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Abstract. Speleothems provide paleoclimate information on when thes3C values are high. Th&'80 values of the cal-
multimillennial to decadal scales in the Holocene. However,cite display seasonal variations due to changes in the cave air
seasonal or even monthly resolved records remain scarcand water temperature. Th&3C values reflect the seasonal
Such records require fast-growing stalagmites and a goodariation of thes'3Cp,c of the drip water, which is affected
understanding of the proxy system on very short timescalesby the intensity of PCP. This same anticorrelation of the
The Proserpine stalagmite from the Han-sur-Less cave (Bels'80 versus thé13C signals is seen in the monthly resolved
gium) displays well-defined/clearly visible darker and lighter speleothem record that covers the period between 1976 and
seasonal layers of 0.5 to 2mm thickness per single layer1985 AD. Dark layers display lowe¥'®0 and highes3C
which allows a measuring resolution at a monthly scale.values. The cave system varies seasonally in response to the
Through a regular cave monitoring, we acquired a good un-activity of the vegetation cover and outside air temperature
derstanding of how'80 ands13C signals in modern calcite between a “summer mode” lasting from June to December
reflect climate variations on the seasonal scale. From Decenand a “winter mode” from December to June. The BWO

ber to June, outside temperatures are cold, inducing low cavand highs13C values of the darker speleothem layers indi-
air and water temperature, and bio-productivity in the soil iscate that they are formed during summer, while light layers
limited, leading to lowepCO, and highes13C values of the  are formed during winter. The darker the color of a layer,
CO, in the cave air. From June to December, the measurethe more compact its calcite structure is, and the more nega-
factors display an opposite behavior. tive its 180 signal and the more positive #$3C signal are.

The absence of epikarst water recharge between May anBarker layers deposited from summer drip water affected by
October increases prior calcite precipitation (PCP) in the va-PCP are suggested to contain lowePCaoncentration. If
dose zone, causing drip water to display increasing pH andndeed the calcite saturation represents the main factor driv-
813C values over the summer months. Water recharge of théng the Proserpine growth rate, the dark layers should grow
epikarst in winter diminishes the effect of PCP and as a resulslower than the white layers.
the pH ands13C of the drip water gradually decrease. The
8180 ands13C signals of fresh calcite precipitated on glass
slabs also vary seasonally and are both reflecting equilibrium
conditions. Lowes#'80 values occur during the summer,
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1 Introduction Riechelmann et al., 2011). Only few of them have provided
answers on the isotope fractionation processes occurring be-
In the past 25 years, speleothem records have provided imiween the drip water and recent precipitated calcite due to
portant information on past climate variations on multimil- the complexity of the system and the variety of the different
lennial to decadal scales (e.g., Genty et al., 2003; McDerspecific environments (Verheyden et al., 2008a; Tremaine et
mott, 2005; Verheyden et al., 2008b; Wang et al., 2008; Vanal., 2011; Riechelmann et al., 2013).
Rampelbergh et al., 2013). With the increasing number of Previous studies of the Han-sur-Lesse karst system show
studies on cave calcite deposition dynamics (e.g., Dreybrodtthat the cave responds seasonally to external climate fac-
1999, 2008; Verheyden et al., 2008a; Lachniet, 2009; Scholzors and that it is well suited for high-resolution speleothem-
et al., 2009; Ruan and Hu, 2010; Oster et al., 2012) and wittbased climate reconstructions (Genty and Quinif, 1996; Ver-
the help of modern analytical tools (Fairchild et al., 2006; heyden et al., 2006, 2008a). In the Han-sur-Lesse cave, the
Spétl and Mattey, 2006; Jochum et al., 2012), progress hakigh growth rate (up to 2.1 mmyt) and clear seasonal
been made to measure resolution at sub-seasonal and evbanding of the “Proserpine” stalagmite make it possible to re-
bi-monthly scales. However, only a few studies, so far, haveconstruct climate variations at the seasonal scale (Verheyden
reached such high temporal resolution for the measured proxet al., 2006). In this study, we report results of a cave environ-
ies (Treble et al., 2003; Mattey et al., 2008) mainly due to ment monitoring carried out once every 2 weeks for 1 year
following two limitations. (2013) that shows how oxygen and carbon isotope signals ob-
The first limitation to study the paleoclimate at the sea-tained from the Proserpine banding reflect climate variations
sonal scale from stalagmites is that their growth rate needst the seasonal scale. The results are then compared to high-
to be significantly high (around 1 mm) to deposit thick  resolutions*0 ands13C signals measured on the 10 thickest
layers allowing monthly resolved time series. Speleothemlayers from the upper 10 cm of the Proserpine, which cover
growth rates vary according to different factors, such as dripthe period from 1976 to 1985 AD. This approach improves
water rate and calcium ion concentration (Baker et al., 1998the knowledge and accuracy for the uses&O ands13C
Dreybrodt, 1999), rendering the estimation of an average ratsignals in speleothems at the seasonal scale.
difficult. Generally, stalagmites increase at 10—100 pmtyr
in cool temperate climates and at 300-500 untyin sub-
tropical climates (Fairchild et al., 2006), clearly showing that 2  Study area and hydrological setting
fast-growing (more than 1 mmyt) speleothems are truly
exceptional. The Han-sur-Lesse cave is located within Givetian lime-
A second limitation is that a good understanding of the stones of the Dinant synclinorium and is the largest and
cave system is needed to understand what the measured proest-developed karst system in Belgium (Delvaux De Fenffe,
ies are reflecting. The interaction between the climate param1985). The Lesse river formed the cave within a hill called
eters, the soil, the host rock and the cave environment needbe “Massif de Boine” entering the karst system at the “Gouf-
to be well understood for the studied cave and time framefre de Belvaux” and exiting approximately 24 h later through
On classical multimillennial and centennial timescales, thethe “Trou de Han” (Fig. 1). The cave has been exploited since
processes influencing the stable isotopes of oxygen and cathe mid-19th century as a touristic attraction and is character-
bon are well established (e.g., Fairchild et al., 2006; Bakerized by large chambers and well-developed speleothem for-
et al., 2007). However, local cave-specific effects affect seamations. The cave monitoring and speleothem sampling for
sonally or even monthly resolveéd®0 ands'3C signals. For  this study is carried out in the “Salle-Du-Déme” chamber.
studies at seasonal scales, a detailed study of the cave dy-his 150 m wide and 60 m high chamber formed by collapse
namics is required (Mattey et al., 2008) in order to under-and is the largest of the whole cave system. The Proserpine
stand which factors drive the isotopic signals, and at whichstalagmite is easily reachable following the tourist path into
intensity. In the last few years, different authors have tried tothe cave for approximately 700 m from the cave’s exit at the
model hows80 ands13C signals are affected by tempera- Trou de Han (Fig. 1). It has a large tabular shape with a rela-
ture, drip rate, amount of CQlegassing or residence time of tively horizontal slightly undulating surface of about 1.5 m
the water film on the surface of the stalagmite (Muhlinghausand is fed by a continuous high drip water flow that drips
et al., 2007, 2009; Dreybrodt and Scholz, 2011; Deininger eion mainly four sites. The epikarst thickness above the cave
al., 2012). Results of these studies have provided importanthamber is estimated to be 40 m (Quinif, 1988). Two pas-
progress in the understanding of the isotope system in caveages connect the Salle-Du-Déme to the neighboring cham-
environments. However, cave-monitoring programs remainbers, and the Lesse river flows at the bottom of the chamber.
of crucial importance to test in real cave environments the hy- The mean annual precipitation at the nearest meteorolog-
potheses derived from the models. Different cave-monitoringical station of Han-sur-Lesse is 844 mnTyr and the mean
studies have been set up all over the world to better unannual air temperature is 103 (Royal Meteorological In-
derstand these seasonal and sub-seasonal processes (Gesttjute Belgium). While the temperature displays a well-
and Deflandre, 1998; Spétl et al., 2005; Mattey et al., 2008;marked seasonality with cool summers and mild winters, the
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Figure 1. The Han-sur-Lesse karst system, with the Han-sur-Lesse cave as the northern cave system and the Pére Noél cave (Verheyden e
al., 2008a) as the southern cave system. The Lesse river enters the cave system at the “Gouffre de Belvaux” and exits 24 h later at the “Trot
de Han". The studied speleothem is located in the “Salle-du-Déme” and grows on a pile of debris. Figure adapted after Quinif (1988).

