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Abstract. The interpretation of stable isotope ratios in

speleothem calcite is complex, and only in a few cases, un-

equivocal relationships with palaeoclimate parameters have

been attained. A major issue is temperature, which has an

effect on both the isotope incorporation into calcite and on

environmental processes. Here, a field approach is taken, by

studying the isotopic composition of calcites from monitored

caves located in steep altitudinal topography in the northern

Italian Alps. These create a thermal gradient (3–12 ◦C) apt

to study the effects of temperature on the speleothem iso-

tope record. Our data indicate that the magnitude of oxy-

gen isotope disequilibrium effects, calculated as an offset

from the experimentally determined equilibrium, decreases

with increased elevation (cooler temperatures) and faster drip

rate. Carbon isotope values exhibit 13C enrichment at high

altitudes (colder temperatures) and slow drip rates. The re-

sults obtained support modelling and laboratory cave ana-

logue experiments that indicate temperature, drip rate, pCO2

and supersaturation are important factors controlling stable

isotope fractionation, but also stress the significance of ven-

tilation and evaporation in the cave environment. It is pro-

posed that the effects on stable isotope ratios observed along

the altitudinal gradient can be analogues for glacial to in-

terglacial temperature changes in regions which were exten-

sively glaciated in the past.

1 Introduction

Hydrology and temperature changes at glacial to interglacial

transitions are well captured in continental settings by the

oxygen and carbon isotope ratios of speleothem calcite

(e.g. Wang et al., 2001; Bar-Matthews et al., 2003; Cruz et al.,

2005; Cheng et al., 2009; Drysdale et al., 2009). Speleothem

stable isotope (oxygen and carbon) records are often vali-

dated through monitoring of drip rate, dripwater composi-

tion, cave air CO2 concentration, morphology and geochem-

istry of calcite precipitates carried out in the cave where spec-

imens used for palaeoclimate studies are sampled (e.g. Spötl

et al., 2005; Baldini et al., 2006; Mattey et al., 2010; Mio-

randi et al., 2010; Tremaine et al., 2011). The large-amplitude

environmental changes at glacial to interglacial transitions,

however, involve temperature and vegetation fluctuations that

extend far outside the range of present-day monitoring. To-

day, it is not possible to cover the entire range of glacial to in-

terglacial temperature variations within a single cave, where

the environmental conditions are typically characterised by a

stable air temperature with uniform surface vegetation. The

step beyond understanding how present-day conditions influ-

ence stable isotope incorporation in speleothems, which al-

lows for a full interpretation of glacial–interglacial records,

is to consider several caves, in the same climate region, char-

acterised by a broad temperature range, which emulates that

of a glacial to interglacial transition. Caves located at differ-

ent altitudes in the same area are the optimal case-study, as

the altitudinal change in temperature influences the vegeta-

tion cover and soil respiration. These two key parameters that
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modulate soil and cave air pCO2, calcite supersaturation and

dripwater dissolved inorganic carbon (DIC), are both known

to exert a control on degassing and calcite growth rate, and

thus, stable isotope values (McDermott et al., 2006; Drey-

brodt and Scholz, 2011). In the attempt to develop robust

palaeoclimate interpretations from speleothem isotope val-

ues, the first assumption is that carbonates formed at isotopic

equilibrium. This can be estimated by theoretical methods

using the vibration modes of ions in the lattice (Horita and

Clayton, 2007; Chacko and Deines, 2008), modelling (Ro-

manov et al., 2008; Mühlinghaus et al., 2009; Dreybrodt and

Scholz, 2011), laboratory methods (Kim and O’Neil, 1997;

Dietzel et al., 2009) and cave-analogue experiments (Polag

et al., 2010; Day and Henderson, 2011). Another approach

is to use natural speleothems growing under controlled con-

ditions, which allow empirical transfer functions to be de-

rived (McDermott et al., 2006; Coplen, 2007; Tremaine et al.,

2011; Fairchild and Baker, 2012). In this study, we use this

empirical approach to test the sensitivity of speleothem δ18O

and δ13C to high amplitude temperature changes by using

recent precipitates and corresponding dripwaters collected in

caves spanning an altitudinal gradient of over 1500 m, coin-

ciding with a temperature gradient of 9 ◦C.

2 Isotope modification during infiltration and

speleothem growth

Interpretation of stable isotope values in speleothems re-

quires disentangling several signals and processes occurring

at the surface, in the soil zone and aquifer, and within the

cave. The complexity of the interpretation of oxygen isotope

values is initially embedded in factors controlling the isotope

composition of rainwater, which includes moisture source

and transport pathways, then altitude and rainfall amount

(Rozanski et al., 1992). The original oxygen isotope value

can then be modified by evapotranspiration, water–rock in-

teraction as infiltration flows through the soil and equili-

brates with high soil CO2 partial pressures (pCO2) derived

from soil respiration, by dissolution of old carbonates in the

epikarst and host-rock, and through prior calcite precipita-

tion (McDermott, 2004; Lachniet, 2009). Due to the isotopic

exchange times involved between carbonate and water, wa-

ter that has a residence time of at least several days (at low

temperatures) will have enough time to have regained iso-

topic equilibrium following carbonate dissolution, and thus

be suitable for palaeoclimate work (Dreybrodt, 2011; Drey-

brodt and Scholz, 2011).

As the dripwater enters the cave, CO2 picked up from the

soil degasses by diffusion caused by a typically lower pCO2

in the cave atmosphere than that of the emergent dripwater.

On completion of degassing to equilibrium with the cave en-

vironment, the pH has increased (to approximately 8.5) and

the majority (> 95 %) of the carbonate in solution is in the bi-

carbonate (HCO−

3 ) form (Dreybrodt and Scholz, 2011). This

determines the stable isotope values of the DIC but has no

influence on speleothem δ13C and δ18O values since cal-

cite precipitation starts after the establishment of supersat-

uration (Scholz et al., 2009; Dreybrodt and Scholz, 2011). In

addition to producing an increase in dripwater pH, the de-

gassing also causes a rise in the saturation index with respect

to calcite (SICC), which drives calcite to precipitate from the

water, ultimately forming speleothems. Calcite precipitation

rates are also dependent on temperature via the temperature-

dependent calcium concentration in equilibrium with pCO2

in the solution (Dreybrodt, 2011). Ongoing calcite precipita-

tion, however, causes a progressive enrichment in the heavy

isotopes (13C and 18O), in a process known as Rayleigh dis-

tillation (Dreybrodt, 2008; Scholz et al., 2009; Dreybrodt and

Scholz, 2011). Moreover, a large, second reservoir of oxy-

gen molecules exists in the speleothem-forming solution that

can readily exchange with the carbonate species in solution.

Therefore, any carbonate species in oxygen isotope disequi-

librium will return to isotopic equilibrium with the oxygen

in the water solution through this buffer reaction (Dreybrodt,

2008).

Modelling of the solution film on the stalagmite surface

indicates that during fractionation, carbon isotope values ex-

hibit most reliance on drip rate at the stalactite tip (drip in-

terval), whereas oxygen isotope values are more dependent

on temperature, since the buffering reaction attenuates their

dependence on drip rate (Mühlinghaus et al., 2009). Other

parameters that may come into play include drip height and

stalagmite surface morphology, which together control the

amount of mixing between subsequent drips, the pCO2 of

both the cave atmosphere and that dissolved in the dripwater

and evaporation controlled by wind velocity (Mühlinghaus et

al., 2009; Deininger et al., 2012). Cave analogue laboratory

experiments confirm the results of modelling studies, indi-

cating that higher δ18O values than those calculated using

fractionation factors, corresponded with rapid depletion of

the DIC reservoir, an increased temperature, enhanced evap-

oration and a slower drip rate (Polag et al., 2010; Day and

Henderson, 2011).

Thus, our approach of using caves covering an elevation

range of ca. 1500 m, corresponding to a temperature range of

9 ◦C, where drip rate, and cave air pCO2 are known, should

allow us to test the magnitude and controlling factors of iso-

topic disequilibrium fractionation. Our empirical approach is

then tested against theoretical, modelling and experimental

results, and implications for palaeoclimate studies are finally

drawn.

