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Abstract 19 

Experimental reconstruction of temperature - altitude in the past remain often elusive. With the 20 

development of a combined vacuum crushing and sieving system (CVCS), it is now possible to 21 

determine paleotemperatures from the noble gases dissolved in minute amounts of water from 22 

inclusions in speleothems that have grown under a broad range of climatic conditions. Here we present 23 

noble gas temperature (NGT) estimates during the last deglaciation, which are based on two 24 

stalagmites from Milandre Cave (stalagmite M6) and Grotte aux Fées de Vallorbe (stalagmite GEF1), 25 

Jura Mountains, Switzerland. The caves are located at different geographical altitudes (Milandre Cave: 26 

373 m a.s.l. and Grotte aux Fées de Vallorbe: 895 m a.s.l.) and thus allow for a reconstruction of the 27 

respective temperature - altitude gradients within Switzerland during the last deglaciation. Our 28 

reconstruction shows that the past temperature – altitude gradients are within 1σ error in agreement 29 

with the modern temperature – altitude gradient, suggesting that the local temperature – altitude 30 

gradient was rather stable over time.  31 

In addition to the noble gas analysis, we complemented our study with deuterium (δDFI) and oxygen 32 

isotope (δ18OFI) measurements of fluid inclusion water. In combination with NGTs, this allows us to 33 

reconstruct the past δ18OFI - δDFI / temperature relation. These reconstructions show that the temporal 34 

temperature sensitivity of δ18OFI and δDFI (Δ(δ18OFI) / Δ(T) and Δ(δDFI) / Δ(T)) seems to be stable over 35 

time and therefore support the use of water isotopes for temperature reconstructions in Switzerland. 36 

Keywords: temperature – altitude gradient, stable isotope, stalagmite.  37 
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1. Introduction 38 

Stalagmites have been recognized as excellent terrestrial high-resolution paleoclimate archives as they 39 

can be found in almost all continental regions, have grown over the last several millions of years, and 40 

can be dated with high precision (see e.g. Fairchild and Baker, 2012). A wide range of analytical 41 

methods - mainly stable isotope analyses of stalagmite calcite - are routinely applied to deduce direct 42 

or indirect information of past climatic and environmental conditions (for comprehensive reviews, see 43 

Fairchild and Baker, 2012; Meckler et al., 2015). The majority of stalagmite records, however, provide 44 

qualitative time series of either temperature or precipitation, whereas quantitative records are still 45 

scarce.  46 

Palaeotemperature estimates from stalagmite fluid inclusions are based on different methods, such as 47 

(i) the determination of the stable isotope composition of the inclusion water (Zhang et al., 2008; 48 

Affolter et al., 2014; Affolter et al., 2019), (ii) the homogenization of the liquid/vapor phase in fluid 49 

inclusions (Krüger et al., 2011; Meckler et al., 2015), and (iii) the determination of atmospheric noble 50 

gas concentrations in the inclusion water (e.g. Kluge et al., 2008; Vogel et al., 2013a; Meckler et al., 51 

2015; Ghadiri et al., 2018). Such stalagmite-based temperature estimates are of particular importance 52 

because cave air temperatures were usually hardly affected by seasonal temperature variations and 53 

remain constant throughout the year. Cave temperatures only slightly depend on the depth and 54 

topology of the cave, on the ventilated of cave and on the thermal properties of the bedrock. Therefore, 55 

cave temperature are assumed to agrees with the soil temperature above the cave, thus, correspond 56 

closely to the mean annual temperature outside of the cave (Fairchild et al., 2006; Kluge et al., 2008 57 

and the references therein). Noble gas analysis - so called noble gas thermometry - targets the annual 58 

mean temperature. It complements many seasonal temperature reconstructions that are derived from 59 

other terrestrial climate archives from central Europe, most of which are based on pollen (Lotter et al., 60 

2000; Magny et al., 2001) and chironomid (Heiri et al., 2003; Heiri and Millet, 2005). Likewise, noble 61 

gas thermometry can disentangle the influence of temperature from other environmental processes 62 

affecting δ18O speleothem calcite that also affect calcite precipitation during stalagmite growth (Vogel 63 

et al., 2013b; Affolter et al., 2015). 64 
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The development of a combined vacuum crushing and sieving system (CVCS; Vogel et al., 2013a) 65 

made it possible to determine paleotemperatures from atmospheric noble gases that are dissolved in 66 

minute amounts of water in speleothem inclusions under a broad range of climatic conditions, from 67 

hot – arid (Vogel et al., 2013a) over hot – humid (Meckler et al., 2013, 2015) to cold environmental 68 

conditions (Ghadiri et al., 2018). The concept of noble gas temperatures (NGTs) is based on the 69 

temperature-, pressure-, and salinity-dependent solubility of (atmospheric) noble gases in water, 70 

whereby the concentrations of noble gases are assumed to be constant in the air on a scale of up to one 71 

million years (Ozima and Podosek, 1983; Mamyrin and Tolstikhin, 2013; Brennwald et al., 2013a). As 72 

partial pressures of noble gases in the atmosphere are virtually constant, the atmospheric noble gases 73 

dissolved in water reflect the local environmental conditions, mainly the prevailing temperature of the 74 

exchanging water during air/water partitioning or of the water entrapped during stalagmite growth 75 

(see, e.g. Brennwald et al., 2013a). The drip water that leads via CO2 exhalation to calcite precipitation 76 

equilibrates fast with surrounding cave air (time scale minutes). Thus, NGT reflects the cave 77 

temperature when the water was trapped by the growing stalagmite (Brennwald et al., 2013a). 78 

Thus, stalagmites that grow at the same time in the past, but at different altitudes set the conceptual 79 

frame to experimentally reconstruct past temperature – latitude gradients on the local geographical 80 

level (see Fig. 1). We assess the principle feasibility of this idea by determining NGTs in simultaneous 81 

growing stalagmites from two caves at different altitudes in the Swiss Jura Mountains. 82 

We present NGT estimates obtained from stalagmites M6 and GEF1, from Milandre Cave and Grotte 83 

aux Fées de Vallorbe (Jura Mountains, Switzerland), which grew from the last deglaciation to the 84 

present. Since the stable isotopic composition of oxygen in the calcite is rather stable during the 85 

Holocene (Häuselmann, 2015; Ghadiri et al., 2018; Affolter et al., 2019), the investigated samples of 86 

two stalagmites were chosen at position in the stalagmites which show very similar stable isotope 87 

compositions during the Holocene time interval. 88 

Because the two caves are located at different geographical altitudes (Milandre Cave: 373 m a.s.l. and 89 

