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ABSTRACT: 

Few terrestrial Holocene climate records exist from Southeastern Europe despite its important 
geographic position as a transitional climatic zone between the Mediterranean and mainland 
continental Europe. In this study we present new petrographic and stable isotope data for two 
Holocene speleothems from Modrič Cave, Croatia (44o15’N, 15o32’E), a coastal Adriatic site 
(120 metres inland).  Modern meteorological and cave conditions have been monitored for two 
years to understand the links between the climate variability and the stable isotope time-series 
records in speleothems.  Typical of a Mediterranean-type climate, a negative water balance exists 
between April and September, so that recharge of the aquifer is restricted to the winter months.   
The weighted mean δ18O of the rainfall is -5.96‰ (2σ =2.83), and the weighted mean D/H 
rainfall value is -36.83‰ (2σ = 19.95), slightly above the Global Meteoric Water Line (GMWL), 
but well below the Mediterranean Meteoric Water Line (MMWL).  Modern calcite from the tops 
of each stalagmite exhibits δ18O values that are close to isotopic equilibrium with their respective 
drip water values.  Unfortunately, the relatively young ages and low uranium contents (c. 50 
ppb) of both stalagmites hamper the use of U-series dating.  Radiocarbon dates have been used 
instead to constrain their chronology using a dead carbon correction. Aside from some Isotope 
Stage 3 material (c. 55 ka), both stalagmites were deposited during the late Holocene. Climatic 
conditions during the late Holocene are inferred to have been sufficiently wet to maintain 
stalagmite growth and any hiatuses appear to be relatively short lived. Inferred changes in the 
stalagmite diameters during deposition are linked to δ13C and δ18O variations, indicating 
alternating periods of drier and wetter conditions. Drier conditions are inferred for the late 
Roman Ages warm period and the mid-Medieval Warm Period (MWP). Wetter conditions are 
associated with the Little Ice Age period.  
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1. Introduction  

Published Holocene paleoclimate records for the circum-Mediterranean region, indicates 

significant differences between the eastern and western basins (e.g. Brayshaw et al., 2011; Bar-

Matthews et al., 1997; Kuzucuoğlu et al., 2011; Magny et al., 2002; Peyron et al., 2011; Giraudi 

et al., 2011; Zanchetta et al., 2011; Martín-Puertas et al., 2010). Holocene climate 

reconstructions from Croatia can provide a link between the two Mediterranean sub-basins. 

While numerous studies of the Holocene terrestrial vegetation history of this central 

Mediterranean region have been published (Sadori et al., 2011), many of the lake sediment 

sequences on which reconstructions are based are poorly dated, or are sampled at a resolution 

that is too coarse to discern sub-millennial late Holocene environmental change.  An additional 

complication is that many terrestrial late Holocene pollen records are compromised by 

anthropogenic effects (e.g. deforestation and cultural changes), making it difficult to disentangle 

human- and climate-induced vegetation change in the region (e.g. Di Rita and Magri, 2009; 

Mercuri et al., 2011).   

Information about past climates in the region has also been derived from Adriatic Sea sediment 

cores.  By contrast with the lake sediment records, many of the measurable proxies in these 

marine cores (e.g. planktonic and benthic foraminifera assemblages) are relatively unaffected by 

human induced changes on the adjacent continents, particularly in the more distal sites (Oldfield 

et al., 2003; Sangiorgi et al., 2003; Piva et al., 2008).  In the recent work of Piva et al. (2008) for 

example, foraminifera assemblages, along with palaeomagnetic secular variations and aquatic 

pollen indicators were investigated in a set of marine sediment cores from the Western Adriatic 

shelf and the Southern Adriatic deep basin to reconstruct a high resolution record of 

environmental and climatic conditions for the past 6,000 years.  The abundance of foraminifera 

species indicative of warm/dry conditions was found to increase markedly during climatic 

optima such as the Medieval Warm Period (MWP) and the Roman Ages, events for which there 

is a significant body of independent documentary, archaeological and historic evidence.  Thus, 

repeated peaks in the occurrence of Globigerinoides sacculifer (an oligiotrophic, shallow-water 

dweller typical of warm tropical environments, that currently only appears in the Western 

Mediterranean at the end of summer), reflects warm conditions associated with the MWP and 

Roman Ages.  Similarly, the last occurrence of G. sacculifer marks the onset of the ‘The Little 

Ice Age’ (LIA), recognised as a cold and relatively wet period in this region. According to Piva 
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et al. (2008), two peaks in Valvulineria complanata (an opportunistic benthic species associated 

with a high availability of organic matter as a result of increased river discharge), match well 

with the coldest phases of the LIA: the so-called Fernau (1590-1630 AD) and Napoleon (1810-

1820 AD) intervals.  Cold and humid intervals were thus linked to a substantially increased river 

discharge, suggesting enhanced rainfall during the cold phase of the LIA.   

Speleothem records have the potential to give a perspective on the terrestrial environmental 

changes that may have accompanied the changes recorded in the marine realm discussed above.  

However, relatively few studies have been published on speleothems from this part of Europe.  