3 Altitudinal transect

The studied caves developed within dolomites (Late Tri-

assic Dolomia Principale) and limestones (Early Jurassic

Calcari Grigi) (Table 1). The positive δ13C values of the

host rocks indicate diagenesis occurred under marine and
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Table 1. Location and characteristics of caves.

Cave Altitude Infiltration Aspect Host Soil SIcc rangec Vegetation type

(m a.s.l.) elevation rockb depth

(m a.s.l.)a (cm)

Bus del Diaol DL 225 355 W CG 80 0.44–0.68 Holm oak forest

Grotta della BG 360 900 N DP 100 0.12–0.50 Mixed broadleaf/

Bigonda conifer forest

Grotta della FS 620 650–1300 W DP 80 n.a.d Mixed beech/

Fosca conifer forest

Grotta Moline MO 680 1000–2500 SE CG 80 −0.08–0.32 Conifer forest/

herbs

Grotta Cogola GZ 1025 1050 SW CG 40 0.21–0.39 Mixed beech/

di Giazzera + dol conifer forest

Grotta di ER 1165 1200 NE CG 100 0.00–0.50 Mixed beech/

Ernesto + dol conifer forest

Abisso Spiller SP 1700 1700 plateau CG 30 −0.02–0.06 Conifer forest/

Pastures

Grotta Cesare CB 1880 1930 NE CG 20 −0.27–0.13 Dwarf pine, herbs

Battisti and shrubs

a Note that the thickness of the overburden can be calculated approximately as the infiltration elevation minus cave entrance altitude.
b CG: Calcari Grigi limestone, DP: Dolomia Principale dolomite, dol: unspecified dolomite.
c Saturation index with respect to calcite estimated from previous long-term monitoring (Borsato et al., 2007b; Miorandi et al., 2010). The range
includes numerous samples from each cave, varying both temporally (e.g. seasonally, annually) and spatially (i.e. different drip sites).
d Data not available for this cave site.

modified marine waters; with Dolomia Principale δ13C vary-

ing between 0 and +3 ‰, and δ18O from −6 to +3 ‰ (Frisia

and Wenk, 1993), and Calcari Grigi δ13C varying between

+1 and +3 ‰, and δ18O from −6 to −2 ‰ (Borsato et al.,

1994). The caves open within two valleys in Trentino: the

main N–S running Adige Valley and the steep E–W running

Valsugana Valley. The Adige Valley hosts the GZ and CB

caves (Fig. 1, Table 1). The DL cave is located in the (N–S)

Sarca Valley near Lake Garda, and the MO cave is situated

in a N–S Molveno Lake Valley (parallel to the Adige Valley).

The Valsugana Valley contains the BG and ER caves with the

SP cave located above on the Asiago Plateau, the largest karst

plateau in Italy (Fig. 1b). The FS cave is the only site lying

at a distance from the other caves to the north of Valsugana

Valley.

The vegetation above the caves reflects altitude (temper-

ature), but also local microclimate (Fig. 1). Above 1500 to

1700 m, depending on slope orientation, the mixed decidu-

ous forest transitions into the conifer forest, with the present-

day timber line positioned at 1800 to 1900 m. The caves near

Lake Garda are influenced by a Mediterranean climate, with

a dry, warm summer and a cool, wetter autumn and win-

ter, where temperatures rarely fall below freezing. By con-

trast, caves in the mountain ranges and plateaus span from

temperate-humid to Alpine (high altitude) climates (Table 1).

The thickness of the rock overburden varies for the cave

sites, with some having a shallow overburden (e.g. ER, GZ

and CB), whereas others are deeper (e.g. BG, MO and SP).

At these deeper sites, the catchment of the infiltration water

is at a much higher elevation relative to the cave entrance

due to the topography. The actual altitude of the catchment is

hereafter defined the “infiltration elevation” (see Table 1 for

values).

Mean annual air temperature, recorded between 1961 and

1990, in the Adige Valley at Trento (312 m a.s.l.) was 12.3 ◦C

(similar to the low altitude DL cave), while in the Valsugana

Valley the temperature at Levico Terme (502 m a.s.l.; Fig. 1)

was 11.0 ◦C (near to the BG cave). In winter months, mean

temperatures at these valley bottom sites lie just above freez-

ing, while in summer they reach around 20 ◦C. By contrast,

at high altitudes the mean annual air temperature was 1.7 ◦C

on Paganella Mountain (2125 m a.s.l.) (at the CB cave en-

trance) and 7.3 ◦C at Lavarone (1155 m a.s.l.) on the Asi-

ago Plateau (near to the SP cave) (Fig. 1). Winter freezing

temperatures last between November and April on Paganella

Mountain, and from January to February at lower altitude

Lavarone. Precipitation mean values over the same period

were 931 mm yr−1 at Trento, 1017 mm yr−1 at Levico Terme,

and 1308 mm yr−1 at Lavarone (www.meteotrentino.it).

4 Methods

All caves were sampled during September 2010, with the ex-

ception of the MO cave (February 2011) and the DL cave

that could not be entered until August 2012 due to flooding

www.clim-past.net/9/99/2013/ Clim. Past, 9, 99–118, 2013
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Fig. 1. Location of cave sites in Trentino, N. Italy. (A) Map of

Trentino with cave sites and main valleys marked. Note SP cave

is just in the Veneto region. Locations of meteorological data

(Trento, Levico Terme, Lavarone and Mt. Paganella) also indicated.

(B) Schematic cross-section of topography to show the relative alti-

tudes and locations of the cave sites in and around the Adige Valley.

Internal valleys are noted with dashed lines. (C) Schematic cross-

section of caves in the Valsugana Valley. Altitudes are to scale, hor-

izontal length is schematic. Note that the Asiago Plateau is located

on the map in the same area as the SP cave and Lavarone.

(Table 2). In addition, the BG cave was sampled in Au-

gust 2010 and February 2012 (Table 2). Carrying out the

majority of the sampling during a single month means that

the data represent a “snapshot” in time. Therefore, when in-

terpreting the data, temporal (seasonal and inter-annual) vari-

ability often exhibited in cave data (e.g. Miorandi et al., 2010;

Frisia et al., 2011) will not need to be accounted for, although

this may cause some uncertainties due to the different resi-

dence times of the infiltrating water.

During the visits, cave air temperature and cave air pCO2

concentrations were measured using a Vaisala GM70 meter

with a GMP222 probe (accuracy at 25 ◦C ± 20 ppm CO2) at

numerous points along the centre of the galleries of each

of the caves, to obtain CO2 and temperature distribution

throughout the passages, in addition to an understanding of

the relative strengths of cave ventilation. Drip rates were

timed using a stopwatch, and electrical conductivity, pH and

water temperature were measured for the dripwaters and in

cave pools. Dripwater aliquots were collected from each drip

point for isotopic analyses of δ18O and δD. Calcite powders

were collected from beneath the corresponding drip points

using a Dremel Stylus hand-held, battery operated drill with

a diamond wheel point for isotopic analyses (δ18O and δ13C).

On selecting drip points, only seemingly active (wet and

bright) calcite precipitates were sampled, including stalag-

mites, flowstones and small calcite crusts (Table 2). Milling

was carried out carefully to remove only surface calcite close

to the point of impact.

Isotopic analyses of dripwaters and calcite powders were

carried out at the University of Innsbruck, Austria, using

an on-line, continuous-flow system (Gasbench II) linked to

a Thermo Fisher DELTAplusXL isotope ratio mass spec-

trometer. The water oxygen isotope composition was deter-

mined by equilibration with carbon dioxide and calibrated

against VSMOW (Vienna Standard Mean Ocean Water),

GISP (Greenland Ice Sheet Precipitation) and SLAP (Stan-

dard Light Antarctic Precipitation) standards and reported on

the VSMOW scale. The 1σ analytical uncertainty on δ18O

values is 0.09 ‰ (Spötl et al., 2005). The calcite oxygen and

carbon isotopes are reported against VPDB (Vienna Pee Dee

Belemnite), and are calibrated against an in-house standard

that has itself been calibrated with NBS-18, NBS-19, CO-

1 and CO-8 reference materials. The long-term 1σ standard

deviation is 0.06 and 0.08 ‰ for δ13C and δ18O, respectively

(Spötl and Vennemann, 2003).