Grotte aux Fées de Vallorbe: 895 m a.s.l.), NGT determined at both stalagmites  in principle  permit to 90 

calculate temperature - altitude gradients within Switzerland during the last 14 ka, e.g. the last 91 
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deglaciation. Such reconstructions are essential because it is often assumed that temperature – altitude 92 

gradients remained constant through time (Mauri et al., 2015). Although there are valid reasons in 93 

favor of the assumption that temperature – altitude gradient is rather stable over the time, this rather 94 

fundamental assumption calls to be critically reviewed by experimental data. However, such studies 95 

are experimentally challenging and thus, only few studies are available that experimentally determined 96 

past temperature – altitude gradient (see Mauri et al., 2015). 97 

Our study thus aims to directly test the hypothesis of temporarily constant temperature – altitude 98 

gradients by reconstructing such gradients from the end of the glaciation to present by using the NGTs 99 

of stalagmites that grew in the two caves in the Jura Mountains, Switzerland. 100 

The modern mean lapse rate of -0.5 °C per 100 m was obtained from 40 stations in Switzerland 101 

between 1991 and 2013 (see Ghadiri et al., 2018, referring to data source Meteo Schweiz, 102 

http://www.meteoschweiz.admin.ch) and other studies (e.g., summer lapse rate: -0.6 °C per 100 m, 103 

Livingstone et al., 1999, annual lapse rate: between  -0.54 °C per 100 m and  -0.58 °C per 100 m, 104 

Rolland, 2003). Atmospheric lapse rates vary according to many factors, including atmospheric 105 

conditions, moisture, albedo of the ground surface, local and regional topography, time of day, season, 106 

the nature and source of predominant air masses, and the dynamics of adiabatic processes. Therefore, 107 

the atmospheric lapse rate is highly variable both in time and space (Meyer, 1992). However, the 108 

atmospheric lapse rates are calculated using long term climatic mean temperatures by averaging the 109 

effects of such meteorological variability (Meyer, 1992). The same study demonstrates that the lapse 110 

rates based on the mean of warm-month temperatures and cold-month temperatures are usually very 111 

close to the lapse rate based on the mean annual temperature. Therefore, the recent atmospheric lapse 112 

rate is considered to be constant over the year (Meyer et al., 1992). 113 

In addition to the noble gas analysis, we complemented our study with deuterium (δDFI) and oxygen 114 

isotope (δ18OFI) measurements of fluid inclusion water, which was trapped in the stalagmite during the 115 

investigated time period. The δ18O and δD values in meteoric water (rain and snow) in Switzerland are 116 

dependent on climatically relevant meteorological parameters, such as surface air temperature, source 117 

of moisture or other parameters (Rozanski et al., 1992 and references therein). These values have been 118 
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used in numerous studies to extract paleoclimatic information, whereby again it is often implicitly 119 

assumed that the δ18O - δD / temperature relation remains constant over time (e.g. Grafenstein et al., 120 

1999). However, direct empirical tests of this hypothesis are sparse and mainly based on groundwater 121 

studies (e.g. Stute and Deak, 1989). We aim to reconstruct the δ18OFI - δDFI / temperature relation in 122 

the past with a combined determination of NGTs, δ18OFI, and δDFI. Doing so allows us to determine if 123 

the ratio of δ18OFI - δDFI / temperature is stable over time.  124 

2. Materials and methods 125 

2.1. The study area and sample description 126 

2.1.1. Milandre Cave 127 

Stalagmites growing since the last glacial maximum until today were selected from Milandre Cave 128 

(47°29' N, 07°01' E, altitude at the entrance: 373 m a.s.l.) in the Northwest region of Switzerland (Fig. 129 

1). These actively growing stalagmites were collected in 2011. Stalagmite M6 was sampled from the 130 

Galerie des Fistuleuses. Continuous temperature measurements between 2008 and 2010 at four 131 

locations within the cave show stable temperatures, remaining constant at around 9.56 ± 0.15 °C 132 

(Schmassmann, 2010) and showing hardly any seasonal variation. Additional cave air temperature 133 

measurements conducted between 2012 and 2013 close to the M6 sampling site agree with the early 134 

measurements (9.8 ± 0.2 °C; Affolter et al., 2015). During the same time interval (2008–2010), the 135 

annual mean air temperature at the meteorological station of Fahy (596 m a.s.l., ~ 10 km SW from 136 

Milandre) was 9.0 °C. Using the mean annual lapse rate of 0.5 °C per 100 m (see before, Ghadiri et 137 

al., 2018), this translates into a mean annual air temperature outside Milandre Cave of ~10 °C. Thus, 138 

Milandre Cave air temperature is in good agreement with the annual mean temperature of the region 139 

outside of the cave (Ghadiri et al., 2018; Affolter et al., 2015).  140 

2.1.2. Grotte aux Fées de Vallorbe 141 

In Grotte aux Fées de Vallorbe (Jura Mountains), stalagmite GEF1 (895 m a.s.l.) was collected from 142 

the Galerie Douze Pattes (46°69' N, 06°34' E), ~500 m away from the cave entrance (Fig. 1). Cave air 143 
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temperature measurements conducted from May to September 2005 remained constant at 6.45 ± 0.05 144 

°C, (pers.comm. Bertrand Nicole). This value is also almost identical to the (ground) water 145 

temperature measured at the bottom of the cave from March to May 2005. During this period, the 146 

average (ground) water temperature was 6.5 - 6.6 °C – minimum 6.3 °C, maximum 6.9 °C – which is 147 

known to correspond closely with soil/cave temperature at (ground) water recharge (e.g. review Kipfer 148 

et al., 2002). The annual mean air temperature at the meteorological station of Bullet/La Frétaz (1205 149 

m a.s.l., ~ 30 km NE from Grotte aux Fées de Vallorbe) is around 6 °C between 1981 and 2010 (data 150 

from Meteo Schweiz, http://www.meteoschweiz.admin.ch). Using again a lapse rate of 0.5 °C per 100 151 

m, these temperatures translate into a mean annual air temperature outside Grotte aux Fées de Vallorbe 152 

of around 7.5 °C. Again, the temperature in Grotte aux Fées de Vallorbe agree within one degree and 153 

thus well with the annual mean temperature of the region outside of the cave. 154 

 155 

Fig. 1. Studied stalagmite sample locations (Milandre cave: 373 m a.s.l, Grotte aux Fées: 895 m a.s.l) in Switzerland. The 156 
conceptual idea of the study: reconstructing temperature – altitude gradient (∂T/∂A) during different time periods to assess if 157 
the temperature – altitude gradient remains stable over time. P : Present, H : Holocene, YD : Younger Dryas, T : 158 
Temperature, A : Altitude  159 

2.2. Sampling procedure for the NGT analysis  160 

A total of 20 samples were cut as small blocks of 5–10 mm side-length along the growth axis of 161 

stalagmite M6 and GEF1 using a microsaw. The name of the sample denotes the position of the 162 
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sample, e.g. the respective mean distance (depth) in millimeters from the top of the stalagmite. 163 