rainfall is spread all over the entire year. According to thewide and 3cm deep) formed on the stalagmite’s surface,
Kodppen and Geiger classification, the climate above the Hanwhere drip water is continuously falling in. The extremely
sur-Lesse cave is considered as a warm temperate, fully hushort residence time of the water in this small pool guaran-
mid climate with cool summers (Kottek et al., 2006). For the tees that the temperature and pH suffer minimal alteration.
studied period lasting between November 2012 and Januaryhe pH of the drip water was measured with a HANNA
2014, air temperature was at its lowest between December1991300 sensor (precision of 0.01 pH). The concentration
and March and highest between July and September. Thef CO, in the cave air was obtained using an ACCURO
coldest temperature 6£4.2°C was reached on 15 March 640000 manual Drager pump with a standard deviation of 10
2013. Such an unusually cold March is an exception and doet 15 %. Three times per visipCO, values were measured
not represent the average weather conditions for the studiedt the same spot, right above the surface of the speleothem,
region. The plant coverage above the cave consists of C3and reported as an average of the three values. The drip water
type vegetation with oaks, beech and hazel trees. The soilischarge (volumetric flow rate, here given in volume (mL)
is approximately 40 cm tick and consists of silty stony soil of water reaching the speleothem surface per minute) above
with more than 50 % limestone fragments (Belgian Geolog-the Proserpine stalagmite was measured in a graded cylinder
ical Survey map). The area above the cave is part of a proafter collecting the drip water during 10 min in an inflatable
tected natural reserve, preserved from direct human influenceoft plastic swimming pool (1.77 1 which was placed on
for more than 50 years. the stalagmite’s surface to collect the drips from the four drip
sites of the Proserpine. Drip water samplessf§i0 andsD
measurements were collected using a container placed at the
3 Methods surface of the stalagmite, where the drip fell from the stalac-
tite approximately 30 m above the stalagmite. Water samples
Between October 2012 and January 2014, the cave was visvere stored in fully filled glass bottles in a cool and dark
ited every 2 weeks to record environmental parameters. Tenvironment. Rainwater samples #0 andsD measure-
make sure that the measured parameters are closely refleeiients were collected in a garden close to the cave using a
ing the natural conditions and to guarantee a consistent meahermos bottle and sampled every 15 days between Novem-
surement campaign, the cave parameters were always meper 2012 and January 2014. To avoid evaporation processes,
sured around 09:00a.m. before the first visitor enters thehe rainwater was collected using a funnel with a raised edge
cave. To investigate the visitors’ possible influence on theand connected to a tube reaching the bottom of the thermos
measured cave parameters, a test was carried out by mebettle. The funnel was attached to the bottle through a her-
suring these parameters before visitors were allowed into thenetic cap. Glass bottles were fully filled with the collected
cave and after the passage of different groups. Cave air anghinwater and stored in a dark fridge until being analyzed.
water temperature were measured with a HANNA HI955501  The §180 andsD composition of the waters were mea-
thermometer with a precision of €. Air temperature was  sured using a PICARRO L2130-i Cavity Ring-Down Spec-
taken directly above the stalagmite. The drip water temperatrometer at the Vrije Universiteit Brussel (VUB). For every
ture and pH were determined in a small natural pool (6 cm
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sample 1.4mL of water was used for the measurementsCO,. The CQ gas was then extracted from the bottle and
Every sample was injected and analyzed 10 consecutiveneasured for it§13C composition. Samples were duplicated
times. The measured values were then corrected using housand measured immediately after sampling and 1 month later
standards with a strongly different isotopic composition. to test whether degassing processes affect the DIC composi-
The first house standard, called DO1, ha&'30D value of  tion. This sampling and storing method was tested against the
—0.7940.04 %0 and aD value of —26.24+0.2 %0 and was method described by Spétl et al. (2005) and delivers similar
made by collecting the damp of boiling water. The sec-results within the analytical uncertainties. T$€C compo-
ond house standard, called DO2, is Milli-Q water with a sition of the DIC was measured on a Flash EA 1112 device
8180 composition of—7.384+0.04%. and asD value of  connected to a Delta V plus mass spectrometer. The injected
—48.8+ 0.2 %o. The third house standard, called DO3, is wa- CO, is measured against a house standard that consists of
ter from Antarctic glacier ice that was filtered and had%  CO, gas with as13C composition 0f—34.07 %.. The mea-
composition of—14.774+0.04 %, and aD composition of  surement series starts with five house standard injections. Af-
—105.1+ 0.2 %0. The most positive (DO1) and the most neg- ter a series of five samples a new house standard injection
ative (DO3) house standards are used to obtain a two-poins measured to correct the drift. The house standard is cal-
calibration line. The DO2 house standard, with intermedi-ibrated against two international standards, IAEA-CH6 (su-
ate values, serves as a “target” or “control” point. By using crose) and IAEA-CH7 (polyethylene). All measurements are
these three standards, we can correct the measured valuesported in per mill VPDB with an analytical uncertainty of
for a lateral difference as well as for a stretch that can occui0.4 %o ().
in the measurement range. All three working standards were During every visit, three glass slabs were placed on the
made in the lab and calibrated against the international stansurface of the stalagmite to study current calcite deposition
dards VSMOW?2 (Vienna Standard Mean Ocean Water 2)conditions on the surface of the stalagmite. All three slabs
GISP (Greenland Ice Sheet Precipitation) and SLAP2 (Stanwere positioned very near to where the speleothem core was
dard Light Antarctic Precipitation 2). These three interna- drilled and collected during the next visit. Each time, all three
tional standards were used to correct the house standards @vllected slabs were always completely covered with calcite.
the same way the DO1, DO2 and DO3 standards are usedihe freshly precipitated calcite was then scraped off from the
to correct the measurements. The calibration curve was obentire slab. Five aliquots per slab were taken from the col-
tained using VSMOW?2 and SLAP2, and the GISP standardected powder and measured for th#ifO ands3C compo-
was used as target. Every house standard was measured Stion. The reported value per cave visit is the average of the
