, VPDB along the length of the core, except between 47
and 59 cm/top where 380, values drop sharply by about —5%,
between the extrema (Figs. 2 and 4). This large shift can be divided
in two stages:

(1) an abrupt depletion (from —2.9 to —6.5%,) with a short reversal
(+2%, amplitude) centered on 59.1 cm/top (Figs. 2 and 4).
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(2) a more progressive depletion between 58.5 and 50.2 cm/top,
culminating with the lightest overall 3'%0. value (—8.34%, at
50.15 cm/top). This progressive depletion is punctuated by
second-order wiggles (~0.8%, amplitude).

The subsequent enrichment is regular until —7.4%, at 48.8 cm/
top and then both noisier and more abrupt to —4.49%, at 46.7 cm/top
(Fig. 4).

4.1.3. Carbon isotope variations

The overall 3'3C, record is much more variable along the core
ranging between —11 and —4¢, (Figs. 2 and 4). In contrast to 3'30,
the 3'3C. curve does not show a single peak but several ones.
A negative peak between 59 and 47 cm/top corresponds to the
main 380, peak, but it does not stand out uniquely because other
313C, negative peaks exist, which do not correlate well with 380,
and display similar or even more depleted values (e.g. at ~70 and
10 cm/top).

Calcite carbon isotopic variations appear positively correlated
with 3'®0. variations during the oxygen excursion interval
(59—47 cm/top): the abrupt depletion is between -4.49, at
60.25 cm/top and -8.4%, at 58.45 cm/top for 8'3C. values and the
progressive depletion leads to —9.76%, at 49.5 cm/top. This latter
phase is also punctuated by second-order 8'>C. variations but these
are less regular in frequency and amplitude (from 1.3 to 0.3%,) than
the second-order oxygen oscillations in the same interval.

In summary, the Vil-car-1 isotopic record is characterized by
a prominent and unique 3'80 negative peak from 59 to 47 cm/top
while the 5'3C. displays a more variable pattern.

4.2. Trace elements

The aim of the trace element measurements is to help the
understanding of local hydrology at the transition from MIS 6 to
MIS 5 and to detect disturbances in the geochemical system that
could be associated to age inversions (see below). We will focus on
Mg, Sr, K, Na, Zn and Al concentrations because they give the most
significative results.

The Ca-normalized K, Na, Zn and Al concentration vary slightly
apart for shorts peaks (Fig. 4). The largest concentration peak
centered at 59.35 cm/top, coincides with an isotopic event. Inter-
estingly, concentrations in Sr, Mg and U, which are associated with
the calcite lattice, do not display coeval major concentration
changes, implying that aforementioned element concentration
peak (K, Na, Al), which are not necessary directly associated to the
calcite lattice is probably related to the presence of detrital matter
brought via colloides and detrital particles (Borsato et al., 2007).

Strontium and magnesium concentrations show significant
variability with relatively long term periods, the Mg concentration
showing a close resemblance to the pattern of the 8'3C. variation.

Magnesium and strontium concentration are not correlated,
attesting that no prior calcite precipitation has occurred (Fig. 4
(Fairchild et al., 2000)).

The Mg concentration peak centered at 62.85 cm/top is located
just above a visual discontinuity, marked by a clay-rich layer and
a petrographic change from white, porous to dark, dense calcite.
This peak thus probably corresponds to a flushing episode occur-
ring after a dry period (d63.5; Fig. 4).

4.3. Dating results and age model

All U-series activity ratios presented in this paper are calculated
using the decay constants published in (Cheng et al, 2000;
Begemann et al, 2001) (Table 1). Uranium concentrations in
studied sub-samples range from 18 to 74 ng/g. Twenty seven
samples yield a relatively high detrital content (23°Th/?3?Th) < 100
(brackets denote activity ratio). Thus all ages were corrected for
initial 22°Th using a detrital activity ratio (>3°Th/?32Th) = 0.9 + 0.45
measured in “modern” Villars cave clay (Wainer et al., 2009). This
correction results in ages younger by 0.3—15% (depending on the
232Th concentration) compared to their uncorrected values
(Table 1).

The corrected ages are in stratigraphic order within uncertainty
except during three intervals: (1) 6 to 5 cm/top; (2) 24 to 15 cm/top;
and (3) 65 to 42 cm/top (Fig. 5 and Table 1). Samples from these
intervals were analyzed independently in different laboratories
using different techniques, which all yielded similar ages. We thus
consider it unlikely that these apparent age reversals were caused
by analytical artefacts (e.g. Th adsorption).

Our final age model was built upon the following assumptions:

e The detrital component has an activity ratio (>3°Th/?**Th) = 0.9
and remained constant through time (this correction being
significant for 27 samples);

o The oldest ages for each depth are due to uranium leaching, in
particular at the edge of discontinuities d63.5, d47.2, d42, d12.5
(Figs. 1 and 4), as proposed by (Lundberg and Ford, 1994).

The focus of the present study is on the interval between 65 and
42 cm/top. In some places within this interval, U concentration
varies significantly within short intervals (for example, 32—50 ng/g



136 K. Wainer et al. / Quaternary Science Reviews 30 (2011) 130—146

Table 1

U-Th results. All quoted uncertainties are at 95% confidence level (26). 33%U = ((***U/**8U) activity ratio—1)*1000. Decay constant used are 9.1577 x 10® yr~! for #3°Th,
2.826 x 1076 yr~! for 24U (Cheng et al,, 2000) and 1.55125 x 107'° yr~! for 238U (Begemann et al., 2001). All ages are corrected for detrital 2>°Th using (***U/>*2Th) activity
ratio = 0.9 & 0.45 measured on clay of Villars cave. This correction was made thanks to ISOPLOT3 kindly provided by Kenneth Ludwig, Berkley Geochronological center (Ludwig,

2003).

Sample Situation +(cm) [#%U] + 34U  + CEmyPEy) o= (®*°Th/?*?Th) +  Uncorr. age =+ Corr. age =+ Age Laboratory
(cm/top) (ng/g) %o) (Activity ratio) (Activity ratio) (ka) (ka) err %