Previous work from Croatia focused mainly on submerged samples from submarine caves along 

the Eastern Adriatic coast (Surić and Juračić, 2010).  Horvatiničić et al. (2003) reported δ13C and 

δ18O time-series records for Holocene speleothems and tufas from Croatia (Plitvice Lakes, 

Zrmanja, Krupa and Krka Rivers) and Slovenia (Postojna Cave, and Podstenjšek Creek).  Most 

samples were dated using the 14C method, but a few from the Krka and Plitvice areas were dated 

by U-series (Srdoč et al., 1994; Horvatiničić et al., 2000).  Most of the speleothems and all of the 

tufas indicate late Holocene deposition, although some stalagmites commenced growing during 

the Late Glacial (c. 15-12 ka BP).   

A recent study of speleothems from three Croatian caves (Lončar et al., 2011) revealed 

depositional intervals similar to those reported by Surić and Juračić (2010); however some 

samples also indicate Holocene deposition (4 ka to present) similar to that reported here. 

Rogerson et al. (2011) presented a stalagmite record from Ponor Jazbina v Rovnjah, Slovenia, 

for the period c. 9 to 0.5 ka BP.  Relatively arid early Holocene conditions were inferred on the 

basis of slow growth rates and pronounced Sr/Ca maxima. Of more relevance to the present 

study is the record for the last 4ka BP from this Slovenian site.  Changes in δ18O and Sr/Ca in 

this Slovenian stalagmite suggest considerable late Holocene climate variability. Lower δ18O 

values, coupled with minima in Sr/Ca are associated with well documented cool climatic phases 

such as the Little Ice Age and the Late Roman Ages/early Dark Ages, implying reduced aridity.  

By contrast, higher δ18O values and maxima in Sr/Ca ratios are associated with the Medieval 

Warm period, interpreted by Rogerson et al. (2011) to reflect increased aridity.  These authors 

also suggested that millennial scale climate changes during the Holocene were caused by shifts 
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in atmospheric circulation, resulting in greater precipitation during cool phases, and reduced 

precipitation during the warmer periods. 

A stalagmite from Ceremosnja Cave, eastern Serbia dated using the radiocarbon method due to 

its low uranium content, preserves a record back to 2,300 ± 40 yr BP (Kacanski et al., 2001).  Its 

paleoclimate record based on stable isotope data indicates two warm periods between c. 2,275 

and 2,050 yrs BP and 1480-960 yrs BP, terminating with a colder phase from 960 BP to the 

present.  Gradually decreasing δ18O values in this speleothem during the last 2000 years were 

interpreted as a cooling trend, but their suggested 5ºC decrease in temperature is difficult to 

reconcile with the available pollen data for the region (Wanner et al., 2008; Davis et al., 2003). 

Thus, changes in δ18O at least in part, are likely to reflect temporal changes in the oxygen isotope 

ratio of precipitation rather than temperature change alone. 

 This study presents new data for two speleothems (MOD-21 and MOD-22) from Modrič Cave, 

Croatia with the aim of reconstructing aspects of late Holocene climate change in a region that 

can provide links between the two Mediterranean sub-basins. Stalagmite MOD-22 was the more 

suitable for paleoclimate studies, and is the main focus of this paper. 

 

2. Site and sample description 

Modrič Cave (44° 15' 24.6'' N, 15° 32' 14.16'' E) was discovered in 1985 AD close to the eastern 

Adriatic coastline of Croatia, approximately 30 km north east of Zadar (Figure 1).  This sub-

horizontal cave developed along a faulted contact zone between the Adriatic and the Dinaric 

structural complexes of the Upper Cretaceous Adriatic carbonate platform (Herak, 1986).  The 

limestone thickness above the cave ranges from c.1 to 30 m, and its entrance (1.8 m x 1.3 m) 

faces the coast, at an elevation of 32 metres above sea level (m.a.s.l.), (Surić et al., 2010).  The 

cave extends eastwards and branches into two main passages (Figure 1; Miko et al., 2002).  All 

investigations reported here were conducted in the north passage. The south passage contains 

evidence for human activity (bones and pottery) as well as bone fragments of Upper Pleistocene 

fauna (skull of cave bear Ursus spelaeus) (Malez, 1987).  
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The region is characterised by a Mediterranean temperate humid climate with hot summers (Cfa 

type; Köppen, 1936).  Vegetation consisting of C3 plants, mainly scrubby grassland with small 

isolated bushes, is developed on a thin (<0.5m) terra-rossa soil containing limestone fragments. 

In June 2008, two in situ stalagmites (MOD-21 and MOD-22) were retrieved from the cave 

(Figure 1). In January 2009, three temperature loggers and two Stalagmate® drip loggers were 

installed to monitor cave environmental conditions and to characterise the hydrological 

behaviour of the drip sites that fed the two sampled stalagmites.  Additionally, a Pluvimate® rain-

gauge was installed outside the cave, approximately 500 meters from the entrance.  Water 

samples from two drip feeders (MODW-21, MODW-22) and rainfall were collected monthly 

from July 2008 to June 2010 for isotopic analysis.  

