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a b s t r a c t

Deuterium (dD) and oxygen (d18O) isotopes are powerful tracers of the hydrological cycle and have been
extensively used for paleoclimate reconstructions as they can provide information on past precipitation,
temperature and atmospheric circulation. More recently, the use of 17Oexcess derived from precise
measurement of d17O and d18O gives new and additional insights in tracing the hydrological cycle
whereas uncertainties surround this proxy. However, 17Oexcess could provide additional information on
the atmospheric conditions at the moisture source as well as about fractionations associated with
transport and site processes. In this paper we trace water stable isotopes (dD, d17O and d18O) along their
path from precipitation to cave drip water and finally to speleothem fluid inclusions for Milandre cave in
northwestern Switzerland. A two year-long daily resolved precipitation isotope record close to the cave
site is compared to collected cave drip water (3 months average resolution) and fluid inclusions of
modern and Holocene stalagmites. Amount weighted mean dD, d18O and d17O
are �71.0‰, �9.9‰, �5.2‰ for precipitation, �60.3‰, �8.7‰, �4.6‰ for cave drip water
and �61.3‰, �8.3‰, �4.7‰ for recent fluid inclusions respectively. Second order parameters have also
been derived in precipitation and drip water and present similar values with 18 per meg for 17Oexcess

whereas d-excess is 1.5‰ more negative in drip water. Furthermore, the atmospheric signal is shifted
towards enriched values in the drip water and fluid inclusions (D of ~ þ 10‰ for dD). The isotopic
composition of cave drip water exhibits a weak seasonal signal which is shifted by around 8e10 months
(groundwater residence time) when compared to the precipitation. Moreover, we carried out the first
d17O measurement in speleothem fluid inclusions, as well as the first comparison of the d17O behaviour
from the meteoric water to the fluid inclusions entrapment in speleothems. This study on precipitation,
drip water and fluid inclusions will be used as a speleothem proxy calibration for Milandre cave in order
to reconstruct paleotemperatures and moisture source variations for Western Central Europe.

© 2015 Elsevier Ltd. All rights reserved.
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1. Introduction

Water isotopes in precipitation (hereafter discussed as dDp,
d17Op and d18Op) reflect the moist air masses history through
moisture source, atmospheric circulation and evaporation/
condensation processes. On a regional scale d18Op varies according
to surface air temperature, amount of precipitation, moisture
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source origin and rainout effect (Rozanski et al., 1992;
AraguaseAraguas et al., 2000). These changes are recorded in
speleothems, which are therefore now widely used for continental
paleoclimate reconstructions. However, in order to interpret d18Op
in speleothems, an understanding of the key processes that govern
the isotopic composition of precipitation, cave drip water, speleo-
them calcite and fluid inclusions must be well documented. Only
with these prerequisites speleothem data can be interpreted in
terms of climate and hydrology (Riechelmann et al., 2011). Cave
monitoring studies constitute a new standard for the interpretation
of speleothem proxies and characterising the relationship between
water isotopes of precipitation and cave drip water is becoming
routine in caves worldwide (Cruz et al., 2005; Moerman et al., 2010;
Cuthbert et al., 2014; Genty et al., 2014).

Stalagmites in particular allow the reconstruction of climate for
long time intervals throughout the Quaternary (Cheng et al., 2009;
Fleitmann et al., 2009; Meckler et al., 2012). They can be precisely
dated using laminae counting (Fleitmann et al., 2004; Shen et al.,
2013; Duan et al., 2015) or more commonly by Uranium series
dating (Cheng et al., 2013) and can provide information on past
climate change at high resolution (Henderson, 2006).

The majority of speleothem-based paleoclimate reconstructions
rely on calcite geochemistry (Shakun et al., 2007). Routinely
measured are d18O and d13C for calcite (d18Oc hereinafter), which
are respectively proxies for moisture supply (Burns et al., 2001;
Fleitmann et al., 2003; Kennett et al., 2012; Vaks et al., 2013;
Luetscher et al., 2015) and vegetation dynamics (Genty et al.,
2010; Rudzka et al., 2011; Blyth et al., 2013) above the cave.
Although widely used, d18Oc can be influenced by several processes
above or within the cave such as temperature- and humidity-
driven isotope fractionation of the atmospheric water cycle, frac-
tionation associated with the biospheric exchanges, equilibrium
and kinetic fractionation in the epikarst and within the cave during
calcite precipitation. These effects can make the interpretation of
d18Oc difficult (Lachniet, 2009).

Fluid inclusions represent past drip water and are consequently
relics of past precipitation above the cave at the time when fluid
inclusions were sealed (Schwarcz et al., 1976). Hence, they can be
used as a direct proxy for paleotemperature or moisture history
(Fleitmann et al., 2003; van Breukelen et al., 2008; Griffiths et al.,
2010). Based on the correlation between mean annual tempera-
ture and mean annual d18Op on a global scale (Dansgaard, 1964),
past temperature can thus be reconstructed using for instance the
relationship that exists for calcite precipitation at equilibrium (Kim
and O'Neil, 1997). However, one has to consider that the seasonal
distribution of precipitation is an additional factor that could easily
yield misleading temperature estimates for the past. Moreover,
most cave stalagmites are not deposited in oxygen equilibriumwith
their parent drip waters (McDermott et al., 2006). Thus, it was
observed that temperatures calculated on modern speleothems
using an empirical relationship (Craig, 1965) were closer to corre-
sponding cave air temperatures. Recently, Tremaine et al. (2011)
suggested a new empirical calibration based on several caves data
already taking into account a mean disequilibrium that seems to
provide more reliable speleothem-based temperature estimates. A
comparison of multiple proxies (Meckler et al., 2015) shows the
potential of speleothems for absolute paleotemperature re-
constructions by comparing the results of four different paleo-
thermometers that are (i) speleothem fluid inclusions (Dublyansky
and Sp€otl, 2009; Affolter et al., 2014), (ii) liquidevapour homoge-
nization of fluid inclusions (Krüger et al., 2011), (iii) noble gases
concentration in stalagmite water (Vogel et al., 2013), and (iv)
clumped isotopes (Meckler et al., 2014). It is thus important to
monitor the isotope proxies from the precipitation falling above the
cave to evaluate whether the isotopic composition of cave drip and
speleothem fluid inclusion water is comparable. So far, most in-
vestigations study the relationship between precipitations and drip
water, while in this study we additionally investigate the climate
signal transmission to speleothem fluid inclusions. Recent de-
velopments in speleothem fluid inclusionmeasurement techniques
allow determining both dDfi and d18Ofi on a single sample (Arienzo
et al., 2013; Affolter et al., 2014). Here we provide a further devel-
opment of the method by measuring d17O in fluid inclusion water
(d17Ofi) offering new horizons for paleoclimate research based on
speleothems. d17O measurements on water samples were so far
achieved using CoF3 fluorination of water (Landais et al., 2012a), but
a more recent laser absorption spectroscopy based technique al-
lows now fast and simple triple isotope measurements on water
samples (Steig et al., 2014).

The d-excess and 17Oexcess can be calculated from the triple
isotope measurements on water aliquots. Deuterium excess is ob-
tained from hydrogen (dD) and oxygen (d18O) isotopes values and is
defined as d ¼ dD e 8 � d18O (Dansgaard, 1964). It carries infor-
mation about the ocean surface conditions and is used to charac-
terise the disequilibrium conditions at the moisture source. The d-
excess is mainly dependent on sea surface temperature, normalised
relative humidity and wind speed at the moisture source (Jouzel
and Merlivat, 1984; Uemura et al., 2008; Pfahl and Sodemann,
2014) but is also dependent on local conditions such as recycling
of local moisture. Similarly to d-excess, 17Oexcess is calculated (see
section 3.2.2) from small variations in oxygen isotopes (d17O and
d18O) and corresponds to the deviation from the line of 0.528 cor-
responding to meteoric waters (Luz and Barkan, 2010). It consti-
tutes a promising, but debated parameter to provide additional
information on the water cycle (Winkler et al., 2012; Schoenemann
et al., 2014; Li et al., 2015). The 17Oexcess can be used as an indicator
of evaporation conditions at the moisture source (Angert et al.,
2004; Barkan and Luz, 2007) and has been so far mostly studied
in the Polar Regions (Landais et al., 2008, 2012b; Schoenemann
et al., 2014) and poorly in the lower latitudes (Landais et al.,
2010; Luz and Barkan, 2010; Li et al., 2015). Over the ocean, 17Oex-

cess is negatively correlated with the normalised relative humidity
(Uemura et al., 2010). A direct link with relative humidity was
observed in the coastal area of Antarctica (Winkler et al., 2012) but
Schoenemann et al. (2014) showed that in Antarctica, 17Oexcess has a
strong dependence on the atmospheric temperature during trans-
port due to the temperature dependence of supersaturation that
override any information about the relative humidity. Furthermore,
17Oexcess can also be influenced by processes of the terrestrial
biosphere (Landais et al., 2007) and local conditions (Winkler et al.,
2012; Steen-Larsen et al., 2014; Li et al., 2015).