A 2.90 0.00 18.00 0.01 15,64 3.30 0.0983 0.0018 58.7 14 11.116 0.216 10.952 0.231 2.1 LSCE
F1 3.65 0.25 34.36 0.02 45.79 2.77 0.0978 0.0018 14.7 03 10.713 0.207 10.082 0.377 3.7 GSI
geotT 5.84 0.50 19.20 0.10 222 778 0.3157 0.0108 175 0.6 41.309 1.762 39.503 1.981 5.0 GEOTOP
E1 5.90 0.30 18.90 0.01 389 203 0.2673 0.0064 14.0 0.3 33.801 0958 31.894 1.358 4.3 GSI
D 10.95 0.65 35.15 0.21 2,51 31.79 0.3624 0.0181 7.8 04 48970 3.725 44.256 4.358 9.8 GEOTOP
D1 11.30 0.30 32.65 0.02 025 1.81 0.3780 0.0037 59 0.1 51.825 0.670 45.239 3466 7.7 GSI
c1 11.95 0.25 20.64 0.01 -16.15 2.73 0.3937 0.0089 5.6 0.1 55.895 1.664 48522 4203 8.7 GSI
Al 13.10 0.40 2634 003 —340 3.04 0.5427 0.0093 140 7.8 85939 2.284 81.006 3.417 4.2 GSI
E 15.80 1.00 3543 0.12 -331 6.51 0.6272 0.0240 124 0.5 108.444 7.245 103276 7.718 7.5 GEOTOP
F 23.75 0.75 40.03 0.19 147 1034 0.5749 0.0078 57.8 0.8 93.157 2.633 92.167 2.672 29 GEOTOP
Z 23.80 0.40 4359 0.05 -17.97 240 05116 0.0042 1084 1.0 80.590 1.044 80.110 1.072 13 GSI
Al 45.40 0.50 73.60 0.06 389 289 0.6831 0.0034 126.0 0.7 124.446 1.380 123910 1405 1.1 GSI
I 46.00 1.20 71.02 0.28 045 8.09 0.7107 0.0122 1202 2.2 135.283 5.253 134.695 5.258 3.9 GEOTOP
AA 46.65 0.50 68.66 0.10 1413 298 0.6977 0.0073 813 3.5 126.648 2.633 125.798 2.669 2.1 ou
Y 46.80 0.40 58.65 0.09 1034 4.03 0.7903 0.0073 496 0.5 165.622 4.039 164.055 4.110 25 GSI
X 47.60 0.40 33.00 0.05 21.22 537 0.8017 0.0095 416 0.5 166.210 5.197 164.392 5263 3.2 GSI
AB-2 47.90 0.50 41.18 0.08 41.81 4.61 0.7532 0.0066 60.9 2.5 138.202 2.794 137.016 2.849 2.1 ou
] 49.50 1.00 53.09 0.20 2476 8.60 0.7045 0.0274 61.0 2.6 126.068 9.464 124954 9477 7.6 GEOTOP
AH 50.60 0.30 39.61 0.03 20.29 246 0.7557 0.0047 764 0.5 146.271 2.077 145314 2.126 1.5 GSI
W 50.85 0.35 42,66 0.02 16.64 2.22 0.7060 0.0057 99.5 0.9 128.805 2.085 128.115 2112 1.6 GSI
Q 50.95 0.45 4375 0.21 28,51 9.72 0.7071 0.0200 182.1 53 125943 7.142 125572 7.143 5.7 GEOTOP
A 51.20 0.30 40.58 0.22 23,56 592 0.7281 0.0072 38.0 0.4 134.646 3.146 132.790 3.262 2.5 GEOTOP
AC 52.15 0.55 3337 0.05 1581 3.00 0.7624 0.0074 197.2 8.3 150.659 3350 150.263 3.355 2.2 ou
AG 54.50 0.50 37.05 0.02 2029 2.56 0.7536 0.0066 68.8 0.6 145.387 2.798 144326 2.843 2.0 GSI
Ksup 58.25 0.75 4279 0.20 25.54 9.60 0.7089 0.0099 70.7 1.1 127.356 4245 126.391 4.262 34 GEOTOP
AD 58.70 0.30 49.55 0.09 29.88 4.16 0.7802 0.0073 649 2.7 152.896 3.490 151.686 3.538 2.3 ou
Kinf 58.75 0.65 31.72 0.02 16.64 3.61 0.7596 0.0115 128.6 2.1 149.163 4982 148.590 4989 34 GSI
AM 59.00 0.40 3937 0.24 25.03 5.21 0.7312 0.0104 36.2 0.5 135.308 4,089 133354 4.189 3.1 GEOTOP
AE 59.50 0.30 50.25 0.21 8730 26.19 0.7727 0.0168 296.0 16.0 131.900 8.831 131.664 8.826 6.7 ou
AF 60.80 0.50 50.69 0.03 1482 2.27 0.7641 0.0060 108.5 0.9 151.759 2.732 151.073 2752 1.8 GSI
geotS 61.00 0.07 47.63 0.33 1042 7.48 0.7550 0.0093 704 09 149.535 4832 148482 4.853 33 GEOTOP
R 62.20 0.04 41.56 0.21 -521 7.82 0.8102 0.0135 473 0.8 184.490 9322 182.762 9.357 5.1 GEOTOP
S 62.50 0.30 4145 0.05 735 2.56 0.8386 0.0086 469 0.5 194.183 5.753 192416 5.821 3.0 GSI
T 63.00 0.30 4411 0.03 940 3.07 0.8567 0.0057 549 04 204.841 4575 203305 4637 23 GSI
Lsup 63.50 040 38.82 0.14 10.88 10.11 0.7748 0.0143 34.0 0.6 158.050 7.786 155.795 7.848 5.0 GEOTOP
U 63.85 0.30 37.67 0.02 571 1.57 0.7817 0.0049 59.0 04 163.549 2467 162.237 2.554 1.6 GSI
\" 64.45 0.25 35.82 0.04 7.53 236 0.7897 0.0069 69.3 0.6 166.616 3.587 165491 3.630 2.2 GSI
AK 70.00 0.30 58.37 0.36 842 6.68 0.8008 0.0083 64.8 0.7 171.855 5.457 170.632 5.483 3.2 GEOTOP
M 76.74 1.05 37.63 0.18 335 9.6 0.7935 0.0105 106.3 1.5 170.589 7.090 169.849 7.093 4.2 GEOTOP
AL 80.00 0.30 47.88 0.30 332 5.01 0.8120 0.0091 727 0.8 180.626 5.892 179.518 5915 33 GEOTOP
B 97.70 0.00 32.00 0.02 9.03 220 0.8124 0.0052 130.2 1.3 177.692 3.060 177.080 3.074 1.7 LSCE
P 109.95 0.65 45.67 0.16 658 9.00 0.8110 0.0070 217.8 2.0 178.247 6.202 177.880 6.201 3.5 GEOTOP

around 58.7 cm, Table 1 and Fig. 4) suggesting a potential “open-
system” behaviour with respect to U. Optical microscope and
scanning electron microscope (SEM) observations yielded no
petrographic evidence for dissolution processes which could
explain these concentration variations. Nevertheless, removal of U
cannot be excluded on this basis alone, because these observations
remain very local.

Concentration peaks of K, Na, and Zn associated with sharp U
concentration variations, might lend support to the hypothesis of
overestimated ages caused by detrital contamination as the main
cause of too old ages. This appears unlikely, however, because
230Th/232Th ratios are relatively high (36—296, Table 1) in this
section. The observation that the largest peaks in trace element
concentrations correlate with the first 320, depletion (59.1 cm/
top) suggests that they are related, possibly reflecting an episode of
enhanced soil and epikarst flush following a long dry period. Thus
the trace elements peak does not necessary imply that flowstone
leaching re-mobilized uranium. This hypothesis cannot be ruled
out, however, since the typical mass of U-series samples is signifi-
cantly larger that that of trace elements samples (on the order of 1 g
for the former, versus 30—60 pg for the latter): one cannot rule out

that a dilution effect is hiding a large but localized detrital
contamination affecting the U-series analysis.