Samples (black boxes in Fig. 2) show a particular calcite fabric of irregular shape with voids and are 164 

full of capillary tails compared with the other samples given in white boxes. These ‘irregular samples’ 165 

do not contain enough water for reliable and robust noble gas analysis (for discussion, see Ghadiri et 166 

al., 2018). Therefore, these samples (M6-56, M6-917, M6-1408, GEF1-45, GEF1-265, GEF1-275, 167 

GEF1-472, GEF1-480, and GEF1-683) could not be used for calculation of temperature – altitude 168 

gradients. Further technical improvement may increase our ability to separate noble gases from water-169 

filled inclusions. For the remaining samples (white boxes in Fig. 2) noble gas abundances and 170 

extracted water content could reliably be determined (Vogel et al., 2013a). A detailed description of 171 

the sample processing using the CVCS system, gas purification, and subsequent noble gas and water 172 

content measurements are given in Vogel et al. (2013a) and Ghadiri et al. (2018).  173 

NGTs as a direct measurement of (past) temperature were reconstructed from water amounts and 174 

atmospheric noble gas abundances (Ne, Ar, Kr, and Xe) with an overall precision of  ± 4 %  (1σ) for 175 

water content and noble gas abundances (see Table 2), which yield an overall error of the NGT in the 176 

range of ± 3 °C (1σ, for more details, please see caption of Table 3). To compute NGTs and the 177 

respective errors, water content and noble gas abundance were treated as independent and uncorrelated 178 

measurements to calculate atmospheric noble gas concentrations in water entrapped in the stalagmite. 179 

In contrast to groundwater where NGTs are generally derived from noble gas concentrations, the water 180 

mass extracted from stalagmite samples is so small that the error of water mass determination becomes 181 

significant in the calculation of the conversion errors. Therefore, the common conversion scheme to 182 

derive NGT from noble gas concentrations cannot be directly be applied to stalagmites as these codes 183 

directly fit noble gas concentrations. Because such conventional codes assume that the error of the 184 

water mass determination is much lower than that of noble gas determination and thus can be 185 

neglected. To account explicitly for the low water mass and its error in stalagmite samples, we adapted 186 

an existing conversion code that explicitly treat water mass and noble gas abundances in stalagmite 187 

samples as independent variables (for more details, please see: Ghadiri et al., 2018 and 188 

http://brennmat.github.io/noblefit/) which are finally translated into cave temperatures. 189 
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 190 

Fig. 2. The 1452 mm long Stalagmite M6 and the 695 mm long stalagmite GEF1. The boxes indicate the position within the 191 
stalagmite where the respective samples were cut for the NGT analysis using a micro saw (see Table 2). The numbers in the 192 
boxes indicate the mean distance of each sample to the top of the stalagmite in millimeters. The black ovals show the sample 193 
locations for U/Th-dating. The black arrow indicates the growth direction of calcite. In stalagmites M6, samples for NG 194 
analysis and stable isotope analysis were taken at the same depth but, at slightly different drilling depths. In stalagmite GEF1, 195 
according samples were taken side by side at the same depth. Close-up photos on the left side of stalagmite GEF1 show the 196 
different structures of the calcite fabric at that position. The photos show that stalagmite samples in the black boxes are more 197 
irregularly shaped, full of voids, and have a very different texture than the samples in the white boxes. In contrast to the 198 
samples in the white boxes, the samples in the black boxes did not yield enough water for a reliable noble gas analysis (see 199 
main text). 200 
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2.3. Dating 201 

For U-series dating (U/Th hereafter, ages are given in years before 1950; BP = 1950), approximately 202 

200 mg of powder was drilled out from discrete growth horizons (black ovals in Fig. 2). The 238,234U 203 

and 232,230Th abundances were determined using a multi-collector inductively coupled plasma mass 204 

spectrometer (MC-ICP-MS; Thermo-Finnigan Neptune) at the Department of Earth Sciences, 205 

University of Minnesota. Details of the analytical protocol, including the standards and algorithms 206 

used for mass fractionation and yield correction of the results, can be found in Cheng et al., 2013. 207 

Details of the U/Th-results for all analyzed samples of the stalagmite GEF1 are listed in Table 1. The 208 

U/Th-ages of Milandre M6 have been published by Affolter et al. (2019). 209 

Table 1  210 
U/Th dating results of stalagmite GEF1. 211 

Sample Depth 238U 232Th 230Th / 232Th δ234U* 230Th / 238U 230Th Age (a BP) ** 
230Th Age  
(a BP)*** 

Number (mm) (ppb) (ppt) (×10-6) (measured) (Bq / Bq) (uncorrected) (corrected ) 

GEF-12 125 98.5±0.1 306±6 74±3 112.8±2.3 0.0139±0.0004 1370±40 1230±70 

GEF-13 193 97.7±0.2 398±8 85±2 109.5±2.6 0.0211±0.0004 2100±40 1930±90 

GEF-10 370 106.5±0.1 1390±30 45±1 107.4±2.3 0.0359±0.0007 3590±70 3200±250 

GEF-7 475 154.4±0.2 2950±5960 76±2 126.0±2.0 0.0878±0.0006 8840±70 8300±360 

GEF-8 560 175.2±0.2 860±20 293±6 134.8±2.2 0.0874±0.0005 8720±60 8540±110 

GEF-11 695 153.8±0.3 8250±170 43±1 143.7±2.4 0.1386±0.0005 14050±60 12600±970 
*δ234U = ([234U / 238U ]activity – 1) × 1000.  212 
** δ234Uinitial was calculated based on 230Th age (T), δ234Uinitial = δ234Umeasured × eλ234 × T. Years before measurement and 213 
without detrital Th correction. 214 
***Corrected U/Th ages assume the initial 230Th / 232Th isotopic ratio of 4.4 ± 2.2 × 10-6. These are the values for a material 215 
at secular equilibrium, with a bulk earth 232Th / 238U value of 3.8. [230Th/238U]activity = 1−e−λ230T + (δ234Umeasured/1000)[ 216 
λ230/(λ230−λ234)](1−e−(λ230−λ234)T), where T is age in years. λ230 = 9.1705 × 10−6 a−1 (Cheng et al., 2013), 217 
λ234 = 2.8221 × 10−6 a−1 (Cheng et al., 2013), λ238 = 1.551 × 10−10 a−1 (Jaffey et al., 1971). Years before 1950 A.D. Corrected 218 
for detrital Th contamination using the bulk earth atomic value of 4.4 ± 2.2 ppm for initial 230Th/232Thact (Wedepohl, 1995). 219 
The degree of detrital 230Th contamination is indicated by the measured (230Th/232Th) activity ratio. 220 
The errors are arbitrarily assumed to be 50% (2σ). The samples for the NGT analysis were taken close to locations where the 221 
U / Th ages were available. 222 