In Switzerland, isotopes in precipitation have been surveyed for
decades within the isotope network ISOT by the Climate and
Environmental Physics at the University of Bern (CEP), financially
supported by the Swiss Federal Office for the Environment (FOEN).
The results of this survey are summarised for a west/east transect
across Switzerland for three distinct areas representing the Jura
Mountains (La Br�evine station), the Swiss Plateau (Bern station)
and the Southern Alps (Locarno station) (Schürch et al., 2003). The
study performed at the Mormont station (Fig. 1) constitutes a
prolongation of this transect up to the Tabular Jura that constitutes
a flat Plateau to the NW of the last elevation of the Jura Mountains
and provides additional information on d18Op and dDp behaviour
preventing the rainout effect that may occur when moisture en-
counters the first escarpment of the Jura Mountains. The link be-
tween d18O in precipitation and cave waters has been previously
studied in Milandre cave by Perrin et al. (2003a).

In this paper, we present a comprehensive overview of the
hydrogen (dD) and oxygen (d18O and for the first time d17O in drip
water and speleothem fluid inclusions) isotope signal in
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Fig. 1. (a) Milandre cave location (46 km eastward of Basel) with MeteoSwiss stations Le Mormont and Fahy (stars). Isotope network stations (Basel, Bern and Locarno) run by the
Climate and Environmental Physics at the University of Bern are displayed in the upper right figure. (b) Annual climatology at MeteoSwiss station Fahy. Mean values for each month
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precipitation and karst water in the Jura Mountains. We investigate
the isotopic evolution from precipitation to cave drip water and its
final enclosure into the speleothem fluid inclusions, and discuss the
preservation of the climate signal. Based on these investigations,
we conclude that stalagmites fromMilandre cave arewell suited for
future paleoclimate reconstructions.

2. Site settings

Milandre cave (47.4855� N/7.0161� E, elevation 373 m a.s.l.) is
located in Boncourt (45 km westward of Basel, NW Switzerland)
(Fig. 1). Geologically, the cave is part of a karst aquifer belonging to
the Jura Mountains geological structure; more precisely it is located
in the Tabular Jura unit that is made of subhorizontal Mesozoic
limestones overlying Oxfordian marls. Milandre aquifer consists of
a few metres thick soil and epikarst that overlie the unsaturated
zone of the karst and eventually the phreatic zone (Perrin et al.,
2003b).

The cave section shown on Fig. 2 represents approximately one
Fig. 2. Topographic map of the downstream part of Milandre cave with locations of collec
continues on 3.7 km to reach the artificial Maira pit (modified from Gigon and Wenger, 198
400 m long oval-shaped tube with an average height of three metres interrupted by two cra
above the active Milandrine River. To access the upstream part of the cave a 20 m high pit cal
excavation allows speleologists to go across the cave. The pictures show the cave chamber wi
drip sites after removal of stalagmites. (c) Drip logger and water collection system for M6
third of the total network. Cave galleries develop mostly along
fractures oriented north/south on a horizontal distance of 2.7 km
with a total of 10.5 km of galleries and an overall positive elevation
of 135 m. The 4.633 km long Milandrine River flows in the lower
part of the cave system which drains a surface catchment area of
around 13 km2 that is at a mean elevation of 500 m a.s.l. (Perrin,
2003; Perrin et al., 2007). The Milandrine flows directly into the
Allaine River after passing a major siphon located at the natural
resurgence. Except for this first natural entrance, the cave has a
second natural access 30m above the siphon. A tunnel to access the
former show cave has been built close to the natural entrance to
facilitate access for visitors, but in the seventies the exploitation
was stopped due to major flooding. The former show cave (200 m
long) is connected at its end to a well preserved fossil gallery called
Galerie des Fistuleuses (literally “soda straws gallery”) via a second
man-made access tunnel (15 m long) excavated by the Jura caving
club and opened in March 1968. A metallic door was placed in this
connecting tunnel to preserve the cave site. This entrance remains
closed, except for safety reasons when CO2 concentration levels are
ted stalagmites (M1 to M9) as well as drip sites (M2, M4, M6, M9 and Fi-2). The cave
6). The Galerie des Fistuleuses is located ~80 m under the surface and corresponds to a
wling sections. It is part of an upper level of fossil galleries located approximately 30 m
led Puits du Maira (“Maira pit”, Fig. 1) was excavated and inaugurated in 1974. This new
th (a) M8 and M6 stalagmites before being removed. (b) General view with M6 and Fi-2
drip site.
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too high to allow scientific exploration. Land use above the cave
mainly consists of forests, pastures and isolated individual con-
structions, especially above the downstream parts including the
monitoring site. An extended description of the hydrological set-
tings (Perrin et al., 2003a), epikarst storage characteristics (Perrin
et al., 2003b) and hydraulics aspects of Milandre cave system
(Jeannin, 1996) allow a good understanding of the system.

Our monitoring study focuses on the Galerie des Fistuleuses
where most of the stalagmites were collected. Furthermore, it has
the main advantage of being easily accessible and that the cave
climate is not disturbed when the doors remain closed. A detailed
topographic map and an extended description are available in
Gigon and Wenger (1986).

The climatic conditions above Milandre cave are representative
for Western Central Europe. Annual repartition of moisture fluxes
for the northern Swiss Alps gives the following results: ~39.5% from
North Atlantic sectors, ~23% from Mediterranean area, ~21% from
Europe continental source and ~16.5% from Northern Europe
(Sodemann and Zubler, 2010). Moreover, the source of precipitation
suggests a principal continental contribution for the summer
months whereas during winter continental contribution is low and
the North Atlantic represents the major input. Contribution of
moisture fluxes coming from the Mediterranean occurs mostly in
winter, spring and autumn. For our study site we can expect similar
conditions.

Mean annual precipitation recorded at Fahy station (Fig. 1) be-
tween 1960 and 2011 averages 1055 mm. An increase of 40 mm
between the periods 1960e1990 and 1990e2011 is observed.
Moreover, seasonal variability is clearly visible with significantly
lower average precipitation amounts (monthly average of 74 mm)
in winter (December-January-February, DJF), highest precipitation
amount (101 mm) in summer (June-July-August, JJA) and inter-
mediate values (89 mm) in March-April-May (MAM) and
September-October-November (SON). Mean annual temperature at
Fahy station (2 m above surface) over the last five decades shows
maximum values in August with 17.2 �C and minimum in January
with 0.4 �C for an overall average air temperature of 8.6 �C. It is
worth noting that mean annual temperatures increase from 8.1 �C
to 9.2 �C between the period 1960e1990 and 1990e2011, showing a
significant warming of the Jura Plateau region. Temperature in the
soil (5 cm depth) is also recorded at the station and gives mean
annual values of 10.3 �C between 1990 and 2011 which is 1.1 �C
higher than the surface temperature.

Correlation maps were developed using the KNMI Climate Ex-
plorer (http://climexp.knmi.nl/) and the CRU TS 3.22 datasets
(0.5� � 0.5� resolution) for temperature and precipitation (Harris
et al., 2014) to investigate the relationship of different climate pa-
rameters for NW Switzerland based on available temperature and
precipitation (Fahy station, time series 1990e2011) and d18Op
(Basel CEP station, time series 1986e2010). According to the
approach of Rozanski et al. (1992), seasonality of time series was
removed beforehand. For Fahy station, spatial correlation maps
with the CRU TS gridded data indicates that the mean annual
temperature and precipitation are representative for Western
Central Europe, including Switzerland, France (eastern, centre and
north), Germany and Belgium. Indeed, local temperature at Fahy
station and European temperature are significantly correlated
(r > 0.80) for most of central Europe (Fig. 3a). Spatial correlation
coefficients between the amount of precipitation in Fahy leads to a
significant correlation (r > 0.60) for Western Central Europe
(Fig. 3b). Correlation maps between d18Op in Basel CEP station and
temperature show significant correlation (r ¼ 0.60, Fig. 3c) with
Western Central Europe (e.g. Germany, France and Belgium),
whereas no correlation is observed with the amount of precipita-
tion (Fig. 3d).
3. Methodology

3.1. Monitoring

Cave monitoring was carried out in the Galerie des Fistuleuses
between November 2011 and June 2014. Continuous and spot
measurements of cave temperature, drip rate, relative humidity
and air PCO2 measurements were conducted. Cave air temperature
was measured every 15 min since October 2012 using UTL-3 Sci-
entific Dataloggers (GEOTEST, Zollikofen and Snow and Avalanche
Research SFL, Davos, Switzerland) at an accuracy of 0.1 �C. A Sta-
lagmate Plus Mk2b (Driptych, United Kingdom) was used to
monitor drip rates using an acoustic technique (drops per hour) at
the M6 site since June 2012 (Collister andMattey, 2008). The device
was placed in an open pot connected to a 1 L glass vial through an
outlet tube to collect the water in glass bottles which were replaced
around every three months (Fig. 2).

In the Galerie des Fistuleuses, spot measurements show air flow
lower than 100 l/s (Testo 405-V1 device), a relative humidity of
100% (Aspirationspsychrometer H€anni device) and PCO2 ranging
from 0.30 to 1.41% (continuous (CORA device) and spot (Dr€ager X-
am 5600 device) measurements from 2008 to 2014). Occasionally,
the PCO2 concentration in the gallery can rise up to values of around
4%, especially during late autumn and early spring, as a result of
processes that still need to be investigated.