Petrographic observations were carried out using an op-

tical transmission microscope and a scanning electron mi-

croscope (SEM) at the Museo delle Scienze, Trento, Italy.

Calcite precipitates, including those formed on glass plates,

collected during previous long-term monitoring studies at the

DL and ER caves, were also analysed.

5 Results

5.1 Cave air temperature, pCO2 and SICC

Figure 2a compares the average mean air temperature, from

meteorological stations over the studied elevation range, with

the measured cave air temperatures. The external air temper-

ature decreases with altitude and, in most cases, the cave air

temperatures follow the external trend closely. The BG cave

(and to a lower extent the FS and MO caves), however, shows

lower air temperature relative to what is expected for the el-

evation of the cave entrance. The studied caves are within a

regime of seasonal temperature contrast, and therefore cave

air ventilation is to be expected, particularly in caves with

descending galleries or more than one entrance (Fairchild

and Baker, 2012). In these cases, cooler air from higher al-

titude can descend into the cave, thus significantly reducing

the cave air temperatures (Luetscher and Jeannin, 2004).

Clim. Past, 9, 99–118, 2013 www.clim-past.net/9/99/2013/
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Fig. 2. Temperature, pCO2 and calcite saturation index with altitude. (A) Air temperature of meteorological stations and cave interiors

against altitude. Green dots indicate average air temperature at 2 m over the period 1961–1990 at 19 weather stations in Trentino (www.

meteotrentino.it). Blue diamonds represent the air temperature of the stable interior cave air for each of the caves (except BG) at the time

of sampling. Bigonda Cave (BG red triangles; summer and winter range) falls below the expected temperature for the elevation of the cave

entrance. (B) Cave air carbon dioxide concentration in main sampling chamber against cave entrance altitude. BG cave (red triangles) results

are excluded from the trend. (C) Dripwater calcite saturation index ranges (Table 1) taken from previous long-term monitoring programs in

the same caves (Miorandi et al., 2005, 2010; Borsato et al., 2007b).

Ventilation also strongly affects cave air pCO2 and may

subsequently influence dripwater evaporation and isotope

disequilibrium effects (Deininger et al., 2012). Figure 2b

shows that there is a strong increase in cave air pCO2 with

decreasing altitude, for most of the studied sites. The BG

cave samples are an outlier to the general trend, with lower

pCO2 values than expected for the cave altitude. In the CB

cave, opening at the highest altitude relative to all cave sites

studied, most passages exhibited atmospheric concentrations

of pCO2, with a slight increase in pCO2 found in a small,

secluded chamber, where the only, barely active, speleothem

growth in the cave was observed.

Saturation index values, with respect to calcite (SICC),

were not measured in this study but have been estimated (Ta-

ble 1) based on previous dripwater monitoring (Borsato et al.,

2007b; Miorandi et al., 2010). These studies contain a range

for sampling points in each cave, and account for seasonal

and often also annual variability, that would not be repre-

sented in this snapshot study, but strongly affect SICC. These

data exhibit a similar trend to that of temperature and cave air

pCO2, with a general decrease in SICC with increasing alti-

tude (Fig. 2c). SICC ranges for the BG and MO cave data are

generally lower than expected, based on the altitudinal trend

exhibited by the other cave data (Fig. 2c).

5.2 Cave dripwater oxygen and hydrogen isotopes

The oxygen isotope ratio values, of the dripwaters col-

lected from all caves, exhibit a trend to more negative

values with increasing altitude (Fig. 3a). The cave sam-

ples from each valley show distinct isotopic characteris-

tics, and therefore, must be treated separately when iden-

tifying patterns and trends. Dripwaters in caves opening

in the Adige Valley exhibit more negative δ18O values,

from −11.8 to −8.9 ‰, and a steeper altitudinal gradient

(1δ18O/100 m = −0.15 ‰) relative to the dripwaters in caves

opening in the Valsugana Valley, which show values ranging

from −10.0 to −8.4 ‰ with a shallower altitudinal gradient

(1δ18O/100 m = −0.08 ‰). A similar pattern is exhibited by

the hydrogen isotopes (not shown). The dripwaters of Adige

Valley caves (−79 to −60 ‰) display a steeper altitudinal

gradient (1δD/100 m = −0.92 ‰), than those opening in the

Valsugana Valley (−67 to −55 ‰), which exhibit a shallower

gradient with altitude (1δD/100 m = −0.52 ‰).

The altitudinal trend is also seen on a cross-plot of oxygen

and hydrogen isotopes (Fig. 3b). Cave dripwater samples are

slightly inclined relative to the meteoric water line (Craig,

1961), with the Adige and Valsugana Valleys having slightly

differing trends. Samples from the highest altitude caves ex-

hibit the most negative δ18O and δD values, which trends to

the least negative isotopic values at low altitudes. However,

the high altitudes of the Adige Valley exhibit much more neg-

ative values (both δ18O and δD) than similarly high altitudes

of the Valsugana Valley.

5.3 Petrography

The morphology of crystals formed on glass and speleothem

fabrics from selected caves are shown in Fig. 4. All carbon-

ates precipitated in the studied caves consist of low-Mg cal-

cite. No aragonite or high-Mg calcite has been found, even

in caves cut in dolomite. At low altitude, precipitates grown

in the DL cave show large crystal sizes (50–150 µm), flat,

rhombohedra and stepped unstable faces, which probably re-

sult in columnar fabric during competitive growth. The mea-

sured crystal size at DL was reached in only three months,
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Fig. 3. Oxygen and hydrogen isotopes of the dripwaters in caves from different altitudes. (A) The oxygen isotope values deviate depending on

which valley (Adige or Valsugana) the caves are situated (see Fig. 1). Hydrogen isotopes (not plotted) follow a similar pattern as the oxygen

isotopes in the two valleys. (B) Dripwater oxygen vs. hydrogen isotopes align similar to the N. Italian meteoric water line (red line: Longinelli
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Meteoric Water Line (MMWL: Gat, 1996). Values align inversely with altitude, with a different trend for each valley; the Valsugana Valley

trend being more condensed (δD = 6.10 × δ18O − 4.85; R2 = 0.74) than the extensive Adige Valley trend (δD = 6.17 × δ18
− 7.20; R2 = 0.96).
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Fig. 4. Morphology of cave calcite precipitated on glass and corresponding stalagmite fabrics. (A) Calcite precipitate on glass slide collected

in the DL cave between June and September 2003. The SEM image shows large crystals with flat, rhombohedra faces and stepped faces.

(B) Optical microscope image (crossed polars) of the top of stalagmite SP1 from the SP cave that was active at the time of sampling (2003).

Image shows columnar fabric of both compact and microcrystalline subtypes developing from crystals similar to those shown in (A). (C) Cal-

cite precipitate on glass slide collected over a one year period in the ER cave from December 2003. The SEM image shows many macrosteps

and macrokinks on the irregular faces. (D) Optical microscope image of typical fabrics of stalagmite ER77. Bottom: annually laminated

microcrystalline subtype of columnar fabric grading into highly porous dendritic fabric (top) arising from irregular crystals with lateral

overgrowths as shown in (C).

indicating a relatively fast precipitation rate. Despite having

formed at a different elevation, and lower temperature, sta-

lagmite Stal-SP1 from the SP cave exhibits columnar fabric,

similar to that expected from the precipitates of the low al-

titude DL cave (Fig. 4b). Precipitates grown on glass slides

at the ER cave (Fig. 4c) display irregular faces interrupted

by macrosteps and macrokinks, which may result in a wide

variety of fabrics, from columnar to dendritic, as a response

to the impurities which may poison growth sites (Frisia et al.,

2000). At the ER cave, one year was required to obtain a sim-

ilar weight of calcite to that reached after just three months

at the DL cave. The low ER cave calcite growth rate reflects

the low calcite supersaturation (Fairchild et al., 2000), and

renders these mid-altitude speleothems more sensitive to the

effects of impurities when the drips are barely saturated.