times on the PICARRO L2130-i. The collected rain and drip results of all 15 aliquots of the three slabs collected during
water samples were analyzed two times in different order.each visit.
The reported values are the average of the two measurementsin January 2011, the Proserpine was sampled by drilling
and reported in per mill VSMOW. Analytical uncertainties a 1 m long core in the middle of the large stalagmite. A
(20) equal 0.07 %o for the measuréd®O values and 0.5%. slab was cut from the middle of the core and polished with
for the measuredD values. Al,0O3 powder. Layer counting established the age model of
The isotopic composition of the cave air g@as mea- the upper 16 mm of the core, knowing that one dark and one
sured from samples collected by filling vacuum 2L glasslight layer are deposited every year (Verheyden et al., 2006).
containers. To avoid “human” contamination, these sampled.ayer counting was carried out on high-resolution scans us-
were taken at the beginning of every cave visit. The@@s ing Adobe Photoshop, by counting on the slab itself and by
extracted from the container using a manual extraction lineusing the Merchantek MicroMill microscope. Samples to test
at the VUB. The extracted GOwas then analyzed for its the evolution of the isotopic composition of the individual
isotopic composition on a Thermo Delta plus XL mass spec-ayers were milled in nine consecutive layer couplets, where
trometer in dual-inlet mode. The standard deviation of thethe dark and white layers were the largest. Samples were
three measurements reports the error on the measit€d  drilled every 40 pm over a length of 4 mm with a Merchantek
value. The 2 values average 0.6 %.. All values are reported MicroMill, giving a temporal resolution of approximately 1
in per mill VPDB (Vienna Pee Dee Belemnite). sample a month. The glass slab and speleothem calcite pow-
Samples for the analyses of th&C composition of the  ders were measured for thé#20 ands'3C composition us-
dissolved inorganic carbon (DIC) in the water were collecteding a Kiel Il device coupled on a Thermo Delta plus XL. All
by filling 12 mL gastight glass tubes all the way to the top to values were corrected using the international calcite powder
avoid air CGQ contamination. A drop of HgGlwas immedi-  standard NBS-19 and reported in per mill VPDB. Analytical
ately added and the bottle hermetically closed and stored imincertainties (@) were< 0.12 %o fors13C and< 0.16 %. for
a dark and cool environment until being analyzed. The days'®0.
before the analysis, a headspace was created in the bottle by
taking out 3 mL of water, while bubbling He through the sep-
tum. Once the headspace was formegl&y was added and
the sample shaken overnight to convert all DIC species into
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4 Results cept for a marked increase in the summer, reaching 1000 ppm
in July and August. Theé3C signature (Fig. 2h) of the
The drip water feeding the Proserpine falls from a smallcave air varies around an average-ef9.5 %o, displaying
drapery-shaped stalactite, indicating that only a small partan anticorrelation to that of theCO, concentrations. The
of the dissolved calcite precipitates from the drip water whens13C of the DIC (Fig. 2i) varies between12.2+ 0.3 %o and
hanging on the ceiling of the cave. The drip falls approxi- —11.0+ 0.3 %o, increases between June and November and
mately 30 m before reaching the surface of the Proserpinedecreases between December and May.
The Proserpine grows under a “flow” or continuous “rain”  Rainwaters80 values (Fig. 3c) average8.18+ 0.07 %o,
that falls on the surface of the stalagmite at four points. Theand thesD values (Fig. 3d)-55.52+ 0.5 %.. Thes80 and
core used in this study was sampled in the center of theSD signals increase by 3 %. and 30 %o, respectively, during
speleothem, where water flows on the stalagmite during thehe summer months, presumably due to temperature effect.
whole year. One larger drop (red arrow in Fig. 3c and d) of 9 %o for the
Figure 2 presents the results of the cave-monitoring cam$80 and of 90 %. for thesD signal occurs at the beginning
paign from November 2012 to January 2014 (15 months)of March.
together with precipitation amounts and air temperatures at The drip waters®0 and sD values (Fig. 3e and f)
the RMI station of Han-sur-Lesse (Fig. 2a and b, respecweakly vary around an average of7.65+0.07 %0 and
tively) for the same period. No difference in the measured—50.1+ 0.5 %o, respectively. These values appear slightly
cave parameters is observed before the start of the visithigher compared to the yearly averat}€O andsD values
and after a large number of visitors entered the chamberof the rainwater. The drip water isotopic records of oxygen
The cave air temperature (Fig. 2c) in the Salle-Du-Démeand hydrogen are well correlated and remain stable through-
varies seasonally over a range of cdC4 with highest val-  out the year with the exception of one small but meaningful
ues reaching up to 14°€ in August and lowest value of negative excursion in July and August of 0.06 %o 6O
10.5°C in February. After the warm month of August, tem- and of 0.5 %o for§D (red arrow in Fig. 3e and f). The range
perature values decrease gradually until December. From Deaf these shifts is on the order of the analytical uncertainties
cember through the end of May, temperatures remain staf0.07 %o fors180 and 0.5 %o fosD), but they are recorded by
ble and vary around an average of°Cl In July, the tem-  at least four consecutive measurements, suggesting that they
perature increases quickly to reach the warmest values imare significant.
AugustDrip water temperatures (Fig. 2d) follow a similar ~ The §180 signal of the calcite recovered from glass slabs
trend as the cave air temperature (Fig. 2c) but are on averagalaced on top of the stalagmite (Fig. 2l) remains stable at
0.5°C colder. —6.5+0.16 %0 most of the year but decreases to more neg-
The drip flow of the Proserpine was always measured forative values of-7.14 0.16 %o during summer (JJA) (red ar-
the whole stalagmite, thus including the four drip sites, torow in Fig. 2I). The slabs’ calcité13C signal (Fig. 2m) re-
have an idea of how much water is dripping on the wholemains relatively constant at10+ 0.12 %o except for a bulge
surface of the speleothem. The water flow above the Prosefrom August through January, with maxims#C values of
pine stalagmite (Fig. 2e) averages 161 mLmdinlt sharply ~ —9.04 0.12 %o at the end of October (blue arrow in Fig. 2m).
increases during early winter (December) to an average valu&he two isotopic signatures are decoupled, suggesting that
above 200 mL minlto remain high throughout winter and different forcing factors affect these signals.
spring until early summer (June), when it decreases again to The individual layers of the Proserpine stalagmite also dis-
around 100 mL min. With a discharge of % 10 3Ls™1 play an anticorrelation pattern between the oxygen and car-