Water samples were collected for geochemical analysis at the
sites where stalagmites were taken (Table 1) to better understand
isotope behaviour occurring between precipitation, drip water and
its enclosure in speleothem fluid inclusions. The survey includes
five sites for drip water isotopes (Section 3.2) and three for tem-
perature (includingM2, M4, M6, M8, M9 and Fi-2). M6, M8, M9 and
Fi-2 are located in the same cave chamber (refer to Fig. 2 for site
positions).

Temperature and drip loggers were installed in the chamber
where M6, M8 and M9 stalagmites were collected, approximately
300 m after the end of the show cave (Fig. 2). A drip logger was
placed at the exact location where water was dripping from a soda
straw on M6 stalagmite (from a height of ~2 m). Stalagmite M8
grew close to M6 but was not active when removed. Finally, waters
from the three drip sites (M6, Fi-2 and M9 which are 0.5 and 5 m
away from M6, respectively) were collected and analysed to esti-
mate the homogeneity of the drip water chemistry.

3.2. Water isotope monitoring program

Isotope data of precipitation are based on two meteorological
stations from the MeteoSwiss network. Precipitation samples and
daily amount data were obtained from Mormont station (n� 534,
47.44� N/7.04� E, altitude 540 m a.s.l.). The precipitation collection
campaign was carried between March 2012 and July 2014, and
water of a total of 332 precipitation events was collected at 8 a.m.
local time in an open gauge and stored in 100, 200 or 500 ml sealed
glass bottles depending on the precipitation amount. One must
keep in mind that when collecting in an open gauge, evaporation
occurring throughout the day could lead to a fractionation of the
precipitation water, especially during the summer. The automated
Fahy station (n� 500, 47.42� N/6.94� E, altitude 596 m a.s.l), located
7 km away from Mormont station, has provided daily data of pre-
cipitation amounts, mean relative humidity soil and air tempera-
ture since 1960. Both stations are located close to Milandre Cave
(Fig. 1) and therefore used as reference sites.

In the cave, water samples were collected at M2, M4, M6, M9
and Fi-2 drip sites between November 2010 and June 2014, and are
further named “downstream” drip waters. Moreover, additional
waters from one secondary intermediate flow tributary of the

http://climexp.knmi.nl/


Fig. 3. Spatial correlation maps for Fahy MeteoSwiss (star, plots a and b) and CEP Basel (star, plots c and d) stations. Different correlation coefficient r ranges are given for tem-
perature (0e1) and precipitation (�1 to 1) maps. (a) Correlation of temperature in Fahy MeteoSwiss station versus European temperatures for the period 1990e2011. (b) Idem for
precipitation amount against European precipitation amount. (c and d) Correlation between d18Op in Basel CEP station with (c) European temperatures and (d) amount of pre-
cipitation for the period 1982e2010. The grey star in (a) represents the approximate location of M6 buoy.
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Milandrine River (EN) and three additional percolation samples (ST,
VI and GO) with approximately five or six orders of magnitude
higher flow thanM6were collected for comparison in the upstream
part of the cave (Perrin et al., 2003a) and are further called “up-
stream” cave waters.
3.2.1. Isotope measurements
Water isotope analyses of precipitation and cave waters were

performed at the CEP (University of Bern) using a Picarro L2140-i
wavelength-scanned cavity ring-down spectroscopy (WS-CRDS)
instrument (Picarro Inc., Sunnyvale, CA, USA). For precipitation and
drip water analysis, aliquots of water are filled in 2 ml glass vials
and sealed with rubber/aluminium caps. The vials are then placed
in a PAL COMBI-xt autosampler (CTC Analytics AG, Zwingen,
Switzerland) connected to the Picarro L1102-i for dD and d18O and
Table 1
List of collected stalagmites in Milandre cave and related monitored parameters. The iso

Name Stalagmite Active Collection Loc

M2 Yes Yes 2007 Gal
M4 Yes Yes 2007 Sho
M6 Yes Yes 2011 Gal
M8 Yes No 2011 Gal
M9 Yes Yes 2014 Gal
Fi-2 No Yes growing Gal
L2140-i for additional d17O values. Water is then injected using a
syringe six times directly into the vaporisation unit of the analyser
and the three first values are discarded due to memory effect.
Reproducibility of measurements is typically 0.1‰ for d18O and d17O
and 0.5‰e1‰ for dD.

For isotope measurements of fluid inclusion water, we used a
new online method based on a Picarro L1102-i WS-CRDS instru-
ment (Affolter et al., 2014) that allows measuring both dDfi and
d18Ofi isotopes on a single speleothem sample with precisions
better than 0.4‰ for d18Ofi and 1.5‰ for dDfi. Furthermore, accuracy
and precision of the new method were also successfully assessed
through an inter-laboratory comparison with the CF-IRMS method
(Meckler et al., 2015). The only modification made to the line is the
replacement of the stainless steel capillary connecting the peri-
staltic pump to the dripping device by a glass capillary (0.18 mm
tope parameters are for drip water.

ation Monitored parameters at location

. des Fistuleuses Cave T
w cave Cave T, dD, d18O, d17O
. des Fistuleuses Cave T, drip discharge, dD, d18O, d17O
. des Fistuleuses (next to M6) Cave T
. des Fistuleuses (5 m from M6) Cave T, dD, d18O, d17O
. des Fistuleuses (1 m from M6) Cave T, dD, d18O, d17O
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inner diameter). A significant improvement was brought to the
measurement protocol with a reduction of time from 5 to 2 h
(90 min to recover the background condition stability and
20e40 min for the sample measurement itself mainly depending
on the amount of released water) for one speleothem sample
measurement, allowing up to five sample measurements per day.
To perform d17O measurements in speleothem fluid inclusions, the
line was connected to a Picarro L2140-i that is able to measure d17O
in addition to d18O and dD. The instrument performance was
assessed using the same approach as described in Affolter et al.
(2014). The precision of d17O measurements for stalagmite water
samples is 0.3‰. Table 2 summarises the precision of the different
water isotope measurements. In this study, blocks of calcite of
around 0.5 g were crushed releasing ~0.6 ml of water for fluid in-
clusions analysis of recent samples (M6), whereas blocks of ~1.5 g
where necessary for early Holocene (M8) samples to provide
~0.5 ml. It is worth mentioning that Holocene values are given here
only for a first preliminary comparison to present conditions. For
isotope analysis of the calcite (d18Oc), the samples were measured
using a Finnigan Delta V Advantage mass spectrometer equipped
with an automated carbonate preparation system (Gas Bench II) at
the Institute of Geological Sciences, University of Bern, Switzerland.
150e200 mg of sample were analysed and results are reported
relative to the international Vienna Peedee Belemnite (VPDB)
standard. The analytical error for d18Oc is 0.07‰ VPDB (1s)
(Fleitmann et al., 2009).

3.2.2. Isotope calibration and uncertainty
For the measured d18O and dD, we follow a four point calibration

procedure by using four internal water standards listed in Table 2
(Meerwasser, ST-08, Eiswasser and Bern-SLAP) that are well
tighten to the international accepted values of the VSMOW-SLAP
scale using the Picarro L2140-i instrument. No such value has
been accepted yet for d17O by the international community.
Therefore, we slightly change the procedure for this parameter.
Through d17O and d18O, we have access to 17Oexcess (given in per
meg (10�6) due to very small variations) following Luz and Barkan
(2010):

17Oexcess ¼ ln
�
d17Oþ 1

�
� 0:528 � ln

�
d18O þ 1

�
(1)
Table 2
(a) Overview of internal standard waters used in this study with corresponding value
measurements performed onwater (precipitation and drip water) and extracted water (sp
L2140-i). þ This assigned value is used for the single point calibration of 17Oexcess * Only
section 3.2.2.

dD d18O

(‰) (‰)

(a) Standard
Internal standards (assigned values)
Meerwasser 1.24 ± 0.5 �0.04 ± 0.
ST-08 �77.46 ± 0.5 �10.79 ± 0.
Dye-III* �210.23 ± 0.5 �27.21 ± 0.
Eiswasser �274.09 ± 0.5 �35.29 ± 0.
Bern-SLAP �262.96 ± 0.5 �55.21 ± 0.
DOME-C* �428.26 ± 0.5 �54.18 ± 0.
Measured in Bern based on internal standards
V-SMOW �0.12 ± 0.5 �0.01 ± 0.
SLAP �428.74 ± 0.5 �55.56 ± 0.
Assigned values after Schoenemann et al. (2013)
VSMOW 0.00 0.00
SLAP �427.50 �55.50
(b) Standard deviation
SD water (L2140-i) 0.5 0.1
SD extracted water (L1102-i) 1.5 0.4
SD extracted water (L2140-i) 1.4 0.2
and consequently:

d17Oð‰Þ ¼
  

e

�
17Oexcess

106
þ0:528�ln

�
d18O
1000þ1

�!
� 1

!
� 1000 (2)

If we set 17Oexcess to zero in Eq. (2), we can calculate d17O from
d18O and can follow the same four point calibration procedure as
described for d18O above. The calibrated d17O is then obtained by
adding back the calibrated 17Oexcess according to Eq. (3).

