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Abstract. The geochemical signature of many speleothemsEemian:—7.6+ 0.2 %0 and the Holocene Climatic Optimum:
used for reconstruction of past continental climates is af-—7.2+ 0.3 %o). This new approach offers a unique possibil-
fected by kinetic isotope fractionation. This limits quanti- ity for quantitative climate reconstruction including the as-
tative paleoclimate reconstruction and, in cases where theessment of past hydrological conditions while accounting
kinetic fractionation varies with time, also affects relative for disequilibrium effects.

paleoclimate interpretations. In carbonate archive research
clumped isotope thermometry is typically used as proxy for
absolute temperatures. In the case of speleothems, however,
clumped isotopes provide a sensitive indicator for disequilib-
rium effects. The extent of kinetic fractionation co-varies in

Introduction

A47ands180 so that it can be used to account for disequilib- Spelgothems p'rowde an |ncrea3|.ngly pppular.archlve fof ter-
restrial paleoclimate reconstruction, with their oxygen iso-

rium in 8180 and to extract the past drip-water composition. ¢ ‘anal di i . i t q
Here we apply this approach to stalagmites from Bunker ope sighais recording variations |n.cav_e emperature an
Cave (Germany) and calculate drip-wa#éfO,, values for local rainfall (e.g., McDermott, 2004; Fairchild and Baker,
2012). The isotopic composition of snow and rabiQ,

the Eemian, MIS3, and the Holocene, relying on indepen- . : .
dent temperature estimates and accounting for disequilib-i Eghre;/:%selr:c?ljorrézn:ed?;?lllifa\?v gl':érﬂz/z hoyrdrgtlgrgrfilraqgglt?)-
rium. Applying the co-variation method to modern calcite ~. 9 por, J

recipitates yields drip-wates'80,, values in agreement ries, and the conditions during vapor condensation and rain-
precip y P 18 go out (Clark and Fritz, 1997; Aggarwal et al., 2005; Lachniet,
with modern cave drip-wate§™*Qy of —7.940.3%, de- 2009). The rainfals180,, values often show a temperature
spite large and variable disequilibrium effects in both cal- ' ) . . .
cite 5180, and A47. Reconstructed paleo-drip-wat#teoy, dependence that is particularly pronounced in the mid and
values a?e lower during colder periods (e.g., MIS®.6 high latitudes. The largest temperature dependens®ex,

: . - e
0.4%o and the early Holocene at 11ka9.7+ 0.2 %) and was observed in polar stations (0.8-0.9%o -; Dansgaard,

. - . . . 1964; Rozanski et al., 1993). In mid-latitudes moderate val-
show higher values during warmer climatic periods (e.qg., theues were measured (0.53-0.69%:L, Dansgaard, 1964:
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378 T. Kluge et al.: Drip-water §180 reconstruction using A47-6180 co-variance

Rozanski et al., 1993; Gourcy et al., 2005), whereas low latto reconstruct paleotemperatures from a flowstone in Vil-
itudes or marine sites show only a low temperature depentars Cave (France) using drip-wat0,, determined from
dence of 0.17 %C~! (Rozanski et al., 1993). speleothem fluid inclusions, resulting in reasonable tempera-
The modern-day spatial temperature dependence of oxyture estimates (Wainer et al., 2011). Here we use the opposite
gen isotopes in rainfall is commonly used as calibration forapproach to reconstrugt®0,, values in paleo-rainfall.
paleoclimatic applications, e.g., for polar ice cores (Lorius In this study we present the first paleo-drip-wat&?0,,
et al., 1985; Johnsen et al., 1992; Grootes et al., 1993) andecord based on the clumped isotope co-variation method.
speleothems (Duplessy et al., 1970; Dorale et al., 1992), with\Ve investigate the reproducibility of the signals and check
the aim to reconstruct past temperature changes. The basthe overall precision and the applicability of the method for
assumption for these applications is that 8480,,-T rela-  drip-water §180,, reconstruction by measuring temporally
tionship is constant over time. However, noble gas studies iroverlapping stalagmites that grew during the last glacial cy-
groundwater (Loosli et al., 2001; Vansy et al., 2011) sug- cle in Bunker Cave (Germany). The potential and limitations
gest that this relationship was different in the past, at leasbf the approach are assessed using modern calcite precip-
regionally. Similar deviations between the modern spatialitated in the cave in comparison with monitoring data of
8180,,-T relationship and the temporal reconstructions wereBunker Cave.
also observed for polar ice cores by comparison with inde-
pendent temperature calibrations (Cuffey et al., 1995; Sever- ]
inghaus et al., 1998). Both examples highlight the need for2 Study site and samples
an improved understanding of td&80,,-T relationship and
its temporal variability. This requires reliable reconstruction
of both paleotemperature and rainfall isotopes.
Speleothems are the potentially ideal candidates for rain
fall 8180y, reconstruction due to the possibility of high-
precision age determination, high-resolution stable isotop
measurements, and their ability to faithfully retain climatic
signals (e.g., Gascoyne, 1992; McDermott, 2004; Fairchild
and Baker, 2012). Complications arise from disequilibrium
effects that often influenc&®0, and§13C values (Mickler
et al., 2006; Derany et al., 2010; McDermott et al., 2011;
Tremaine et al., 2011; Riechelmann et al., 2012) and hav
been recently shown to influence also clumped isotope val
ues (Affek et al., 2008; Meckler et al., 2009; &an et al.,

2011; Wainer et al, 2011; Kluge and Affek, 2012). Contrary all stalagmite-related monitoring sites within Bunker Cave
to the early suggestion of a constant disequilibrium offset (in ) i '
y sugg d ( The study uses four stalagmites (BU1, BU2, BU4, BU-

Soreq Cave; Affek et al., 2008), Kluge and Affek (2012) ob-
served temporal variations in the degree of kinetic isotopeUWE) from Bunker Cave that grew through the Holocene

fractionation that preclude the use of constant disequilibriuml(aplil;t gj ﬁN_EBUL BU4)’ :he ezirly Hol\l/lolgerge 1Bluk2a E_BU
offsets at least for certain speleothems or in certain caves. it ). marine isotope stage (MIS) 3 ( i

Daéron et al. (2011) proposed an approach that correctéJ.WE) and th.e.Eemlan (BUL, BU'UWE.)' In addition, gal-
for the disequilibrium and allows to calculate paleotemper—cIte that precipitated on watch glasses in three-month inter-
atures and paleo-rainfaif80,, values despite kinetic iso- vals at different seasons between 2007 and 2011 is used for

tope fractionation. Their approach is based on the combine omparison and as test mate_nal for the methodology (Ta-
offset in A4y and 8180 and is, hence, referred to as co- | le 1). Further modern material was sampled from the ad-
variation method. As the isotopic disequilibrium in bath; Jacent Dgchen Cave (DC1, DC2), B7 Cave (B7'B.'01) and
ands180 is related to rapid C@®degassing that affects both Huttenbhserschacht. Cave (HC1'HC.4)' All stalagmites from
isotopic tracers, it is assumed that the relationship betwee unker Cave grew in close proximity to each other. BU1,
them is practically invariant with temperature and is there- U2 gnd BU4 were about 10m apart, whereas BU-UWE
fore temporally constant (Guo, 2008; &an et al., 2011). grew in a narrow passage 20-30 m away.

