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Paleoclimate reconstructions based on speleothems require a robust interpretation of their proxies. 
Detailed transfer functions of external signals to the speleothem can be obtained using models supported 
by monitoring data. However, the transferred signal may not be stationary due to complexity of 
karst processes. Therefore, robust interpretations require the calibration of speleothem records with 
instrumental time series lasting no less than a decade. We present the calibration of a speleothem 
δ18O record from Postojna Cave (Slovenia) with the regional record of δ18O composition of precipitation 
during the last decades. Using local meteorological data and a regional δ18O record of precipitation, we 
developed a model that reproduces the cave drip water δ18O signal measured during a two-year period. 
The model suggests that the average water mixing and transit time in the studied aquifer is 11 months. 
Additionally, we used an ion microprobe to study the δ18O record of the top 500 μm of a speleothem 
from the studied cave gallery. According to U–Th dates and 14C analyses, the uppermost section of the 
speleothem was formed during the last decades. The δ18O record of the top 500 μm of the speleothem 
has a significant correlation (r2 = 0.64; p-value <0.001) with the modelled δ18O record of cave drip 
water. Therefore, we confirm that the top 500 μm of the speleothem grew between the years 1984 
and 2003 and that the speleothem accurately recorded the variability of the δ18O values of regional 
precipitation filtered by the aquifer. We show that the recorded speleothem δ18O signal is not seasonally 
biased and that the hydrological dynamics described during monitoring period were stationary during 
recent decades. This research demonstrates that speleothems with growth rates <50 μm/yr can also be 
used for calibration studies. Additionally, we show that the fit of measured and modelled proxy data can 
be used to achieve annually resolved chronologies in speleothems that were not actively growing at the 
time of collection and/or that do not record annual laminae.

© 2017 Elsevier B.V. All rights reserved.

1. Introduction

Speleothems can be excellent archives of paleoenvironment 
and/or paleoclimate (Fairchild and Baker, 2012), and the oxy-
gen isotope composition of speleothems is the most commonly 
used proxy in speleothem records (e.g., Lauritzen and Lundberg, 
1999; Wang et al., 2001; Domínguez-Villar et al., 2017). Most re-
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searchers interpret the variability of speleothem δ18O records in 
relation to the variability of the inter-annual/long-term oxygen iso-
tope composition of precipitation over the region. However, mul-
tiple controls affect the initial δ18O value of precipitation once 
the water enters the karst system and before the isotopic com-
position of drip water is transferred to the speleothems (Baker 
et al., 2012). Detailed studies have proven that the δ18O values 
of speleothems may be dominated by variability of the fractiona-
tion factor between the solution and the forming carbonate (Feng 
et al., 2014). The epikarst hydrology has a significant control on 
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the δ18O values due to the mixing of groundwater reservoirs with 
different residence times (Bradley et al., 2010). Also, the interac-
tive dynamics between the soil and the atmosphere can affect 
the isotope composition via groundwater evaporation (Ayalon et 
al., 1998; Markowska et al., 2016) or the thermal decoupling be-
tween ground and atmosphere temperature (Domínguez-Villar et 
al., 2013). Therefore, before conducting detailed paleoenvironmen-
tal and/or paleoclimate interpretations from speleothem records, 
it is desirable to evaluate whether such records can be calibrated 
with available geochemical, environmental or climatological time 
series that control the δ18O values in the system. Previous studies 
have shown a lack of correlation or a non-stationary relationship 
between Holocene speleothem δ18O records and climate variables 
due to the complexity on the controls affecting the δ18O values 
in karst systems (Treble et al., 2005; Fischer and Treble, 2008;
Baker et al., 2011). Therefore, it is a good practice to perform cal-
ibration tests covering a period lasting no less than a decade in 
order to conduct robust paleoclimate or paleoenvironmental recon-
structions (Burns et al., 2002; Yudava et al., 2004; Jex et al., 2010;
Riechelmann et al., 2017).