Drip site MODW-22, the feeder drip of stalagmite MOD-22 is located ~ 150 m from the cave 

entrance (Figure 1), approximately 22 metres below the surface.  Drip site MODW-21, the feeder 

drip to stalagmite MOD-21 is located ~210 m from the entrance, at a depth of 22 metres below 

the surface. This chamber is well isolated from the rest of the cave by two constrictions: no. 3 

and no.13 (Figure 1).  

The cave air temperature and the drip-rates at the MODW-21 and MODW-22 sites were 

monitored from January 2009 to October 2010 using Tinytag Aquatic® temperature loggers, 

with a resolution of 0.01ºC.  The drip logger at MODW-22 failed in 2009, and the data are 

available from November 2009 to October 2010 only.  Due to periodic clogging of the external 

Pluvimate® rain gauge, a data from three nearby meteorological stations: Zadar-Zemunik (88 

m.a.s.l. and 23 km from Modrič; NOAA, 2010),  Zadar-Puntamika (7 m.a.s.l and c. 30 km from 

Modrič site; CMHS, 2010) and Starigrad-Paklenica (12 m.a.s.l. and 8 km from Modrič; CMHS, 

2010) were used to calculate the water balances at the cave site using the Thornthwaite 

evapotranspiration model (Thornthwaite, 1948; McCabe and Markstorm, 2007).  All three sites 

exhibit the highest temperature in July and August (c. 25 ºC), and a strong water deficit during 

the summer months. Recharge of the aquifer thus appears to be restricted to the winter and early 

spring (November-March). 

Stalagmite MOD-22, the primary focus of this paper, was an actively growing, 28 cm long 

stalagmite when collected (Figure 2a, 2b). Its feeder drip is a long (approximately 1.5 m) single 
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stalactite. The opaque white calcite in MOD-22 is softer and more porous than in MOD-21. 

Along the whole stalagmite there are several darker layers (c. 1-5 mm thick), some of which 

include visible clay-rich horizons.  

Speleothem MOD-21 was an actively growing 23.5 cm long stalagmite located approximately 

210 metres from the cave entrance under the Jellyfish formation (Figure 2c, 2d). During its early 

stages of deposition MOD-21 appears to have had two feeder drips, although all analyses are 

focused along the central axis of the stalagmite. Analysis of visible changes in the carbonate 

petrography of MOD-21 and radiocarbon dating revealed an erratic growth rate. The record from 

this speleothem is shown in detail in the supporting electronic information (Appendix S1). 

 

3. Methods 

A 0.1 mm diameter dental drill bit was used to obtain ~3 mg of carbonate powder from 

stalagmite MOD-22 at 2.5 mm intervals along its growth axis, producing 111 samples.  The time 

interval between successive drill holes represents approximately 16 years on average in MOD-

22, but this varies between 4 and 26 years, depending on the growth rate. 

Oxygen and hydrogen isotope measurements on the water samples were carried out at SILLA 

(Stable Isotope & Luminescence Laboratory) at the University of Birmingham, UK.  All water 

data were normalised to V-SMOW standards.  Analysis of the first batch (c. 50%) of stable 

isotope measurements on the carbonates were carried out at the Stable Isotope Laboratories at 

Royal Holloway University of London (UK), and second batch was analysed by Iso-Analytical 

laboratory (UK).  All data for carbonates are reported relative to the V-PDB standard.  

A small number of U-series isotope measurements were carried out at University College 

Dublin, using a ThermoFisher Neptune® multi-collector inductive coupled plasma mass 

spectrometer (MC-ICP-MS) equipped with an Aridus® desolvation nebulizer. Sample 

preparation prior to column chemistry involves suspending c. 200 mg of calcite powder in 

deionised H2O in a 15 ml teflon Savillex beaker and spiking with a mixed spike (233U-236U-
229Th). After spiking, samples were dissolved gradually in 7M HNO3 and left to equilibrate for c. 



 

6 

 

24 hours.  BioRad AG 1X8 Resin (200-400 mesh) ion exchange columns were used for U and 

Th separation and purification.  

All radiocarbon measurements were conducted by the Poznan Radiocarbon Laboratory, Poland, 

using a 1.5 SDH-Pelletron Model Compact Carbon AMS using the Oxalic Acid II (OxII) 

standard (Goslar et al., 2004).  Radiocarbon dates were calibrated using the age calibration 

program OxCal4 (Bronk Ramsey, 2009) with IntCal 09 calibration curves (Reimer et al., 2009).   

 

4. Results 

4.1 Cave air temperature 

The mean annual air temperature (MAAT) for the years 1961-2000 from the Zadar Puntamika 

and Starigrad meteorological stations (1992–2010) is 14.43 ºC and 16.00 ºC respectively.  

Meteorological data from the Starigrad station (c. 8 km NW from Modrič and 12 m a.s.l.) were 

used as a proxy for external air temperature at the Modrič site.  