and a coefficient of variation of approximately 2, the drip bon isotopic signals. Th#80 composition oscillates around
site can be characterized as a “percolation stream” accordan average-6.5+ 0.16 %o over a range of 0.9 %o. TH&3C
ing to the classification of Smart and Friederich (1987).varies around an average8.4+ 0.12 %o and over a range of
In early June, discharge record shows a short maximum t@®.4 %.. Both oxygen and carbon isotopic signals measured in
280 mL mir 1, which is most probably related to the heavy- the stalagmite correspond to the values measured on the glass
rainfall period at the end of May 2013 (Fig. 2a). Superim- slabs. At the end of a dark layer (dotted lines in Figs¥0
posed on this seasonal cycle, very short events of increasedhlues reach their minimum while ti&3C values reach their
drip flow are observed within 24 h following a heavy-rainfall maximum, illustrating the anticorrelation pattern between the
event. 8180 ands'3C values at seasonal level.
The drip water pH (Fig. 2f) varies between 8.4 and 7.9,
decreasing in spring (sharply in May) and gradually increas-
ing back at the end of summer and throughout autumn (from
September through January). The heavy-rainfall period at the
end of May 2013 (Fig. 2a) seems to correspond with a pH
decrease below 8.0. TheCO;, values (Fig. 2g) remain rela-
tively stable around 500 ppm throughout much of the year ex-
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VSMOW. 813Ccave AR coz (), 813Cpic (i), ands13C ands180 _resp_ond with a decrease_ in te_mp_eratt_Jre or with an increase
of freshly deposited calcite on the glass sl@endm) are reported N rainfall amount. A modification in rainwater source could
in per mill VPDB. be a plausible explanation but is not supported by changes
in wind direction during that month based on RMI data. On
the other hand, in March 2013 an unusually late snow layer
covered the area for several weeks (RMI data). The observed
decrease 3180 is then most probably related to the collec-
tion of isotopically light snow in the sampling bottle.
The averagei®0 andsD compositions of the drip wa-
ter are slightly higher compared to the avera$# andsD
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compositions of the rainwater. This slight increas&walues  longer time spans. A similar situation may be present in the
is possibly due to evaporation of precipitated meteoric waterepikarst above the Proserpine. However, a more detailed un-
from the surface before percolating into the epikarst, leadingderstanding of the epikarst system with additional tracer tests
to slightly increased®0 andsD values in the vadose wa- is needed. So far, the hydrological system above the Proser-
ter and in the drip water. Effective precipitation calculations pine is interpreted as a piston flow system with the first wa-
using the Thornthwaite (1948) equation on the Han-sur-Lesgers coming through after half a year.
RMI data set for the years of 2011 and 2012 indicate that
January is the only month where no evapotranspiration af6.2 Seasonal variations of the cave atmosphere and
fects the isotopic composition of the water (Bonniver, 2011). drip flow
Higher evaporation of a part of the precipitating water dur-
ing the summer half year is most probably responsible forA large number of visitors enter the cave and the Salle-du-
the slightly more positivé80 andsD values in the dripwa- D6éme chamber every day. Such a large number of visitors
ter compared to the average rainwat¥tO andsD values. can induce an artificial increase in temperatw€0; levels
The 8180 and 5D compositions of the drip water dis- or a decrease in humidity (Baker and Genty, 1998). The stud-
play almost no variations throughout the year, indicating thatied Salle-du-Déme chamber has a height of 60 m and a width
the water residence time is sufficiently long to homogenizeof 150 m, for a total volume of 124 000%nand a river flow-
its isotopic composition (Fig. 2j). No detailed hydrologi- ing at the bottom of the chamber causing good air mixing.
cal study of the Han-sur-Lesse cave system was carried oubue to the large size and the good ventilation of the cham-
during this study. However, the water residence time in theber, the effect of the visitors on the measured parameters is
epikarst is supposed to be on the order of months to yearexpected to be negligible. This was confirmed by a series of
In general, depending on the epikarst thickness and epikargests where similar cave parameter values were measured be-
flow systems, the transfer time of the drip water from the fore and after groups visited the chamber. For the Salle-du-
surface, via the soil and epikarst, to the cave can vary frorDéme chamber, we consider the measured values to reflect
months to several decades. The epikarst thickness above thibe natural conditions of the cave atmosphere. No cave en-
Han-sut-Lesse cave (40 m) is similar to that observed in shaltrances connected to the studied Salle-du-Déme have been
low caves such as Ernesto Cave in Italy or Bunker Cave inartificially enlarged.
Germany with epikarst thicknesses between 15 and 30 m. Based on our observations, the temperatures of cave air,
Drip water residence times in such caves are suggested tdrip water and outside air all follow the same seasonal cycle.
vary from months to years (Kluge et al., 2010; Miorandi et However, the air temperature, which varies betweeth
al., 2010). Considering similar flow patterns, the Han-sur-summer and 0C in winter outside the cave, only varies be-
Lesse residence time of the water in the epikarst may also baveen 14C and 12°C inside the cave, respectively. Apart
on the order of months to years such as Ernesto and Bunkdrom the influence of the external temperature, the temper-
caves rather than on the order of decades such as observedature regulation of the Salle-du-Déme chamber is probably
deep caves such as Monte Corchid (87 m) (Piccini etal., also influenced by the Lesse river flowing at the bottom of the
2008). chamber. Due to the water flow, a good mixing of the cave air
The Proserpine drip watét20 displays a small negative is induced, causing the outside air to enter the cave chamber
excursion of 0.1 %o in July and August (Fig. 3e). This small more easily. In addition, the water of the river transports en-
drop in the drip water composition is most probably relatedergy from the outside (gained before it entered the cave) to
to the strong decrease in isotopic composition of the rainwathe inner cave. This heat can then be released in the cave with
ter in March due to a single brief last snowfall. However, more impact in the warm summer months than in the winter
the intense mixing of the percolating vadose water in themonths. Since no temperature record of the river is available,
epikarst reduces th#80 shift of about 8 %o in the meteoric  the effect of the Lesse river on the cave air temperature can-
to a hardly detectable one of about 0.1 %0 in the drip water.not be quantified.