The co-variance method allows us to reconstruct either the

past temperature or past drip-watfO,. It relies on the 3 Methods

fixed co-variance relationship betweexy; and §180 and

knowledge of the difference between drip-waiéfO, and 3.1 Clumped isotopes and measurement procedure
calcite 180 (to reconstruct temperature), or of the differ-

ence between measured and expedtad (to reconstruct  Carbonate clumped isotopes (reported\as) are a measure
water §180,,). The co-variance method was first applied of the chemical bonding betweéAC and180 in the lattice

Bunker Cave (5122’ N, 7°40 E) is located in the Middle to
Upper Devonian limestone of the Rhenish Slate Mountains
(Germany) at about 180 m above sea level and is overlain
by 15-30m of karstified limestone bedrock. The meteoro-
ogical conditions in the region are dominated by North At-
antic pressure systems, with a temperate climate, precipita-
tion throughout the year (annual mean 900 mm, 1961-1990),
and a mean annual air temperature of “€51961-1990).
The air temperature in the last two decades has increased to
about 10.5C (1988-2007, German Meteorological Service
WD); a change that is also observed in the cave tempera-
ture. During the cave monitoring period 2006—2011, a mean
temperature of 10.8C was measured in Bunker Cave. Drip-
waters§180,, values are rather constant-a?.9+ 0.3 %o for
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Table 1.Clumped isotope\ 47, calcites180¢ (VPDB) and reconstructed drip-waté}sow, co-var(VSMOW) of modern calcite precipitates
from Bunker Cave and adjacent caves (BBunker Cave, DG=Dechen Cave, H& Hilttenbhserschacht Cave, BYB7 Cave). Samples
labeled U are precipitates on watch glasses from Bunker Gave either the in situ monitoring temperature or the 1961-1990 ambient

air-temperature mean (labeled with *).

Sample T  Replicates Aa7 5180, 8180w, co-var
(°C) (%) (%) (%)
DC-1 10.6 7 0.64& 0.005 —5.79+0.07 —7.9+0.3
DC2 106 7 06520004 -564+003 —7.5+03
HC-1 9.5 5 0.674+0.004 -6.08+0.03 —8.0+0.3
HC-2 9.5 5 0.687+0.004 —-5.81+0.02 —7.4+0.3
HC-3 9.5 5 0.671+0.002 —-5.394+0.09 —7.4+£0.3
HC-4 9.5 5 0.689+0.001 —-6.144+0.03 —-7.7+£0.2
B7-B-01 9.4 5 06680006 -585+002 ~7.940.3
uUl-4 10.7 1 0.668:0.020 —-6.33+0.25 —-8.0+£0.6
Ul-16 11.1 6 0.665-0.008 —-6.124+0.02 —7.7£0.3
U IV-15 104 1 0.638:0.020 —5.52+0.20 —7.9+0.6
U VII-5 11.1 1 0.670:0.020 -6.384+0.36 —-7.8+£0.6
U VII-8 11.3 1 0.653+0.020 -5.664+0.20 —7.4+05
U VII-14 12 1 0.675£0.020 —6.26+0.20 —-7.3£0.5
UuVvlil-15 11.3 4 0.658:0.003 -5.86+0.03 —7.54+0.3
BU41 95 5 06680007 -5574014 —7.6+0.3

of a carbonate mineral. Under equilibrium conditions it re- 19: ¢ = +0.03 %0, “CornCQ" — in-house CQ gas stan-
flects the carbonate precipitation temperature, thus providdard: o = +0.02 %.). Speleothem sample replicates show a
ing a paleotemperature proxy, with highty; values corre-  slightly lower variability of typically +£0.010 to 0.015 %o
sponding to lower temperatures and vice versa (Ghosh et al(lo). The uncertainty of the mean of the replicate analyses
2006; Eiler, 2007, 2011). At typical Earth surface tempera-of a specimen is given as standard error (SE). In the case of
turesAg47 values are between 0.6 and 0.7 %o. the single watch glass measurements, the uncertainty was as-
The stalagmites were sampled along the growth axis forsumed to be identical to therluncertainty of the standards.
stable and clumped isotopes (Table 2). Sample preparation, Absolutes80 values were defined using a pre-calibrated
cleaning and mass spectrometric measurements followed th®ztech reference gas (Safford, AZ, USH3C = —3.64 %o,
procedures described by Affek and Eiler (2006), Huntingtons80 = —15.80 %o, both at the VPDB scale) and verified by
et al. (2009), and Zaarur et al. (2011). In brief, O@as ex-  regular measurements of NBS-19. The meéafO of the
tracted from 4—6 mg of speleothem calcite by overnight re-NBS-19 measurements is2.174+0.04 %0 (1o, n = 13), in
action with 105 % phosphoric acid at 26. The generated agreement with the NIST reference value-a2.2 %o. §*3C
CO, gas was purified using a helium-purged GC column.values are slightly higher (2.100.11 %o, I, n = 13) than
The measurements were performed using a dual-inlet gaghe NIST reference value of 1.95%.. Uncertainties in the
source isotope ratio mass spectrometer (Thermo Fisher MAB180 values for replicate samples are given as standard er-
253). Several standards (Carrara marble, NBS-19; §&3  rors. The &-standard deviation is 0.1-0.2 %0 with typical
equilibrated with HO, cylinder CQ) were measured regu- standard errors of about 0.06 %o.
larly for inter-laboratory comparison (Dennis et al., 2011).
Stalagmite samples were measured throughout the yead2 Calculation of§180 and A47 values
2010 and 2011 in order to avoid systematic errors associ-
ated with short-term fluctuations in mass spectrometric andA47 is calculated following Affek and Eiler (2006) and Hunt-
sample preparation parameters. All stalagmite samples anthgton et al. (2009). We use they7-T relationship of Ghosh
modern speleothems were measured in 5-7 replicates (Tat al. (2006) that was confirmed by a large number of bio-
bles 1 and 2), with the exception of some modern watch glasgienic samples (Eiler et al., 2007, 2011; Tripati et al., 2010)
calcite precipitates which could only be measured once dues a reference calibration for carbonate samples precipitated
to the limited sample amount. The uncertainty of a singlein isotopic equilibrium:
measurement it 0.02 %0 (Ir) based on replicate analyses

of standard materials (Carrara marbte= £ 0.02 %o, NBS- A7 ¢quil(T) = 59200/ T2 -0.02(A47 iN%o, T iNK) (1)

www.clim-past.net/9/377/2013/ Clim. Past, 9, 37391, 2013
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Table 2. Clumped isotope\ 47, calcites180. (VPDB) and reconstructed drip-wat&t80y, co-var (VSMOW) in Bunker Cave stalagmites.
“Distance from top” refers to the sample position with respect to the top of the stalagmite. Ages are the result of an age model based on
U-Th measurements (Fohlmeister et al., 2012; ages marked with an asterisk refer to unpublishégdai®}he independent temperature
estimate derived from different sources and independent studies.