Temperature logger TL1, located nearest the cave entrance (Figure 1), recorded an average air 

temperature of 12.96 ºC (2σ = 4.1), but this site partly reflects seasonal variations in external air 

temperature with a range of c. 7.42 ºC and a delay of c. 2 months relative to the seasonal changes 

in external air temperature.  By contrast, temperature logger TL2, deployed at the MODW-22 

drip site (Figure 1), exhibits a much more stable temperature with a mean annual value of 15.46 

ºC (2ó = 0.08). The amplitude of seasonal variations at this site is c. 0.19 ºC, markedly lower 

than at TL1. As expected, temperature logger TL3 (at drip site MODW-21, Figure 1) shows the 

most stable temperature of all three sites.  Small temperature variations do occur at this site, but 

their amplitude (0.09 ºC) is very small. The mean cave air temperature value calculated from one 

full year of data from TL3 is 15.64 ºC (2σ = 0.04).  Overall, the air temperature in the interior of 

the cave (loggers TL2 and TL3) record relatively constant temperatures that are similar to those 

of the nearby Starigrad meteorological station. 
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4.2 Drip rate and rainfall data 

The objective of this part of the study was to characterise the hydrological behaviour of the drip 

sites (MODW-21 and MODW-22) that feed stalagmites MOD-21 and MOD-22 to aid with the 

interpretation of the stalagmite stable isotope data.  Data from both drip loggers, along with 

rainfall data from the Pluvimate® logger at Modrič, were converted from drips per hour to 

millilitres per day based on the radius of the feeding stalactites (Collister and Mattey, 2008).  

These data were compared with the rainfall record inferred for the Modrič site (Figure 3) and 

with two other meteorological stations: Zadar-Zemunik (NOAA, 2010) and Starigrad (CMHS, 

2010).  In general, the rainfall events occur at the same time, but the magnitude of precipitation 

events at Starigrad is greater than that recorded at Modrič. The Modrič precipitation record is in 

reasonable agreement with that from Zadar. Summer months tend to be relatively dry at Modrič 

over the short monitored period, with the exception of July 2009, when a heavy rainfall event 

was recorded. A similar rainfall event occurred simultaneously at the Zadar station.  

Drip site MODW-22 is a very slow drip (average c. 1 drip/4.77 min), and it remained relatively 

insensitive to precipitation events over the period of its monitoring from October 2009 to 

September 2010, Figure 3). The drip logger data are in good agreement with field observation in 

June 2008, when MODW-22 was observed to drip approximately every 5 minutes, before and 

after rainfall. Unfortunately, the MODW-22 record from January to October 2009 is unreliable 

due to the logger failure, and is not shown in Figure 3. During the period from November 2009 

to February 2010, the drip rate remained quite constant with the average value of 19.23 ml/day 

(average drip rate of 1 drip/6.21 min), but showed a sharp increase in mid-February, followed by 

a gradual decrease to an average value of 30 ml/day (c. 1 drip/3.52 min).  At the beginning of 

July 2010, recording was interrupted for 9 days. From mid-July to September 2010, drip 

MODW-22 shows lower average drip rate of 19 ml/day. The average amount of water entering 

through this drip site during the entire period is c. 25.19 ml/day (755.80 ml/month).  

Drip MODW-21 is faster than MODW-22, with an average drip rate of 48.28 ml/day, but is 

much more sensitive to rainfall events.  The amount of water dripping at this site is very variable, 

but overall there is a gradual decrease from the winter towards the summer months (Figure 3).  

Drip-rates at MODW-21 increased with a c. 2 to 5 day delay in response to intense rainfall 

events, as seen in the Starigrad and Zadar meteorological stations (Pluvimate® logger was 
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blocked). This delay is approximately constant, and is especially prominent during the period 

from January to May 2009. From June 2009 to October 2009 MODW-21 appears to be 

unresponsive to rainfall events, possibly due to a high evapotranspiration rate and a negative 

water balance at this time of year.  

During the periodic visits to the cave for water collection it was noticed that both drip sites never 

dried up completely. Overall, the drip rate data from MODW-21 and MODW-22 are in good 

agreement with the monthly water balance calculations using the Thornthwaite 

evapotranspiration model (Thornthwaite, 1948; McCabe and Markstorm, 2007) based on the 

record from meteorological stations that indicate a strong summer water deficit and recharge of 

the aquifer mostly during the winter months. The smoother trends of MODW-22 and the 

persistence of its drip flow during the summer of 2010 points to a greater fracture controlled 

storage component than at MODW-21.  In the scheme of Smart and Friederich (1987), both sites 

are classified as ‘seepage flow’ drips.   

 

4.3 Drip and rain water isotope data  

The residence time of water in the bedrock above the cave, and the nature of the moisture 

sources can be investigated using drip water and rainfall D/H and δ18O.  Knowledge of the water 

residence time in the aquifer is crucial to detect possible seasonal biases in the speleothem δ18O 

signal.  A drip site fed by water with a very short residence time for example could be biased 

towards the seasonal rainfall isotope signal associated with the wet season.  As discussed below, 

this appears unlikely for the Modrič drip sites studied here. 