17Oexcess;calibrated ¼ 17Oexcess;measured

� �17Oexcess;measured ðMeerwasserÞ
� ð�3Þper meg

�
(3)

This adjusted procedure that deviates from Schoenemann's
approach leads only to significant differences for extraordinary
17Oexcess values that can be found for instance in the stratosphere.

The 17Oexcess values are expressed to the VSMOW scale corre-
sponding essentially to a single point calibration using Meerwasser
that has a value of �3 per meg. This results in non-zero values for
VSMOW and SLAP (treated as samples), namely þ3 per meg
and �25 per meg. An evaluation using the approach of
Schoenemann et al. (2013) leads to 8 per meg higher values than
our evaluation for the latest measurements on Fahy precipitation.
Further, an evaluation using a four point (as used for d17O and d18O)
instead of a single point calibration for 17Oexcess leads to similar
values with an offset of about 6 per meg.

Assuming no covariation exists between d17O and d18O errors
(see Table 2), the measurement precision would be in the order of
360 per meg which is far too high to retrieve paleoclimate infor-
mation from the archives. Nonetheless, due to its mass dependent
properties, both oxygen isotopes are covarying and consequently,
even if the individual standard deviation of measurements is high,
17Oexcess can be precisely calculated (Landais et al., 2006; Barkan
and Luz, 2007; Schoenemann et al., 2013). Indeed, the few mea-
surements made so far indicate a significantly lower uncertainty
when directly evaluating the 17Oexcess.
s and uncertainties for the isotopes. (b) Overview of standard deviations (SD) for
eleothem fluid inclusion) samples for two different instruments (Picarro L1102-i and
used for fluid inclusions.# See discussion about 17Oexcess measurement precision in

d17O 17Oexcess d-excess

(‰) (Per meg) (‰)

05 �0.03 ± 0.05 �3þ 1.6
05 �5.69 ± 0.05 19 8.9
05 �14.44 ± 0.05 25 7.5
05 �18.80 ± 0.05 �8 8.2
05 �29.14 ± 0.05 412 178.7
05 �29.04 ± 0.05 �54 5.2

05 0.00 ± 0.05 3 0.0
05 �29.76 ± 0.05 �25 15.7

0.00 0 0.0
�29.70 0 16.5

0.1 10 0.5
1.6

0.3 360# 1.5



Fig. 4. Daily and monthly precipitation at Mormont MeteoSwiss station between
January 2012 and July 2014 and response of the cave system at M6 drip site. Winter
seasons (DJF) are highlighted in grey.
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4. Results and discussion

4.1. M6 drip discharge

Drip rates between 2012 and 2014 at the M6 site are highly
variable and range from 11 drops/hour (October 2012, 2013 and
2014) up to 278 drops/hour (February 2013). A seasonal pattern is
clearly visible with the highest drip rates during the winter months
(DJF) and the lowest during summer and autumn. Nearby Fi-2 drip
site was checked at a three month interval and shows that drip rate
was five times higher (with a similar seasonality as at M6) which
emphasizes the variability in cave environment and the need of
local monitoring. Nevertheless, isotope values for both drip sites are
similar (Table 3). Drip rate depends on the aquifer recharge, i.e. on
the amount of precipitation above the cave. The comparison be-
tween drip rate and precipitation is given in Fig. 4 and shows that
both are closely related. The lowest drip rates in summer indicate
that the overlying reservoir is draining out, as the aquifer is less
recharged in summer mainly due to increased evapotranspiration
(Fig. 1). Indeed SON, DJF and MAM potentially contribute to a
similar degree to the aquifer recharge with 38%, 37% and 21%
respectively. Summer months (JJA) contribute only with 4%. Fairly
high precipitation in autumn and winter recharges the aquifer and
drip rates are increasing steadily, indicating that cold season pre-
cipitation (roughly from September to May) contributes to
groundwater replenishment above Milandre cave.

We investigated the relationship between heavy rainfall events
and cave drip rates in order to evaluate the response time. During
summer when the reservoir is at its lowest level a two day-long
precipitation event starting on 23.08.2013 (51.1 mm in total)
showed only a slight response in drip discharge two days later
(from 28 to 30 drops/hour). On 28.07.2013, a precipitation event
Table 3
Summary of water isotope measurements for precipitations, cave waters and speleothem
error for speleothem). Measurements are reported relative to the Bern internal water stan
Based on monthly mean values.# See discussion about 17Oexcess measurement precision

Sample Time interval n dD SD d18O

(‰) (‰) (‰)

Precipitation stations
Basel CEP* July 12 e June 13 �70.33 26.24 �9.88
Bern CEP* July 12 e June 13 �78.86 29.67 �11.05
Locarno CEP* July 12 e June 13 �61.20 28.57 �9.07
Mormont July 12 e June 13 149 �68.30 34.77 �9.68
Mormont July 13 e June 14 125 �60.99 31.33 �8.31
Mormont July 12 e June 14 274 �64.97 33.38 �9.05
Mor. weighted July 12 e June 13 id. �73.91 id. �10.43
Mor. weighted July 13 e June 14 id. �67.13 id. �9.17
Mor. weighted July 12 e June 14 id. �71.03 id. �9.89
«Downstream » drip waters
M6 June 12 e June 14 7 �60.33 1.62 �8.73
Fi-2 June 12 e June 14 7 �61.69 2.31 �8.83
M9 Oct. 13 e June 14 4 �61.32 3.10 �8.67
M4 June 13 e Jan.14 2 �62.11 1.02 �9.00
M2 Jan. 13 e Jan. 14 1 �58.49 �8.62
«Upstream » cave waters
EN Sept. 12 e April 14 8 �63.29 1.97 �9.04
GO Sept. 12 e April 14 8 �61.77 1.25 �8.94
ST Sept. 12 e April 14 8 �62.22 2.20 �8.92
VI Sept. 12 e April 14 8 �59.06 0.98 �8.43
Speleothem fluid inclusions
M6 top 4 0-40 years 1 �60.1 1.5 �8.9
M6 top 5 0-40 years 1 �60.3 1.5 �8.3
M8-4 Early Holocene 1 �63.0 1.5 �9.4
M8-4bis Early Holocene 1 �61.6 1.5 �9.8
M8-5 Early Holocene 1 �62.3 1.5 �7.5
M8-5bis Early Holocene 1 �63.1 1.5 �8.0
M8-6 Early Holocene 1 �65.7 1.5 �7.7
M8-6bis Early Holocene 1 �65.6 1.5 �10.3
(26.5 mm) showed no corresponding signal in the drip discharge
but rather a continuous decrease of values. In spring, two consec-
utive days of precipitation (39.1 mm in total) produced a peak in
drip rate (from 64 to 112 drops/hour) around five days later.
Another two-day long event starting on 26.04.2013 (total 34.2 mm)
gave a response six days later with an increase from 60 to 97 drops/
hour. During winter months, an intense precipitation period lasting
from 24.12.2013 to 28.12.2013 (85.2 mm in total) led to an increase
from 41 to 103 drops/hour around six days later. Overall, drip rates
respond within 2e6 days to major precipitation events and drip
rate is much more reactive in intensity during colder months
(30e60 drops/hour) compared to summer (~0e2 drops/hour).
fluid inclusions along with standard deviations between measurements (analytical
dards that are themselves calibrated to VSMOWand normalised to VSMOWe SLAP.*
in section 3.2.2.

SD d17O SD 17Oexcess SD d-excess SD

(‰) (‰) (‰) (Per meg) (Per meg) (‰) (‰)

3.27 8.71 1.04
3.54 9.56 2.25
3.52 11.4 2.83
4.32 �5.10 2.29 19 14 9.10 4.72
4.05 �4.39 2.15 16 17 5.51 6.28
4.25 �4.78 2.25 18 15 7.47 5.76
id. �5.50 id. 19 id. 9.52 id.
id. �4.83 id. 17 id. 6.16 id.
id. �5.22 id. 18 id. 8.10 id.

0.13 �4.60 0.07 18 9 9.52 0.69
0.25 �4.65 0.13 19 12 8.93 0.96
0.43 �4.56 0.22 26 15 8.05 1.12
0.11 �4.74 0.05 24 7 9.85 0.15

�4.56 �1 10.45

0.23 �4.78 0.11 8 11 9.06 0.70
0.12 �4.72 0.06 12 10 9.76 0.68
0.25 �4.72 0.12 5 14 9.17 0.60
0.23 �4.45 0.12 8 9 8.40 2.53

0.2 �4.8 0.3 36 360# 11.1 1.5
0.2 �4.7 0.3 �15 360# 6.1 1.5
0.4 12.2 1.6
0.2 �5.2 0.3 127 360# 16.8 1.5
0.4 2.3 1.6
0.2 �4.4 0.3 23 360# 0.9 1.5
0.4 4.1 1.6
0.2 �5.6 0.3 39 360# 16.8 1.5
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Indeed, heavy rainfall events in summer seem to produce no or only
slight changes in drip rates, which can be explained by the fact that
the water is evaporated at the surface and used by vegetation and
only lastly for the refilling of the soil and epikarst.