2.4. δ18OFI and δDFI from fluid inclusion 223 

Samples for δ18OFI and δDFI fluid inclusion measurements were cut from stalagmites M6 and GEF1 224 

alongside the samples used for noble gas determination and analyzed using wavelength scanned cavity 225 

ring down spectroscopy (WS-CRDS, for experimental details see Affolter et al., 2014) at the Division 226 

of Climate and Environmental Physics, University of Bern, Switzerland. For stalagmite M6, samples 227 

originate from a ~ 5 mm slice cut next to the one used for the recent fluid inclusion study (Affolter et 228 

al., 2019) and for stalagmite GEF1, 11 samples measured. However, five of them cannot be considered 229 
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due to low water content. Typically, the analyzed stalagmite sample released about 0.5 mg of water. 230 

The standard deviation of the isotope measurements is smaller than ±1.5 ‰ for δD and ±0.4 ‰ for 231 

δ18O (Affolter et al., 2014). 232 

3. Results 233 

3.1. Samples for NGT estimation 234 

Before estimating the NGTs to reconstruct the mean cave temperature of the respective time, we check 235 

if the measured noble gas amounts can conceptually be described by a binary mixing model of 236 

unfractionated air (UA), i.e. noble gas from air inclusions, and air-saturated water (ASW), i.e. noble 237 

gases from water filled inclusions, because only samples with noble gas abundances close to ASW can 238 

successfully be translated into NGTs by applying the available conversion algorithm (e.g. Scheidegger 239 

et al., 2010; Vogel et al., 2013a; Ghadiri et al., 2018, for a review see Brennwald et al., 2013a). 240 

Samples M6-56, M6-917, M6-1408, GEF1-45, GEF1-265, GEF1-275, GEF1-472, GEF1-480, and 241 

GEF1-683 show noble gas abundances very close to UA. These samples cannot be reasonably 242 

interpreted in a binary mixing model because of very low water content. In these samples, the noble 243 

gas abundance is dominated by free air of air-filled inclusions. Given the uncertainties of static mass 244 

spectrometry currently available experimental protocols to analysis noble gas in stalagmite cannot 245 

retrieve interpretable information from such air dominated specimens (Scheidegger et al., 2010). We 246 

note dynamic mass spectrometry - as it is used for noble gas analysis e.g. to analysis air in ice cores 247 

(e.g. Bereiter et al., 2018)  - can determine very small changes in atmospheric noble gas abundances. 248 

However, currently such advanced noble gas analysis cannot be applied to speleothems due to very 249 

small noble gas abundances in stalagmites. Therefore, these samples are not considered for 250 

paleotemperature calculations. All other samples yielded reasonable water content, and their respective 251 

noble gas abundances were interpreted as a binary mixing of UA and ASW components. The noble 252 

gas results of these samples are listed in Table 2. 253 

 254 
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Table 2 255 
 Measured water and noble gas amounts in stalagmites M6 and GEF1. 256 

Sample Water amounts Ne Ar Kr Xe 

 [× 10-5 g] [× 10-12] [× 10-10] [× 10-12] [× 10-12] 

M6-610 6.8±0.9 38±11 390±4 7.2±0.1 1.0±0.0 

M6-1014 21.8±1.3 405±4 2850±35 41.1±0.5 4.4±0.1 

M6-1176 36.6±1.8 136±9 1640±20 36.3±0.4 5.3±0.2 

M6-1186 26.2±1.5 170±11 1410±20 27.4±0.3 3.8±0.1 

M6-1398 53.0±2.3 527±8 4620±50 79.8±0.8 10.7±0.3 

M6-1430 5.9±0.9 24±8 310±4 5.6±0.1 0.9±0.0 

M2-162a 8.9±0.8 73±3 640±9 11.7±0.5 1.6±0.1 

M2-179a 7.2±0.9 66±5 720±10 13.1±0.2 1.8±0.2 

M2-192a 11.1±0.8 203±5 1600±20 24.5±0.3 3.0±0.1 

GEF1-574 15.8±1.1 222±8 1490±15 24.4±0.3 3.1±0.1 

GEF1-585 10.7±1 342±9 1960±20 27.8±0.3 3.2±0.1 

GEF1-594 8.1±1 517±9 2830±30 38.5±0.4 4.0±0.1 

GEF1-605 5.7+0.8 752+8 3960+40 50.4+0.5 4.7+0.1 

GEF1-691 4.4±0.8 245±4 1270±40 16.1±0.2 1.7±0.1 

Noble gas amounts are in cm3STP (1 mole = 22414 cm3 STP). Uncertainties of the water and gas amounts come from 257 
analytical uncertainties, which are described in Vogel et al. (2013a) and Ghadiri et al. (2018). The errors of noble gas 258 
abundances account for ion counting statistics, interference and blank corrections, and errors related to the absolute noble gas 259 
calibration (for more details, see Beyerle et al., 2000; Vogel et al., 2013a). Elemental noble gas abundances were calculated 260 
from the measured 22Ne, 40Ar, 86Kr, and 136Xe abundances using the respective atmospheric abundances (Kipfer et al., 2002 261 
and the references therein). a: data from Ghadiri et al., (2018). 262 

The composition of samples M2-162 and GEF1-585 fall on the binary mixing model within 1σ 263 

uncertainties, and they are consistent with the interpretation of the respective binary mixtures of UA 264 

and ASW. Thus, all of the noble gas abundances (Ne, Ar, Kr, and Xe) of those samples can be 265 

consistently converted into common NGT estimates (Table 3). In contrast, but in line with previously 266 

published noble gas results from Swiss stalagmite (see Ghadiri et al., 2018), the composition of other 267 

samples show offsets from the mixing areas in at least one of the three elemental-ratio subsets, mostly 268 

if the Ne abundance is considered in the mixing analysis. Again, in line with our earlier findings 269 

(Ghadiri et al., 2018), the abundances of the heavier noble gases Ar, Kr, and Xe in these samples can 270 

conceptually be interpreted as the binary mixing of ASW and UA rather than the Ne, Kr, and Xe 271 

compositions and the complete set of atmospheric noble gases (Table 3, see Ghadiri et al., 2018). 272 