The δ18O and D/H data for rainfall (Figure 4) sampled monthly for nearly two years at Modrič, 

exhibit some seasonal variability, with lower values in the winter months (weighted mean δ18O = 

-6.93‰, mean D/H = -43.30‰ SMOW), and higher values in the summer months (mean δ18O = 

-5.30‰, mean D/H = -32.50‰ SMOW). The weighted mean δ18O is -5.96‰ (2σ =2.83), and the 

range of δ18O is 5.38‰ V-SMOW.  The weighted mean D/H rainfall value is -36.83‰ (2σ = 

19.95).  
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By comparison with the rainfall data, the oxygen isotope ratios at MODW-21 are buffered, and 

show only limited seasonal variability of c. 1.08‰ V-SMOW (Figure 4).  Thus, the annual mean 

δ18O for this site for the year 2009 is -6.40‰ (2σ = 0.54).  Site MODW-22 shows somewhat 

more seasonal variability (c. 2.18‰, V-SMOW) during the analyzed period (June 2008 to 

September 2010), and its annual mean value for the year 2009 is -5.19‰ (2σ = 1.6).  The mean 

δ18O from drip site MODW-22 perhaps coincidentally shows a value close to the weighted 

summer mean δ18O of rainfall from Modrič, while mean δ18O from MODW-21 is close to the 

weighted winter mean δ18O of rainfall. Drips at the MODW-22 site show higher δ18O values in 

winter (December to March) and lower values in summer and appear to be strongly out of phase 

with rainfall values (Figure 4).  The partial preservation of seasonal δ18O variability in the 

MODW-22 drip data suggests a ‘piston-flow’ behavior in which newly recharged rainfall pushes 

through previously stored, partly-mixed water. 

The annual mean D/H value of MODW-21 drip water for the year 2009 is -38.33‰ (2σ = 4.51), 

and that from MODW-22 for the same period is -28.15‰ (2σ = 13.41).  Overall, the δ18O and 

D/H values for drip-waters from MODW-21 are more strongly buffered than those from 

MODW-22.  

The D/H and δ18O data for drip and rainfall waters were also used to investigate the vapour 

sources of the rainfall that predominantly recharge these sites. The Global Meteoric Water Line 

(GMWL) and the Mediterranean Meteoric Water Line (MMWL) are shown in Figure 5a, along 

with the Modrič drip and rainfall data.  This figure shows that the Modrič water samples plot 

closer to the GMWL (D/H = 8* δ18O+10) than the MMWL (D/H = 8* δ18O+22). The Local 

Meteoric Water Line (LMWL) is given by D/H = 8* δ18O+13. Also shown for comparison is the 

Local Meteoric Water Line for the Zadar region (Vreča et al., 2006).  For comparison, the 

averaged data from the Croatian, Italian and Slovenian GNIP sites are also shown in figure 5a 

(IAEA/WMO, 2006).  Figure 5b illustrates an inverse correlation between the average monthly 

rainfall amount and δ18O of rainfall at the Zadar GNIP station that influenced speleothem δ18O. 
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4.4 Age model of MOD-22  

Unfortunately, the Modrič stalagmites are characterised by low uranium contents (typically c. 

50-70 ppb in MOD-22 and c. 30 ppb in MOD-21), young ages and relatively high 232Th contents, 

making U-series dating impossible (Table 1).  Attempts to apply corrections for the detrital 

contamination in the Holocene U-series age determinations for MOD-22 (Table 1) were 

unsuccessful, because of their very low 230Th/232Th ratios (typically <3) and young ages. 

Corrected ages were very sensitive to the choice of  230Th/232Th in the detrital component and as 

a result meaningful ages could not be calculated. Corrected ages that were in line with the 

corrected and calibrated 14C ages for MOD-22 (discussed below) required detrital 230Th/232Th 

values of c. 1.2 to 1.5, within the range of 0.8 ± 0.8 (2σ) commonly used for detrial thorium 

corrections (Richards and Dorale, 2003). 

For these reasons, radiocarbon and U-series dating methods have been combined in an attempt to 

constrain a chronological model for these speleothems (Table 1 and 2, Table S1 in Appendix 

S1). Because radiocarbon activities in stalagmites are strongly affected by the incorporation of 

‘dead’ carbon from limestone and aged soil-derived carbon, raw 14C activities must be first 

corrected for this reservoir effect (called here as a dilution effect - DE) prior to calibration.  Dead 

carbon values can vary between and within different cave sites, depending on vegetation cover, 

soil productivity, hydrological factors and limestone dissolution rates (e.g. Genty et al, 1999; 

Genty and Massault, 1999; Genty et al., 2001; Rudzka et al., 2011).  The age calibration program 

OxCal (Bronk Ramsey, 2009) was used to calibrate the 14C data using calibration curves from 

Reimer et al. (2009).  Calibrated dates reported in Table 2 and Table S1 (Appendix S1) were 

chosen with the highest probability. 