In view of these results, it remains challenging to prove or
disprove either hypothesis (detrital contamination versus U
leaching). However, both cases would result in overestimated ages,
and we accordingly based our age model on linear interpolation
between the youngest dated points for each calcite layer, which
yields a chronology consistent with respect to the other major
absolutely dated records in this area (i.e. Soreq Cave and Corchia
Cave record, Fig. 5).

We used the same strategy as above (linear interpolation
between the youngest dated points for each calcite layer) between
6 and 5 cm/top (U-Th—geoT and U-Th—E1, Fig. 5). Finally, from 15
to 24 cm/top, we considered the more logical solution. All dated
points used for the age model are shown in bold in Table 1.

The discontinuity d63.5 is marked both by a clay-rich layer and
a change of petrography (from white porous laminated to dark
compact calcite, Figs. 2 and 5); this discontinuity corresponds to the
appearance of a new generation of crystals. These observations,
along with the sharp change in the youngest U-Th dates across that
transition, suggest the occurrence of a hiatus between ~156 and
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148 ka. Such an interruption of flowstone growth might be linked to
the cold and dry climate during mid-MIS6 (Table 1, Figs. 1, 5 and 6).
This interpretation appears to be supported by very slow growth
rates on both sides of this hiatus (respectively ~0.5 and ~2 mm/ka
immediately before and after the discontinuity). From 126.4 4 4.3 ka
onwards, the growth rate increases to ~6 cm/ka (Fig. 5).

We must acknowledge the imprecision in our age model, whichin
some sections suffers from significant uncertainties. Nevertheless,
the Vil-car-1 profiles of 380, and 5'3C plotted against the age model
are very consistent with isotopic records obtained from other Villars
speleothems for the period of 50—0 ka (Supplementary material,
figure A). Additionally, as shown in Fig. 6, the older part of the Vil-
car-1 record is similarly consistent with the composite record from
Soreq cave (Bar-Matthews et al., 2003) and with those from Corchia
cave (Drysdale et al., 2005, 2009). Based on this external consistency,
we conclude that the flowstone section from 63.5 to 42 cm/top was
deposited between 148.3 and 122.7 ka, and that the prominent
negative 3'80 peak corresponds to the Last Interglacial period. In the
rest of this study, we focus on understanding which factors may have
driven these large variations in 3'®0..

4.4. Isotopic composition of fluid inclusion water

Samples for fluid inclusion analysis were collected from calcite
layers deposited before, during, and after Termination II (Table 2;
Figs. 7 and 8). Importantly, the oxygen isotope composition of fluid
inclusions (5'80,) remains constant within ~ 19, even across the
abrupt 4—5¢%, decrease in 880, (Table 2, Fig. 8). This observation
was consistently reproduced in analyses performed in two different
laboratories (VU and Ul). Although the absolute values suffer from
systematic laboratory bias (3'®0y and 3D, values measured at VU
come out as ~ 1%, and ~ 3%, heavier, respectively, than those from
Ul, as reported in Table 2), the absence of a detectable change in the
3180,y values of drip waters across TII can be robustly established.

5. Discussion: the Vil-car-1 oxygen isotopic shift
In previous speleothem records from Villars Cave, the amplitude

of 380, variations remained limited, in contrast to 5'3C. profiles,
displaying striking climatic features (Genty et al., 2003, 2005;

Wainer et al.,, 2009). This 5%, amplitude of 3'80 variation recor-
ded by Vil-car-1 is unusually large but previous records from this
cave only extended back as far as ~80 ka, and thus covered neither
Termination II nor the Last Interglacial. It is thus important to
understand the physical causes for the observed depletion in 580,
at the time of Termination II, and in particular to distinguish
between “regional” factors such as cave temperature and drip
water composition, and “micro-environmental” factors such as
disequilibrium precipitation of calcite at the surface of the flow-
stone. Most of the following discussion will thus focus on the
identification and quantification of these two potential causes for
the significant 3'80 depletion across TII sensu lato.

According to studies of modern north European stalagmites,
80—90% from the speleothem carbon comes from the soil biogenic
CO, and 10-20% from the calcareous hostrock (Genty and
Massault, 1997, 1999; Vogel and Kronfeld, 1997; Genty et al,,
2001). The 33C. was interpreted as closely linked with the
density of the vegetation cover and microbial activity above the
cave. The denser the vegetation enhancing the part of biogenic
CO,, the more negative the d13C. values would be. Usually, the
3180, variations in Villars during the last 80 ka are within 19,
which makes its interpretation difficult (Genty et al., 2003, 2005;
Wainer et al.,, 2009). The Vil-car-1 3'80, profile offers the oppor-
tunity to study the factors involved in oxygen isotopic variations
in Villars Cave at the time of the Termination II. As a consequence,
we will focus our interest on Vil-car-1 3'80, in the section located
between 63.5 and 42 cm/top. Other parts will be studied in more
details in other studies.

It should be noted that the large 8'®0. depletion (—5¢,) recor-
ded in Vil-car-1 across Termination II is synchronous, within age
model errors, to the largest isotopic variations recorded in both
Corchia cave and Soreq cave (Bar-Matthews et al., 2003; Drysdale
et al, 2005, 2007, 2009) suggesting that it does not reflect
a purely local effect. Furthermore, based on the similarity between
the Vil-car-1 and Soreq cave records (Fig. 6), it is tempting to
attribute both 3'80. depletions across TII to similar causative
mechanisms, i.e., to the combination of (a) a change of source vapor
380, (b) a temperature increase, and (c) an increase in the amount
of meteoric precipitation (Matthews et al., 2000; Bar-Matthews
et al., 2003; McGarry et al., 2004).

The two sites, however, are separated by more than 3000 km
and are located in very different climatic settings. In contrast to the
Soreq site, the oxygen isotopic composition of modern rainfall at
Villars is not inversely correlated with rainfall amount but rather
shows a correlation with the seasonal temperatures (Bar-Matthews
et al,, 1999; Genty, 2008). Rainfall reconstructions based on pollen
records from the Velay lakes (44°54'N, 3°47’E, 1200 masl, Fig. 1)
indicate a ~400 mm increase in precipitation, and an associated
increase in January temperature of ~20 °C contemporaneous to the
Vil-car-1 3'80, depletion (Fig. 6; (Beaulieu et al., 1991; Cheddadi
et al,, 1998, 2005)). However, the Velay record yields similar rain-
fall increases at the transitions MIS5b/5a and MIS2/MIS1, but which
did not result in any significantly discernible 3'80, response in the
Vil-car-1 record (Fig. 6). Moreover, data from the closest IAEA
stations do not show any significant correlation between rainfall
amount and rain 880 composition (Brest, Orléans, Thonon GNIP
IAEA data). This lack of correlation between pluviometry and
rainfall 3'80 values might be explained by the geographical location
of Villars cave close to the Atlantic Ocean where the amount effect
is less likely pronounced than for more continental settings. It is
thus unlikely that the amount effect is the controlling factor of the
Vil-car-1 3'80, shift at Termination II.