Stalagmite ER77, in fact, exhibits a change in fabric from

columnar (microcrystalline subtype) to dendritic (Fig. 4d).

One of the results of petrography observations is that temper-

ature does not affect the fabrics, but as already demonstrated

for the ER cave (Frisia et al., 2003), the growth rate does.

What influences the fabrics is the balance between supersat-

uration and infiltration of impurities.

Clim. Past, 9, 99–118, 2013 www.clim-past.net/9/99/2013/



V. E. Johnston et al.: Stable isotopes in caves over altitudinal gradients: fractionation behaviour 107

5.4 Oxygen and carbon isotopes of calcite

Oxygen and carbon isotopes measured on apparently active

calcite precipitates exhibit values ranging from −8.8 to −6.1

‰ and −0.5 to −11.3 ‰, respectively (Table 2). Most of

the observed spread of isotopic values is clearly related to

the diverse altitudinal setting. The calcite oxygen isotopes

trend to more negative values at high altitudes due to sur-

face air temperature cooling through the orographic (alti-

tude) effect on meteoric precipitation (Bowen and Wilkinson,

2002). Whereas in-cave oxygen isotope fractionation has

been shown to cause an increased oxygen isotope value with

decreasing temperatures (Mühlinghaus et al., 2009), clearly

trending in the opposite direction to that seen in the data pre-

sented here. In order to account for the effects of surface

cooling (altitude) on the water isotopes, and thus enable the

identification of in-cave fractionation, throughout this study

the oxygen isotope fractionation will be viewed using terms

such as 1000 ln αcalcite-water that essentially normalises for the

water isotopes.

Each cave also exhibits a spread of calcite isotope values

that exceeds 1 ‰ in δ18O and 5 ‰ in δ13C (Fig. 5). It is rea-

sonable to infer that the in-cave variability reflects kinetic

processes related to rapid calcite precipitation, long drip in-

tervals and evaporation (Mickler et al., 2006; Day and Hen-

derson, 2011; Dreybrodt and Scholz, 2011). To allow a bet-

ter identification of altitudinal trends, the noise that is intro-

duced to the data by the in-cave fractionation effects must be

reduced. To do this, one sample from each cave has been cho-

sen that is assumed to be least affected by kinetic processes,

which will represent the site without in-cave fractionation.

The chosen sample generally has the most negative isotopic

values and we use both δ13C and δ18O from the samples cir-

cled in Fig. 5.

6 Discussion

6.1 Cave air temperature, pCO2 and SICC

The important influence that temperature exerts on stable iso-

tope values, particularly oxygen isotopes, during calcite pre-

cipitation from the solution layer on stalagmites has been

demonstrated in modelling studies (e.g. Mühlinghaus et al.,

2009). Here, cave interior air temperature is shown to de-

crease with altitude, similar to the mean annual (outside) air

temperature (Fig. 2a). However, for the BG cave, and also

to a lesser extent the MO and FS caves, the cave air temper-

atures are lower than expected from the trend. This cooler

temperature can be reasonably explained by rapid infiltra-

tion of cold water and meltwater from an infiltration eleva-

tion much higher than the cave entrance (Table 1). The very

large fluxes of cooler water entering the deep vadose zone of

the BG cave causes a major cooling of the cave air tempera-

ture (cf. Luetscher and Jeannin, 2004). The large temperature

gradients established though the cave cause strong ventila-

tion (as felt in the BG cave), which may considerably in-

crease evaporation from the solution layer on top of forming

speleothems, enhancing isotope disequilibrium effects (Day

and Henderson, 2011; Deininger et al., 2012).

Cave air pCO2 shows a strong trend to higher val-

ues at lower altitudes (Fig. 2b), where a thick soil cover,

and warmer temperatures promote soil respiration, given

that none of the caves experiences severe moisture stress

(Fairchild and Baker, 2012). Importantly, a thick soil cover

seals off CO2 loss from the epikarst, with atmospheric CO2

exchange only occurring in the upper soil zone. Therefore, a

large proportion of the CO2 produced is transferred down-

wards, towards the cave, rather than being released into

the atmosphere. The BG cave exhibits significantly lower

cave air pCO2 than expected for its entrance elevation, the

soil thickness and vegetation type on the valley slope (Ta-

ble 1). This can be logically ascribed to strong ventilation

(wind tube), which may suggest samples in this cave undergo

enhanced evaporation and disequilibrium isotope fractiona-

tion (Day and Henderson, 2011; Deininger et al., 2012). At

higher altitudes, the pCO2 in the caves trends towards at-

mospheric values due to thin, patchy soil, reduced vegeta-

tion cover, shorter summer periods and, therefore, low CO2

production/downward-transmission rates. Stronger ventila-

tion is also found in superficial caves at high altitudes due to

a more fractured rock overburden, in addition to the patchy

soil that allows the easy passage of air through fissures into

cave chambers.

Dripwater SICC influences isotope fractionation in our

studied calcites, as should be expected, since carbonate pre-

cipitation rate is driven by the saturation state of the drip-

water (Scholz et al., 2009; Dreybrodt and Scholz, 2011).

A strong correlation is observed in Fig. 2 between increas-

ing altitude with decreasing temperature, pCO2 and SICC.

A decreasing precipitation rate, caused by the reducing su-

persaturation at higher altitudes, should reduce the deviation

from isotopic equilibrium, increasing the fractionation factor

(αcalcite-water). The decrease in temperature with altitude, that

has been shown to have the largest effect on oxygen isotopes

(Mühlinghaus et al., 2009), should increase the fractionation

factor, bringing the calcite closer to equilibrium.

6.2 Petrography

Fabrics can give an indication of saturation state and dis-

charge variability of the cave drip that formed a speleothem.

These two factors are key in determining the degree of iso-

topic fractionation, as they control carbonate precipitation

rate and drip interval (Mühlinghaus et al., 2009). In our inter-

pretation, calcite speleothem fabric types are simplified into

two end-members: columnar and dendritic.

The columnar end-member has been found to develop for

moderate and stable saturation states (SICC < 0.5) with a low

discharge variability, in addition to a low input of impurities,
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Fig. 5. Cross-plots of δ13C and δ18O for recent calcite precipitates from the studied cave sites. The plots show the extent of in-cave variability

between samples caused by physical factors (e.g. drip rate, drip height, cave ventilation) and subsequent kinetic fractionation. Red circles

indicate the least modified sample from each cave (using both its δ13C and δ18O), chosen to demonstrate principles in the discussion part of

this paper (Sect. 6).

including organic molecules (Frisia et al., 2000; Borsato et

al., 2007a; Frisia and Borsato, 2010). It stands to reason that

intense seasonal degassing does not favour columnar calcite

growth, which was actually found where there is a high cave

air pCO2, thus reducing the pCO2 difference between the

dripwater and the cave atmosphere. These observations in-

dicate that columnar fabrics are most likely found at low

altitudes (see Fig. 2). The columnar fabric does not nec-

essarily infer that speleothems are in isotopic equilibrium,

instead, it reflects quasi-constant deposition with respect to

the difference between predicted and measured water-calcite

fractionation. This means that while the water-calcite oxy-

gen isotope fractionation is unaffected by degassing and thus
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“quasi-constant”, degassing may still affect the water-calcite

carbon isotope fractionation.