For stalagmite MOD-22, the dead carbon value was estimated using a quasi-linear growth rate 

model for the sample, with the top surface of the stalagmite anchored to the present-day (active 

when collected). The uncorrected 14C data to the DE value, (black solid curve in Figure 6) from 

stalagmite MOD-22 increase monotonically with distance, indicating quasi-linear growth rates. 

This points towards relatively stable soil carbon turnover and relatively constant limestone 

dissolution rates. The c. 1050 year offset when comparing these 14C data with the last data point 

(anchored by the year of collection) (Figure 6) is taken to reflect the ‘dead carbon’ effect for this 

sample.  This corresponds to a dead carbon value of approximately 12.5% (Table 2, Figure 6).  
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Probability density functions of calibrated dates from stalagmite MOD-22 calculated after a 

correction to the DE value of 12.5% are shown in Figure 7. 

The six 14C measurements from MOD-22 indicate that it was a fast growing, late Holocene 

stalagmite. Deposition commenced around 331 ± 96 AD (1619 ± 96 cal BP) (Table 2), and 

continued at an almost linear rate prior collection in 2008 (Figure 6). Its average growth rate is 

304 µm/yr. In detail however, this rate varies between the dated intervals, with a noticeable 

increase in growth rate between 1345 ± 59 and 1580 ± 96 years AD (605 ± 59 and 370 ± 96 cal 

BP), at a distance 155-35 mm from the top. 

 

4.5 Speleothem isotope data  

‘Hendy tests’ on MOD-22 (Figure 8a) show no correlation between the δ18O and δ13C along the 

examined laminae, indicating no evidence for strong disequilibrium (kinetic) isotope 

fractionation effects.  The stable isotope record for stalagmite MOD-22 shows only moderate 

variations along the whole time series (Figure 8b).  δ18O varies by about 2‰ and δ13C by about 

4‰. The mean δ18O value is -4.11‰ V-PDB (2σ = 0.93), and the mean δ13C value is -7.37‰ V-

PDB (2σ = 1.74).  Through the whole period of deposition of MOD-22 there are two distinctive 

trends of increasing δ18O, first in the interval between 245 mm and 190 mm from the top and 

again between 150 mm and 85 mm from the top.  δ13C shows at least five increasing trends 

through the time series (black arrows, Figure 8b). 

Based on the modern drip water δ18O values for both stalagmites MOD-21 and MOD-22, and the 

present-day cave temperature, model δ18O values for modern calcite were calculated using 

equations from Craig (1965), Friedman and O’Neill (1977), Kim and O’Neill (1997), Coplen 

(2007), Dietzel et al. (2009) and Tremaine et al. (2011). Values obtained based on the Friedman 

and O’Neill (1977) and Kim and O’Neill (1997) calculations, are c. 1‰ higher than the 

measured δ18O values for MOD-21 and MOD-22. Values obtained using calculations from 

Dietzel et al. (2009) are c. 0.5‰ higher than measured values for MOD-21 and MOD-22.  

Calculations based on the equations of Craig (1965), Coplen (2007) and Tremaine et al. (2011) 

seem to reflect the measured δ18O values to within 0.65‰ implying calcite deposition close to 

isotopic equilibrium (e.g. McDermott et al. 2011) 
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5. Interpretations 

Overall, there are no high amplitude seasonal variations in the cave air temperature at sites 

MODW-21 and MODW 22 (c. 0.09 ºC and 0.19 ºC respectively), indicating that both of these 

sites faithfully record the MAAT of the region averaged over multi-annual time scales.  Drip 

sites MODW-21 and MODW-22 both display a ‘seepage flow’ character in the Smart and 

Friedrich (1987) classification.  However, the MODW-21 drip site responds more rapidly to 

rainfall events, particularly from autumn to early spring, suggesting some ‘seasonal drip’ 

character.  The presence of a small storage water reservoir and a ‘seepage flow’ component in 

the MODW-21 drip site could account for its behaviour from January 2009 to May 2009. The 

fact that most of stalagmite MOD-21 grew rapidly over a short time interval in the late Holocene 

(Figure S2b) strongly suggests relatively constant water infiltration during this period.  

By contrast with MODW-21, drip site MODW-22 is characterised mostly by a ‘seepage flow’ 

character (Figure 3). The drip rate increases between February and March 2010, and after that it 

decreases very gradually, remaining essentially insensitive to rainfall events. This type of drip 

rate behaviour suggests aquifer re-charge during the winter, and its slow exhaustion during the 

subsequent months.   

Rainfall at the Modrič site is probably derived from a combination of several sources. The data 

for the cave and meteoric waters are close to the Global Meteoric Water Line (GMWL) on a plot 

of D/H and δ18O which indicates a predominance of moisture from the Atlantic Ocean. The data 

from MODW-21 drip site plot entirely on the LMWL of Vreča et al. (2006); however data from 

drip site MODW-22 plots above this LMWL, possibly suggesting slower infiltration through the 

soil and consequently greater evaporation effects. The latter effect causes possible isotope 

enrichment prior to infiltration (Wackerbarth et al., 2010). 