This conclusion is consistent with fluid inclusion results, which
indicate that 5'80,, remained constant over TII (Fig. 7). This implies
that the 380, shift must be attributed to other factors such as cave
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(Kandiano et al., 2004) marine cores.

temperature rise and possibly variable amounts of out-of-equilib-
rium precipitation.

5.1. Amplitude of temperature increase across Termination I
5.1.1. Did Vil-car-1 calcite precipitate in isotopic equilibrium?
a) Classical equilibrium tests

Although the Hendy tests described in Section 4.1.1 yield no
clear evidence for out-of-equilibrium precipitation in four out of
the five tested Vil-car-1 laminae (Fig. 3), this does not constitute
reliable evidence for thermodynamic equilibrium, for several
reasons. Strictly speaking, the Hendy test can only provide
evidence of spatially variable disequilibrium fractionation.
Although one might argue that kinetic isotope fractionation
effects near the apex of a stalagmite would likely display
detectable lateral variations, that assumption is far less likely to
hold true at the scale of a flow area several meters wide, but only
sampled within the diameter of the core (7.5 cm), half meter

away from the flowstone’s main water supply. Additionally,
individual laminae proved too subtle and too thin to be sepa-
rately subsampled in a strict manner. For these reasons, we do
not entirely trust this test and suspect that the Vil-car-1 record
may partly reflect out-of-equilibrium deposition due to kinetic
isotope fractionation effects.

On the other hand, Vil-car-1 profiles of 880, and §'3C. for the
last ~80 ka are quantitatively consistent with coeval stalagmite
records from elsewhere in the same cave (Supplementary
material fig. A), and a such internal consistency might be indic-
ative of equilibrium precipitation (Dorale et al., 2002; Wang et al.,
2008). However, there is unambiguous and widespread evidence
that modern calcite precipitates out of equilibrium in the Villars
cave: Genty (2008) measured the isotopic compositions of
modern drip water and of recent calcite samples, some of which
were collected only a few meters from the Vil-car-1 flowstone.
Temperatures computed from these measurements by means of
various equilibrium fractionation equations (Kim and O’Neil,
1997, O’Neil et al., 1969, Craig, 1965 equations) differed signifi-
cantly (4—5 °C discrepancy) from the modern temperature
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Table 2

139

Villars cave modern drip water and Vil-car-1 fluid inclusion oxygen and hydrogen isotopic composition. Modern drip water analyses were made by (Genty et al., 2008 and
Genty et al,, 2010). The modern drip water isotopic compositions given in this table correspond to the mean of the n samples collected between 2000 and 2007. For fluid

inclusion sample the number in brackets is the serial number.

Sample ID cm/top U-Th age (ka) 3'%0,,%, SMOW + 10 32Hw%, SMOW + 10
Modern drip water

Lower galleries Stt 1A —6.4 (n = 26) 0.05 -394 (n =21) 1.1
Lower galleries-Stt 1B —6.4 (n =31) 0.1 -394 (n =23) 0.7
Upper galleries-Stt10A —6.2 (n = 30) 0.2 -37.2 (n =25) 2.0
Upper galleries-Stt 10B —6.2 (n = 22) 0.1 -373 (n=18) 13
Fluid inclusions VU

Vil-car-1-FI-K(3) 64.9 165.6 -6.2(n=2) 0.5 —49.0 (n =2) 1.5
Vil-car-1-FI-A(1) 62.8 145.7 —6.4(n=2) 0.5 -473 (n=2) 1.5
Vil-car-1-FI-H(3) 60.8 1379 —6.2 (n=2) 0.5 —49.0 (n =2) 1.5
Vil-car-1-FI-D(2) 60.8 137.9 -68(n=1) 0.5 -431(n=1) 1.5
Vil-car-1-FI-C(2) 59.0 129.6 -62(n=1) 0.5 -427 (n=1) 1.5
Vil-car-1-FI-J(3) 56.0 126.0 —57(n=1) 0.5 —442 (n=1) 1.5
Vil-car-1-FI-E(2) 54.5 125.8 -413 (n=2) 1.5
Vil-car-1-FI-G(3) 50.8 125.2 -60(n=1) 0.5 -431(n=1) 1.5
Vil-car-1-FI-F(2) 50.6 125.1 -71(n=1) 0.5 -459(n=1) 1.5
Vil-car-1-FI-B(1) 50.6 125.1 -6.2 (n=2) 0.5 —48.1 (n =2) 1.5
Vil-car-1-FI-1(3) 49.5 125.0 -7.0(n=4) 0.5 -55.0 (n=4) 1.5
Average —-6.4 —46.2

Standard deviation 0.4 4.0

Fluid inclusions IU

Vil-car1-FI-A 62.8 145.7 —-71(n=2) 0.5 —479 (n = 2) 1.5
Vil-car1-FI-H 60.8 137.9 -7.4(n=2) 0.5 -46.8 (n = 2) 1.5
Vil-car1-FI-N 57 126.2 -73(n=1) 0.5 -524(n=1) 1.5
Vil-car1-FI-G 50.8 125.2 -71(n=2) 0.5 -489 (n=1) 1.5
Average -7.2 -49.0

Standard deviation 0.1 24

directly observed at this site. This implies that isotopic equilib-
rium is not attained during modern calcite precipitation, even in
this part of the cave despite its high humidity, the presence of
pools, and absence of any significant air flow. Good agreement
between isotopic profiles from different Villars speleothems
should thus not be interpreted as evidence for equilibrium
precipitation, but rather that they experience similar amounts of
kinetic isotope fractionation (within ~0.25%, based on the
observations of (Genty, 2008)).

b) Comparisons of calcite 380, values versus fluid inclusion
3180,

An alternative test of thermodynamic equilibrium was applied
to the core section between 63.5 cm and 49 cm/top, by comparing
the 580 values of fluid inclusions with those of the surrounding
calcitic matrix. Assuming (a) that the inclusions and the

surrounding calcite are coeval, and (b) that the oxygen isotope
composition of trapped fluids did not vary over time, one can use
published water/calcite equilibrium calibrations to reconstruct cave
paleotemperatures, and assess whether these temperature
predictions are physically realistic.