The dendritic fabric (Fig. 4d), is produced from small, ir-

regular shaped crystals that are characterised by stepped and

kinked faces (Fig. 4c). These develop under irregular drip

rates, strongly fluctuating saturation states and presence of

impurities. Experience from monitoring in the Trentino re-

gion has shown that this fabric is common at mid-altitudes

(between 1000 and 1500 m a.s.l.) and in the shallow and near-

entrance zones of caves (McDermott et al., 1999; Frisia et

al., 2011). The variable precipitation environment results in

different degrees of isotopic fractionation, which may po-

tentially range from quasi-constant to large deviations from

equilibrium caused by the changing precipitation and drip

rates.

A trend is therefore apparent between altitude and satura-

tion state (Fig. 2c), and how these can control petrography

(Frisia et al., 2000; Frisia and Borsato, 2010). This causes

columnar fabrics exhibiting a quasi-constant fractionation

factor to form at low altitudes, and dendritic fabrics with

fluctuating fractionation factors to develop at mid-altitudes.

However, under certain circumstances, columnar fabrics can

also be found at high and mid altitudes, such as stalagmite

SP1 from the SP cave (Fig. 4b). In this case, a thick over-

burden with a slow, matrix-flow infiltration pathway causes

a steady drip rate, a reasonably low but fairly constant satu-

ration state, and low concentration of impurities in the water.

This highlights that, with our current understanding, fabric

can indicate the variability of the fractionation factor in a sta-

lagmite, but not the absolute magnitude of kinetic effects in

addition to αcalcite-water. However, the identification of a vary-

ing fractionation factor is important as it could complicate

the interpretation of stable isotopes in a speleothem proxy

record.

6.3 Calcite-water oxygen isotope fractionation

Successful reconstruction of palaeoclimate, from

speleothems, relies on the calcite being formed at or

close to equilibrium. This condition is often assumed since

the high humidity cave environment is thought to aid equi-

librium growth, and because there is little consensus over the

definition of calcite equilibrium and its controlling factors.

Speleothem data compiled from the literature spanning

a wide range of latitudes and altitudes (see Supplement),

in addition to the new data from this study (Table 2), are

plotted as 1000 ln α against temperature (Fig. 6). A linear

regression can be applied to this data to form an empirical

speleothem line, also known as a “cave” line or T function,

where T is temperature or transfer (McDermott et al., 2006;

Tremaine et al., 2011; Fairchild and Baker, 2012). Although

the compilation of data plots along a line, it does not

represent speleothem calcite-water equilibrium, as indeed

such equilibrium should create a non-linear fit (Fairchild

and Baker, 2012). When equilibrium fractionation factors,

calculated theoretically (Horita and Clayton, 2007; Chacko

and Deines, 2008) and experimentally (Kim and O’Neil,

1997), are plotted alongside the observed data, there is a

systematic offset of the speleothem line to higher δ18O

values (higher 1000 ln α) (Fig. 6). The nature of this offset is

not well understood, but it has been proposed that it is not

the result of kinetic fractionation since these should produce

a wide range of enrichments, rather than a systematic offset

(McDermott et al., 2006). For this reason, we analyse the

distribution of the published speleothem data, and their

relationship to the theoretical and experimental equilibrium

fractionation lines.

The magnitude of oxygen isotope fractionation was calcu-

lated by comparing measured oxygen isotope data (δ18Oc)

with values predicted for equilibrium conditions (δ18Oe).

The difference between the measured and calculated oxygen

isotope values (δ18Oc − δ18Oe) depends on the selected equi-

librium fractionation factor, and has variably been termed

“offset” (Tremaine et al., 2011), 1dis (McDermott et al.,

2011), and 118Occ-e (Feng et al., 2012). Here, we adopt

the term 1dis (McDermott et al., 2011). The estimated val-

ues were calculated, based on the measured dripwater iso-

tope composition and cave temperature, using the various

estimates (e.g. theoretical, experimental) of the fractiona-

tion factor (αcalcite-water) (Kim and O’Neil, 1997; Coplen,

2007; Horita and Clayton, 2007; Chacko and Deines, 2008).

Initially, the 1dis was calculated for all the published

speleothem data, presented in Fig. 6 and Supplement, us-

ing the speleothem T function line, derived here, as an as-

sumed equilibrium fractionation factor. The histogram fre-

quency plot (Fig. 6, inset) shows the data distributed about

the origin, with a mean of 0.0 ± 0.6 ‰ , and a tight normal

distribution. A small tail is observed to more positive 1dis

values, as a result of a few speleothem samples that experi-

enced large deviations caused by in-cave disequilibrium iso-

tope effects. A single value, from the Natural Bridge Caverns

well shaft (3 August 2005) (Feng et al., 2012), displays an ex-

tremely negative 1dis that leaves it detached from the main

group, and it is unclear as to the cause.

However, when the 1dis calculation is repeated with equi-

librium fractionation factors from theoretical, experimental

and previous field studies, the frequency distribution is simi-

lar, but its position relative to the origin shifts. If the fraction-

ation factor calculated by Chacko and Deines (2008) were

that of true equilibrium, then the majority of the speleothem

samples would have δ18Oc values which are constantly more

positive by over ca. 1 ‰, with the exception of the sin-

gle value from the Natural Bridge Cavern that would be

close to equilibrium. By using the fractionation factor pre-

dicted by Horita and Clayton (2007), a small proportion of

speleothems lie close to equilibrium, but most exhibit val-

ues which are more positive by 0.5 to 1.25 ‰. The frac-

tionation factor of Kim and O’Neil (1997) seems to best

describe the natural cave calcite equilibrium precipitation,

as most data reported in Fig. 6 are only 0.25 to 1 ‰ more
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Fig. 6. Calcite-water fractionation factor (1000 ln αcalcite-water) against the inverse of temperature (103 T−1) from theoretical, laboratory and

cave studies. Data from this study are plotted as red diamonds, other data points are derived from cave studies in the literature as noted

in the legend and references therein (see Supplement). Solid lines are based on theoretical (Horita and Clayton, 2007; Chacko and Deines,

2008) and laboratory (Kim and O’Neil, 1997) studies. The dashed line is a linear best-fit of a compilation of all the cave calcite data giving

1000 ln α = 17.66(103/T) − 30.16. Note that in this compilation the term cave calcite includes hot water travertines of Demény et al. (2010),

which although not shown here in the scale of the 1000/T axis (reaching as low as 2.94 K = 67 ◦C), they are included in the calculation

of the best-fit line. Inset: frequency distribution of the magnitude of possible isotope disequilibrium effects of speleothem data in main

figure (N = 259). 1dis has been evaluated as the difference between the calculated δ18Oe and the measured δ18Oc, with a fractionation

factor based on a linear function through all the speleothem data (1000 ln α = 17.66(103/T) − 30.16) giving a mean of 0.0 ± 0.60 (1σ ),

shown by the dashed vertical line. Use of other fractionation factors results in similar frequency distributions but with a shift in mean 1dis,

which can be visualised by a shift in position of the origin. With the fractionation factor of Kim and O’Neil (1997) 1dis is shifted to a

mean of 0.73 ± 0.61 (blue line), and using the Coplen (2007) equation, 1dis has a mean of −0.65 ± 0.60 (green line). Using fractionation

factors derived from theoretical studies and simplified by graphical linear interpolation, 1dis was found to average 0.98 ± 0.60 (Horita

and Clayton, 2007) where 1000 ln α = 18.117(103/T) − 32.721 (yellow line), and 1dis was 1.5 ± 0.60 (Chacko and Deines, 2008) with

1000 ln α = 17.231(103/T) − 30.183 (red line).

positive relative to the theoretical values. Recently, however,

numerous studies (e.g. Coplen, 2007; Dietzel et al., 2009;

Gabitov et al., 2012) have questioned the reliability of the

equilibrium fractionation factors of Kim and O’Neil (1997),

and therefore, with the close correspondence to a majority

of speleothem values, cast doubt on the equilibrium status of

most speleothem calcite. Using the fractionation factor pre-

dicted by Coplen (2007), 1dis results in a considerably more

positive value than the majority of speleothem samples. This

would imply that the uptake of the lighter isotope of oxy-

gen (16O) into the faster growing calcites had occurred via

the growth entrapment model (Watson, 2004; Dietzel et al.,

2009; Gabitov et al., 2012). Given that Coplen (2007) used

a very slow growing calcite speleothem, the first result from

our compilation is that growth rate is indeed important in de-

termining calcite oxygen isotope fractionation.