Drip waters from MODW-21 do not show large temporal variations in either D/H or in δ18O, 

suggesting relatively efficient mixing of waters above the drip site, despite its more ‘flashy’ 

hydrological response (Figure 3). The marked attenuation of the seasonal meteoric water D/H 

and δ18O signals suggests a relatively long (multi-annual) residence time for the water feeding 

MODW-21. While the MODW-21 drip waters do not follow the D/H and δ18O of rainfall, the 
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site is hydrologically responsive to the rainfall events, suggesting the presence of a fracture 

controlled stored water reservoir (buffering of isotopic signal).  

Site MODW-22 exhibits higher D/H and δ18O values during the winter, and appears to be out of 

phase with the seasonal trends in meteoric δ18O and D/H.  Overall, mean δ18O from MODW-22 

displays has a value similar to that of summer rainfall mean δ18O, and is higher than the mean 

δ18O value for MODW-21. Delayed and attenuated seasonal signals in the isotopic record of 

MODW-22 and a relatively constant drip rate suggests a piston-flow type behaviour with 

incomplete mixing between the summer- and winter-recharged waters. Nonetheless, its 

hydrological behaviour indicates the presence of an important base-flow component that is not 

seen in MODW-21 (Figure 3). Assuming that the present-day hydrological (drip-rate) 

characteristics of these sites have remained relatively constant, the drip monitoring data indicate 

that the two sites have different hydrological thresholds. Thus, site MODW-21 and by inference 

stalagmite MOD-21, would be expected to cease dripping (growing) during prolonged (multi-

annual) drought periods, whereas the more important storage component of MODW-22 could 

permit continued dripping (and growth) during prolonged dry intervals. 

Age models based on 14C dates and DE corrections indicate that both stalagmites were deposited 

in the late Holocene, apart from some Marine Isotope Stage 3 material (c. 55 ka) near the base of 

MOD-21 (Supporting information, Appendix S1). The climatic conditions during the late 

Holocene were therefore sufficiently wet to maintain stalagmite growth, and any hiatuses in 

MOD-22 appear to be relatively short.  

Because the radiocarbon chronology depends on the ‘dead carbon’ correction, it should be used 

cautiously for paleoclimatic interpretations. Nonetheless, an attempt was made to identify 

intervals of wetter and drier conditions (Figure 9) based on petrography and the stalagmite 

diameter. Using the rationale of Railsback et al. (2011), wetter periods are inferred when a 

growth layer (or layers) flow down and drape over a previously deposited layer on the flanks of 

the stalagmite, whilst drying trends are inferred when layers are narrower and are perched upon 

previously deposited layers. Based on these assumptions, we infer at least five intervals of 

different climatic regimes in MOD-22 (drying trends – arrows in Figure 9).  
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Based on the corrected and calibrated 14C ages, the approximate duration of previously 

recognised distinctive climatic intervals recorded during the late Holocene, (e.g. Roman Warm 

Period (RWP), Dark Ages cold phase, Medieval Warm Period (MWP) and Little Ice Age (LIA)) 

are also shown (Figure 9).  

Drier conditions, recognized by a gradual narrowing of stalagmite MOD-22 during deposition, 

are usually associated with trends towards higher δ13C (e.g at c. 512 ± 76 AD and 900 ± 76 AD, 

Figure 9). At least five such drying-out trends are highlighted on Figure 9. In this interpretation, 

two very pronounced drier episodes occur in the lower part of MOD-22. This is consistent with 

the more compact character of the calcite.  Using the available chronology, these two dry 

episodes appear to correspond relatively well with the RWP and the transition from Dark Ages to 

the MWP, and are in good agreement with Piva et al (2008) and Rogerson et al. (2011) who 

suggested warmer and drier conditions during these two late Holocene periods in the Adriatic 

region. Drier/warmer conditions during the transition from Dark Ages to the MWP are also 

noticed in the stalagmite record from Ceremosnja Cave, eastern Serbia (Kacański et al., 2001).  

Overall, relatively wet conditions dominate the middle to upper part of MOD-22 (between 1348 

± 59 AD and 1580 ± 96 AD) and growth rates were exceptionally high. In this interval the calcite 

is more porous and overlapping layers are more pronounced (Figure 9). In this interval, the 

subsequent layers wrap over the previously deposited layers for almost the whole length of the 

speleothem (marked with dashed lines highlighting the growth layers on the stalagmite scan 

Figure 9). However, two shift to higher δ13C values during this interval are noticed and are 

interpreted as drying out trends. δ18O tends to be relatively low during this interval, consistent 

with wetter conditions and an influence of rainfall amount on δ18O (Figure 5b). This wet interval 

inferred from MOD-22 indicates increased rainfall and colder conditions at the beginning of the 

LIA in agreement with Piva et al. (2008) and Rogerson et al. (2011).  
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6. Conclusions 

Dead-carbon corrected and calibrated radiocarbon ages from both stalagmites indicate that 

deposition occurred mostly during the late Holocene, aside from some Marine Isotope Stage 3 

material (c. 55 ka) at the base of stalagmite MOD-21 (Supporting information, Appendix S1).   