While drip loggers count the total number of drops that fall from
the roof in the cave, the drops are collected in a bottle for subse-
quent analysis of water isotopes. Knowing the collected amount of
water between two visits and the total drip amount over the same
period, we estimated drop size diameter on two consecutive 3
month intervals between July 2013 and January 2014. We obtained
similar results with respectively drop size diameters of 2.769 mm
(91855 drops, 1021 g of water collected) and 2.763 mm (89755
drops, 990.8 g) for an averaged drop volume of 11.08 mm3 (or ml).
This would correspond to a mean discharge of 0.13 ml/s.

4.2. Mean annual surface and cave temperatures

Comparison between cave, soil and atmospheric temperature is
shown in Fig. 5 to determine if the cave temperature corresponds to
themean temperature at the surface (Luetscher and Jeannin, 2004).
A temperature logger was placed at the M6 drip site location and
has recorded cave temperatures from 24th October 2012 and is still
running. A one year average (October 2012eOctober 2013) shows a
mean annual temperature in the cave of 9.8 ± 0.2 �C withminimum
and maximum temperatures of 9.0 �C and 10.2 �C, where extremes
could probably be due to the opening of the door connecting the
show cave and the Galerie des Fistuleuses to allow cave CO2 con-
centrations to decrease. For the same period, surface mean annual
temperature at Fahy station recorded an average temperature of
8.5 �C, slightly colder (DT ¼ �1.3 �C) than mean cave temperature.
The difference towards warmer temperatures in the cave can be
explained by the 200 m elevation difference between the cave
(~400 m a.s.l.) and Fahy station (~600 m a.s.l.). It should be noted
that previous temperature monitoring performed between 2008
and 2010 in the same cave gallery (Schmassmann, 2010) showed
consistent mean annual values of 9.6 �C. Consequently,
Fig. 5. Cave air temperature is included between mean air temperature and soil
temperature when compared to Fahy station (~200 m higher than the monitored cave
chamber). Small variations in cave air temperature are probably due to the opening of
the doors to ventilate the cave for CO2 dissipation. Winter seasons (DJF) are highlighted
in grey.
observations are similar over both monitoring periods and mean
annual cave temperature corresponds to the mean annual surface
temperature when taking the adiabatic gradient of ~0.0055 �C/m
(Rolland, 2003) into account.

4.3. Comparison of water isotopes in precipitation, drip water and
speleothem fluid inclusions

The potential of Milandre stalagmites for paleoclimate recon-
struction use can be estimated by comparing fluid inclusion water
isotopes to that of the corresponding drip water and amount
weighted precipitation. Table 3 summarises dD, d17O, d18O stable
isotopes results and associated second order proxies d-excess and
17Oexcess performed in this study. In total, 332 analyses of precipi-
tation, 22 “downstream” drip waters, 32 “upstream” cave waters
and 8 fluid inclusions (including 4 without d17O) were performed.

Isotopes in drip water are integrated over a long period of time
(see section 4.8) and consequently, precipitation values must be
given in mean weighted delta value form using Eq. (4) to allow
comparison with cave drip isotope values:

dimean weighted ¼

P
i
di � niP
i
ni

(4)

where di is the daily precipitation isotope value and ni the daily
amountof precipitation.Meanweightedvalues are given inTable 3. It
is noteworthy that a net recharge weighting does not alter the data
significantly. Isotope values are always given in brackets in this
specific order (dD; d18O; d17O). Values are sometimes given for sea-
sons: winter (DJF), spring (MAM), summer (JJA) and autumn (SON).

4.3.1. Isotopes in precipitation
Precipitation above Milandre catchment area shows dDp and

d18Op values with a typical local signature comparable to values
obtained for Switzerland (Perrin et al., 2003a; Schürch et al., 2003).
Fig. 6 summarises all measurements of daily precipitation together
with their respective 17Oexcess and d-excess, temperature and
relative humidity for Mormont station.

Variability of isotope values in precipitation is high, with values
ranging between �1.07‰ and �165.63‰ for dDp, 3.36‰
and �21.75‰ for d18Op and 1.79‰ and �11.49‰ for d17Op with
corresponding mean isotope composition between July 2012 and
June 2014 of (�64.97; �9.05; �4.78) ‰. Isotope values show a
seasonal pattern with enriched values in JJA (�41.17; �6.03; �3.18)
‰ and depleted in DJF (�86.40; �11.82; �6.23) ‰ with corre-
sponding amplitudes (45.2, 5.8; 3.1) ‰. Mormont shows large
variations for two consecutive years with a shift of (7.31; 1.37; 0.71)
‰. However, an average of four years show significantly damped
variations that do not exceed 0.5‰ in d18Op at Bern CEP station.

CEP stations values are given for comparisonand correspond to the
transect Basel-Bern-Locarno in Switzerland (Figs.1 and 8b). Locarno is
locatedon thesouthern sideof theAlpsandpresentsdifferent climatic
settings from Bern and Basel located on the northern side. Basel sta-
tion is close to Mormont station and presents slightly more negative
values of 0.2‰ and 2‰ for d18Op and dDp respectively.

4.3.2. Isotopes in cave waters
Drip waters show comparable values for all three isotopes be-

tween “downstream” drip sites and “upstream” cave waters with
overall means of (�61.14 ± 1.56; �8.80 ± 0.20; �4.64 ± 0.11) ‰.
Slight differences may have to do with the heterogeneity of the
sampling time and natural local variability. In the monitored
chamber, values for M6 (�60.33; �8.73; �4.60) ‰ are integrated



Fig. 6. Water stable isotope measurements on daily precipitation events (coloured
circles) and corresponding monthly means (black lines) in precipitation fromMormont
station together with temperature and relative humidity from Fahy station (black and
grey circles) and their respective 31 days running averages (black lines). Winter sea-
sons (DJF) are highlighted in grey. (For interpretation of the references to colour in this
figure legend, the reader is referred to the web version of this article.)
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over three months (around 1 L sample), whereas spot values are
given for Fi-2 (around 10e20 ml samples). Their isotope values are
almost identical, with shifts of 1.4‰ in dDdw and 0.1‰ in d18Odw
over the two years. The overall amplitude is 0.4‰ for d18Odw. A
seasonal trend is visible but with two major differences compared
to the precipitation signal: (i) the signal amplitude is smoothed by a
factor of ~25 and (ii) the signal is shifted of several months due to
the residence time in the karst (see section 4.8 for discussion).

In summary, waters sampled at different cave sites show com-
parable means, amplitudes, as well as standard deviations in their
isotopic compositions implying that the precipitation waters are
homogeneously mixed in the soil, epikarst and vadose zone above
the cave before being transferred to the cave drip sites.

4.3.3. Isotopes in fluid inclusions
For fluid inclusions, some results from modern active samples

covering the last 40 years were published previously (Affolter et al.,
2014) and additional measurements are given in Table 3. Speleo-
them fluid inclusion values for recent samples (�61.3; �8.3; �4.7)
‰ are similar for dD, d18O as well as d17O to the cave drip water
suggesting that signal coming from the cave drip water is faithfully
recorded in the speleothem fluid inclusion water. For the early
Holocene sample values are slightly more negative but still com-
parable to today's values.

4.4. Second order parameters d-excess and 17Oexcess between
precipitation, drip water and speleothem fluid inclusions

In the daily precipitation samples from Mormont, 17Oexcess
values vary from �26 to 72 per meg for a two years mean value of
18 per meg (idem for weighted mean) similar to the two years
averaged drip water values of 18 and 19 per meg for the M6 and
nearby Fi-2 drip sites in the monitored cave chamber. Mean sea-
sonal values are 13 per meg (JJA), 17 per meg (SON), 25 per meg
(DJF) and 19 per meg (MAM). During the monitoring period,
17Oexcess shows recurrent trends with rather stable winter values of
27 ± 2 per meg (December 12 e April 13) and 25 ± 4 per meg
(November 13 e March 14) and minimum values of 3 per meg for
both August 2012 and August 2013. The former may be explained
by the rather constant moisture source originated from Atlantic
Ocean during wintermonths (Sodemann and Zubler, 2010). Overall,
17Oexcess shows a monthly amplitude of 40 per meg which is
comparable to observations made on a yearly basis at Vostok sta-
tion in Antarctica (Landais et al., 2012a). In Fig. 6, 17Oexcess is anti-
correlated to d18Op and consequently with site temperature with
more positive values in winter (40 per meg) and lower values in
summer (0 per meg). Long term 17Oexcess time series records in
precipitation are rare in low latitudes making the comparison
difficult. Nevertheless, a few records are available but mainly in the
Polar Regions and there, our observed anticorrelation between
d18Op and 17Oexcess is in opposition with the strong correlation
observed on a limited number of events in Vostok solid precipita-
tion that was explained by change in the kinetic vs. equilibrium
fractionation proportion (Landais et al., 2012a), but similar to what
was observed in a snow pit at the same station where the anti-
correlation between 17Oexcess and d18O may be attributed to
stratospheric influences (Winkler et al., 2013). Furthermore, our
measurements are in agreement with a few measurements in
Greenland described in Landais et al. (2012b). Additionally, in the
African monsoon precipitation, Landais et al. (2010) also show an
anticorrelation between dDp and 17Oexcess measured on a very
limited amount of precipitation events.