6.4 Oxygen isotope fractionation with drip rate and

temperature

In the studied caves that exhibit a variety of drip rates rang-

ing over several orders of magnitude, linear trends show an

increase in the fractionation factor with decreasing drip rate

(increasing drip interval; Fig. 7a). This trend is also apparent

in 1dis (Fig. 7b), showing a larger deviation from equilib-

rium with a slower drip rate (longer drip interval), where the

equilibrium fractionation used for 1dis is that of Kim and

O’Neil (1997), updated by Kim et al. (2007). Despite the

good correlation observed in samples from the CB and SP,

and also FS and BG caves, a direct relationship between frac-

tionation factor and drip rate was not apparent in all caves

monitored. This could be due to a limited range of measured

drip rates. In addition, the individual caves are offset from

each other and display different slope orientations. This in-

dicates that although drip rate does play a role in the oxygen

isotope fractionation, (i) it is not physically the drip rate that
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is controlling the fractionation but something linked to the

time that each drop is exposed in the cave, causing the dif-

ference in slope, and (ii) there is another factor that is more

critical than drip rate that is controlling fractionation, respon-

sible for the offset in the absolute 1000 ln α values.

According to modelling studies (e.g. Deininger et al.,

2012), the drip interval is linked to the reduction in the super-

saturation during calcite precipitation, with a larger change

in supersaturation occurring at the beginning of the drip in-

terval as calcite precipitation commences. Therefore, there

is a higher sensitivity at short drip intervals than long drip

intervals. In a cave environment with ventilation (Spötl et

al., 2005; Frisia et al., 2011), evaporation is also a major

factor that must be considered (Day and Henderson, 2011;

Deininger et al., 2012), and a longer drip interval would al-

low for an extended period of evaporation. In fact, the highest

correlations between drip rate and fractionation are apparent

in caves with the strongest ventilation, including the high al-

titude caves (CB and SP) and those with a large throughflow

of water that enhance temperature related ventilation effects

(BG and FS). High altitude caves are most likely to experi-

ence strong ventilation due to a thin soil cover and, conse-

quently, higher frequency of open fissures and cracks in the

rock, which allow passage of air into the cave chambers. A

lower correlation was found between drip rate and 1000 ln α

in samples from the ER cave that has ventilation (Frisia et

al., 2011) but a closed entrance and relatively thick soil cover

above the cave, which results in an air exchange time for the

cave on the order of days (Frisia et al., 2011). This lapse of

time is likely to be considerably longer than for the strongly

ventilated (wind tube) caves such as BG.

The second factor, seen in the drip rate–1000 ln α relation-

ship shown in Fig. 7a, is the offset of cave trends with respect

to each other. This is likely to be caused by the dependence of

the fractionation factor on temperature (Figs. 7c and 6). Two

explanations are proposed to account for the observed in-

crease in fractionation factors with decreasing temperatures:

(1) a decrease in the SICC with increased elevation related to

the shorter period when soil respiration is at its peak (warm

season) and, thus, less soil CO2 production and less acidic

infiltration waters; and (2) the calcite growth rate, which de-

creases when cave air temperature is cool (Mühlinghaus et

al., 2009; Deininger et al., 2012). Lowering of the SICC val-

ues with increased elevation has been observed in the stud-

ied dripwaters, which actually follow the decrease in cave air

temperature (Fig. 2). Although calcite precipitation was not

similarly monitored in all the caves considered in this study,

there is a clear trend whereby calcite precipitation on glass

slides was fastest at low altitude and slow at mid-altitude

(Fig. 4, Sect. 5.3), while calcite growth at high altitudes is al-

together scarce and if present is extremely slowly forming. It

stands to reason that both the surface air temperature-related

SICC and the cave air temperature-related calcite growth rate

explain the observed relationship between 1000 ln α and tem-

perature in the study sites.

Over the range of altitudes and corresponding tempera-

tures (3–12 ◦C) considered here, however, the least modi-

fied examples from each cave, show a spread in values of

only ca. 1 ‰ (Fig. 7d). Under isotopic equilibrium condi-

tions, a difference of 2.16 ‰ would be expected over the 9 ◦C

temperature gradient (O’Neil et al., 1969; Deininger et al.,

2012). Since a lower than predicted offset is recorded, dis-

equilibrium isotope fractionation must not be constant over

the temperature gradient. The high altitude speleothems from

caves CB and SP are greatly affected by drip rate variability

(Fig. 7a), which influence evaporation during long drip in-

tervals. The observed decreased difference in 1dis with ele-

vation may, in part, be caused by enhanced ventilation and

evaporation at altitude, which are also apparent in the large

spread of data for each cave site (Fig. 7c,d). However, it is not

just high altitude ventilation causing the apparent reduced

1dis. Processes occurring in the low altitude end-member

caves have reduced oxygen isotope deviations from equilib-

rium, which further reduce the overall difference over the el-

evation gradient. The DL cave exhibits lower that predicted

fractionation factors (1000 ln α) despite the warm tempera-

ture (Fig. 7c). This can be explained as sporadic periods of

cave passage blockage with either water or sand that lead

to the cave chambers increasing in CO2 concentration. The

enhanced cave air pCO2 reduces the gradient between drip-

water pCO2 and that of the cave atmosphere, reducing the

rate and absolute amount of CO2 degassing as the drip en-

ters the cave but also importantly reducing the rate of calcite

precipitation. This slower calcite precipitation rate leads to

speleothem calcite that is closer to equilibrium than expected

for the temperature of deposition in the cave environment. As

the high temperature end-member of the 1dis trend (Fig. 7d),

this explains the further reduction from the predicted value

of 2.16 to ca. 1 ‰ of the oxygen isotope disequilibrium ob-

served over the 9 ◦C temperature gradient.

6.5 Orographic effects on oxygen isotopes variability

Oxygen and hydrogen isotopes of cave dripwater decrease

with altitude, but with a steeper gradient in the Adige Valley

(Fig. 3). A similar pattern is seen in the annual weighted-

mean rainfall (Fig. 8), but with an offset to more 18O en-

riched values. The wider, N–S trending Adige Valley is

predominantly influenced by Mediterranean air masses, ex-

cept in winter months when the prevailing wind is northerly

(Bertò et al., 2005). Having crossed the flat, low lying Po

Plain, the Mediterranean air masses are orographically up-

lifted as they reach the mountains surrounding the Adige

Valley (Longinelli and Selmo, 2003). As the air rises and

cools, the heavier isotope is preferentially precipitated, re-

sulting in rainwater exhibiting more negative δ18O with alti-

tude (Bowen and Wilkinson, 2002). The same Mediterranean

air masses affect the Valsugana Valley (Bertò et al., 2005).

However, since this valley is narrow, E–W oriented and

bounded by high mountains (between 2300 and 1900 m a.s.l.)
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the moisture-laden air first encounters the mountain barrier

leading to the high Asiago Plateau. Before entering the val-

ley, the air is forced upwards, and rain-out occurs steadily

depleting the moisture-laden vapour through Rayleigh frac-

tionation. As the moisture reaches the long (E–W) crest of

the plateau, the rain that falls at both high and low altitudes

in the valley exhibits similar isotopic compositions (Fig. 8a)

as there is not much difference in the source.