Sample Distance from top Age Replicates A7 8180 8180w, co-var Tysed
(mm) (ka) (%o) (%o) (%o) ¢C)
Stalagmite BU1
BU1-1 15-19 0.76-0.06 5 0.6590.007 -559+0.01 -7.9+402 9.1-9.8
BU1-2 52-55 1.08-0.15 5 0.673:0.002 -5.70+0.06 -7.7+01 9.1-9.8
BU1-3 84-86 1.23-0.01 7 0.670:0.009 —6.30+£0.02 -8.3+02 9.3-9.8
BU1-4 137-140 1.48-0.15 5 0.685-0.002 -5.90+0.04 -7.6+01  9.2-9.4
BU1-5 249-251 4.3 0.5 5 0.676+0.005 -5.80+0.12 -7.64+04  7.9-1{0)
BU1-6 347-351 5.040.10 5 0.679-0.003 -5.31+0.02 -6.9+04 9.0-11.6)
BU1-7 388-392 5.98 0.05 5 0.678-0.008 -5.32+0.07 -6.9+0.3 9.1-11.§)
BU1-8 502-504 7.6:0.3* 6 0.681+£0.007 —6.16+0.11 -7.6+0.3 8.9-12.9
BU1-9 565-570 7.5 0.3* 5 0.693+0.002 -5.76+0.08 —7.0+04 8.6-12.9)
BU1-10 ~670 1224 3* 5 0.671+0.007 -5.91+0.02 -7.5+04 9518
Stalagmite BU4
BU4-1 0-0.5 0.03-0.03 5 0.668 0.007 -557+0.14 —7.6+0.2 90.58)
BU4-2 11-13.5 0.90.3 5 0.677-0.003 -5.07+0.04 -7.0+0.1 9.1-9.8)
BU4-3 20-28 1.130.1 5 0.67H-0.003 -5.74+0.06 —7.840.2 8.9-9.4)
BU4-4 38-42 1.36:0.05 6 0.669-0.007 —6.14+0.04 —8.2+02  9.3-9.4
BU4-5 42-45 1.3@-0.15 5 0.6720.006 -5.92+0.07 -7.8403 9.2-9.8
BU4-6 91-94 2201 5 0.667:0.004 -5.73+0.11 -754+0.3 9.1-11.8)
BU4-7 94-96 2.9-0.1 5 0.676:0.004 -5.67+£0.05 —7.3+0.3 09.1-11.8)
BU4-8 135-140 520.1 5 0.692:0.005 —6.05+0.06 —7.4+0.3 9.1-11.9
BU4-9 210-214 8.20.2 5 0.705-0.005 -—6.13+0.05 —7.44+0.3 8.4-10.5)
Stalagmite BU2
BU2-1 50 10.3-0.2 5 0.674-0.007 —-6.10+0.07 -9.3+0.7 25-8.8)
BU2-2 70 10.8-0.2 5 0.669-0.005 —6.04+0.06 —9.840.8 1-#0)
BU2-3 225 53k 2% 6 0.702+£0.007 -5.42+0.06 —8.7+0.6 1-69
BU2-4 250 53k 2% 5 0.696+£0.007 —5.58+0.12 —8.94+0.6 1-69
Stalagmite BU-UWE
BU-UWE-1 9-12 11.5 0.4* 5 0.667+0.005 —5.64+0.09 —9.6+0.7 1-60)
BU-UWE-2 22-26 11.6-0.4* 6 0.663:0.005 -5.80+£0.07 —9.94+0.7 1-60)
BU-UWE-3 42-46 11.% 0.4* 6 0.663+-0.004 -5.64+0.05 —9.7+0.6 1-60)
BU-UWE-4 56-63 53k 1* 5 0.692+0.005 —4.70+0.04 —8.24+0.6 1-6
BU-UWE-5 68-70 128 3* 6 0.662+0.008 —6.03+0.05 -7.8404  9.5-18
BU-UWE-6 72-75 129 3* 5 0.668+£0.003 -5.62+0.05 -7.240.3  9.5-1%
BU-UWE-7 75-80 130 3* 6 0.676+0.011 -6.27+0.18 -7.7+04 9515

(@ Mann et al. (2008)P)NGTs (Table 3), Davis et al. (2003), Guiot et al. (1989) Davis et al. (2003), Guiot et al. (1983Y) average of Guiot et al. (1989), Zagwijn (1996),
Klotz et al. (2003), Felis et al. (2004) and Otto-Bliesner et al. (2065)3erman Weather Servicé) Guiot et al. (1989).

A47 values are reported using the same reference frame adbsolute values determined theoretically (Wang et al., 2004;
the original calibration (Ghosh et al., 2006) in which NBS-19 Dennis et al., 2011).
yields a value of 0.352 %.. In the Supplement (Sect. A1 and The conversion of calcité'80; to drip-waters'80,, is
Table S1) we report the speleothem data also using the newligased on the measured or independently determined temper-
defined absolute reference frame that is determined by CO ature,T, and the nominal equilibrium fractionation factor of
H>0 equilibration at different temperatures and comparing toKim and O’Neil (1997) with a small correction for the acid

Clim. Past, 9, 377391, 2013
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reaction fractionation (Bhm et al., 2000; Affek et al., 2008): 818Oequi| can be determined from the offset inay
(A47,equil is derived from Eqg. (1) and the cave temperature),
1000 Inwcalcite_H,0 = 1803 x 10%/ T — 32.17 (2)  the measured calcitd®0 (5180 measure and the co-variation

Isotopic disequilibrium inA47 is calculated with respect to slopes:

the Ghosh et al. (2006) calibration line (Eq. 1). BéPO;, 51806 quil = 5 8O0measured- (A47.equi— A7, measured* 1/S (3)

the degree of disequilibrium is based on the difference from . _ _
the expected equilibrium isotope fractionation according toHere we use independent temperature estimates for the dif-
Eq. (2). Calcites*®0; values are reported in the VPDB refer- ferent time windows of stalagmite growth (Table 2). For the

ence frame and waté#80,, values with respect to VSMOW. last 2ka, we use the temperature range given by the two
multi-proxy reconstructions (“CPS” and “EIV”) of Mann et

3.3 A47-8180 co-variation method al. (2008) calculated for the growth period of each sample
) o ) ) in order to derive the deviation from the modern-day tem-
The basis of the co-variation method is the assumption thaberature. “CPS” (composite plus scale) and “EIV” (error in
the kinetic isotope effect affectsaz andﬁl_so proportion-  variables) refer to reconstructions based on multiple proxies
ally. Theoretical calculations of kinetic isotope fractiona- (e.g., tree rings, corals, ice cores, lacustrine and marine sed-
tion associated with rapid Gdegassing from a calcite- - jments, speleothems, and historical documents), which are
precipitating solution predic=O values to increase and standardized and combined to form a regional or hemispheric
Aq7 10 decrease in the dissolved inorganic carbon (Guomean. We calculate the temperature variations around a ref-
2008). An empirical study on modern calcite precipitates erence temperature of the 1961-1990 local mean ¢f®.5
from Villars Cave in France (Don et al., 2011; Wainer  gome of the Holocene Bunker Cave stalagmites were an-
et al,, 2011) supports this theory. &an et al. (2011) ob-  alyzed for their fluid inclusion noble gas composition in or-
served a correlation between the disequilibrium offsets ofger to derive temperatures based on the noble gas solubil-
both5*%0 andAy7 in speleothems from several caves in the iy (Kjuge et al., 2008; and see below). In cases where no-
northern and southern mid-latitudes. They found a similarpje gas temperatures (NGTs) are available for the same time
correlation in a precipitation experiment that simulated nat-\indows as the clumped isotope samples we used these tem-
ural stglagmlte formation. As the two tracers are linked, theperatures (Table 3) combined with pollen-based temperature
co-variance between them allows projection of the data backeconstructions (Guiot et al., 1989; Davis et al., 2003) as the
to zero offset, thus estimating the equilibrium values usingpasis for thes180,, reconstruction. If no NGTs are available
the co-variation slope and the offset in eitd€fO orin A47.  for a certain time window we used pollen-based tempera-
This approach, therefore, requires knowledge of elther'thQure records from central western Europe (Guiot et al., 1989;
cave temperature (using an independent temperature estimaggyyis et al., 2003). In particular, MIS3 paleotemperature es-