The observed anticorrelation and seasonal variations in 17Oexcess
is the result of changing contributions from kinetic and equilibrium
fractionation. The equilibrium fractionation factor aequilibrium
(slope) for vapoureliquid water is 0.529 (Barkan and Luz, 2005),
whereas the diffusion fractionation (kinetic) factor for water
vapour is 0.518 (Barkan and Luz, 2007). Thus, the slope determined
in meteoric water is a combination of both equilibrium and kinetic
fractionation and the corresponding GMWL for oxygen isotopes has
a slope of 0.528 (Luz and Barkan, 2010). Based on our own two year
record, the averaged amean is 0.5269 ± 0.0007 (see section 4.7.2)
and presents seasonal variations. Τhe fractionation factor is lower
in summer (0.5255 ± 0.0009) than in winter (0.5271 ± 0.0004),
whereas it is 0.5283 ± 0.0029 and 0.5274 ± 0.0004 for spring and
autumn respectively. It is interesting to see that the amean is close to
awinter. It is then possible to formulate an explanation for the
anticorrelation between d18Op and 17Oexcess values by seasonal
variations in the kinetic fractionation. Indeed, replacing the frac-
tionation factor a in Eq. (1) for summer (low value) will decrease
the 17Oexcess values, whereas it is the opposite for winter. Spring
values also show a higher 17Oexcess than autumn (Fig. 6) but very
close to the mean observed value for precipitation. This might
indicate that the mean 17Oexcess value of about 20 per meg observed
in our precipitation may correspond to a mean source effect,
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according to Uemura et al. (2010) to a normalized humidity of
around 65%, which is, however, rather low compared to measured
conditions over the Atlantic region even assuming a sea-air tem-
perature difference of 0.5e1 �C (Singh et al., 2005). Mechanisms
responsible for these variations should be further studied and
include kinetic fractionation during evaporation at the source,
during transport, during cloud processes including supersaturation
and finally process at the site of precipitation. These mechanisms
are complex and involve several meteorological parameters such as
humidity, temperature, pressure pattern driving wind fields and
strengths, condensation nuclei concentration and its specificity.

To better understand the factors influencing 17Oexcess at the
study site, we evaluate its sensitivity to temperature and relative
humidity both at the study site and at the main moisture source
location. We used the relative humidity and temperature data from
the M6 buoy in the North Atlantic (Irish Weather Buoy Network,
http://data.marine.ie) located on the west coast of the United
Kingdom (53.07�N/15.88�W, see Fig. 3 for approximate location) at
a distance of roughly 1800 km to determine if any influence of
moisture source coming from the Atlantic can be detected in this
remote continental location. Based on a 31 days running average,
we first compared 17Oexcess with the temperature or relative hu-
midity. We found that 17Oexcess anticorrelates both with tempera-
ture at the study site (R2 ¼ 0.36) and with sea surface temperature
(R2 ¼ 0.60). For the relative humidity, 17Oexcess anticorrelates for the
Atlantic (R2 ¼ 0.22) but no correlation is observed with local rela-
tive humidity (R2 ¼ 0.02) indicating an influence of both temper-
ature and relative humidity of the moisture source. A multiple
regression of 17Oexcess with the relative humidity and the temper-
ature at Fahy MeteoSwiss station gives a correlation of 0.41 (R2).
Adding the relative humidity of the Atlantic source region to the
regression analyses, the correlation coefficient increases to 0.61
(R2) and no further improvement is observed when adding the
Atlantic source temperature at M6 (R2 ¼ 0.62). It should be noted
that even if the monthly running average may introduce an artifi-
cially high correlation, this indicates that oceanic condition at the
source (M6 buoy) has an influence on 17Oexcess data in NW
Switzerland. Further investigations are certainly necessary to
disentangle the influence of individual parameters on the 17Oexcess.
It is nonetheless worth mentioning that the high correlation with
the study site may be the reflection of seasonal covariation of
temperature (R2 ¼ 0.72) between the oceanic source and the study
site, whereas the correlation is low between the respective relative
humidity (R2 ¼ 0.14).

Local d-excess shows seasonal fluctuations ranging
between �27.96‰ and 21.95‰ around a mean value of 7.41‰ and
presents lower d-excess during the summer (~4.7‰) and higher
values during winter (~10.6‰). Overall, d-excess shows a seasonal
amplitude of 8‰. Differences can be explained by the origin of
Table 4
Water isotope comparison between precipitations, drip water and speleothem fluid inc
samples values were partially published in Affolter et al. (2014).* Measured with Picarro

Water type Time period n dD

(‰)

Precipitation station
Mormont weighted July 12 e June 14 274 �71.0
Cave drip waters
M6 June 12 e June 14 7 �60.3
Fi-2 June 12 e June 14 7 �61.7
Speleothems
Fluid inclusions 0e40 years 4/2* �61.3
Fluid inclusions Early Holocene 6/3* �63.6
Speleothem calcite 0e40 years 1
Speleothem calcite Early Holocene 3
moisture during the summer that is mainly continental and prob-
ably with local secondary evaporation, whereas during winter
moisture is mainly provided by the Atlantic Ocean (Sodemann and
Zubler, 2010). Schotterer et al. (2000) assigned these variations to
evaporation conditions at the moisture source, to evaporation of
falling rain-drops and evaporation of local soil moisture. Averaged
local weighted d-excess is 8.1‰ in precipitation (7.1‰ in summer
and 8.1‰ in winter) and slightly lower compared to drip waters
with values ranging between 8.9‰ (M6) and 9.5‰ (Fi-2) for the
monitored cave chamber. The 1‰ difference between precipitation
and drip water is probably due to the buffering in the karst system
resulting from the mixing and residence time and consequently the
unequal reservoir filling with more water supplies from the cold
season.

In summary, 17Oexcess signal is kept in the drip water whereas d-
excess is depleted by ~1‰. That means that sufficient analytical
precision and the use of replicates in speleothem fluid inclusion
measurements should allow retrieving climate information from
both second order parameters from this cave. Indeed, even with a
high uncertainty, the range of measured 17Oexcess values from sta-
lagmites (Table 3) is in most cases compatible with the range of
precipitation measurements, and even closer to the precipitation
value for the modern samples based on two replicates (Table 4).
These preliminary results are promising but a larger d17O mea-
surement campaign should be initiated to draw more robust
conclusion.

4.5. Summary for the monitored chamber

Table 4 summarises the delta values, d-excess and 17Oexcess that
are of interest for the monitored cave chamber (M6, Fi-2 and M9).
The difference between the Mormont weighted mean and the drip
water values is discussed in section 4.8. It is worth mentioning here
that if the isotope values are weighted using the net recharge (rain
e evapotranspiration) at Fahy station, then values
(�73.30‰, �10.20‰ and �5.38‰ for dDp, d18Op and d17Op,
respectively) are still close to the precipitation amount weighted.
Drip water and sub-recent speleothem fluid inclusion values are
similar for dD, whereas for d18O and d17O values are slightly more
negative by 0.4‰ and 0.1‰ respectively but still within the
analytical uncertainties. Nevertheless, the two recent sample
measurements madewith the Picarro L2140-i show identical values
(�60.2; �8.6; �4.7) ‰ as M6 drip site. Thus, no significant differ-
ences are found between speleothem fluid inclusion water and
modern drip water. Early Holocene values show slightly more
negative values. For second order parameters, 17Oexcess shows the
same value in the cave and in precipitation while d-excess is 1‰
more positive in precipitation. In fluid inclusions, 17Oexcess is
potentially preserved and thus, it could be possible to derive
lusions at M6 drip site. Refer to Table 3 for reproducibility. For recent speleothem
L2140-i.

d18O d17O 17Oexcess d-excess

(‰) (‰) (Per meg) (‰)

�9.9 �5.2 18 8.1

�8.7 �4.6 18 9.5
�8.8 �4.7 19 8.9

�8.3 �4.7* 10* 8.6*
�8.8 �5.0*
�6.5
�6.6

http://data.marine.ie


Fig. 7. Relationship between d18Op and temperature for Mormont MeteoSwiss station.
Daily precipitation values (black dots) show a lower correlation than monthly mean
values (blue squares). (For interpretation of the references to colour in this figure
legend, the reader is referred to the web version of this article.)
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additional information on past biospheric activity when combined
with d13C measurements (Landais et al., 2007) or past hydrological
changes (Schoenemann et al., 2014).

Theoretical values for modern speleothem calcite determined
using the equation of Friedman and O'Neil (1977) are not far from
the d18Oc measured values (6.5‰). Indeed, a calculated d18Oc value
of �7.27‰ is obtained (offset of ~0.8‰) when using the two year
d18O averaged drip water isotope value of �8.7‰ and cave tem-
perature of 9.8 �C. By doing the same exercise using themost recent
empirical relationship based on a large set of cave studies that
already take into account a “mean” disequilibrium inherently pre-
sent in cave environment (Tremaine et al., 2011), a theoretical d18Oc
value of �6.85‰ is obtained that is even closer to the measured
value meaning that d18Oc precipitates in disequilibrium. It is
interesting to note that in B7 cave in West Germany (Niggemann
et al., 2003) located around 450 km northward from Milandre
cave d18O values of drip water (�8.4‰) and corresponding calcite
(�6.3‰) are very similar to those observed in Milandre cave.