Following the reasoning presented in earlier studies (Vogel et al., 2013a; Ghadiri et al. 2018), we used 273 

two different sets of noble gases for the NGT estimation (see Table 3): NGT1 is determined by fitting 274 

water amounts and Ne, Ar, Kr, and Xe abundances, and NGT2 is determined only by a subset of three 275 

noble gas abundances (e.g., group 1: Ne, Kr, and Xe, group 2: Ar, Kr, and Xe) that can be reasonably 276 
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approximated by the binary mixing of UA and ASW. We note that for all samples with reasonable 277 

amounts of water, the NGT1 and NGT2 estimates agree within their 1σ uncertainties. However, as 278 

expected, the χ2-values of the NGT2 fit (i.e., using the subset Ne, Kr, and Xe or Ar, Kr, and Xe) are in 279 

better agreement with the respective values of the degrees of freedom (DF, see Table 3). For these 280 

samples (M6-610, M6-1014, M6-1176, M6-1186, M6-1398, M6-1430, GEF1-574, GEF1-594, GEF1-281 

605, and GEF1-691), we decided to use NGT2 for our discussion as the analysis of NGT1 results 282 

would basically lead to the same conclusion. 283 

3.2. Noble gas temperatures 284 

3.2.1. Allerød / early Younger Dryas Samples  285 

The calculated mean annual temperatures of the early Younger Dryas (GEF1-691) based on noble gas 286 

in Grotte aux Fées de Vallorbe is 0 (−)
  +  4.7 °C, and the calculated mean annual temperature for the 287 

Younger Dryas samples in Milandre Cave are 0 (−)
  +  2.6 °C (M2-179) and 0 (−)

  +  3.2 °C (M2-192) and 288 

for the Allerød sample in Milandre Cave is 0.9 (−)
  +  4.6 (M6-1430). Cave air temperatures below 0 °C 289 

are not captured by stalagmites because of the lack of liquid water supply to the cave. Therefore, a 290 

cave air temperature of 0 °C is regarded as a minimum temperature estimate because a temperature 291 

below 0 °C cannot be reconstructed from dissolved noble gas abundances (Ghadiri et al., 2018). 292 

Therefore, we used ‘(-)’ to indicate that the given error originate from error propagation and the results 293 

do not imply recharge temperature below freezing, which have no physical meaning. Nevertheless, for 294 

the Younger Dryas the mean annual temperature in Milandre Cave of 0 (−)
  +  2.9 °C (the average 295 

temperature estimate from M2-179 and M2-192, Ghadiri et al., 2018) match within uncertainties with 296 

the annual mean temperature of the GEF1 sample (GEF1-691: 0 (−)
  +  4.7 °C) at the higher altitude. The 297 

annual mean temperature during the early Younger Dryas was almost 0 °C in both caves which is in 298 

agreement within uncertainty with the reconstructed temperature from δ18O results from Milandre 299 

Cave (Affolter et al., 2019). The agreement of the different methods to reconstruct past temperatures   300 

confirms results from a comprehensive review that critically assess different methodologies and found 301 

noble gas based temperature reconstructions to agree with other estimates (Meckler et al., 2015). At 302 

the transition from the Younger Dryas to the early Holocene, the noble gas data indicates the 303 

13 
 



calculated annual mean temperature at Milandre Cave of 6.3 ± 2.6 °C (samples M2-162, Ghadiri et al., 304 

2018) and 5.7 ± 1.4 °C (M6-1398). This annual mean temperature most likely marks the transition 305 

from the Younger Dryas into the early Holocene (see also Ghadiri et al., 2018). 306 

3.2.2. Holocene samples 307 

The annual mean temperatures of the Holocene for the Milandre samples M6-1176, M6-1186, M6-610 308 

and M6-1014 are 8.8 ± 1.6 °C, 10.8 ± 1.8 °C, 11 ± 2 °C, and 5.9 ± 3.6 °C, respectively, while the 309 

temperatures at the Grotte aux Fées de Vallorbe for samples GEF1-574, GEF1-585, GEF1-594, and 310 

GEF1-605 are 6.0 ± 2.1 °C, 3.7 ± 3 °C, 6 ± 4.8 °C, and 2.6 ± 4 °C, respectively. As noted earlier, the 311 

NGTs could not be determined for the early Holocene for the stalagmite GEF1 because these samples 312 

did not contain enough extractable water. 313 

 Albeit with large uncertainties, our calculated temperatures at least for Milandre Cave during Allerød, 314 

Younger Dryas, and Holocene agree with reconstructed temperatures from stable isotopes (Affolter et 315 

al., 2019). This observation makes an argument that our determined NGTs for the stalagmite GEF1 are 316 

consistent measures of the cave temperature and thus of the annual mean temperature at Grotte aux 317 

Fées de Vallorbe. 318 
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Table 3 319 
 NGTs of stalagmites M6 and GEF1. 320 

Sample Depth [mm 
from top] 

Time interval M NGT1 χ12 #DF1 NGT2 χ22 #DF2 Tracer set δ18OFI δDFI Time Period 
 [ka BP] [mg] [°C]   [°C]   used for fitting (‰VSMOW) (‰VSMOW)  

M6-56 51-61 0-.04 n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. -8.6±0.4 -60.2±1.5 Modern 

M6-610 605-615 2.7-2.8 0.062±0.009 8.9±3.9 9.2 2 5.9±3.6 1.5 1 Ne, Kr, Xe -8.6±0.2 -61.9±1 Holocene 

M6-917 916-925 5.14-5.22 n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. -8.1±0.2 -60.3±1 Holocene 

M6-1014 1009-1019 5.95-5.97 0.225±0.013 11.6±2 21.8 2 11.0±2 0.1 1 Ne, Kr, Xe -8.7±0.2 -61.7±1 Holocene 

M6-1176 1171-1181 7.7-7.8 0.358±0.017 8.1±1.5 3.9 2 8.8±1.6 2.0 1 Ar, Kr, Xe -8.1±0.2 -58.6±1 Holocene 

M6-1186 1181-1191 7.9-8 0.255±0.014 11.3±1.9 9.0 2 10.8±1.8 3.4 1 Ar, Kr, Xe -8.2±0.3 -61.6±1.2 Holocene 

M6-1398 1395-1402 11.8-12 0.537±0.022 4.4±1.3 22.2 2 5.7±1.4 11.7 1 Ar, Kr, Xe -10.4±0.4 -76.4±1.5 Early Holocene 

M6-1408 1405-1411 12.1-12.3 n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. -10.4±0.4 -78.9±1.5 Younger Dryas 

M6-1430 1425-1435 13.1-13.6 0.041±0.009 4.4±5.6 18.1 2 0.9(−)
  + 4.6 2.5 1 Ne, Kr, Xe -10±0.4 -67.4±1.5 Allerød 

M2-162a 156-166 11.5-11.9 0.089±0.008 6.3±2.6 0.4 2 6.3±2.6 0.4 2 Ne, Ar, Kr, Xe n.d. n.d. Early Holocene 

M2-179a 176-182 12.2-12.5 0.072±0.009 0(−)
  + 3 16.1 2 0(−)