A caveat must be kept in mind: as previously noted (e.g.
(Verheyden, 2001; Genty, 2008)), the numeric results of such
computations are strongly dependent on which published equi-
librium relationship is selected (McCrea, 1950; Epstein et al., 1953;
Craig, 1965; O’Neil et al., 1969; Friedman and O’Neil, 1977; Kim and
O'Neil, 1997; Coplen, 2007). Although in Table 3 we compare
reconstructed temperatures derived from several of these calibra-
tions, in Fig. 8 and in the following discussion we mainly focus on
the Kim and O’Neil (1997) relationship, because (a) it is applicable
to abiotic carbonates and (b) the calcite precipitation experiments
were designed to minimize potential kinetic effects and fit well
with the studied environment.
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Fig. 7. Modern Rainfall and fluid inclusions 3D vs 3'®0. The local meteoric water line is drawn based on Villars and Le Mas (70 km SW from Villars) rainfall water composition (Genty

et al,, 2005, 2008, 2010).
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Although several of the reconstructed temperatures for Late
MIS6 appear to be negative, they are not statistically below freezing
temperatures due to the rather large uncertainties associated with
fluid inclusion spectrometry. Regardless of the preferred equilib-
rium calibration, the total thermal amplitude from Late MIS6 to the

Table 3

MIS5 380, “optimum” is on the order of +25 °C. Although it is
generally expected that TII was characterized by a greater thermal
amplitude (e.g. Vimeux et al.,, 2002; NorthGRIPmembers, 2004;
Kiihl and Litt, 2007), this is more than twice the amount of
warming estimated across Termination I (e.g. Wu et al., 2007).

Independent, quantified temperatures estimates for Termination
Il itself are scarce in this continental area. Based on pollen data from
the nearby Velay plateau lakes cores the maximum thermal ampli-
tude of TII is about 18—20 °C (Fig. 6, (Beaulieu et al., 1991; Cheddadi
et al., 2005)). Alternatively, the inverse mode of the Biome4 vegeta-
tion model constrained with pollen data and 8'3C of the Grande Pile
core GPXXI (~650 km ENE from Villars, 330 masl) yield a tempera-
ture rise of atleast 13.6 + 5.3 °C(Rousseau et al.,2006). In light of these
independent constrains, the +25 °C temperature rise in Villars cave
reconstructed above appears significantly overestimated, even taking
into account the large uncertainties inherent to all these methods.

To summarize, oxygen isotope measurements of modern
material and fluid inclusion analyses both imply that calcite within
and around Vil-car-1 did not precipitate at thermodynamic equi-
librium, and it appears likely that the corresponding isotopic record
is affected by significant amounts of kinetic fractionation. This is
further supported by the observations of Daéron et al. (submitted
for publication) from a speleothem calibration study of “clumped
isotopes” (see next section for more details).

5.1.2. Temperature rise from end of MIS6 to Last Interglacial
optimum estimated from clumped isotope and fluid inclusion 6'50
measurements

In this section we discuss how our fluid inclusion data may be
combined with independently reported “clumped isotope”
measurements from the same core, in an attempt to quantatively
correct for kinetic isotope fractionations using the method
described by Guo et al. (submitted for publication).

a) “Clumped isotopes” and speleothems

Clumped isotope thermometry offers an alternative method to
estimate carbonate paleotemperatures. It is based on precise
measurements of the abundances of multiply substituted iso-
topologues of the carbonate ion, such as (3C'®0'%0,)>~, and does
not require independent knowledge of the 880 of water in the
precipitating solution (Ghosh et al., 2006; Eiler, 2007). The crys-
tallization temperature of carbonates formed at thermodynamic

Theoretical paleo-temperature calculations based on calcite and fluid inclusions oxygen isotopic results. The theoretical equilibrium temperature uncertainties account for (a)
3180,y 0.5%, uncertainty and (b) variability of the 5'80, values over the sample thickness collected for fluid inclusion analyses. (Craig (1965): T(°C) = 16.9—4.2*(3'80.—3'%0y,)+
0.13(8'80.—5'80,,)?; (PDB for 5'0., SMOW for 3'80,,). Friedman and O'Neil (1977): T(°C) = /(2780000/((3'0.—8'80y)—2.89)—273.15; (SMOW for §'80., SMOW for 5'80,).
Kim and O'Neil, (1997): T(°C) = 18.03 x 1000/((5'80.—5'80,,)+32.42)—273.15 (SMOW for 3'80., SMOW for 3'%0,,).

Sample Depth U—Th age Milestone on 3180, 3'%0p Theoretical temperature (°C)
the 3'80. Curve
Craig, Friedman et Kim and
1965 O'Neil, 1977 O’Neil, 1997
cm/top (ka) %, VPDB %, VSMOW +49 +54 +5.9

Vil-car-1-FI-K(VU) 64.9 165.6 Early MIS6 -3.7 —-6.2 7.2 4.2 14
Vil-car-1-FI-A(IU) 62.8 145.7 Late MIS6 -3.6 -71 3.8 04 —2.7
Vil-car-1-FI-A(VU) 62.8 145.6 Late MIS6 —-3.6 —6.4 6.2 31 0.2
Vil-car-1-FI-H(VU) 60.8 137.9 Late MIS6 -3.7 —6.2 7.2 4.2 14
Vil-car-1-FI-H(IU) 60.8 137.9 Late MIS6 -3.7 -74 3.1 -0.3 -35
Vil-car-1-FI-D(VU) 60.8 137.9 Late MIS6 —-3.7 —6.8 5.1 19 -1.1
Vil-car-1-FI-C(VU) 59 129.6 TII reversal -3.8 -6.2 7.7 4.7 2.0
Vil-car-1-FI-N(IU) 57 126.2 LI plateau —6.7 -73 14.3 12.1 9.9
Vil-car-1-FI-J(VU) 56 126 LI plateau -7.0 —5.7 22.6 20.5 18.8
Vil-car-1-FI-G(VU) 50.8 125.2 LI Optimum —6.0 -7.1 124 10.0 7.7
Vil-car-1-FI-G(IU) 50.8 125.2 LI Optimum -7.9 -71 20.3 184 16.6
Vil-car-1-FI-F(VU) 50.6 125.1 LI Optimum -79 -7.1 203 18.4 16.6
Vil-car-1-FI-B(VU) 50.6 125.1 LI Optimum —8.00 —6.20 249 23.0 213
Vil-car-1-FI-I(VU) 49.5 125 LI —7.80 —7.00 20.3 18.4 16.5
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equilibrium can thus be directly derived from the measurement of
A47 a variable describing the degree of isotopic “clumping” in CO,
evolved from carbonate samples. Clumped-isotope thermometry, if
applied to speleothems, would potentially allow independent
reconstructions of T and seepage water 3'80. Early investigations,
however, have shown that A4; values of modern speleothems
formed under a wide range of environmental parameters are
significantly less than expected for carbonate precipitating under
equilibrium conditions (Affek et al., 2008; Daéron et al., submitted
for publication). These systematic A4; offsets likely result from
kinetic isotope fractionation (KIF) caused by rapid degassing and
crystallization reactions (Guo et al., 2008; Guo et al., submitted for
publication).