: 18 : 8 : : :
for the region) or thé*®0 value of the drip waters{®Ow,  timates are derived from pollen spectra in the La Grande
which can be obtained for example from fluid-inclusion mea- pjle sediment core from northeastern France (Guiot et al.,
surements). 1989). For the Eemian we use the mean of several studies,

Theoretical work suggests that the co-variation slope issych as pollen data from western and central Europe (Guiot
practically invariant with temperature (Guo, 2008). However, gt g|., 1989: Zagwijn, 1996; Klotz et al., 2003), the coupled
the slope in Villars Cave was higher than the theoretical pre-atmosphere—ocean general circulation model ECHO-G (Felis
diction (Dzeron et al., 2011), raising a question regarding et a|., 2004), and a global climate model linked to paleocli-

the applicability of this method in different climate regimes. mate data and a dynamic ice-sheet model (Otto-Bliesner et
Here we examine the co-variation slope for a set of mid-5 2006).

latitudinal caves with temperatures 6f10°C and compare
them to the warmer Soreq Cave (8°C; Affek etal., 2008). 3.4 Noble gas measurement and evaluation

3.3.1 Temperature and drip-water§*80,, For analysis of noble gas concentrations in fluid inclusions,
reconstruction cubes of 0.5-1.4 g were sampled close to the growth axis of
. ] stalagmite BU1, and 1.0-2.7 g for stalagmite BU-UWE. Gas
If the §'°0y value of the drip water is known, tempera- extraction and analysis followed the procedures described
tures can be calculated from the measured caltif®c, Kluge et al. (2008). In brief the cubes were placed in a
Ag7, and the co-variation slopg (defined as offsefhs7  stainless steel crusher, pumped overnight at room tempera-
vs. offsets1°0). Details of this approach are given in@an  yre while the crusher itself was heated (70-16 and then
et al. (2011) and Wainer et al. (2011). Alternatively, if the ¢ryshed. The released water and noble gas amount was deter-
cave temperature is known, the drip-wat3fOy can be  mined for each extraction step. The noble gases were purified
directly calculated from thequilibrium calcite §'°0 value  ang separated prior to sequential admission to a static sector-
(5*%Oequi) via the fractionation factar(7) (Eq. 2), follow-  fie|d mass spectrometer (MM 5400). NGTs were determined
ing a co-variation calculation @f*Oequi. by inverse modeling of the noble gas concentrations in the

www.clim-past.net/9/377/2013/ Clim. Past, 9, 37391, 2013
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Table 3. Noble gas temperatures in stalagmites BU-UWE (Kluge ~ 1°C (summer temperature in the European Alps, Heiri et

et al., 2008) and BU1. The temperatures (NG have been cor-  al., 2004) to 5C (central western Europe; Guiot et al., 1989;
rected using a constant offset by comparison with the multi-proxy Davis et al., 2003).

temperature reconstruction of Mann et al. (2008). Noble gas con-

centrations and evaluation parameters are given in the Supplemeng 5 Error analysis

Mean 1 is the average value of BU1-B and BU1-C used for co-

variation reconstruction of sample BU1-5, mean 2 is the average o{yncertainties in the reconstructed drip-watéfO,, values
BU1-DI to BUL-G Il used for BU1-8 and BU1-9. arise from analytical errors in47 and§180, the estimated
temperatures, the co-variation slope, and the equilibrium

Sample D'Sta(?ﬁﬁq;mm top (kg)ge 'f\,g&r A47-T and §180-T calibration relationship. For calculating

the drip-wate$180,, values, the analytical errors 47 and
BU1-A 50 0.6£03 9.3£0.9 8180 were propagated together with the uncertainty in the
BU1-B 220 47+03 93+12 temperatures and in the co-variation slope using Gaussian er-
BU1-C 200 4.9-03 95+15 ror propagation. In case of the NGTSs, the uncertainty based
Mean 1 220-290 — 9415 on measurement and inverse modeling of the noble gas con-
BULD | 260 6806 120558 gentrations together with the uncertainty in tr_le offset correc-
BUL-D Il 460 68+06 11714 tion was used. For paleotemperatures obtained from litera-
BU1L-E 490 7005 101L17 ture data the uncertainty at a gertaln tlmg interval reflects the
BU1-F 510 73:0.2 11212 tempera_lture range of a_II con5|dered_stud|es. The tgmperature
BUL-G | 550 75603 12.2£2.3 uncertainty was taken into account in the conversion of cal-
BU1-G II 550 75£03 9.7+1.0 cite $180; into the corresponding drip-watét?0,,. The un-
Mean 2 460-550 - 1141.0 certainty of the equilibriumi47-T relationship has not been
BU-UWE included.
Early Holocene 11-12 540.9

4 Results

4.1 Clumped isotope thermometr
inclusion water, using the method introduced by Aeschbach- P P y

Hertig et al. (1999). This calculation uses the temperature-the A,; values of the modern calcite deposits =
dependence of the noble gas solubility with higher noble1s Taple 1) are between 0.638 and 0.689 %o, averaging
gas concentrations at lower temperatures and accounts fqf 666+ 0.014 %, (), those of the Holocene stalagmite
air from air-filled inclusions (details in the Supplement). samplesi = 18, Table 2) between 0.659 and 0.705 %o with a

NGTs are reproducible tat1.3°C for BUL and t0  mean value of 0.678 0.011 %o (). The A47 values of the
+0.7°C for the early Holocene part of BU-UWE, but all gay Holocene samples & 5, ~ 11 ka) range from 0.663

show consistently lower temperatures compared to the 196154 0.674 %o, those of the MIS3 samples< 3, ~ 53 ka) are
1990 reference (Kluge et al., 2008). There are several pospetween 0.692 and 0.702 %, and those of the Eemian sam-
sible causes for offsets in speleothem fluid-inclusion nobley|eg @ = 4, 120-130ka) are between 0.662 and 0.676 %o.
gas c_oncentratlons (Scheidegger et al., 2010, 2011). Th_e offrhe expected equilibriumisz values are all significantly
sets in the Holocene and early Holocene NGTs are “ke|yhigher: 0.708—-0.729 %, for the Holocene and the Eemian
due to an analytical artifact and are unrelated to environ—(7_9_12_1oc)' 0.726-0.768 %o for the early Holocene sam-

mental influences (see Supplement Sect. A2). We thereforgﬂes (1.0-8.5C), and 0.740-0.768 %o for the MIS3 samples
assume for a first-order correction that the offset in stalag-(1_6oc)_

mites BU1 and BU-UWE was constant over time. By com-  Temperatures derived from the equilibriutry7 calibra-
paring the NGTs for the last 2 ka to the independently recon+ijon are thus too high at all growth periods due to they
structed late Holocene temperatures (Mann et al., 2008) angges being too low. The deviation in temperature spans a
anchoring them to the regional 19611990 temperature refiarge range of values in Holocene and modern samples (4—

erence, we derive an offset of the NGTs of 20.5°C. Al 15°¢), reflecting variations in the degree of kinetic isotope
NGTs were corrected using this constant offset. The resultingactionation (Kluge and Affek, 2012).