  + 3.2 0.4 1 Ar, Kr, Xe -11.3±0.3 -81.1±1.2 Younger Dryas 

M2-192a 190-194 12.7-12.8 0.113±0.008 1.2(−)
  + 2 23.5 2 0(−)

  + 2 0.3 1 Ne, Kr, Xe -11.9±0.4 -81.9±1.5 Younger Dryas 

GEF1-45 2-7 0 n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. -9.2±0.2 -68.8±1 Modern 

GEF1-265 260-270 2.3-2.4 n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. Holocene 

GEF1-275 270-280 2.4-2.5 n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. Holocene 

GEF1-472 470-475 8.3 n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. -8.3±0.4 -66.2±1.5 Holocene 

GEF1-480 475-480 8.29-8.31 n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. -9.3±0.4 -69.3±1.5 Holocene 

GEF1-574 570-579 8.8-9.1 0.149±0.011 6.2±2.2 12.5 2 6.0±2.1 8.1 1 Ar, Kr, Xe -10.6±0.4 -75.9±1.5 Holocene 

GEF1-585 580-590 9.1-9.4 0.097±0.010 3.7±2.9 27.7 2 3.7±3 27.7 2 Ne, Ar, Kr, Xe -9.1±0.4 -68.5±1.5 Holocene 

GEF1-594 590-598 9.4-9.7 0.082±0.009 0(−)
  + 3.3 16.9 2 6±4.8 1.2 1 Ne, Ar, Ke n.d. n.d. Holocene 

GEF1-605 600-610 9.7-10.1 0.109±0.009 35.0±7 15.0 2 2.6(−)
  + 4 15.0 1 Ne, Kr, Xe -7.5±0.4 -68.1±1.5 Holocene 

GEF1-683 680-687 12.2-12.3 n.d. n.d.  n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. early Younger Dryas 

GEF1-691 687-695 12.5-12.6 0.026±0.008 4.1(−)
  + 8.3 56.5 2 0(−)

  + 4.7 17.0 1 Ar, Kr, Xe n.d. n.d.  early Younger Dryas 
Drip 

waters  recent 
(2012-2014)         -8.73±0.1 -60.33±1.6 Modern 

NGT1, NGT2 determined for stalagmites M6 and GEF1. The assumed model of noble gas partitioning is consistent with the data if the calculated χ2 value obtained from the respective fit is similar to 321 
the number of freedoms (#DF) of the fit (Press et al., 1986). The number of DF of the fit is the difference between the number of the measured parameters (noble gas and water amounts) and the 322 
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number of the fitted model parameters the respective model is optimizing (in our case: NGT, excess air, and fitted water 323 
mass: M). NGT1, χ12 and #DF1 were determined using the complete set of measured noble gases Ne, Ar, Kr, and Xe 324 
abundances and M (Vogel et al., 2013a); NGT2, χ22 and #DF2 were determined using a reduced set of noble gas concentrations 325 
based on a binary mixing model of unfractionated air (UA) and air saturated water (ASW, for details, see Ghadiri et al., 326 
2018). All uncertainties are given at the 1σ level. The larger uncertainties associated with the temperature are because of the 327 
very small amount of extracted water and respective noble gases.  328 
The drip waters at the cave close to stalagmite M6 are analyzed by Affolter et al. (2015). In principle, the noble gases and 329 
stable isotopes were measured for all samples. However, some samples did not yield enough water; therefore, no NGTs or 330 
stable isotopes could be calculated (n.d.: not determined, for discussion see the main text). 331 
Since ∂18O in the calcite fabric of two stalagmites remain stable during the Holocene time interval (Häuselmann, 2015; 332 
Ghadiri et al., 2018; Affolter et al., 2019), we assume that the temperatures in the two caves remain stable over Holocene 333 
time interval. As the size of stalagmites samples are in the order of 10 mm, they integrate over a considerable time interval 334 
and average out temperature fluctuation on time range of 1 ka. Therefore, an exact age models of the stalagmites are not 335 
needed to interpret our NGT record on such low temporal resolution. For our analysis, we base the age estimates of the 336 
respective samples on the reconstructed NGTs and not necessarily on the U/Th age model (therefore, M6-1398 is classified 337 
as ‘Early Holocene’ and M2-192 is classified as ‘younger Dryas, Ghadiri et al., 2018).  338 
a): data from Ghadiri et al., 2018. 339 

3.3. Stable isotope data 340 

The measured values of δ18OFI and δDFI can be analysed for consistency by comparing the results with 341 

the global meteoric water line (GMWL, δD = 8 * δ18O + 10) and the local meteoric water line of 342 

Northwestern Switzerland (LMWL, δD = 7.92 * δ18O + 7.26, Affolter et al., 2015, see in Fig. 3). The 343 

δ18OFI and δDFI values of Milandre Cave samples plot close to the LMWL, which is close to GMWL 344 

but has a slightly smaller (δDFI) intercept. The Holocene samples are less depleted in both the δ18OFI 345 

and δDFI values than the Younger Dryas samples, which can be interpreted to originate from warmer 346 

conditions. Stable isotope values for samples GEF1-472 and GEF1-605 from Grotte aux Fées de 347 

Vallorbe have a lower slope than the LMWL. Such a δD / δ18O gradient is most likely explained either 348 

by evaporation processes at the surface or in the cave or by a postdepositional exchange with the 349 

calcite after the fluid inclusions were closed (Demény et al., 2016). Meckler et al. (2015) also 350 

observed a similar trend with the samples from Borneo cave. Because the δ18O values of samples 351 

GEF1-472 and GEF1-605 seem to be overprinted by secondary evaporation processes, these samples 352 

are excluded from further discussion. 353 
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 354 

Fig. 3. δDFI vs. δ18OFI measurements for the samples from Milandre Cave and Grotte aux Fées de Vallorbe. The samples are 355 
grouped (same symbol) according to their ages. The isotopic compositions of fluid inclusion water are represented together 356 
with the GMWL and the LMWL. Samples GEF1-472 and GEF1-605 are excluded for further discussion due to their offset. 357 

4. Discussion 358 

4.1. Temperature – altitude gradient reconstruction 359 

In the following section, the pas temperature – altitude gradient is reconstructed based on the 360 

estimated NGTs and the altitude of caves (Milandre Cave: 373 m a.s.l. and Grotte aux Fées de 361 

Vallorbe: 895 m a.s.l.). This is done by comparing the reconstructed annual mean temperatures of both 362 

caves in relation to their altitudes for a specific time period: > 12 Ka (Allerød / Younger Dryas) and < 363 

11 Ka (Holocene). To calculate the past temperature – altitude gradient between the altitude of the two 364 

caves, the reconstructed cave temperatures need to be rescaled to the annual mean temperature outside 365 

the caves by accounting for the recent offset between cave temperature and the annual mean 366 

temperature outside of the cave, which are assumed to remain constant over the time (see introduction: 367 