The presence of thi§'80 minimum suggests that possibly ~ Compared to other Belgian caves where values up to
a small part of the infiltrating water reaches the cave within15000 ppmv are measured for cave air LQerheyden,
5 to 6 months, albeit strongly mixed with the larger epikarst 2001; Ek and Godissart, 2014), the £€bntent in the Salle-
reservoir. A similar functioning was suggested in the Peredu-Déme chamber, which hardly ever reaches 1000 ppmy, in-
Noél cave, which also forms part of the Han-sur-Lesse karstlicates that exchanges between cave air and external air must
system (Verheyden et al., 2008a). Uranine-tracing tests of thée relatively important. The Lesse river and the connections
Pére Noél epikarst showed first tracer occurrence 200 h afteof the Salle-du-Déme with neighboring chambers are most
injection, with long restitution time of the curve going up probably influencing the cave ventilation. In the Salle-du-
to >600 h containing superimposed smaller uranine concenbéme, CQ values fall close to outside airCO,, and values
tration peaks (Bonniver, 2011). They described the epikarsbf 400 to 600 ppmv are measured during much of the year
as a large reservoir where a part of the infiltrating water(Fig. 2g). Only during summer, highgrCO, values up to
has a fast flow to the cave while another part is stored forl000 ppmv are measured in the chamber, which corresponds
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to the often observed summer increase in cavep&iO, decrease in drip rate occurs from June to November, while
(Baker and Genty, 1998; Spétl et al., 2005; Riechelmann edrip rate clearly increases from December to May (Fig. 2e).
al., 2011). In general, even higher amplitude variations are
observed in most seasonal dynamically ventilated caves, such.3 Seasonal variations in the pH and*3C of the
as St Michael's cave in Gibraltar with values varying between drip water
500 and 6000 ppmv (Mattey et al., 2008), Obir Cave in Aus-
tria with values varying between 400 and 1500 ppmv (SpétiThe drip water pH and*3Cp,c display similar seasonal vari-
et al., 2005) Crag Cave (Ireland) with values between 1100ations with an increase during summer and a decrease during
and 8000 ppmv (Baldini et al., 2008). In the Han-sur-Lessewinter. Synchronous seasonal variations in pH &RCpic
cave, lowerpCO, values with smaller variation ranges are driven by cave aipCO, variations are commonly observed
observed, similar to what is observed in year-round well-in caves (Spotl et al., 2005; Mattey et al., 2008). The de-
ventilated caves such as Bunker Cave (Riechelmann et algree of CQ degassing can influence the pH afdCp,c of
2011). This confirms the former suggestion that the Han-surthe drip water; removal of COfrom the water during de-
Lesse cave air is most probably well mixed year-round duegassing increases its pH, and removal of li§tE isotopes
to good ventilation, due to the three known entrances and thérom the drip water during degassing increasesCpc.
Lesse river, which continuously flows through it. The dif- The degree of C®degassing of the drip water is mainly
ference between seasonally ventilated caves and year-rourtdtiven by thepCO, difference between the cave air (with
ventilated caves is also visible in th&*C composition of the  low pCQ,) and the drip water (with high pGQ (Miihling-
cave air (Riechelmann et al., 2011). THEC composition of  haus et al., 2009; Dreybrodt and Scholz, 2011; Deininger et
the cave air in seasonally dynamically ventilated caves variesl., 2012). This process is most pronounced in caves with
over a larger range around 10 %o (Sp6tl et al., 2005; Matteya large seasonal variation in cave @i€O, such as in the
et al., 2008) compared to year-round ventilated caves, sucBeasonally ventilated St Michael's Cave in Gibraltar (Mat-
as Bunker Cave, where a variation range of only 3 %o is ob-tey et al., 2008) or Obir Cave in Austria (Spétl et al., 2005).
served (Riechelmann et al., 2011). The Han-sur-Lesse cav&he monitoring data indicate that the similar seasonal varia-
displays a13C variation of 4 %o, corresponding with a level tions of the drip water pH ané-3Cp,c are not a response to
that is expected for a year-round well-ventilated cave. Al-the seasonal variations of cave altO,. The Han-sur-Lesse
though the cave is well ventilated, a more negast?E sig- cave is a year-round well-ventilated cave with a much smaller
nature of the C@ air down to—21.9 %o is measured in the pCO, seasonal variation range, roughly between 400 and
Salle-du-D6me in spring and summer (Fig. 2h), suggestingl000 ppmv (Fig. 2g). If present in the Han-sur-Lesse cave,
enhanced input of C3-plant-derived soil €ito the cave the effect of degree of Cdegassing on the drip water pH
atmosphere. ands13Cp,c is expected to be rather small. More important
Seasonal variations are also seen in the flow rates abovis that, if the degree of C£degassing is driving the pH and
the stalagmite, with less water dripping on the stalagmites13Cp,c variations at the Proserpine drip site, they must an-
during spring and summer (Fig. 2e). Drip rate monitoring ticorrelate with the pH and3Cp,c of the drip water. Such
in the Pére Noél cave, which is part of the Han-sur-Lesseanticorrelation is not visible in the results (Fig. 2f, g and i);
cave system, also demonstrated seasonal drip rate variationthe pCO, peaks in summer, while the pH ad&#Cp,c dis-
with higher discharge amounts in winter compared to sum-play a more gradual decrease. Furthermore, modeling results
mer (Genty and Deflandre, 1998). This seasonal variatiorhave shown that the effect of degree of xd&@gassing on the
in discharge above the Han-sur-Lesse cave is mostly relates3C and pH of the drip water is negligible for fast drip sites
to seasonal variations in evapotranspiration. This lowers thesuch as the Proserpine (Mihlinghaus et al., 2009; Dreybrodt
guantity of water feeding the epikarst during summer, reduc-and Scholz, 2011; Deininger et al., 2012). The effect of de-
ing the amount of water that can reach the cave. In wintergassing due to seasonaCO, variations in the cave air is
the situation reverses: the activity of the vegetation cover di-thus most probably not driving the variations observed in the
minishes and air temperatures lowers, reducing evapotrarpH and thes13Cp,c of the drip water.
spiration, all of which allows more water to enter the soil  Another factor that can seasonally increase both the pH
and the epikarst. The pressure on the piston flow system iands3Cp,c of the drip water (and of the deposited calcite)
raised and more water is pushed into the cave, increasing this prior calcite precipitation (PCP). PCP is a common pro-
discharge above the stalagmite. Effective precipitation calcucess occurring in karst aquifers (e.g., Fairchild et al., 2000,
lation of the Han-sur-Lesse karst aquifer indicates that from2006; Verheyden et al., 2008a; Riechelmann et al., 2011).
June to September the net evaporation or evapotranspiratioWhen downward-percolating water encounters a zone with