Holocene mean NGT is 104 1.4°C, in agreement with the

modern-day air temperature (96 during 1961-1990 and 4.2 Calcite oxygen isotope composition

the more recent value of 102& during 1988-2007). Early

Holocene average NGTs (5410.9°C) seem relatively low;  Calcite 180, values vary betweer-6.4 and—4.7 %. and
however, pollen and chironomid studies generally support reshow for all modern and Holocene speleothems elevated
gionally lower temperatures. The early Holocene from 10-125180. values 0.3 to +1.6%.) compared to the val-
ka was found to be cooler than the rest of the Holocene byues expected for equilibrium precipitation at the estimated
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temperature and the modern drip-waséfOy, of —7.9 %o. 000 (e
The enrichment in the modern speleothems @9+ 0.4 %o 5 002

(n = 15), ranging from4-0.3 %o to+1.4 %0. The enrichment 002 b 5 oo i
in the Holocene stalagmites is similar, with values between I N &

B
/
A,

+0.4 %o t0+1.6 %o, averaging+-1.0£ 0.3 %o (2 = 18). 010! LN
5'°0 (%o) offset

4.3 A47-8180 co-variation slope

-0.06 -

(%o) offset

In order to account for kinetic isotope fractionation effects
and to project the observations back to the equilibrium cal- < 0.08
cite §180; values, the co-variance slope between the offsets
in 8180 andA47 is required. Guo (2008) use initio tran-
sition state theory to calculate co-variation slopes that vary \
between—0.017 and-0.026 (namely, 0.017 to 0.026 %o de- I 0005 g i et ' 4 modern deposits
crease inA47 per 1 %o increase 8180, with the variability T ———— TS
depending on the pathway of G@egassing and only weakly 50 (%o) offset

on temperature). Empirical data, however, yield a higher sen-

sitivity of A47 with respect 105180, resulting in a steeper Fig- 1. As7 offset versuss'®0 offset in different sets of mod-
slope. Co-variance slopeseD.04 and—0.06 were observed ern cave deposits. The' thick line is a I|near_ error-weighted fl_t
for speleothems from caves at mid-latitudes with tempera-throth all modern calcites. It reflects the variable degree of ki-

.. ) . netic isotope fractionation and assumes that and §180 vary
tures between 4 and 28 (Deeron et al., 2011; Wainer et .together in both C@ degassing and hydration/hydroxylation re-

al.,, 2011). Clu'mpe('j allnd oxygen ',SOtoDe measurements Bction. The insets depict separate fits of calcite precipitates on
Bunker Cave yield similar results (Figs. 1 and 2). Calcite pre-,4ich glasses from Bunker Cave (upper inset) and modern cal-
cipitated on watch glasses at 11<T2results in a slope of  cites from adjacent caves (lower inset) resulting in similar slopes
—0.055+0.002 ¢ = 7), modern speleothems from adjacent (watch glasses=0.055+ 0.002, modern deposits excluding watch
caves yield-0.046+ 0.007 ¢ = 8), and the combined error- glasses—0.046+ 0.007, all modern calcite precipitates0.04 7
weighted fit of all modern speleothems results in a slope 0f0.005). The origin is defined as the expected equilibrium for both
—0.04740.005 ¢ = 15, Fig. 1). Holocene speleothem off- 5180 andA 47.

sets, calculated assuming a constant temperature, and drip-

water§180,, values that are identical to the modern values,

follow the sameA47-8180 co-variance as in modern cave

calcite (Fig. 2). We therefore use the combined slope of all4.4 Sensitivity of the co-variation slope

modern data as basis for the reconstruction of p&&,,. A

temporal change of the co-variation slope is unlikely as thetpegretical calculations suggest that the slope becomes
underlying process of Cfxegassing from a super-saturated gieener (more negative) at lower temperatures (Guo, 2008),
solution influences both tracers in a proportional way, whichgpait  with a very weak temperature dependence of
does not change with time, even if the extent of degassing oog17C. In order to investigate the influence of small
may vary (affecting the offset amplitude in both tracers). \ariations in the co-variation slope on the resulting rainfall
Results from Soreq Cave (Israel) suggest that the coyisg 5 sensitivity analysis was performed using a slope of
variation slope might be independent of temperature. IN_q 047 for a mean offset of 1 %o in calcitd®0; (Fig. 3).
tr_]is cave one modern stalagmite sample that grew 8C18 114 offset of 1 %o ins180, is a typical value for speleothems
V!e"?'ed a slope 0f-0.057+0.067 (Affek et _al., 2_008) — from numerous caves (McDermott et al., 2011) and is iden-
similar to the results of speleothems from mid-latitudes. ASii-4 to the mean observed in Bunker Cave. A lower offset in
all Bunke_zr _Cave samples grew within a limited tempera’turecak:ite3180C (dashed line in Fig. 3) reduces the sensitivity
range (similar to Villars Cave, France; 8an et al., 2011; 4t the calculated drip-watet80,, on the co-variation slope,
Wainer etal., 2011) we base our calculations on the slope deghereas a higher offset (dotted line) increases it.
termined from modern Bunker Cave speleothem8.047) We allow the co-variation slope to vary by0.005 around
and neglect the possible minor temperature dependence @fe mean value of-0.047, resulting in deviations of less
the co-variation slope. In general, the_recopstru@t@@w than 0.15 %o in the calculategt®0,,. Significantly steeper
value_s_ are not sensitive to small variations in the slope (Se%Iopes lead only to small changes in reconstrudtéo,,,
sensitivity test below). e.g., 0.2%o at a slope 6£0.057. Thus, the sensitivity anal-
ysis indicates that minor changes in the slope, as suggested
by the weak temperature dependence inferred from theoreti-
cal calculations, have a negligible influence on the calculated
drip-waters180,, values. Significantly lower slopes (such as

-0.04

Aﬂ(%n) offset

o
o
®
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. . Fig. 3. Sensitivity analysis of the drip-watéllsow values (calcu-
18
Fig. 2. A4z versuss™"O offsets for Holocene stalagmites BU1 and lated via the co-variation method) on the co-variation slope. The

Elli‘lz%i;veq_ss n;fodtern fstp;]eliotlhemrs] (chLalptenddfrBolE Kll.;ﬁel and Arf'reference point is a slope 6f0.047 (arrow on the bottom) and a

CZI(':uIate()j. for?llcl)JsfrZ;oon plfrp(?sggea:suming a constZit gr%svv\;’aetsgrip-water value of~7.9%, as observed for the modern deposits
) and the drip water of Bunker Cave. The dotted horizontal lines in-

8180 value of—7.9 %0 and a constant temperature of 85(8.5°C b W . v 'z ines |

X L . ; ., dicate a+ 0.3 %o uncertainty range in the drip water around this
for BU4-9). The straight line is the slope obtained from a linear fit > y rang P

f mod lcit initates (Fig. 1). Deviati fBU1 and BU4 reference value. The thick line refers to a sample that is 1 %o offset
o mogern caicite precipi ges( ig. 1). eviatons o an in calcite 5180 from equilibrium. Lower (dashed line) and higher
samples from this line are likely due to slight deviations of the actual

o . offsets (short dashed line) are also given for comparison. The inset
climatic parameters from the assumption of a constant temperaturghOWS the details around the reference slope value
and drip-wateﬁlBO value (see Supplement Sect. A3). '