Milandre Cave offset 0.5 °C and Grotte aux Fées de Vallorbe offset 1 °C). 368 

The data in Fig. 4 show different temperature – altitude gradients, e.g. the past atmospheric lapse rates, 369 

reconstructed from the mean annual temperatures of samples younger than 11 ka (temperature – 370 
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altitude gradient < 11 ka) and the recent annual mean temperature of the cave (modern temperature – 371 

altitude gradient, Fig. 4). 372 

As expected for the different altitudes, the mean temperature of the Milandre samples (M6-610, M6-373 

1014, M6-1176, and M6-1186) outside of cave during the Holocene (< 11 ka, referred in text as ‘< 11 374 

ka’) is 9.6 ± 1.2 °C, which is warmer than the average temperature outside of cave of the Grotte aux 375 

Fées de Vallorbe samples (GEF1-574, GEF1-585, GEF1-594, and GEF1-605) during the same time 376 

(5.6 ± 0.9 °C).  377 

In order to reconstruct the temperature – altitude gradient at times of ‘< 11 ka’, a linear regression 378 

accounting for the individual errors was fitted to the NGT estimates of the respective caves. We 379 

applied the error-weighted least-squares regression method of Lyons (1991) that has successfully been 380 

used to reconstruct the temporal evolution of atmospheric 3He/4He ratios observed in the air of Cape 381 

Grim (Brennwald et al. 2013) by applying numerical methods given in Press et al., (1986).  382 

We calculated the temperature – altitude gradient for two different sets of NGTs. The first set (‘< 11 383 

ka’) comprises all available Holocene NGT estimates (see Table 3) for Milandre (M6-1014, M6-384 

1176,M6-1186, and M6-1398) and Grotte aux Fées de Vallorbe (GEF1-574, GEF1-585, GEF1-594, 385 

and GEF1-605). For the second set, we used stalagmite samples for Milandre Cave and Grotte aux 386 

Fées de Vallorbe that have grown in the early Holocene during a comparable age range (‘sample of 387 

same age’, Milandre Cave (7.7-8 ka): M6-1176, M6-1186, Grotte aux Fées de Vallorbe (8.8- 9.4 ka): 388 

GEF1-574, and GEF1-585, see Table 3). The temperature – altitude gradient from the first set (-0.8 ± 389 

0.3 °C per 100 m) agrees with in 1σ error with reconstruction from second set (-0.8 ± 0.4 °C per 100 390 

m). We explicitly note that the assigned uncertainty is related to the uncertainty of each individual 391 

NGT estimation.  392 

We interpret the agreement between the two reconstructions as an argument that the assumption of a 393 

constant temperature – altitude gradient during the Holocene cannot be rejected on basis of our NGT 394 

data. Therefore, in the following sections, we anchor our interpretation on the first set of results (‘< 11 395 
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ka’), but note that interpretation of the results of the second set would basically lead to the same 396 

conclusions. 397 

Within 1σ uncertainty, the temperature – altitude gradient ‘< 11 ka’ is in agreement with the modern 398 

temperature – altitude gradient. We are fully aware that our assessment is a subject to considerable 399 

experimental errors and calls for improvement. However, our data give some supporting arguments 400 

that initial idea to use simultaneously growing stalagmite at the different altitudes of a region might 401 

indeed open a feasible experimental strategy to reconstruct temperature – altitude gradients in the past. 402 

Based on our analysis, we cannot reject the hypothesis that the temperature – altitude gradients remain 403 

stable over the time. Although caution needs to be exercise to draw final conclusions, this finding adds 404 

some evidence that temperature – altitude gradients at least locally for Jura Mountains did not change 405 

significantly over the last 14 ka. 406 

A comparison of the samples during Younger Dryas for Milandre Cave and Grotte aux Fées de 407 

Vallorbe indicates an a temperature – altitude gradient of 0 °C per 100 m which is significantly biased 408 

against the modern temperature – altitude gradient of -0.5 °C per 100 m. The offset is explained by the 409 

fact that temperature below freezing point cannot be determined by noble gas thermometry. Therefore, 410 

NGT determination of fluid inclusion on stalagmite are principally limited to temperature above 0 °C. 411 

We are very well aware that for the adequate reconstruction of temperature – altitude gradients for this 412 

time interval, we need to investigate the stalagmite grown in warmer temperatures (i.e. for cave 413 

temperatures above 0 °C). Therefore, this reconstructed temperature – altitude gradient is poorly 414 

constrained and can only be interpreted at best as maximum estimate of the temperature – altitude 415 

gradient at that time interval (> 12  ka). 416 
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 417 

Fig. 4. temperature – altitude gradient estimation for Holocene time interval. The modern temperature – altitude gradient 418 
were obtained 0.56 ± 0.02 from Rolland (2003). The modern  temperature – altitude gradient is only defined by its slop 419 
(∂T/∂A) without considering any specific intercept. Therefore, the position of the modern temperature – altitude gradient is 420 
arbitrary. The grey area represented the error envelope of weighted linear regression through the Holocene samples of 421 
Milandre Cave and Grotte aux Fées de Vallorbe. The temperature – altitude gradient for Holocene time interval ‘< 11 ka’ is -422 
0.8 ± 0.3 °C per 100 m with in 1σ error. We explicitly note that the assigned uncertainty is related to the uncertainty of each 423 
individual NGT estimation.  424 

4.2. Combined δ18OFI and δDFI with NGT  425 

The δ18OFI and δDFI are powerful tools to reconstruct paleoclimate as they are strongly dependent on 426 

climatic processes, such as the air temperature (‘temperature effect’), but also on other competing 427 

processes such as infiltration into a specific environment (e.g. fractured rock), which leads to a 428 

characteristic isotope fractionation (Cuthbert et al., 2014). In the following section, we investigate the 429 

relation between NGTs and stable isotope composition of water to assess whether the temperature 430 

sensitivity of δ18OFI and δDFI are stable over time and if, thus, the influence of the annual mean 431 

temperature outside the cave had the same effect on δ18OFI and δDFI over the last ~14 ka. Table 4 432 

summarizes the long-term (annual mean) δ18O and δD temperature ratios for recent precipitation 433 

measurements at different altitudes in Europe (Affolter et al., 2015; Schürch et al., 2003; Rozanski et 434 

al., 1992; Stute and Deak 1989). 435 

 436 
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Table 4 437 
A relation of long-term (annual mean) δ18O - temperature coefficients of the precipitation for different locations in Europe. 438 
n.d.: not determined 439 

Location Δ(δ18OFI) / Δ(T) 
(‰ / °C) 