In order to perform accurate calibration tests, annually resolved 
chronologies and annual or sub-annual sampling resolutions of 
the studied proxy are required (e.g., Mattey et al., 2008). Since 
growth rate is a limiting factor for these studies, speleothems 
used to calibrate δ18O records typically have growth rates in the 
order of several hundred of microns per year. The amount of 
sample required to perform δ18O analyses by Gas Source Isotope 
Ratio Mass Spectrometry (GS-IRMS) limits the spatial sampling 
resolution along the growth rate of speleothems to a range be-
tween 50 and 100 μm in best scenarios (Spötl and Mattey, 2006;
Pacton et al., 2013). However, δ18O analyses can also be car-
ried out using an ion microprobe, which smaller requirements 
for sample size allows a typical spatial resolution between 10 
and 30 μm (Treble et al., 2007; Orland et al., 2009). The use of 
ion microprobes to study speleothems is not novel, although is 
still uncommon. This technology has been applied to speleothems 
to obtain high resolution δ18O records (Kolodny et al., 2003;
Treble et al., 2007), to unravel seasonal cycles (Liu et al., 2015), 
to study the paleo-seasonality (Orland et al., 2009, 2012, 2015) 
or to perform calibration of recent samples (Treble et al., 2005;
Orland et al., 2014). These studies showed that the spatial res-
olution of the ion microprobe analyses represents an advantage 
compared to the combination of micromill sampling and GS-IRMS 
analyses.

During two years we monitored the water δ18O values of sev-
eral drip sites in a hall of Postojna Cave (Slovenia) and selected 
a laminated speleothem that grew under one of the studied drip 
sites. Due to the slow growth rate of the top 30 mm of the 
speleothem (<40 μm/yr), we used ion microprobe analyses to ob-
tain a speleothem δ18O record of the top 500 μm of the sample 
that was expected to precipitate over the last decades. The aim of 
the study is to compare the recent speleothem δ18O record with 
the regional record of δ18O values of precipitation to test whether 
this speleothem record will provide a robust proxy for the long-
term evolution of the δ18O values of precipitation in the region.

2. Material and methods

2.1. Postojna Cave and water analyses

Postojna Cave is a 20 km long tourist cave in Slovenia (45.78◦N; 
14.20◦E) (Fig. 1A). Within this cave, Pisani Rov is a ∼0.6 km long 
corridor aside from the major tourist route. We focus our study on 
Bela in Rdeča hall (hereafter referred to as BiR hall), which is the 
last chamber at the far end of Pisani Rov (Fig. 1B). BiR hall is 70 m 
long, 12 m wide and has an average height of 4.5 m. This hall has 

Fig. 1. Location map, cave sketch and speleothem images. A: Location map of Slove-
nia. Records of δ18O values of precipitation are from Ljubljana and Postojna. The 
studied cave is in Postojna. B: Sketch of BiR hall (plan view) showing the location 
of drip sites (stars). Studied speleothem (PO2) was collected from drip site 2. In-
set graph shows the location of BiR hall within Postojna Cave (grey shaded area 
pointed with an arrow). C: Image of stalagmite PO2 before collection. D: Detailed 
image of the top 30 mm of PO2 speleothem showing the flat surface of the centre 
of the speleothem.

nearly 40 m of bedrock cover. The room is decorated with a multi-
tude of speleothems, it has no appreciable air flow, and its average 
temperature is 8.4 ◦C (Domínguez-Villar et al., 2015). The surface 
over the cave has a patchy distribution of rendzina soils in be-
tween the dominant bedrock exposures that stands <0.5 m from 
the ground. According to artificial pits, the soil can locally reach 
depths >0.5 m (Krajnc et al., 2017). The vegetation consists of a 
dense mixed forest (i.e., spruce, fir and beech trees). In the studied 
site the climate is continental, and based on data from the Postojna 
meteorological station, located at 533 m asl (above sea level), the 
mean annual temperature was 8.7 ◦C during the period 1971–2000, 
with a mean temperature of 18.1 ◦C during the warmest month 
(July) and 0.1 ◦C during the coldest month (January). Over the same 
period, the average amount of annual precipitation (±1 SD; stan-
dard deviation) was 1590 ± 209 mm. There is no clear seasonality 
in the amount of precipitation. Snow is common during the win-
ter and the snow cover over the ground can last for weeks during 
these months.

During a two-year period (2009–2010), we studied the isotope 
composition of 9 drip sites in BiR hall, all of them located within 
40 m (Fig. 1B). Drip water samples were collected twice per month 
for analyses of δ18O values. These samples consisted of water ac-
cumulated in beakers left under the drip sites since the previous 
visit, except for one site (site 7; Fig. 1B) that had enough discharge 
to collect the water during every cave visit. Additionally, a total of 
15 beakers containing 50 ml of water with a known initial δ18O 
value (+19.16� VSMOW) were left to equilibrate with the mois-
ture of the cave atmosphere in BiR gallery to evaluate potential 
evaporation processes. These samples were all set at once and col-
lected one by one in different visits to the cave. The samples were 
set under an umbrella to prevent interferences caused by splashing 
water from nearby drip sites. Water samples of monthly precipita-
tion were collected at the meteorological station of Postojna. All 
precipitation, rainfall, snow or hail, was collected daily and trans-
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