is larger than the amounts of precipitation. The karst aquifedower pCO,, degassing occurs and calcite can precipitate.
is thus only recharged during winter and spring: from Oc- This process is enhanced during drier periods and lower dis-
tober to May (Bonniver, 2011). This seasonal recharge ischarge as aerated zones increase in the epikarst and residence
clearly visible in the evolution of the drip rate. A gradual time of the water becomes longer (Fairchild et al., 2000).
The CQ degassing in the epikarts causes bothst© and
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813C signals in the remaining water to increase. However, ifter. During the summer mode, cave air and drip water tem-
the transition time of the solution until reaching the cave is peratures increase, theCO, increases and th#3C values
longer than several days, the oxygen isotope equilibrium ofof the cave air C@ decrease. The plant coverage above the
the CQ—H,O-CaCQ system in the water is re-established cave reactivates, leading to lower water recharge, which en-
again (Dreybrodt and Scholz, 2011). The net effect is thus arhances the PCP effect, leading to increased pHS&P@pc
increase irs13C and pH of the drip water, while no variation values in the drip water.
is visible in thes180 of the drip water. Furthermore, effective
precipitation data show that no water recharges the Han-sur5.4  The$180 of the precipitated calcite reflects
Lesse epikarst between June and the end of September (Bon-  temperature variations
niver, 2011). This lower epikarst recharge is also visible in
a decrease of drip flow between June and October (Fig. 2e)The §180 of calcite deposited on the glass slabs varies sea-
The decreased recharge of the epikarst is suggested to irsonally with more negative values during summer (Fig. 2I).
crease the aerated zone in the epikarst and thus enhance P@Rhe calcite is deposited in isotopic equilibrium with its drip
gradually from June throughout September. The increase ofvater, these variations can be caused by changes itae
recharge in winter decreases the effect of PCP, and the dripf the drip water and/or by changes in temperature that af-
water pH ands13C display a gradual decreasing trend. PCPfect the fractionation factor between the drip water and the
is thus strongly suggested to cause the seasonal variations precipitating calcite (Dreybrodt and Scholz, 2011). If not de-
pH ands13C of the Proserpine drip water. posited in equilibrium, the season#BO variations on the
The occurrence of PCP can be indicated by an increasedlass slabs would be due to disequilibrium effects that re-
drip waters13C composition compared to the soil waséfC  quire further investigation.
and/or by a negative relationship between the Mg/Ca ratio A first step in understanding tt%é80 system of the Salle-
or Sr/Ca of the drip water and the €aconcentration and du-Déme demands determining whether the calcite is de-
drip rate (Fairchild and Treble, 2009). However, no data onposited in equilibrium or not. In speleothems, this is tra-
the evolution of the Ca, Mg or Sr concentration in the Pros-ditionally done by applying the Hendy test (Hendy, 1971),
erpine drip water or thé13C composition of the soil water which compares thé'®0 ands!3C values in the center of
are available, making it difficult to estimate the importance of the stalagmite with those on the sides within a single growth
the process. Another argument in support of the PCP effect itayer. However, since we work on a drill core taken “in the
the formation of a stalactite above the stalagmite. Howevermiddle” of a 1-2 m wide speleothem, the Hendy test cannot
during this formation of PCP, and due to the high drip rate be applied. As an alternative, we calculated equilibrium con-
of the Proserpine, the transition time is not long enough toditions of the deposited calcite using the calcite—water frac-
re-establish the increasé#0O signal in the water and both tionation factor. Different authors have proposed fractiona-
the §13C and thes'80 values of the drip water are increased tion factors based on three different approaches, summarized
(Dreybrodt and Scholz, 2011). Since #H80 ands13C sig-  in Table 1.
nals of the Proserpine drip water evolve differently, stalac- The first approach, using laboratory experiments, has been
tite growth can increase both signals but cannot be respontested in different studies, each giving another value for a
sible for the seasonal variations. Furthermore, the draperyvater—calcite fractionation factor. The most-used laboratory-
above the Proserpine is estimated to be about 0.5 to 1 m longstablished fractionation factors remain the ones by O’Neil
and is thus rather small compared to the 2 to 3 m height ofet al. (1969) later modified by Friedman and O’Neil (1977),
the Proserpine stalagmite, which displays very high growththe relationship of Kim and O’'Neil (1997) later modified by
rates up to 2mmyr! (Verheyden et al., 2006). It is thus not Kim et al. (2007), and the results of Tarutani et al. (1969)
certain whether the stalactite is actively growing in presentand of Jimenez-Lopez et al. (2001) (Table 1). A second ap-
times. Also, due to the continuous water flow, calcite will proach to determine fractionation factors is established by us-
most probably not have the time to precipitate stalactite caling theoretical models such as the ones from Horita and Clay-
cite before falling on the stalagmite. Dating and analysis ofton (2007) and from Chacko and Deines (2008). A third ap-
the stalactite above the Proserpine would provide the missingroach consists of using cave-monitoring data to make an av-
information. However, its location 30 m above the Proserpineerage of the in-cave-observed fractionation factors (Demeny
makes it difficult to be sampled. et al., 2010; Tremaine et al., 2011). Tremaine et al. (2011)
In summary, the cave system is subdivided into a “win- established such a “cave calcite” relationship by doing a best
ter mode” lasting from December to June and a “summerfit through the data on a large number of modern caves at
mode” from June to December (Fig. 2). During the winter different latitudes, altitudes and temperatures.
mode, cave air and drip water temperature aD, are low Applying the different fractionation factors to our data
ands13C values of the cave air GQare high. The plant cov-  shows that the measurétPO signals of the glass-slab calcite
erage above the cave inactively facilitates water recharge oforrespond within 1 %o with the calculated values, suggest-
the epikarst reservoir, leading to a decrease of PCP, whicling that it is deposited close to equilibrium with the drip wa-
gradually decreases the pH and #éCp,c of the drip wa-  ter (Table 2). However, variations occur between the results
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Table 1. A selection of the most commonly used water—calcite oxygen fractionation factors. Laboratory and theoretical approaches differ
from the relationships found in cave settings.