b) Application to Vil-car-1

As part of a broader calibration study of A47 in speleothems (cf
supplementary material B for the methods and materials used in
that study), Daéron et al. (submitted for publication) reported the
clumped-isotope compositions of four samples from Vil-car-1,
located respectively at 50.8, 58.6, 63.0, and 65.1 cm/top (Fig. 8).
They observed that all Vil-car-1 temperatures computed from Ag7
assuming equilibrium precipitation, including those for the glacial
sample, consistently come out 9 to 20 °C warmer than modern cave
temperatures. These unreasonably high temperatures are qualita-
tively consistent with modern clumped isotopes data from Villars
cave (Daéron et al., submitted for publication), providing additional
evidence for out-of-equilibrium precipitation. Faced with a similar
problem, Affek et al. (2008) used the modern Ay4; offset (i.e. the
difference between the measured A4; value and the expected
equilibrium value for one modern speleothem) to correct for KIF in
clumped-isotope measurement of fossil speleothems from the
same cave, and the resulting paleotemperatures are consistent with
Eastern Mediterranean sea-surface temperatures estimated using
alkenone unsaturation ratios. The same method cannot be applied
to Vil-car-1, however, because the clumped-isotope results of
Daéron et al. provide unambiguous evidence that the core experi-
enced large variations in the amplitude of KIF effects over time:
correcting the Vil-car-1 A47 measurements by a fixed offset would
inevitably yield an unrealistic thermal history, with temperature
estimates for MIS6 significantly warmer than for the Last
Interglacial.

An alternative method, proposed by Guo et al. (submitted for
publication), describes how clumped-isotope data can be
combined with fluid inclusion data to correct for KIF effects in
speleothems and thus reconstruct absolute paleotemperatures.
This requires estimating the correlation between A4; effects and
3180 effects. In the case of Villars cave, Guo et al. used the four local,
modern measurements of isotopic disequilibria described by
Daéron et al. (submitted for publication) to estimate the average
direction of the modern KIF vector in a 2D space defined by A47 and
1000In(z), where o is the 80 fractionation factor between
carbonate and water (Fig. 9). The two key assumptions behind this
method are: (1) that, although the amplitude of KIF offsets affecting
A47 and 3'®0 may vary significantly over time, the relative balance
between these two fractionation effects remains within certain
limits, as implied by the strong correlation observed in modern
speleothems worldwide (Fig. 4 in Daéron et al., submitted for
publication); (2) that these limits may be reasonably well esti-
mated by compiling modern observations, so that the correlation
between A47 and 3180 offsets is characterized by its mean value and
its standard deviation, both observed within the same cave setting
as Vil-car-1.

Only three of the four clumped-isotope samples reported by
Daéron et al. (submitted for publication) are bracketed by our fluid
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Fig. 9. A4 offsets (relative to equilibrium values) vs 1000In(a) offsets for modern
Villars cave calcite deposit. Open squares correspond to replicate analyses, and are
indicative of analytical precision limits and sample inhomogeneities. Grey ellipses
correspond to 26 confidence limits of the replicates for each different speleothem. The
average slope is computed using sample means, not analytical replicates. Data from
(Daéron et al., submiited for publication).

inclusion data (Fig. 10). These are Vil-car-1-A47-63.0, —58.6, and
—50.8, respectively corresponding to the Late MIS6, Termination II
and MIS-5 optimum. Because of current analytical requirements,
individual samples for FI analysis are typically 100 times larger than
A47 samples. Each FI measurement thus corresponds to a time-
averaged value which is expected to display smaller short-term
variations. For this reason, we selected to combine both data sets by
interpolating FI 5'80,, values to the respective depths of the three
A47 samples (Fig. 10). Although this solution is not entirely satis-
factory, FI and A47 samples are in close proximity for 5 out of the 6
relevant data points (3 layers and 2 laboratories). Nevertheless,
future studies would benefit from a protocol designed to succes-
sively perform both types of measurements on the same sample
material. Because of the systematic offset between FI results from
the Innsbruck and Amsterdam labs, we used data from both labs
independently, compared the results, and estimated a posteriori
how paleo-temperature estimates might be affected by these FI
laboratory bias.

Each of the three samples may then be plotted on a graph of A47
versus 1000In(x), the latter being derived from the 3'®0 composi-
tions of the carbonate material and of fluid inclusions (Fig. 11). In
this 2D space, carbonate precipitated at thermodynamic equilib-
rium would plot along the “equilibrium line”, defined by the cali-
bration functions of Kim and O’Neil (1997) and Ghosh et al. (2006).
This is clearly not the case for the three Vil-car-1 samples, which all
plot below the equilibrium line. Assuming, as stated above, that
each sample was offset from its T-dependent location along the
equilibrium line along a KIF vector whose length is a priori
unknown and whose slope may vary through time according to the
statistical distribution observed in modern Villars speleothems
(Fig. 9), one may geometrically project each sample on the equi-
librium line, thus estimating a KIF-corrected paleo-temperature of
crystallization (Guo et al., submitted for publication).
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Temperature uncertainties in Fig. 11 account for: (a) external
precision limits on A47; (b) a conservatively estimated uncertainty
of 0.5%, for fluid inclusion 3'80 values; (c) the standard deviation
observed in the slope of modern KIF vectors. Note that we do not
assume that the KIF vector retains strictly the same slope through
time: as stated above, that slope is allowed to vary within the limits
estimated using modern observations. In spite of the incorporation
of these significant sources of uncertainty, the formal standard
error on temperature does not exceed 2 °C, which is not signifi-
cantly worse than existing continental temperature reconstruc-
tions from other methods. Moreover, the dominant component in
the variance of our T estimates is the uncertainty in the 3'80,,,
which accounts for 80—85% of total variance (depending of which
laboratory’s FI data is used), to be compared with 11-16% from the
KIF correlation and only 4—5% from A4; uncertainties. Future
attempts at this kind of “speleo-thermometry” may likely benefit
from improved precision/accuracy in the oxygen spectrometry of
fluid micro-inclusions.