In Valsugana Valley caves (Fig. 8a), dripwater δ18Ow is

slightly depleted with respect to that of the annual weighted-

average rainwater value (Bertò et al., 2005) most likely

because there is a lower evapotranspiration rate between

autumn and spring. Most of the infiltration occurs during

the cool seasons (including winter snowmelt), and there-

fore, there is a higher proportion of isotopically lighter

autumn-winter season water, known as the “weighting ef-

fect” (Wackerbarth et al., 2010, 2012). The catchments of

the low altitude caves are exposed to the north, keeping them

shaded, while the SP cave opens on the high plateau, over-

lain by sunny meadows. This causes a relatively constant

evapotranspiration rate (i.e. warm low altitudes are shaded,

whereas cool high altitudes are sunny), and thus weight-

ing effect, over the entire altitudinal gradient. The overall

slope of the rainwater (1δ18O/100 m = −0.08 ‰) and drip-

water δ18Ow (offset by a constant weighting effect) trends

are rather gentle, caused by the E–W orientation of the Val-

sugana Valley. The gentle trend in meteoric δ18Ow compo-

sition is counterbalanced by the differential temperature de-

pendent calcite-water fractionation, resulting in the theoret-

ical δ18Oe value for calcite (Kim and O’Neil, 1997) any-

where in the Valsugana Valley, independent of altitude, being

−7.7 ± 0.2 ‰ (Fig. 8a). The geomorphological setting and

rainfall trajectories predominantly from the Mediterranean,

thus, combine to render caves of the Valsugana Valley un-

suitable for the reconstruction of robust, absolute palaeo-

temperature changes using only speleothem oxygen isotope

ratio values. Past trajectory changes, however, can still be

reconstructed (e.g. Scholz et al., 2012). The quasi-constant

predicted calcite δ18Oe value with altitude was measured in

the speleothem calcite as a slightly decreasing trend with el-

evation. This decreasing speleothem calcite δ18Oc could be

wrongly taken as a signal of the rainwater δ18Ow. As seen

previously (Fig. 7), it is caused by enhanced deviation from

isotopic equilibrium at low altitudes due to more rapid cal-

cite precipitation rates and strong ventilation at the BG cave,

which enrich these low altitude Valsugana Valley cave sites

away from the predicted equilibrium values.

In the Adige Valley (Fig. 8b), the meteoric δ18Ow trend

follows a steeper (1δ18O/100 m = −0.22 ‰) and more typ-

ical slope, with altitude. The cave dripwaters exhibit more

negative values due to autumn and (winter) spring infiltra-

tion via the weighting effect. However, the cave dripwater

values do not plot parallel to the rainwater, but converges

with the rainwater slope at high altitude. At high altitude the

full season of rainwater contributes to infiltration, whereas at

warmer low altitude only the cooler seasons contribute, since

most of the summer precipitation is lost through evapotran-

spiration (i.e. the weighting effect). At the warm, low alti-

tude cave site (DL), the difference between the rainfall and

cave dripwater measured here was around 1 ‰. Therefore,

this weighting effect needs to be more carefully accounted

for in cave monitoring studies so that it can be effectively in-

cluded and tested for in oxygen isotope enabled, rainwater-

forced, dripwater-stalagmite models (e.g. Wackerbarth et al.,

2012), particularly where cave sites of varying altitudes and

latitudes are modelled together.

The calculated calcite δ18Oe of the Adige Valley exhibits a

non-linear trend due to the strong influence of temperature on

the water isotopes and the cave air. The measured cave cal-

cite δ18Oc exhibits a similar trend to that calculated but with

a deviation to slightly higher values at low altitudes due to the

greater deviation from equilibrium (Fig. 7). Overall, at these

well-chosen sites, the change in oxygen isotopes measured

in cave calcite over the altitude range of the Adige Valley ex-

ceeds the minimal modifications by disequilibrium isotopic

effects. Therefore, at well-chosen drip sites, changes in tem-

perature associated with climate variability should be recog-

nisable, and possibly quantifiable, in the δ18O speleothem

record.

However, one outlier CB cave δ18Oc has a higher value

than expected for its altitude. This is possibly due to strong

modification of this sample by disequilibrium effects. In par-

ticular, ventilation and evaporation have been identified as

causing large modifications (possibly several per mill) to

the calcite oxygen isotope ratio during long drip intervals

(Deininger et al., 2012). Interestingly, the only seemingly

active speleothem growth in the CB cave appeared within

a constriction of the passageway where the ventilation rate

would be enhanced, increasing evaporation that may provide

a mechanism for reaching supersaturation and thus allowing

calcite precipitation at this high altitude site. An alternative

reason for the enriched CB cave calcite could be that the slow

precipitation rate caused sampling to remove a considerable

number of years growth, including large inter-annual vari-

ability in meteoric oxygen isotope composition.

6.6 Carbon isotopes of speleothem calcite

Cave calcite carbon isotopes exhibit a strong pattern towards

more positive values with increasing altitude (Fig. 9a). Re-

cent studies have shown that the proportions of plants with

different photosynthetic pathways (C3 and C4) above the

cave do not affect the δ13C of the cave air (Breecker et al.,

2012). In addition, the trend in Fig. 9a considers only the

least modified samples from each cave, and therefore isotope

fractionation effects are minimised and are not responsible

for the relationship with altitude. A modelled increase in tem-

perature has been shown to result in generally higher calcite

δ13C values (Mühlinghaus et al., 2009), which is opposite

to the observed altitudinal trend in the speleothem δ13C data
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(Fig. 9a). More negative calcite δ13C values in the warmer

caves at low altitude are likely to be related to the vegeta-

tion cover (thick deciduous forest), the abundant litter pro-

duced by autumnal vegetation die back, thicker soil and a

longer vegetative season (thus soil respiration) relative to the

high elevation caves. All these factors combine to imprint

the infiltration waters with a strongly negative (light), bio-

genic δ13C signal. By contrast, at high altitudes, the δ13C sig-

nal is closer to atmospheric values. Fohlmeister et al. (2011)

modelled a decrease in the DIC δ13C with increasing soil air

pCO2. In our study, cave air pCO2 is shown to be higher at

low altitudes as a result of enhanced soil respiration, which

is in agreement with the model (Fohlmeister et al., 2011) and

should account for a large part of the δ13C increase with ele-

vation gain.

Individual cave carbonates also exhibit a spread of δ13C

values (Fig. 9a) that correlate with the drip rate (Fig. 9b).

This can be partly attributed to the longer drip intervals

(slower drip rate) allowing a greater time for bicarbonate

concentration to decrease in the solution, leading to higher

calcite δ13C values (Mühlinghaus et al., 2009). However, a

second process must be occurring, as the longest drip inter-

vals were measured at the GZ cave, but these exhibited only

minor enrichments in calcite δ13C values (Fig. 9). At the

GZ cave site, speleothems are forming in a small chamber

where ventilation is highly restricted. It is, thus, likely that

ventilation is the process which further enriches calcite 13C

(cf. Deininger et al., 2012), occurring in those caves where

seasonal contrast and the morphology of the cave passages,

as well as the presence of fractures, allows greater air ex-

change than at the GZ cave. Up to 6 ‰ 13C enrichment is ob-

served in calcite from individual caves monitored during this

study (Fig. 9), with this representing a minimum spread of

values, since it assumes that the least modified sample base-

line does not suffer from deviation associated to ventilation

effects.

In the case of the BG cave, it is clear that all the samples

taken in the cave deviate from the entrance altitudinal trend

by approximately +2 ‰. This, in part, can be attributed to the

higher infiltration elevation (ca. 900 m a.s.l.), where different

proportions of soil gas and dissolved bedrock result in higher

δ13C values. It is not, however, a direct effect of the cooler

temperature of the higher infiltration elevation water, as a de-

crease in temperature alone would cause a negative shift in

calcite δ13C values (Mühlinghaus et al., 2009). Some of the

BG cave values are then modified further by strong ventila-

tion, caused by flowing water and large seasonal temperature

contrasts, causing enhanced ventilation driven degassing and

evaporation that increase their calcite δ13C values. The two

highest altitude caves show the largest isotope fractionation

effects and, along with BG, are highly ventilated. A period

of strong ventilation during winter 2001–2002 was corre-

lated with particularly high dripwater δ13C values in the Obir

cave (Spötl et al., 2005), indicating the importance of venti-

lation and evaporation on the carbon isotopes in other studies

(Frisia et al., 2011).