—0.03), on the other hand, would result in higher sensitivity5 Interpretation and discussion

18 e
of $*°Gy to the uncertainty in the slope. All stalagmite A47 values clearly plot below the equilib-

rium A47-T relationship, indicating that they are all affected
by disequilibrium effects. This is supported by the calcite
8180, data showing higher values than expected at isotopic
Drip-water §180,, values are estimated using Eq. (3), a co- equilibrium. In contrast to early assumptions (Affek et al.,
variation slope 0f-0.047, and paleotemperatures from in- 2008) the extent of kinetic offset cannot be assumed a pri-
dependent studies (Table 2). The reconstructed drip-wateP! {0 be constant; at least in some caves it varies spatially
5180,, varies between—6.9 and —9.9%. (Tables 1, 2). and possibly also_ temporally (in Bunker Cg\mu values
The lowest values are found in the early Holocene with V&Y by ~ 0.04%. in two Holocene stalagmites; Kluge and
a mean value 0f-9.7+0.2%o (2 = 5), the highest values Affek, 2012). There are three parameters that affect calcite
are observed in the mid-Holocene (5-8ka) with a mean® Oc values: drip-wates'°Oy, cave temperature, and the
value of —7.24+0.3% (2 = 5), and in the Eemian with a degree of disequilibrium — making itimpossible to determine
mean of —7.6+0.2%. (2 = 4). Holocene values, averag- both paleotempgratures and drip—vya;é‘?ow directly from
ing —7.5+ 0.4 %, (2 = 18), are close to the mean drip-water speleothem calcit&'®0,.. The co-variation betweef47 and
5180, value of—7.9+ 0.3 %o (Fig. 4). Despite the similarity 8180 provides the possibility to quantify the kinetic offset in
: . . 4). 3

of the Holocene mean to the modern value, a trend of defrder to calculaté=*Ouw.
creasing drip-wates'80,, values is observed from the mid-
Holocene towards today (Fig. 4). This trend is interrupted
by increased variability in the last 2 ka. MIS3 values with an
ﬁ:rri%?eozzgigcjﬁe(: :b:i)e‘xg d'”;fi?:%g;ﬂ?}?;g%efrlhén order to test the applicability of the co-variation method

: .S “Yor drip-water reconstruction in Bunker Cave we focus first
rkr:zlrzcegreioi[sl(%n kig_?_'noc:;:snh;gar;esr \éall(l;e;nfg:;ze;m:% (_)I_pt"_on the modern calcite precipitates. We divide the modern
. P S —one 538 - 'YPtalcites into two subsets, whereof one is used to calculate
ical uncertainties in the calculated drip-waterO,, values the co-variation slope, which is then applied to the sec-

are 0.3-0.4 %o. ond group as a test. Calculated drip-wat&tO,, values are

4.5 Drip-water §180,, reconstruction using
independent temperature estimates

5.1 Co-variation reconstruction of drip-water §180,,
values
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S 5.1.1 Late Holocene drip-waters80,, values
i%

E Most samples from the last 2 ka (Fig. 4) shé¥fO,, values

3 that are close to the mea¥80,, value of recent drip wa-

. ter (—7.94+0.3%o0). Two periods stand out with drip-water
8180y, that are either more positive at 0.9 ka®.0= 0.1 %o)

or more negative at 1.2—1.3 ka8.3+ 0.1 %o,n = 2) relative

to today. Due to the limited number of data points we do not
_ attempt to interpret this part of the drip-watgfO,, record,
although high resolution data at this time period may reveal
{32 an interesting signal. Other records such as the raisiém,,
reconstruction from Lake Ammersee (450 km SE of Bunker
Cave; von Grafenstein et al., 1999) show a variability of 1 %o
during the last 2 ka, consistent with our observations (Fig. 4).

1
e
5"°0,_, (%0)

ﬂ 1 I/IJ 1 IIIMI A“ﬂl 1 -38 .
® oty | © 2 10 12 5.1.2 Holocene drip-waters®0,, values

Fig.4. Reconstructed drip-WatéF‘8O\N values of samples from sta- During the Holocene a general trend towards lower drip-
lagmites BU1, BU2, BU4 and BU-UWEB) and the independent  \yaters180,, values is observed from 7.5 ka 7.3 %o) to the
temperature estimates usgy. The dashed line indicates the mean last 2ka (7.8 %o; Fig. 4). This trend follows the summer
modern drip-wates' %Oy value of—7.9 % the thick black line is ¢ 12tion at high northern latitudes (88) that has been de-

a three-point smoothing of the Holocene data. WatéOy val- creasing since its maximum at 9-10ka. This trend is sim-

ues from Lake Ammerse&( left axis, grey line; von Grafenstein . . .
et al., 1999) and ice-cod80 data from Greenland3 right axis, ilar to that observed in the NGRIP ice-coi€’0 (NGRIP

black line; NGRIP members, 2004) are shown for comparison. Notéembers, 2004), which is most enriched at about 8ka and
the different scales on the y-axis and the break in the x-axis scaledecreases by- 0.6 %o until 2ka (Fig. 4). Although Green-
See Supplement for detailed information on the wété0,, values  land is rather distant from western Germany, the similarity
(Fig. S2). in rainfall (or drip-water)s180,, trends may be related to a
common cause such as changes in insolation or major atmo-
spheric circulation patterns (Wanner et al., 2008).
—7.7£0.2% (»=7) for the Bunker Cave calcite grown  pyring the Holocene Climatic Optimum(6—8 ka), when
on watch glasses based on the slope of other modern prensolation was close to its maximum, higher paleotempera-
cipitates (-0.046), and—7.6+0.2%. (» = 8) for the mod-  tures were observed in several proxy records in central and
ern calcites from Bunker Cave, B7 Cave, Dechen Cave angorthern Europe (Seppand Birks, 2001; Verschuren et al.,
Huttenb&serschacht Cave if we use the slope calculated fronpoo4) and the Norwegian Sea (Calvo et al., 2002). Noble gas
the watch glass calcite—0.055). Both values agree with temperatures from stalagmite BU1 (Table 3) are higher dur-
the mean value of modern drip water-e%7.94+0.3%.. The  ing this time period compared to the rest of the Holocene.
agreement of the co-variatiat®0,, values in both subsets This temperature difference can explain at least part of the
is remarkable since the kinetic isotope fractionation in thegpserved trend in the drip-watéf80,, values, reflecting
modern speleothems is highly variable (Fig. 1), with offsetsthe temperature dependence of raindfO,, in mid and
in 8180 ranging from 0.3 to 1.4 %o and with correspond- high latitudes being enriched #§O at higher temperatures
ing A4y offsets 0f—0.032 to—0.075 %.. The good agree- (Rozanski et al., 1993).
ment between measured and calculated drip-water values in The§80,, evolution derived from the Bunker Cave stalag-
modern speleothems implies that the co-variation method isnites is consistent with an independent watsio,, record
applicable for the Bunker Cave system; we therefore followpased on ostracods from Lake Ammersee in southern Ger-
the approach of Wainer et al. (2011) in applying it to older many (von Grafenstein et al., 1999) which also shows a
speleothems, assuming the co-variance slope to be constagécrease by 0.4 %. from 6-8ka towards the late Holocene
over time. (Fig. 4 and Supplement Sect. S2).
The reconstructed Holocene drip-wasé?O,, values vary
between—6.7 and—8.3 %o with an evolution that can be di- 513 Drip_Water alsow values in the ear|y Holocene