The corrected fluid inclusion-clumped isotope temperatures
range between 5.8 or 8.1 °C(+£1.9 °Cat 1¢) at late MIS6 to 19 or 22.7
(£1.9°Cat 1¢) for the MIS5 optimum (temperatures from Ul and VU
fluid inclusions data, respectively; uncertainties are given at 2 o-
level in Fig. 11). Using data from VU yields reconstructed temper-
atures warmer by 2.4—4.2 °C than those derived from the Innsbruck
laboratory. We suspect that this is the consequence of a systematic
bias in the VU fluid inclusion measurements, because the resulting
3180 and 3D values are generally less consistent with the modern
local meteoric water line, than the Ul data (Fig. 7). Reliably esti-
mating absolute cave paleotemperatures will thus require
improving our understanding of (and ability to correct for) inter-
laboratory differences in fluid inclusion analysis, which is the focus
of an ongoing inter-laboratory calibration effort.
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Fig. 11. In the 2D space defined by 1000In(a) and A4; values, carbonate formed at
thermodynamic equilibrium would plot along a specific line defined by existing
temperature equations (Kim and O'Neil, 1997; Ghosh et al., 2006). Because of rapid
rates of CO, degassing and carbonate precipitation, KIF effects cause the three Vil-car-1
samples to plot below the equilibrium line. Using modern analyses to constrain the
slope of past kinetic fractionation vectors, each sample may be projected back onto the
equilibrium line to its original crystallization temperature. Note, the overall consis-
tency of relative temperature variations between the 2 datasets, which allows to
constrain the warming between Late MIS6 and the last interglacial optimum
to + 13.9 & 5.2 °C (20). Grey ellipses and numerical uncertainties all correspond to 2¢
confidence limits.

For the time being, although this issue remains somewhat of
a limiting factor concerning absolute paleotemperatures, inter-
laboratory differences appear by contrast to have little effect on the
temperature increase between the end of MIS6 and the Last
Interglacial optimum. Using FI data from Innsbruck or Amsterdam
respectively yield AT[6—5] estimates of 13.2 + 2.6 and 14.6 & 2.6 °C
(10) (Fig. 11).

¢) Comparison with independent constraints
Compared to paleotemperatures derived from 5'20 using clas-

sical equilibrium fractionation functions (5.1.1 b), our clumped
isotope/fluid inclusion reconstructions yield temperatures
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consistent with recently published independent estimates. For
instance, pollen data from Monticchio Maar indicates a maximum
amplitude of ~12 °C between end of MIS6 and the Last Interglacial
optimum (Allen and Huntley, 2009). Noble gas fluid inclusion
analyses from a western Germany stalagmite yield 9 & 5 °C (1¢) as
a lower bound for temperature rise across Termination II (Scholz
et al, 2009). Finally, as shown in Fig. 6, this period also saw
strong (~13 °C) warming in North Atlantic and Western Mediter-
ranean surface waters (Kandiano et al., 2004; Martrat et al., 2004;
Sanchez Goiii et al., 2008), and the terrestrial amplitude of
glacial/interglacial temperature changes is generally accepted to be
larger than that of SST.

The amplitude of the temperature fluctuation in a continental
setting in the region at Termination I between the extremes is
assumed to be about 7—13 °C (Allen et al., 1999; McGarry et al.,
2004; Wu et al., 2007; Affek et al., 2008) which is consistent with
the amplitude of this study as well.

5.2. Drip water isotopic composition relative constancy: a tentative
explanation

One of our most striking results is the drip water 3'0 constancy
within 1%, (26) from early MIS6 to the Last Interglacial 520
optimum. This was unexpected as the associated 3'%0. decrease by
5%, and these phenomena occur synchronously to a first order
climatic transition. The VU 8'80,, average (—6.4%, Table 2) is
consistent with the values measured for modern drip water in the
Villars cave (Table 2) and with the 5'80,, of water trapped in macro
inclusions of the MIS 5c (~101 ka) portion of the Vil24 stalagmite
from Villars Cave (-5.9 to -6.1 &+ 0.2%, (10), (Genty et al., 2002)).
Thus, it is likely that drip water oxygen isotopic composition did not
show significant changes during the last 150 ka. We investigated
this observation for the Termination II interval.

As it is currently found in the literature, drip water isotopic
composition depends on several factors: (i) isotopic composition of
the vapor source, (ii) storm tracks, (iii) air temperature, (iv) rainfall
amount effect. There is no particular reason for a change of vapor
source or storm track between late MIS6 and the Last Interglacial.
Besides, we have demonstrated that rainfall amount effect do not
play a dominant role in the rain oxygen isotopic depletion.

From the literature, we know that: (1) During the last deglaci-
ation the ocean isotopic composition decreased by 1%, (Adkins and
Schrag, 2001). We will assume the same amplitude of change for
TII; (2) The rain oxygen isotopic composition, 3'®0g versus air
temperature gradient is predicted at 0.589%,/°C for mid-latitudes
(Rozanski et al., 1993). In France, the Thonon-les-bains (46°22'N,
6°28’E, 385 masl) data set between 1963 and 1997 gives a gradient
of 0.37%,/°C and 0.20%,/°C for the Brest (48°36'N; 4°57°'W, 80 masl)
data set between 1996 and 2000 (IAEA GNIP data). Based on the
interpretation of modern rainfall composition and air temperature
data accumulated between 1996 and 2006 at Le Mas meteorolog-
ical station (~60 km SE from Villars), we deduced a seasonal
relationship between rainfall oxygen isotopic composition (3'30g)
and surface air temperature: 8'®0g (%, SMOW) = 0.24 T(°C) — 9.24
(R? = 0.89) (Genty, 2008 and this study). The gradient (~0.24¢%,/°C)
is consistent with what can be found in previously quoted refer-
ences and consists of an absolute value close to fractionation factor
of the equilibrium formula but with an opposite sign.

We have calculated rainfall oxygen isotopic composition (5'0g)
for the two considered periods and we have checked if the different
impacts of each factor could cancel out each other during the
deglaciation: (1) We have used the local seasonal relationship
above and the monthly temperature estimates provided by the
coupled model IPSL-CM4 (Marti et al., 2005, submitted for
publication), a 3D model atmosphere-ocean-continent and sea ice

at 126 ka for the Villars cave geographic coordinates, to deduce
monthly 30 during the Last Interglacial (collaboration with
P. Braconnot and E. Mosquet); (2) Assuming the difference of mean
annual temperature between the end of MIS6 and the Last Inter-
glacial 880, optimum resulting from this study (AT[6-5] = 14°C),
we calculated the late MIS6 monthly temperature (i.e., for January
Tjanqz6ka-AT[6—5] = Tjanmiss) and monthly rainfall 380 using the
local seasonal relationship again; (3) From our model, a tempera-
ture rise of ~14 °C between the end of MIS 6 and MIS5 optimum
suggests eight months of seasonal freezing that prevent water from
infiltrating into the karst during late MIS6. This is consistent with
soil structure observed on the studied area (Van Vliet-Lanoé, 1988
and personal communication). By analogy with recent observa-
tions for a northern Swedish cave (Sundqvist et al.,, 2007), we
assumed negligible infiltration when the temperature of the month
was negative and a rainfall partition similar to what is predicted by
the IPSL model at 126 ka which is quite similar as today.

Suppressing the eight months freezing involves a depletion of
the drip water 880y, of ~—2.7%,. The vapor source 3'®Oscawater
change between a glacial and interglacial period leads to a deple-
tion of ~—19, and the air temperature increase would correspond
to an enrichment of ~3.4%, with a gradient of 0.24%,/°C. Conse-
quently, the different effects broadly cancel out each other
(Supplementary material Figure C). Details for this calculations are
discussed in (Wainer, 2009). In order to be more precise, it would
be interesting to investigate the rainfall partition along the year as
it was attempted by (Meyer et al., 2008), but data to constrain this
parameter are lacking.