The good agreement between the isotopic composition of drip
and recent fluid inclusionwater confirms that the cave signal is well
preserved in speleothems. Nevertheless, dDfi values seem to be a
more conservative proxy for paleoclimate reconstructions than the
corresponding d18Ofi values, most likely because hydrogen has no
reservoir for isotope exchange during the transfer in the karst
whereas oxygen may exchange continuously with the host calcite.
During isotope measurements, mixing and storage of the isotopes
in the soil and epikarst will allow recovering the decadal mean
when measuring speleothem fluid inclusions and the annual mean
for d18O of the calcite, or potentially seasonal variations. For fluid
inclusions this is not an issue since the thickness of samples allows
only reconstructions of decadal integrated values in this cave.
Indeed, slabs of up to 5 mm thick are required for fluid inclusion
analysis and consequently, the time resolution is dependent on the
stalagmite growth rate. For example, the modern part of M6 sta-
lagmite exhibits a growth rate of 0.1 mm (laminae counting;
H€auselmann, 2013) that would correspond to a resolution of 40e50
years for fluid inclusion measurements done on a 5 mm slab.

4.6. Factors influencing isotope ratios in water

In order to identify the factors influencing stable isotopes in
water, we investigated relationships between atmospheric pa-
rameters and isotope values. Correlations (R2), respectively slopes,
are always given in brackets and in this specific order (dD; d18O;
d17O), respectively (d-excess; 17Oexcess) for second order
parameters.

Correlations of water isotopes in precipitation with daily
average temperature are lower (0.28; 0.36: 0.30) than for monthly
mean precipitation (0.75; 0.73; 0.73) showing clearly the temper-
ature dependence of the site. Corresponding slopes on a monthly
basis (3.26; 0.39; 0.22‰/1 �C) are lower than the 0.56‰/1 �C for
d18O observed for the region of Bern during the period 1994e2001
(Schürch et al., 2003), but in accordance to the values determined in
Basel of 0.34‰/1 �C for the period 1986e2010 which indicates that
Basel CEP station is more representative for the Milandre cave area
compared to Bern. Low correlations are observed for d-excess and
17Oexcess with local temperature on a daily basis (0.04; 0.06) as well
as on a monthly basis (0.03; 0.20).

Relative humidity at the precipitation site shows low correlation
for all isotopes (0.04; 0.12; 0.04) and a slightly better correlation
with monthly mean relative humidity (0.15; 0.17; 0.17). Second
order parameters have no significant correlation both on a daily
(0.00; 0.01) and monthly basis (0.08, 0.01). Precipitation amount
shows no correlationwith all three isotopes both on a daily and on a
monthly basis. The d-excess and 17Oexcess show insignificant
correlation on a daily (0.09; 0.05) and monthly basis (0.15; 0.07).
Seasonality of stable isotopes in precipitation for Switzerland

was shown to be correlated to temperature and water vapour
pressure with lower values in winter corresponding to depleted
isotope values (Schürch et al., 2003) which is confirmed by our
observations (Figs. 7 and 3c). When values are integrated on a
monthly basis, all three isotopes react in the same way to tem-
perature (~73%) and to relative humidity (~17%), whereas on a daily
basis relationships are less robust. The best correlation for 17Oexcess
explains 20% of its variation by site temperature. For d-excess a low
correlation of 15% is observed with the monthly amount of
precipitation.

In Europe, several monitoring studies were carried out to un-
derstand the relationship between water isotopes in precipitation
and corresponding cave drip waters. Approximately on a North
South transect, in Han-sur-Lesse cave (Belgium), van Rampelbergh
et al. (2014) found that the temperature effect has a clear influence
on the regional water isotope composition in precipitation with
increasing values in summer, similar as observed in this study
which is also corroborated with the spatial correlation maps ob-
servations (Fig. 3c). Moreover, the water isotope composition of the
drip water is constant, suggesting a good mixing and a long resi-
dence time in the epikarst above Han-sur-Lesse cave. Nevertheless,
the temperature is not always the driving parameter for d18Op; for
instance, in Villars cave (South France), Genty et al. (2014) observed
only a weak correlation between surface temperature and d18Op

mainly due to the interaction of different air masses coming from
the Atlantic and theMediterranean Sea. InMolinos cave (North East
Spain), Moreno et al. (2014) observed that temperature and amount
of precipitation have an important effect on d18Op but the source
effect is dominant on d18Op as the cave receives moisture from the
North Atlantic and Western Mediterranean which have a distinct
d18O signature. These three European examples illustrate cave to
cave variations in water isotope interpretation and thus, the
uniqueness of each cave site and the need for specific cave
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monitoring.
Larger scale atmospheric effects can also have an influence on

d18Op at the study site. The link between d18Op and the large scale
atmospheric patterns such as the North Atlantic Oscillation (NAO)
for Europe has been investigated by Baldini et al. (2008) who
observed that for central European mid-latitudes the NAO index is
correlated to the winter d18Op and this was attributed to the strong
control of air temperature on d18Op. The NAO is strongly correlated
to temperature and precipitation over Europe (Hurrell and Van
Loon, 1997) and has consequently a direct influence on d18Op
through wind dominant patterns and thus the amount of precipi-
tation and temperature in winter (Baldini et al., 2008). Generally,
isotopic values are depleted inwinter compared to summermonths
and the influence of NAO on climatic conditions during the winter
months may lead to an increase in precipitation with less negative
values that will smooth the annual means. The influence of the NAO
on d18Op in central Switzerland has been discussed by Teranes and
McKenzie (2001). They present paleoclimate reconstructions using
sediments of Lake Baldeggersee (central Switzerland, alt. 463 m
a.s.l.). The lake is located around 100 km eastward from Milandre
cave and it was shown that d18Oc at that site is mainly driven by
temperature but it is also suggested that the NAO may have a
discernible influence on the isotopic composition of regional pre-
cipitation and that long term trend in the NAO index can explain
trends in d18Oc in lake sediments data (Teranes and McKenzie,
2001). Other observations linked the d18O of continental archives
with changes in the NAO in central Europe, for alpine ice cores in
the Swiss Alps (Schotterer et al., 2002), and even further East, in
d18Oc from speleothem from Spannagel cave in Austria (Mangini
et al., 2005). More recently, Luetscher et al. (2015) interpret the
isotopic composition in speleothems as a proxy for changes in the
North Atlantic storm track during the Last Glacial Maximum in the
Sieben Hengste cave systems (Swiss Alps). It is worth noting that
for the last three examples, the link between archives and NAO or
storm track is observed at high elevations in the Alps where
sensitivity of continental archives to NAO could be higher as for
instance suggested for lake sediments in the Western French Alps
(Guyard et al., 2013).

To have a closer look at the precipitation data at our site, we
investigated the relationships between d18Op and the NAO index
both on a two year interval (daily event basis) at the study site and
on a 25 year interval at the CEP station in Basel that has recorded
d18Op since 1986 (on a monthly basis). Results indicate no corre-
lation (R2 ¼ 0.009) at the study site between daily NAO index and
daily d18Op opposite to what was recently observed in NE Spain
(Moreno et al., 2014). This observation seems coherent with regard
to the relative distance of the Atlantic moisture source and to the
multi-source of moisture air masses (Sodemann and Zubler, 2010).
When looking at the correlation between monthly NAO index and
d18Op in Basel for the period 1986e2012, no correlation
(R2 ¼ 0.0002) is observed. For the summer months (JJA), no cor-
relation is observed as expected for both periods with R2 ¼ 0.005
and R2 ¼ 0.016 respectively. The three month seasonal mean shows
a correlation (R2 ¼ 0.35) for winter (DJF) and no correlation for
summer months JJA (R2 ¼ 0.004). Teranes and McKenzie (2001)
showed that isotope data in Bern and NAO index are in good
agreement for the period 1972e1995. We observed indeed a high
correlation between three months NAO index versus winter (DJF)
d18Op in Basel for the period 1986e1995 (R2 ¼ 0.75) in agreement
with Baldini et al. (2008), whereas a lower correlation (R2 ¼ 0.28) is
observed for the period 1995e2012. Further investigations would
be necessary on Milandre speleothem isotope records to see if such
an influence is also detected.

In summary, for NW Switzerland d18Op is mainly controlled by
the temperature at the study site (Schürch et al., 2003; this study).
Correlation maps between d18Op and temperature (Fig. 3c) show a
significant correlation for Western Central Europe and isotopes are
related to temperature both on a short (2 years) and on a long in-
terval (25 years). Together with the temperature effect, a discern-
ible influence of large scale atmospheric effects (NAO) on d18Op is
expected (Teranes and McKenzie, 2001) which will mainly have an
influence on winter moisture source conditions. A good correlation
is observed between the NAO index and the DJF months at the
study site but no correlation is seen on a daily precipitation basis.
Finally, for the precipitation amount, no significant correlation is
observed either at the study site location on a two year time scale or
when comparingwith the 25 year CEP Basel station record (Fig. 3d).