6.7 Implications for speleothem-based palaeoclimate

studies

In this study, caves distributed along a steep altitudinal gra-

dient have been used to emulate the temperature change ob-

served over large-amplitude climate events. Deviation from

equilibrium of the oxygen isotope signal poses a problem

for robust palaeotemperature reconstructions (Mickler et al.,

2006). However, there is still a great deal of uncertainty about

the position of calcite-water equilibrium and the factors con-

trolling it in the cave environment, under both sub-aqueous

and sub-aerial conditions (Kim and O’Neil, 1997; Coplen,

2007; Chacko and Deines, 2008; Day and Henderson, 2011;

Gabitov et al., 2012). Ranges in stable isotope values ob-

served at an individual cave site, and therefore attributed

to in-cave fractionation processes rather than wider-scale
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environmental conditions (e.g. temperature, vegetation etc.),

reach 1.5 ‰ in oxygen (Fig. 7) and up to 6 ‰ in carbon iso-

topes (Fig. 9), with the largest modifications occurring in the

caves with strongest ventilation. This isotopic fractionation

can potentially obscure a temperature signal or information

on the original composition of the dripwater. However, when

combined with petrography and other proxies, it may provide

alternative environmental information, such as the effects of

ventilation.

Of interest here, however, is what will happen in terms of

isotopic fractionation over a large-amplitude climate change

that would affect air temperature, vegetation, soil quality

and thus pCO2 and dripwater calcite supersaturation. The

altitudinal gradient studied here can be used to infer the

temperature and associated vegetation and soil changes that

occur over high amplitude temperature changes, such as

over glacial–interglacial transitions. During a warm inter-

stadial (represented here by the low altitude caves), the

rate of calcite precipitation would be high, which results in

oxygen isotope enrichment during precipitation (Scholz et

al., 2009). This should lead to a lower fractionation factor

(1000 ln αcalcite-water) and more positive δ18O values. In the

absence of water stress, a thick and mature soil, supporting

deciduous forest with efficient, warm season soil respiration,

would yield a high soil pCO2 concentration and a negative

biogenic δ13C signal of the DIC, which is transferred to the

cave and encapsulated as negative calcite δ13C. In addition,

the thick soil cover would abate ventilation by restricting

air flow through fissures and fractures at the surface, which

maintains a depleted 13C isotope signal in the dripwater and

speleothem calcite.

By contrast, in a cold or glacial setting (the high al-

titude cave proxy), a slow rate of speleothem calcite

precipitation would lead to higher fractionation factors

(1000 ln αcalcite-water) and lower δ18O values. The lower 1dis

calculated (Fig. 7) should mean that these high altitude,

slowly growing samples are forming closer to equilibrium,

but the concept of equilibrium is elusive and our calcula-

tion relies on uncertain experimental values (Coplen, 2007;

Gabitov et al., 2012). At lower growth rates, and in associa-

tion with long drip intervals, there is a possibility of the iso-

tope data being overprinted by the cave atmosphere (Drey-

brodt and Scholz, 2011), this is found to be a particular

problem when there is strong ventilation in the cave. Dur-

ing a colder period, the vegetation dies back and the soil re-

duces in quality and thickness or can sometimes be removed

completely or substantially by advancing glaciers or strong

winds. This allows stronger cave ventilation as air circulates

through fractures now exposed at the surface. Carbon isotope

values are higher due to the lower soil pCO2 concentrations,

but then further enriched in 13C due to higher in-cave venti-

lation driven degassing and evaporation.

Day and Henderson (2011) concluded that cold caves with

a fast drip rate are the most ideal sites for palaeoclimate re-

construction from speleothems. Our data support their claim,

and show that a high calcite precipitation rate, often found

in warm caves, can enhance deviations from equilibrium

and thus colder caves would be more appropriate sites for

palaeoclimate research. In addition, a fast drip rate, in many

cases, reduces the amount of in-cave overprinting by the

cave atmosphere (Dreybrodt and Scholz, 2011), which is

particularly related to strong ventilation and evaporation of

the speleothem-forming solution (Day and Henderson, 2011;

Deininger et al., 2012). However, we also observed that each

cave has unique processes, and even a small amount of cave

sampling (such as in this study) can reveal important infor-

mation about the cave processes, and whether the cave re-

sponds similarly to that expected by the models and exper-

iments. For example, in the GZ cave, despite the very long

drip intervals, there appeared to be little overprinting by the

cave atmosphere due to the minimal ventilation in the cave

chamber. Furthermore, the highest-temperature cave studied,

the DL cave, appears to have a reduced calcite precipita-

tion rate due to higher cave air pCO2 following periods of

cave blockage and reduced ventilation, leading to build-up

of CO2. These two examples from eight monitored caves

highlight that although modelling and cave analogue labo-

ratory experiments are highly useful in understanding pro-

cesses in the cave environment, they are no substitute to cave

monitoring.

We end the discussion by looking at the effects that the

in-cave disequilibrium fractionation would have on a typical

speleothem stable isotope proxy record, focusing on the sig-

nificant effects of ventilation and evaporation found in this

study. For the Northern Italy region, and likely much of con-

tinental Europe, a decrease in temperature would result in

more negative δ18O of infiltrating water, which would be

transferred to the calcite, and less negative calcite δ13C val-

ues. As previously discussed, a cooler climate would lead to

stronger ventilation via a reduction in soil cover and possi-

bly slower drip rates, which would increase both the calcite

δ18O and δ13C values. For δ18O this in-cave effect works in

the opposite direction to the climate signal and may com-

plicate interpretation or even mask the environmental signal.

However, source water provenance and trajectory, and its in-

teraction with topography will have a dominant effect on the

oxygen isotopes, in addition to seasonality of the rainfall at

the site. Conversely, for the δ13C signal, the ventilation and

associated kinetic disequilibrium effects form a positive re-

inforcement that amplifies the original δ13C climate signal.

This may explain why under certain circumstances the δ13C

signal has been more successfully interpreted than that of

oxygen during climate transitions in Europe (e.g. Genty et

al., 2003; Hodge et al., 2008; Scholz et al., 2012). This in-

terpretation, however, does not cover all karst regions where,

for example, for climatic reasons ventilation may correspond

to warmer or wetter periods or where the source water has a

different provenance and trajectory.
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7 Conclusions

Using a steep altitudinal gradient, we have demonstrated

that temperature does indeed have a strong influence on the

isotopic fractionation between water and speleothem cal-

cite. Over the 9 ◦C temperature gradient observed in our

dataset, higher temperatures account for an approximate

1 ‰ (ca. 1.5 units of 1000 ln α) increase in δ18Oc values

and 5 ‰ decrease in δ13C values of calcite. Whereas drip

rate and its associated kinetic effects have been shown to

be responsible for modifying δ18Oc up to 1.5 ‰ (< 2 units

of 1000 ln α) and calcite δ13C by < 6 ‰, within an indi-

vidual cave. The primary driving forces for the oxygen iso-

topic changes are temperature-related calcite supersaturation

and calcite growth rate, whereas carbon isotopes are affected

by the temperature-related biogenic δ13C signal of the soil,

pCO2 concentration and the drip interval.

Data presented in this study are in strong agreement with

the current views from models and cave analogue experi-

ments (Mühlinghaus et al., 2009; Polag et al., 2010; Day and

Henderson, 2011; Dreybrodt and Scholz, 2011). Most sig-

nificant is the relative importance of ventilation and evapo-

ration in combination with the drip interval (Day and Hen-

derson, 2011; Deininger et al., 2012). Speleothem calcite

from dynamically ventilated caves, often exhibited signifi-

cant deviations from equilibrium, increasing both δ13C and

δ18O. Stronger ventilation is expected under colder climates,

such as during glacial periods. Therefore, speleothem records

may be affected by significant shifts in stable isotope values,

caused by in-cave kinetic disequilibrium effects, as they pass

over glacial–interglacial transitions.

Supplementary material related to this article is

available online at: http://www.clim-past.net/9/99/2013/

cp-9-99-2013-supplement.pdf.
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