Author Method 1000 Ina dor/dT (%0°C~1)

O'Neil et al. (1969) modified Laboratory BAPT2)—2.89 —0.24

by Friedman and O’Neil (1977)

Kim and O'Neil (1997) modified Laboratory 1B3(10°PT—2) — 3117 —0.22

by Kim et al. (2007)

Chacko and Deines (2008) constructed = Theoretical calculation 5733310°T7~2) —0.869 -0.22

relation by Tremaine et al. (2011)

Horita and Clayton (2007) Calculations compared with .9521(10°7 ~2) + 11.59(1037 1) — 21.56 -0.23
experimental results

Tremaine et al. (2011) Linear best fit through largeg16.014 0.65) x (1037 1) — (2464 2.2) —-0.18
number of cave studies

Demeny et al. (2010) Cave-monitoring results 17500~1 - 29.89 -0.22

Hungarian cave

derived from different methods. Among the laboratory- sured net difference of th#20 values of the glass-slab cal-
established relationships, that of O’Neil et al. (1969) mod-cite (i.e.,s180 range of the glass-slab calcite minus 4480
ified by Friedmann and O’Neil (1977) best corresponds torange of the drip water) of 0.58 %0 would result from a 223
our observations with on average 0.25 %o difference with thevariation in the drip water temperature. This temperature cor-
values measured on the glass slabs. This is also confirmed iresponds well with the 2—2°% temperature range measured
other studies where this experimental fractionation factor isin the drip waters. This correspondence constitutes a strong
considered to give the best approximation for in-cave obserconfirmation of both the isotopic equilibrium and the temper-
vations (McDermott et al., 2005; Riechelmann et al., 2013).ature dependence of the calat€O.
The theoretical values (Horita and Clayton, 2007; Chacko To summarize, thé180 composition of the glass-slab cal-
and Deines, 2008) suggest a more negat{i® composition  cite (Fig. 2I) is deposited very close to equilibrium with its
for the deposited calcites. This is also the case for other studdrip water. Seasonal variations 80 composition of the
ies where theoretical results seem to overestimate the fraczalcite on the glass slabs are caused by the very similar sea-
tionation factor (Demeny et al., 2010; Tremaine et al., 2011).sonal temperature variation of the cave air and the drip water
For our results the best agreement is found by applying th€Fig. 2c and d). A temperature increase 6ClLcorresponds
Tremaine et al. (2011) fractionation factor, which is not sur- with a decrease of 0.20 %o in isotopic composition of the de-
prising since the latter is based on experimental studies omosited calcite. The warmer the cave air, the more negative
calcite formed in caves. However, the good match betweerthe 180 composition of the formed calcite. No disequilib-
the measured values and those calculated from the Tremaimgum processes are active, as they would shift the isotopic
et al. (2011) relationship does not constitute a proof of equi-composition to heavier values with increasing temperature.
librium condition. The fractionation factor from Tremaine et
al. (2011) is derived from the natural system, and itis ques5.5 The calcites3C reflects equilibrium conditions
tionable whether real equilibrium does exist in nature. and is driven by PCP

The small difference between the measured data and the

O:Neil etal. (1969) relationship modified by Friedmann and 1¢ ¢arhon isotopic composition of calcite deposited in equi-
O’Neil (1977) indicates that the deposition of calcite 0Ccurs iy ium with its drip water depends on (i) th&3C of the DIC
near oxygen isotopic equilibrium in the Salle-du-Dome. Seasjp, e grip water and (ji) the temperature-dependent fraction-
sonal variations 0§~*O observed in calcite are likely caused o factor between the DIC and the deposited calcite for
by variations in the drip wate¥80 composition and/or in the a pH range around 7. The averagféC values of the DIC
temperature-dependent fractionation factor (Fairchild et al"in the Han-sur-Lesse drip water (Fig. 2i) display a season-
2006). However, within analytical uncertainty, $7%€0 com- ality between—12.2 %, at the end of winter and11 %o at

position of the drip water remains constant throughout thethe end of summer. ThE3C of the deposited glass-slab cal-
year. Consequently, variations in the fractionation factor duecite are on average 1% heavier than #&C of the drip

sonal pattern seen in t1#€°0 composition of the glass slab. =0.0017). The fractionation factor between the DIC and

If the most commonly accepted temperature dependence qf,o genosited calcite as determined by Emrich et al. (1970)

the water—calcite fractionation factor for the oxygen isotopes, . 4 plinski and Rozanki (1990) are estimated to correspond
of 0.247 %0 1°C~1 (O'Neil et al.,

1969) is used, our mea- ot with the natural speleothem depositional conditions, and
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Table 2. Calculateds80 values for calcite deposited in equilibrium with its drip water for different authors. Values were calculated using
the average drip water composition-e7.65 %o for the lowest, highest and average measured temperatures at the Salle-du-Déme. The second
part of the table shows the difference between the calcubd®@ values and thé180 values measured on the glass slabs. Best results are
given by the “in-cave” relationship of Tremaine et al. (2011).

8180pripwater= —7.65 %o Predicted180 Difference with glass-slab values
Tmin Tmid Tmax 8180min  8180mig §180max
Author 10.5°C 12°C 14.5°C —6.25 —6.55 —6.98
O’Neil et al. (1969) —6.44 —6.80 —7.39 0.19 0.25 0.41
modified by Friedmann and O’'Neil (1977)
Kim and O’Neil (1997) —-5.71 —6.04 —6.59 —-0.54 —0.51 -0.39
modified by Kim et al. (2007)
Horita and Clayton (2007) —6.96 —7.30 —7.85 0.71 0.75 0.87
Chacko and Deines (2008) —6.98 -7.32 —7.86 0.73 0.77 0.88
Demeny et al. (2010) —6.30 —6.62 -7.15 0.05 0.07 0.17
Tremaine et al. (2011) —6.26+£0.09 —-6.55+0.08 —7.04+0.06 | 0.01+£0.09 0+0.08 006+0.06