vided in two phases: a trend towards lower values froih5 and MIS3
to 2ka, and a rather variable phase during the last 2 ka with
significant fluctuations (Table 2, Fig. 4). Drip-water §180,, values in the early Holocene~(11ka)

are the lowest of the whole record-9.74+0.2 %o, n =5,
Fig. 4), ca. 2.2%o lower than the Holocene mean value.
Also, the MIS3 stalagmites{53 ka) yield lows180,, values
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of —8.6+0.4%0 (2 =3). Even lower values may be ex- 5.1.4 Drip-water §180,, values in the Eemian
pected during peak glacial periods such as MIS2 and the Last
Glacial Maximum (LGM), but unfortunately no stalagmites The temperature inferred for the Eemian (9.5%C2 is
from these periods are available from Bunker Cave, probablyslightly higher than the 1961-1990 reference value. Using
as a result of freezing bedrock temperatures. this temperature range for th&47-8180 co-variation ap-
Our observations of very negative early Holocene andproach yields Eemian drip-wate¥'80,, values 7.2 to
MIS3 5180, values are consistent with several independent—7.7 %o; Fig. 4) that are within the range of the Holocene
reconstructions of rainfab80,, in the region, including lake  values. The mean Eemian drip-watét®0,, value of
sediments, tooth enamel, and fossil groundwater. Lake water7.6+ 0.2 %o (2 = 4) is indistinguishable from the Holocene
8180y, values reconstructed from Lake Ammersee sedimenimean 7.5+ 0.4 %o0) and close to the values from the ongo-
are lower by up to 4.7 %o at the end of the last glacial (15.5 ka)ing cave monitoring £7.94 0.3 %o). Therefore, the hydro-
relative to the Holocene, and by 3.1 %o during the Youngerlogical conditions during the Eemian were probably similar
Dryas at~ 12 ka (von Grafenstein et al., 1999), with early to those of the Holocene.
Holocenes180,, values moderately low (up to 1 %o depletion
at 11ka). Mammoth tooth enamel independently confirms5.2 Temporal drip-water §180,,-temperature
our 580, estimate 0f—8.6 %o during MIS3. The enamel- relationship
based estimates of mid- to late Weichselian (52—24 ka) rain-
fall 8180, values are—9 to —10 %o for the Bunker Cave The pioneering studies of Dansgaard (1953), Epstein and
region (Arppe and Karhu, 2010), 6f8.4 to —10.1 %o for Mayeda (1953) and Friedman (1953) examined oxygen iso-
the German Rhine River areai(fken et al., 2008). Glacial topes in rain and snow, showing a temperature dependence of
paleogroundwates®0,, values in western and central Eu- §80,, values in precipitation water. Following these studies,
rope are about 1-1.5%. more negative than modern infil-5180,,-T relationships based on spatial patterns were used for
tration (Loosli et al., 2001) with maximum differences be- paleoclimatic reconstruction. Applying the modéft§O,,-T
tween present-day and late Pleistocene (20-40ka) groundelationship to the past relies on the assumption that spatial
water §180,, values of 2.5-3 %o (Darling, 2004). The neg- patterns can be transcribed into temporal changes; this, how-
ative drip-waters180,, values that we observe for MIS3 ever, is uncertain. For example, borehole temperatures from
Bunker Cave stalagmites are thus well within the range ofGreenland indicate that tii&80,,-T relationship was much
groundwater data. The drip-watét®0,, variation recon- weaker during the glacial (0.30%&~1) compared to the
structed from the early Holocene stalagmites is slightly moremodern relationship (0.67 %€~1; Johnsen et al., 1992) re-
pronounced than in the Lake Ammersee record (von Grafensulting in an underestimated temperature variability (Cuffey
stein et al., 1999), but of similar magnitude as found in pale-et al., 1995; Dahl-Jensen et al., 1998). Furthermdi?0,,-
ogroundwater from southern Germany (Darling, 2004). T relationships determined from seasonal data of single sta-
Relatively low continental rainfalb0,, values despite tions may deviate from the spatial relationship (Rozanski et
elevated ocean watét®0,, values may be explained by a al., 1992) and complicate its general application.
steeper sea-to-land temperature gradient with a larger con- The A47-8180 co-variation method in speleothems offers
tinental glacial to interglacial temperature amplitude than ata new possibility for the reconstruction of drip-waséfO,,
the sea surface. Temperatures in the Atlantic were on avervalues and enables an investigation of its temporal relation-
age lower by 2.6 2.0°C during the LGM compared to the ship with temperature. Our study, however, is limited due
Holocene (60 N-60° S, MARGO project members, 2009). to relatively large uncertainties in the temperature estimates.
In contrast, temperatures in central Europe were lower byThe comparison of reconstruct&tfO,,-T relationships with
more than 9C (Blaser et al., 2010; Vaasy et al., 2011). other studies provides an additional test for the co-variation
Another indication for a steeper gradient comes from amethod and shows the prospect of this application.
stalagmite-based study (McDermott et al., 2011) that ob- For a quantitative interpretation of the drip-watéfO,,
served a significant increase in the longitudinal isotopic gra-values prior to the Holocene, the ice-volume effect on the
dient within Europe during the early Holocene as comparedseawate$80,, values and therefore the rainfall vapor source
to the late Holocene. The distance from the Irish coast tohas to be taken into account. At times of maximum ice ex-
Bunker Cave is roughly T5longitude. Using the gradients tent, such as during the LGM, seawater was enriched by
of McDermott et al. (2011) as a guide, we obtain a longi- 1.0+ 0.1 %0 (Schrag et al., 2002), during MIS3 by 0.5-0.8 %o
tudinal difference in rainfalb80,, values of—3.3 %o for (Sowers et al., 1993), by 0.4 %0 in the Younger Dryas (Arppe
the early Holocene-0.22 %o € longitude) ) and —1.8 %o and Karhu, 2010), and by 0-0.4 %0 in the early Holocene.
for the late Holocene<0.12 %o € longitude) ™). This differ- The relative depletion in early Holocene and MIS3 rainfall,
ence of about 1.5 %0 is comparable to the relative drip-wateras reflected in Bunker Cave drip water, with respect to later
8180y, change of 2.2- 0.5 %o between these two periods in parts of the Holocene is therefore even larger when consider-
the Bunker Cave record. ing the more enriched water vapor source during these time
periods, resulting in a larger effective discrimination against
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' - tion of drip-water and rainfal180,, values. Sufficient sam-

e
o
S

65l SO S {45 pling of stalagmites of similar ages will reduce the uncertain-
P Eon oy 3-point ties and eventually enable a precise temporal assessment of
age (ka) average . .
0% 5 i e . 5%, the §180,,-T relationship.