As the results of the different effects of the factors influencing the
380, that counteract each other, drip water 3'30,, remains more or
less constant during the TII. This suggests that the Vil-car-1 880, TII
shift depends mostly on temperature rise. This appears to be
restricted to Termination II. Indeed, no significant shift is observed
in Vil-car-1 3'80, record for Termination I. A warming amplitude
threshold may be involved but fluid inclusion data should be done in
the TI part of the core and also on other TII speleothems of the same
region in order to confirm this assumption.

5.3. Isotopic and geochemical patterns at the MIS6-MIS5 transition

According to the age model the penultimate glacial maximum in
Vil-car-1 core corresponds to the d63.5 cm/top discontinuity, after
which deposition of calcite resumes (Figs. 2 and 6).

From the discontinuity d63.5 cm/top up to ~44.7 cm/top, the
calcite appears dark, dense and compact (Fig. 2). The first age
obtained after this discontinuity is 148.3 + 4.9 ka. High values of
both 3'3C. and §'80, are observed between ~148.3 to ~145.8 ka
(63.5—62.9 cm/top), coinciding with relatively high Mg and Sr
concentrations (Fig. 4). One possible explanation is that calcite
deposition occurred under cold conditions and/or was associated
with prior calcite precipitation in the epikarst which can cause such
high values (Fairchild et al., 2000). It will be necessary to check this
latter possibility by supplementary trace element measurements in
order to establish if a statistical correlation exists. The first warming
from 62.9 cm/top (145.4 & 2.8 ka), particularly visible for the 3'3C
signal (depletion of 3.2%,) and somewhat subdued on the 3'30.
profile (depletion of 29,), is associated with decreasing Mg and Sr
contents.

The warming phase is followed by the two-step deglaciation.
The reversal is centred at ~ 129.8 ka on the 5!80. curve and 128.9 ka
for '3C curve (Fig. 6). A similar pattern consisting of a first warming
episode followed by a two-step deglaciation is observed in the
3180, profile from Soreq cave (Bar-Matthews et al., 1999, 2003), in
M23414 and MDO04-2845 Atlantic SST records (Kandiano et al,,
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2004; Sanchez Goiii et al., 2008) and in the 3'80 benthic record off
the Iberian margin (Gouzy et al., 2004) (Figs. 1 and 6).

According to the age model, this feature can be tentatively
assigned to the Zeifen/Kattegat (Zeifen/post-Zeifen) oscillation
observed in other contemporaneous terrestrial archives (Gruger,
1979; Seidenkrantz et al., 1996; Brauer et al., 2007; Sanchez Goifii,
2007). This cooling is recorded by a decrease of pollen abundance
in the Lago Grande di Monticchio between 128.2 and 127.9 ka.
Assuming that the 3'80. variations in the Vil-car-1 core are
primarily controlled by the temperature, this 8'®0, reversal back to
pre-deglaciation values is consistent with the observation in the
northern Atlantic of ice-rafted debris (IRD) deposits and an increase
in both benthic and planktonic 580 during Heinrich event H11
(Lototskaya and Ganssen, 1999; Gouzy et al., 2004). The iceberg
discharge linked to this event, synchronous with the post-Zeifen
episode, likely caused a significant cooling in Europe and specifi-
cally at Villars site which is close to the Atlantic Ocean. This reversal
is recorded in a neighbour karstic site as well, Bourgeois-Delaunay
Cave (Couchoud et al., 2009).

The observation that this reversal is less pronounced in the d3C,
than in the 8'80, record can be explained by the short duration of
this event. Despite the significant uncertainties of our dating results
in this part of the core, it appears likely that the duration of this
episode did not exceed ~200 years; this is consistent with its
estimated duration in the Monticchio record (250 years; Brauer
et al,, 2007). The duration of this cooling event was sufficient for
the thermic wave to reach the cave but was not long enough to
completely annihilate the vegetation but likely reduced its activity.
It is interesting to note that no petrographic change is associated to
the 5'80 and '3C. drops (Fig. 2).

Regular wiggles of ~0.8%, in amplitude are visible on the 3'%0,
descending plateau. It is much less evident in the 3">C. profile
(Figs. 2 and 4). To our knowledge, this cyclicity has not been
detected anywhere else, probably because of a lack of records with
sufficiently high resolution for this period. According to our age
model, these regular cycles have a centennial frequency. Their
cause is not yet explained.

6. Conclusions

The Vil-car-1 record is the first speleothem record from Villars
cave that extends back sufficiently (~180 ka) to record the
penultimate deglaciation: the transition between Late MIS 6 and
the Last Interglacial “optimum” is prominently recorded as a ~59%,
depletion event affecting calcite 3'30 values.

Investigation of the potential causes for this isotopic depletion
yielded several important results. The oxygen isotope composition
of paleodripwater trapped in fluid inclusions before, during and
after the transition remains constant (within 19%,) across the
penultimate deglaciation. This observation was independently
confirmed by analyses from two different laboratories. This implies
that isotopic effects related to the various processes that are
expected to affect seepage water compositions during Termination
II (changing amount of rainfall, seasonal bias in drip water
composition due to winter freezing, etc.) cancelled each other. The
5%, drop in 380, must thus mainly be attributed to an increase in
cave temperature during the deglaciation (and to a lesser extent to
variation in KIF between late MIS6 and the Last Interglacial
optimum). However, using “simple” isotopic paleothermometers
(3180, A47) to estimate the absolute temperatures before and after
this transition yielded unrealistic results, strongly suggesting that
calcite deposition occurred in non-equilibrium conditions.

Correcting quantitatively for these isotopic disequilibria was
achieved by combining fluid inclusion 8'80 analyses with clumped
isotope measurements: as described by Guo et al. (submitted for

publication), modern observations can be used to constrain the
relationship between kinetic fractionations affecting 8'%0 and A4,
and thus to reconstruct absolute paleotemperatures. These
temperatures range from 5.5 or 7.9 °C (£1.9 °C, 1¢) during Late
MIS6, to 18.9 or 22.9 °C (1.9 °C, 1¢) for the Last Interglacial 5'80,
optimum (using fluid inclusion data from UI and VU, respectively).
Based on these results, the temperature increase between late MIS6
and the Last Interglacial 580, optimum can be robustly constrained
to ~ 14 °C (with a formal standard error of 2.7 °C), which appears to
be consistent with existing independent estimates from pollen and
sea-surface temperature records from Western Europe.

Combined fluid inclusion and clumped isotope analyses thus
offer a promising method to reconstruct absolute paleotemper-
atures from speleothems deposited out of isotopic equilibrium with
their parent waters. This new approach now needs to be validated
by further studies from well-characterized cave sites.
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