4.7. Local meteoric water lines

4.7.1. Local meteoric water line from d18O and dD
The local meteoric water line (LMWL) has been determined for

NW Switzerland using the relationship between dD and d18O on
daily precipitation samples collected between March 2012 and
March 2014. The least square regression equation corresponds to
dD¼ 7.92 (±0.07)� d18Oþ 7.26 (±0.70) (R2¼ 0.98) which is close to
the Global Meteoric Water Line (GMWL, dD ¼ 8 � d18O þ 10). In
addition, winter (dD ¼ 8.21 � d18O þ 10.62, R2 ¼ 0.98) and summer
(dD¼ 7.62� d18Oþ 4.74, R2 ¼ 0.95) meteoric water lines are shown
in Fig. 8a. Lower d-excess (4.74‰) and a slightly lower slope indi-
cate evaporation probably mainly occurring in the open gauge used
for collection. Fig. 8a summarises all precipitation isotope values
produced in this study, whereas Fig. 8b shows cave and fluid in-
clusion waters along with the LMWL and GMWL. Cave waters are
close to the LMWL and shifted following the LMWL tomore positive
values. Eventually, the LMWL will be used for future paleo-
temperature calculations from speleothem fluid inclusions (e.g.
Kim and ONeil, 1997; Tremaine et al., 2011).

4.7.2. Local meteoric water line from d18O and d17O
The relationship between d17O and d18O inmeteoric waters from

NW Switzerland is presented in Fig. 9 together with the relation-
ship for drip waters and specific monitored site location. The slope
that relates the local liquid water and vapour at equilibrium (LMWL
for oxygen) is 0.527 similar to the GMWL for oxygen defined by Luz
and Barkan (2010) of 0.528. In upstream cave waters slight varia-
tions are observed with a lower slope of 0.518 measured on 40
samples only, but integrated over two years. The cave slope cor-
responds to the values of terrestrial biospheric exchange (respira-
tion) of Luz and Barkan (2005) with a slope of 0.5179 ± 0.0006 and
leaf transpiration slope of Landais et al. (2007).

4.8. Residence time and isotope shift between surface and cave

The transfer time for water infiltrating the soil and epikarst
above the cave and its corresponding exit from the M6 soda straw
inside the cave was assessed. The estimation of water residence
time (t) in the aquifer was based on isotope delay as well as the
amplitude dampening between precipitation and drip water. First
series of measurements performed with Picarro L1102-i and per-
formed after each field sampling at M6 and Fi-2 drip sites yield a
minimal time shift of around 8e10 months and an amplitude of
0.4‰, i.e. 25 times lower than for precipitation (Fig. 10). Note-
worthy is that the re-measurements using a Picarro L2140-i made
one to three years after the water sampling show hardly any sea-
sonality at M6 but still show some at Fi-2 drip site, maybe due to
sample alteration during storage. Without a weighted mean, this
smoothing would be far too high keeping the observed residence
time. Thus, a weighting is required. This is in line with the seasonal
behaviour of drip rates, low during summer and high during winter.



Fig. 8. (a) Local meteoric water line from dD and d18O in precipitation for Mormont
station. Winter (DJF, green dots) and summer (JJA, blue dots) meteoric water line and
associated regression based on two seasons. (b) Zoom that summarises mean isotope
values from this study plotted together with the local meteoric water line and the
global meteoric water line (dashed). Grey dots represent daily precipitation values.
(For interpretation of the references to colour in this figure legend, the reader is
referred to the web version of this article.)

Fig. 9. Local meteoric water line from d17O and d18O in precipitation (black dots) for
Mormont station and for drip waters (large red dots). (For interpretation of the ref-
erences to colour in this figure legend, the reader is referred to the web version of this
article.)

Fig. 10. Relationship between d18O in precipitation at Mormont station and in M6 drip
water. Temperatures at Fahy station are shown in the upper panel. Winter seasons
(DJF) are highlighted in grey.
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During summer, water will preferentially be used by vegetation
or evaporated and only partly be stored in the reservoir, whereas
during the winter precipitation is infiltrating into the aquifer
exhibiting more negative isotope values. Thus, a clear asymmetry
betweenwinter and summer infiltration occurs (Fig. 1) and leads to
more negative values that are in contrast with the measurements
that requires further explanation, given in the next paragraph.
Finally, a mixing of 8e10 months mixing associated with a monthly
weighted drip rate is able to explain the amplitude smoothing and
the temporal shift of the signal in cave drip water. To further
investigate the residence time issue, tritium isotope measurements
on the collected cave water samples could be performed (Kluge
et al., 2010). However, precision may not be sufficient to solve the
issue completely.

After crossing the aquifer, the smoothed d18Odw isotope signal
exiting in the cave is 1‰ (respectively 10‰ for dDdw) more positive
than in precipitation. This enrichment cannot be explained by a
trend in isotope variation in precipitation alone, as precipitation
values are stable in the range of 0.5‰ within the monitoring time
interval. Instead, the enrichment observed in both dDdw and d18Odw

isotopes may be due to recycled condensedwater inside the aquifer
(Luo et al., 2013), but in Milandre cave, evapotranspiration occur-
ring at the surface prior to infiltration is probably sufficient to
explain this enrichment. Evaporation processes at the surface will
tend to evaporate preferentially lighter water molecules meaning
that the heavier ones will infiltrate the aquifer, which leads to
isotope enrichment. Already 10e20% evaporated water accounts
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for the observed isotopic enhancement. This is consistent with a
slope change between precipitation and cave water for oxygen
isotopes (Fig. 9).

Epikarst storage in Milandre karst aquifer (Perrin et al., 2003b)
and infiltration of meteoric waters for the corresponding catch-
ment area (Perrin et al., 2003a) have been carefully described and
can be summarised as follows: soil and epikarst act as an important
groundwater storage of the karst system and/or water circulates
slowly in the unsaturated zone. The transit time is long enough for
the water to reach equilibrium with calcite and water chemistry is
mainly driven by the mixing of water derived from different infil-
tration zones in the epikarst (Williams, 2008). Moreover, Perrin
et al. (2003b) observed stable d18O values of 9.15 ± 0.21‰ be-
tween June 1999 and July 2000 for waters coming from 15 cave
sites. Isotope values showed low variability in time and location, so
he defines d18O as a conservative tracer for precipitation flowing
out of the cave at Saivu spring (Fig.1). In this study, d18O “upstream”

cave waters are on average ~0.3‰ more positive (�8.83 ± 0.27‰).
This enrichment agrees with the trend observed in precipitation
from Basel and Bern CEP stations of 0.02‰/year. Indeed, multi-
plying the trend by 14 years leads to an enrichment of 0.28‰ in
precipitation close to the observations made in Milandre cave.

5. Conclusions

Oxygen (d17O, d18O) and hydrogen (dD) isotope evolution
recorded during a two year monitoring period in precipitation, drip
water and speleothem fluid inclusions for Milandre cave (NW
Switzerland) is presented. Seasonal variations are visible in pre-
cipitation with more enriched values in summer and depleted in
winter. Water isotopes in NW Switzerland precipitation are mainly
controlled by air temperature (73%) on a monthly basis. A low
correlation of 17% is observed with local relative humidity, but no
correlation is observed with the amount of precipitation. Pre-
liminary observations suggest that an influence of large scale at-
mospheric effects such as NAO on d18Op occurs mainly during
winter months.

Isotope values are enriched by around 10‰ for dD and 1‰ for
d18O in drip water compared to weighted precipitation values
which can be explained by evaporative processes at the surface
prior to infiltration in the aquifer. Nevertheless, the isotope signal is
smoothed to a high degree due to mixing in the soil and epikarst
and of residence time of around 8e10 months in the aquifer above
the cave. The climatic signal is shifted towards more positive values
in drip water and hardly shows any seasonality (annual amplitude
of 0.4‰) smoothed by a factor of ~25 compared to precipitation
(annual amplitude of 10‰). Analyses of M6 andM8 stalagmite fluid
inclusions coming from the monitored cave chamber showed that
themean annual dripwater signal is preserved after its enclosure in
speleothem calcite for recent samples allowing speleothem based
paleoclimate reconstruction in Milandre cave. The cave located at
the border between France and Switzerland presents climate con-
ditions representative for Western Central Europe.

After a few adaptations of our measuring line, we successfully
performed the first d17O measurements of fluid inclusion water
together with dD and d18O on a single speleothem sample. This
analytical advance may allow expanding the speleothem based
paleoclimate reconstruction possibilities to the 17Oexcess parameter
as it has already been done for ice cores (Winkler et al., 2012).

In this study, we showed for the first time that the d17O signal is
preserved between precipitation and cave water with the two year
monitoring. The parameter 17Oexcess shows equivalent averaged
values of 18 per meg in both precipitation and drip water, whereas
we have shown that 17Oexcess results measured in fluid inclusions
produce values in the same range as surface precipitation.
Extended instrument calibration, as well as the use of several
replicates, may help obtain more robust values. These results are
promising and retrieving past information about the moisture
source based on speleothem fluid inclusions is potentially achiev-
able but more has to be learned. Analytical precision in d18Ofi and
d17Ofi measurements is the key to detecting precise variations in
17Oexcess.

Investigations of geochemical parameters, the understanding of
processes as well as cave accessibility and speleothem richness and
preservation allow us to define Milandre cave as a good candidate
for paleoclimate reconstructions.
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