7.0 . . © / - -50

- . /\/\v i) 2 5.3 Variability in water §180,, versus speleothem calcite
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4 \, | oot : The 5180, signature of speleothem calcite is influenced
sof \»f 60 by external climatic parameters and internal factors associ-
i ated with kinetic isotope fractionation during degassing of
[ ¥ 1. CO, from the precipitating solution (Scholz et al., 2009;
85 3 . . . 0 Muhlinghaus et al., 2009; Dreybrodt and Scholz, 2011). As
age (ka) the degree of kinetic isotope fractionation can vary dur-

_ ) 18 ing speleothem growth (Kluge and Affek, 2012), it is im-
Fig. 5. Recor;]st:juctt)tlad S”P"’l"ateT wa _valfues b?sed_on tgslco' Possible to determine reliable climate parameters based on
variation method (black circles, left axis) for stalagmites BUL and ;, qin e stalagmite, and non-equilibrium processes should

BU4. The thick black line is a moving three-point average of the be constrained via comparison of several time-overlanoin
s180,, values. The typical uncertainty of a single data point is P ppIng

0.3 %o. Calcites180c values (grey, right axis) of stalagmite BU4 stalagmites by V\_’ay Of, replicatign .teSt .(Doralle 'and 'L.iu,
(adapted from Fohimeister et al., 2012) and its 100-point moving2009). Whereas isotopic disequilibrium is easily identified
average (dashed grey line) are given for comparison. The differin clumped isotopes, it is important to account for its effects
ences between both curves are attributed to changes in both ten@lso in the interpretation éf-80; values. Even if only the rel-
perature and kinetic isotope fractionation (given in the inset as theative variability of thes180, signal is interpreted, the chang-
measured\47 offsets of stalagmite BU4, adapted from Kluge and ing degree of isotopic disequilibrium may affect the signal.
Affek, 2012). Large fluctuations, on the order of several per mil (such as
typically observed during deglaciations or during the transi-
tions between stadials and interstadials), are large enough so
180 in western Germany rainfall in the early Holocene andthat subtle variability around the 1 %o disequilibrium off-
MIS3. set are likely insignificant. Smaller variations, on the other
Within the Holocene we compare the temperature anchand, must be interpreted with caution as they may reflect
drip-waters180,, values of the Holocene Climatic Optimum changes in the degree of kinetic isotope fractionation, possi-
at 7-8ka (10.4£ 1.7°C, —7.3+ 0.4 %o) to the late Holocene bly following changes in the soil-to-cave G@oncentration
at 0-2ka (9.3 0.4°C, —7.84+ 0.4 %o), yielding as180,-T  gradient (Mihlinghaus et al., 2009; Kluge and Affek, 2012),
slope of 0.4t 0.5%.°C~1. We obtain similar values when instead of real drip-wate'80,, variability.
we compare the early Holocene at 11 ka to modern values The Holocene stalagmites from the Bunker Cave region
(0.3+£0.1%.°C~1, using an early Holocene ice-volume cor- provide an example of the importance of accounting for vari-
rection of 0.2+ 0.2 %0). Based on the differences between ability in the kinetic isotope fractionation. Stalagmite B7-7
MIS3 (ice-volume correction 0.650.15%.) and modern- from B7 Cave (Niggemann et al., 2003a) and stalagmite AH1
day temperature and drip-wat&t®0,, values, thes®0,,-T from Atta Cave (Niggemann et al., 2003b) show a trend of
slope is slightly lower (0.2 0.1 %.°C~1). The large uncer- decreasing calcité'®0. values from the mid-Holocene to-
tainties are due to the small range of temperatures (particwards the present with an amplitude of 0.5-0.7 %.. The am-
ularly within the Holocene) and therefore preclude a moreplitude observed in these records is comparable to that of
detailed interpretation. Th&'80,,-T slope derived for the the drip-water composition we derived from stalagmites BU1
period MIS3 modern is less steep than for the modern spaand BU4 using the co-variation method. However, this trend
tial slope observed in European rainfall (0.58%s 1), but in calcite s180; values is not always observed in other sta-
is consistent with results obtained from paleogroundwaterJagmites from the same region and time periods. For instance,
using noble gas recharge temperatures and Wi, stalagmite B7-5 from B7 Cave (Niggemann et al., 2003a) and
For example, Va@ny et al. (2011) estimated a slope of stalagmites BU4 (Fig. 5) and BU1 (Fohimeister et al., 2012)
0.38%:°C~1 for Hungary — similar to a European mean from Bunker Cave exhibit no long-term trend. This discrep-
value for paleogroundwater of 0.35% 1 (Loosli et al.,  ancy probably reflects variations in the degree of kinetic iso-
2001). The groundwater studies provide robust informa-tope fractionation in these stalagmites. For example, stalag-
tion on the recharge temperature, but have limited resolumite BU4 is affected by a variable degree of kinetic isotope
tion due to the signal dispersion in the aquifer. The appli-fractionation (Kluge and Affek, 2012) with a reduced offset
cation of the co-variation method to speleothems may pro-in the mid-Holocene compared to the late Holocene, corre-
vide temporally well-resolved information about the evolu- sponding to a shift 3180 of 0.3—0.5 %o (see inset in Fig. 5).
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Changes in the isotopic disequilibrium can mask subtle cli-co-variation slope of-0.047 %o offset inA47 per 1 %o off-
matic signals or create variability in calci#i®8O. values that  set in§180. Although comparable slopes were observed in
does not exist in the drip water and does not reflect climaticother mid-latitudinal caves and only a small temperature-
variability. The co-variation method enables extraction of thedependence was inferred in theoretical models, the slope may
actual drip-water signals in both cases. vary among cave systems and should be assessed using mod-
ern in situ precipitated calcite. Note, however, that the recon-
5.4 Potential and limitations of the co-variation method  structeds'®0,, is only weakly sensitive to the exact slope
value.
The co-variation method is only weakly sensitive to the exact In this study we reconstruct past drip-waﬁéPOW val-
value of the co-variation slope and, therefore, to the potenues for Bunker Cave (Germany) using independent tem-
tial influence of temperature on the slope. Theoretical calcuperature estimates. Although the stalagmites generally dif-
lations suggest the co-variation slope to be almost invarianfer in the degree of kinetic isotope fractionation, they
with temperature (Guo, 2008), although the precise determiyield similar reconstructed drip-watét80,, values. Drip-
nation of the slope is strongly influenced by the uncertain-water §180,, values are most negative during colder peri-
ties in the expected equilibrium values (i.e., on the estimatesds (MIS3:—8.6+ 0.4 %o, transition from the Younger Dryas
of either temperature or drip-watét®0y,). Our sensitivity  to the Holocene—9.7-40.2%o) and are close to modern-
analysis (see Sect. 4.4 and Fig. 3) shows this to be of onlyjay values during the Eemian-{.64 0.2 %0) and most of
minor importance for the reconstructions3fOy at the tem-  the Holocene £7.5+ 0.4 %q). In summary, the co-variation
perature range of speleothem growth (02GD. method is a powerful tool that enables one to overcome

The accurate reconstruction of either paleotemperatures dimitations caused by ubiquitous disequilibrium effects in
past drip-waters!80,, values via the co-variation method speleothems, to correct for them and to quantitatively assess
in speleothems requires the knowledge of one of these pathe temporal variation of paleoclimatic parameters.
rameters. AA47-8180 kinetic isotope fractionation slope of
—0.047, as observed here, implies that the uncertainty in tem-
perature translates into a rather large uncertainty in the reSupplementary material related to this article is
constructed drip-wates'80,, values. For example, a tem- available online at: http://www.clim-past.net/9/377/2013/
perature estimate that is°C too high or too low results in  cp-9-377-2013-supplement.pdf
an error of 0.30-0.35 %o of the calculated drip-wat&tO,,
value.
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