Δ(δDFI) / Δ(T) 
(‰ / °C) References 

Mormont MetoSwiss station 0.39 3.26 Affolter et al. (2015) 
Basel 0.34 n.d. Schürch et al. (2003) 
Bern 0.56 n.d. Schürch et al. (2003) 
Bern 0.45 n.d. Rozanski et al. (1992) 

47 stations in Europe 0.28  n.d. Rozanski et al. (1992) 
Hungary 0.37 n.d. Stute and Deak (1989) 

Our reconstruction lies at the lower end of the range of previous estimates. However, those studies unfortunately did not 440 
report the errors which limits the direct assessment of the results. 441 

The relation between the reconstructed cave temperatures from the noble gases and the δ18OFI and δDFI 442 

in the fluid inclusion water is shown in Fig. 5. The isotopic compositions of the water and 443 

reconstructed noble gas cave temperatures are correlated whereby an apparent linear relation prevails 444 

for all samples, independent of respective age (Δ(δ18OFI) / Δ(TNGT) ~ 0.25 ± 0.1 ‰ / °C, Δ(δDFI) / 445 

Δ(TNGT) ~ 1.6 ± 0.5 ‰ / °C). Based on a statistically sound linear regression, accounting for the errors 446 

of NGT and the stable isotopic composition of water, strictly speaking, our data set does not allow to 447 

reject the hypothesis that the stable isotopic composition of water does linearly fractionated in 448 

response to temperature changes (e.g., Δ(δ18OFI) / ΔTNGT is constant).  449 

The virtually linear dependence of δ18OFI and δDFI with the respective NGT2 and, therefore, the cave 450 

temperature as well as the internally consistent ratio of the respective temperature sensitivity (Δ(δDFI) / 451 

Δ(T) ~ 8 * Δ(δ18OFI) / Δ(T)) indicate that at least for Switzerland the isotope composition of (drip) 452 

water trapped in a stalagmite can acceptably be used as a proxy for the reconstructed annual mean 453 

temperature over the last 14 ka. A most recent paper (Affolter et al., 2019) used somewhat larger 454 

Δ(δDFI) / ΔT and Δ(δ18OFI) / Δ(T) ratios to calculate paleotemperatures. However, in-depth 455 

investigation of whether the stable isotope composition of water and temperature is constant for short 456 

and long term climate evolution needs to be performed. We are well aware that our study is only a first 457 

step in that direction due to the limited number of measurements and sites, but it opens a novel 458 

experimental route to address such questions. 459 

Until very recently, δ18OFI and δDFI measurements of stalagmites have been used mainly to provide 460 

relative estimates of climate change (cooler or warmer) or to reconstruct the paleotemperature 461 
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indirectly by using a transfer function (Affolter et al., 2019), or based on the equilibrium fractionation 462 

of oxygen in the drip water and calcite fabric (Tremaine et al., 2011; Meckler et al., 2015).  463 

Based on our results, we are tempted to agree with the concept that the past annual mean temperature 464 

can be reconstructed from the isotopic compositions of water (δ18OFI and δDFI) trapped in the fluid 465 

inclusions of stalagmites because the respective temperature sensitivity (Δ(δ18OFI) / Δ(TNGT) and 466 

Δ(δDFI) / Δ(TNGT)) seems to remain stable over a considerably long time scale, as already suggested 467 

more than 40 years ago by Schwarcz et al. (1976).  468 

 469 

Fig. 5. δ18OFI (a) and δD (b) – NGT2 relation obtained from fluid inclusions and their comparison with local modern drip 470 
water data of the Milandre Cave and Grotte aux Fées de Vallorbe. These figures show the correlation between NGTs and  471 
δ18OFI and δDFI fluid inclusion values. For this comparison, the resolution of both parameters had to be harmonized due to 472 
different spatial resolution of the respective analysis. To do so, δ18OFI and δDFI values were interpolated to the same spatial 473 
position where the respective samples for noble gas analysis were taken. Samples for NGTs were taken with a spatial 474 
resolution of 1 cm, whereas those for isotopic analyses had at 5 mm resolution for stalagmite M6. For stalagmite GEF1, 475 
δ18OFI and δDFI values were taken at a resolution of 5 mm. 476 

5. Summary 477 

We applied our CVCS technique to determine the noble gas temperatures in the stalagmites M6 from 478 

Milandre Cave (373 m a.s.l.) and stalagmite GEF1 from Grotte aux Fées Vallorbe (895 m a.s.l.). Both 479 

grew under cold climatic conditions (e.g. close to freezing point of water). The annual mean 480 

temperature outside of the cave during the Holocene period from stalagmite M6 based on NGT2 is 9.6 481 

± 1.2 °C (the average temperature estimate of M6-1176, M6-1186, M6-1014, and M6-610), while the 482 

average mean temperature at Grotte aux Fées de Vallorbe is 5.6 ± 0.9 °C (the average temperature 483 

estimate of GEF1-574, GEF1-585, GEF1-594, and GEF1-605). Therefore, the reconstructed 484 

temperature – altitude gradient ‘≤  11 ka’ of -0.8 ± 0.3 °C per 100 m is within the range of the modern 485 

temperature – altitude gradient of -0.5 °C per 100 m. At least for Switzerland, this agreement provides 486 
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some empirical evidence supporting the commonly made assumption that the temperature – altitude 487 

gradient remains rather stable over time. 488 

The temperature – altitude gradient during Younger Dryas could not be determined because noble gas 489 

thermometry cannot be applied for temperature below 0 °C.  490 

The reconstruction of past temperature – altitude gradients as well as the temperature sensitivity of 491 

isotopic fractionation of water (Δ(δ18OFI) / Δ(TNGT) and Δ(δDFI) / Δ(TNGT)) could be significantly 492 

improved by analysis of stalagmites from caves with a much larger altitude separation than that 493 

between the investigated caves from the Swiss Jura Mountains. Particularly, to reconstruct respective 494 

temperature – altitude gradients during the LGM, similar analysis targeting stalagmites grown under 495 

warmer climate condition (significantly above 0 °C) at very different altitudes need to be carried out. 496 

For samples ≤ 11 ka, our data shows a linear relation between cave temperatures and the isotopic 497 

compositions of the water from fluid inclusions. The reconstructed temperature sensitivities agree with 498 

the long-term δ18O and δD - temperature relation of precipitation in Europe. Our assessment produces 499 

some empirical evidence - which are strictly speaking only valid for Switzerland - that (i) δ18OFI and 500 

δDFI in fluid inclusion of stalagmite can be used to reconstruct annual mean temperatures in the past 501 

and (ii) the implicit assumption of temporarily constant temperature – altitude gradients made by many 502 

paleoclimatic studies applying stable isotopes of water appears to be justified.  503 
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