both suggest values around 1 %o for temperatures betweenseason. In our studied core, 10 additional layer couptets (
5 and 20°C. The 1 %o enrichment of th&'3C calcite on the  dark+ white layer) can be counted, compared to the Proser-
glass slabs compared to the drip watEiC indicates that the  pine core of Verheyden et al. (2006) drilled in 2001. The 10
813C is deposited in equilibrium with the drip water. additional layer couplets, counted over a period of 10 years,
Our hypothesis that the deposition of the calcite occurs inconfirm that one layer couplet is deposited every year. Layer
isotopic equilibrium is also confirmed by the different evolu- couplets establish the age model of the laminated part of the
tion of thes180 (Fig. 2I) and theé13C (Fig. 2m) values of the  stalagmite. Twenty-six layer couplets are counted from the
glass-slab calcite, which indicates that both proxies evolvetop of the stalagmite to the start of the isotope sampling, in-
independently under the influence of different factors. Em-dicating that the youngest analyzed layer formed in 1985 AD.
rich et al. (1970) and Dulinski and Rozanki (1990) both sug- The isotopic measurements were conducted on nine consec-
gest a small temperature dependence of the fractionation faaitive layer couplets and consequently run from 1985 to 1976
tor of about 0.07 %./C. The~ 2.5°C seasonal temperature AD (Fig. 5).
variation in the Salle-Du-Déme causes a change of hardly A first conclusion from the isotopic analyses of the indi-
0.17 %o in the calcite composition. The seasonal temperatureidual layers is that thé13C and 580 signals display an
variations are thus too small to significantly influence the car-opposite behavior within one layer (Fig. 4). When t1éC
bon fractionation factor and thus the isotopic composition ofsignal reaches its maximum value at the end of a dark layer,
the deposited calcite. Furthermore typical disequilibrium ef-the 180 value arrives at its minimum value. This anticorre-
fects such as increased drip interval and stronge®, de- lation is also seen in the cave-monitoring results wiiéte
gassing of the drip water due to longer residence times havealues increase through summer while #180 values are
been shown not to affect th#3C of calcite deposited un- low. This indicates that dark layers are most probably de-
der fast-flow sites (Dreybrodt and Scholz, 2011; Deininger etposited in summer, while light layers are formed in winter.
al., 2012). Theé*3C composition of the deposited Proserpine Furthermore, a link between the variation range of&he
calcite is thus considered deposited in equilibrium with theand §*80 signals and the color intensity of a layer (darker
drip water. The seasonal variations in caléitéC are caused ~ dark layers or lighter white layers) may be possible. The lay-
by seasonal variations in the drip watfC, which relates  ers around 1977 AD display a stronger visual color contrast

probably to the intensity of PCP. between dark and white layers compared to the layers around
1985 AD (Fig. 4). In parallel, a larger difference in the iso-
5.6 Variations in the §180 and §13C of the stalagmite topic composition of two consecutive layers is observed for
reflect seasonal variations that year. More compact and darker layers have more neg-

ative §180 and more positivé3C values while whiter and

The Proserpine stalagmite displays clear lamination formedﬁorelgorous layers have more negad¥éC and more posi-

by alternating dark, compact layers and white, more poroustIVe 6 O values. . . .

layers (Verheyden et al., 2006). The seasonal character of the The difference in calcite between W,h'te and dark may pos-
layering in the Proserpine stalagmite, with one dark and ones!bly be related to seasonal changes in growth rate of the cal-
white layer deposited every year, was already demonstrateg

ite. The mean annual growth rate of speleothems primarily
by Verheyden et al. (2006). However, these authors were no epends on the drip water calcium ion concentration (Genty

able to determine the correspondence between layer type arfd al., 2001). In addition, there is a correlation between the
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Figure 5. Detail of the upper 16 mm of the Proserpine core drilled in
2011. Ten additional dark layers are counted compared to the core
of Verheyden et al. (2006), confirming the seasonal character of the
layering. Ages are based on layer counting, with one dark and one
white layer deposited every year. The frame indicates the location
Figure 4. The §180 ands13C signals, reported in per mill VPDB,  of the monthly resolved'80 ands13C measurements.

from the Proserpine stalagmite anticorrelate at monthly scale. Note

that, in the scanned figure of the Proserpine slab, dark and com-

pact layers become whiter due to the translucent light of the scarenhanced PCP causes a decreased in the calcite growth rate
while the white and porous layers become dark. At the end of ain the speleothem. Darker and more compact calcite is sug-
dark compact layer (dotted line), 3480 values reach their min-  gested to reflect slower growth rate conditions. Further in-
imum values, while thé!3C values reach their maximum. Dark vestigation in the seasonal cycle of the carbonate-dissolved

layers are formed during summer, when cave temperatures are higid, concentration of the Proserpine drip water is necessary
(leading the lows180) and PCP increases (leading to hiffC). to confirm this hypothesis

The clearer the lamination, the larger the amplitude of the variations
in the isotopic composition.

af

1981
19805t . 5. .

1985 T
1984 1+

&S =

6 Conclusions

measured growth rate and the temperature due to the intehrough a biweekly cave monitoring and a high-resolution
relationship between calcium ion concentration, $60, stable isotopic record of a recent finely laminated part of
and surface temperature. However, the latter link is not al-2 growing speleothem, the seasonal variation of the cave
ways true since PCP and/or lack of soil cover can decreas@nvironment and how these parameters are recorded in the
the calcium ion concentration of the water and still repre-Speleothem proxies are documented.

sent high temperatures (Genty et al., 2001). Discharge also 1. The temperature effect clearly influences 880 and
affects growth rate but is more pronounced for slowly drip- 3D composition of the rainwater with increasing values
ping sites. For faster-drip sites, such as the Proserpine, cal- during the summer months. T&80 andsD compo-
cite saturation index is the main factor driving the growth sition of the drip water remains constant, indicating a
rate changes (Genty et al,, 2001). Unfortunately, no data long residence time of the water in the epikarst and a
on the seasonal evolution of the calcite saturation index at | |_mixed aquifer. A residence time of more than one
the Proserpine grow site are available. However, seasonal year is assumed with the first waters percolating into
variations in the drip wate8'3C values of the Proserpine the cave 5 to 6 months after entering the soil. Such long
have shown that PCP affects its geochemistry in summer. oo residence time in the epikarst combined with a re-
PCP lowers the calcite saturation index (Genty et al., 2001; action time of 24 h to a heavy-rainfall event indicates a
Riechelmann et al., 2013). The increase of the PCP effect in piston flow hydrology in the epikarst.

summer strongly suggests that the Proserpine summer water
contains less dissolved &a which may be responsible for 2.
a decreased growth rate in summer.

The records of the different measured factors in and
outside the cave suggest that the physico-chemical be-

The observations gained from combined monitoring ob-
servation and stable isotopic analyses answer the remain-
ing question in Verheyden et al. (2006). Darker layers re-
flect summer cave conditions, and white layers reflect win-
ter cave conditions. In addition, in the summer, the proba-
bly lower calcite saturation index of the drip water due to

Clim. Past, 10, 18714885 2014

havior of the Han-sur-Lesse cave closely responds to
the seasonally varying external climate. The cave inte-
rior climatology varies between a summer mode lasting
from June to December and a winter mode from De-
cember to June. During the summer mode, the cave air
and drip water temperatures are higher, the drip flow
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