Drip site MODW-22, the feeder to stalagmite MOD-22 indicates a water storage component, 

which is reflected in the continuous growth of MOD-22. This permitted continuous stalagmite 

growth during prolonged (multi-annual) dry periods such as the Roman Warm Period (RWP) and 

Medieval Warm Period (MWP). Overall, the data indicate alternating wet and dry conditions 

during the late Holocene. Drier conditions inferred for the late RWP and early MWP are also 

consistent with the previously published studies by Piva et al. (2008) for the region. Inferred 

drier conditions during the MWP are consistent with the suggestion that this interval was 

dominated by a persistent positive North Atlantic Oscillation (NAO), leading to drier conditions 

in the circum-Mediterranean region (Trouet et al., 2009). 

The hydrological data for drip site MODW-21, the feeder to stalagmite MOD-21, indicates a 

minimal water storage component consistent with its erratic growth history. In order to sustain 

speleothem growth at this site, sustained relatively wet conditions are essential. These conditions 

probably existed during the interval when MOD-21 grew very rapidly, as indicated by the two 

almost identical radiocarbon dates at points along the growth axis that are c. 70 mm apart 

(Supplementary data). However the absolute timing of this interval is uncertain. Previous studies 

by Piva et al. (2008) and Magny et al. (2009) indicate that LIA was a wet period in this region. 

This wet phase is consistent with the fast growth rates observed in stalagmite MOD-22 during 

this interval (Figure 7), and with its stable isotope data and growth layer geometry.  It is possible 

that MOD-21 also grew rapidly during the LIA, but this would require an unusually high DE 

value (c. 20%) to correct its 14C dates (Supplementary data).   

Overall, the study indicates relatively constant climatic conditions during the late Holocene.  

However there is evidence from accelerated deposition rates and growth layer geometry for a 

wetter period during the early LIA compared with late Holocene average.  Relatively linear 

growth rates in MOD-22 during the inferred drier intervals indicate that changes in hydrological 

conditions were not sufficient to cause prolonged cessations of speleothem deposition. 



 

16 

 

Acknowledgements: 

The authors would like to acknowledge Adelheid Fankhauser and Mick Murphy for helping with 

U-series dating and laboratory work at University College Dublin. Marijan Buzov and Robert 

Lončarić are thanked for the guidance during the fieldwork. Prof. Dave Mattey is thanked for 

carrying out some of the stable isotope analysis on calcite samples at Royal Holloway London. 

Most of the stable isotope analysis on calcite samples were carried out at Iso-Laboratory 

Analytical Limited in Cheshire (UK). Water isotopes were analysed at Stable Isotope & 

Luminescence Laboratory in Birmingham (UK). This research was financially supported by 

Science Fundation Ireland (SFI, Grant number 07/RFP/GEOF265). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

17 

 

References 

Bar-Matthews, M., Ayalon, A. and Kaufman, A., 1997. Late Quaternary Paleoclimate in the 

Eastern Mediterranean Region from Stable Isotope Analysis of Speleothems at Soreq Cave, 

Israel. Quaternary Research. 47: 155-168. 

Bond, G.C., Showers, W., Elliot, M., Evans, M., Lotti, R., Hajdas, I., Bonani, G., Johnson, S., 

1999. "The North Atlantic's 1–2 kyr climate rhythm: relation to Heinrich events, 

Dansgaard/Oeschger cycles and the little ice age". In Clark, P.U., Webb, R.S., Keigwin, L.D. 

(PDF). Mechanisms of Global Change at Millennial Time Scales. Geophysical Monograph. 

American Geophysical Union, Washington DC. (59–76). 

Brayshaw, D. J., Rambeau, C. M. C. and Smith, S. J., 2011. Changes in Mediterranean climate 

during the Holocene: Insights from global and regional climate modelling. The Holocene. 21, 1: 

15-31. 

Broecker W.S., 2001, Paleoclimate - Was the medieval warm period global? Science, 291: 1497-
1499. 

Bronk Ramsey C., 2009. Bayesian analysis of radiocarbon dates. Radiocarbon, 51, 1: 337-360. 

Collister C. and Mattey D., 2008. Controls on water drop volume at speleothem drip sites: An 

experimental study. Journal of Hydrology, 358: 259-267. 

Coplen, T. B., 2007. Calibration of the calcite-water oxygen-isotope geothermometer at Devils 

Hole, Nevada, a natural laboratory. Geochimica Et Cosmochimica Acta. 71, 16: 3948-3957. 

CMHS, 2010. Croatian Meteorological and Hydrological Service 

Craig, H., 1965. The measurement of oxygen isotope palaeotemperatures. In: Tongiorgi E. (ed.), 

Stable isotopes in oceanographic studies and palaeotemperatures. Pisa, Consiglio Nazionale delle 

Ricerche Laboratorio di Geologia Nucleare, 161-182 

Davis, B. A. S., Brewer, S., Stevenson, A. C., Guiot, J. and Data, C., 2003. The temperature of 

Europe during the Holocene reconstructed from pollen data. Quaternary Science Reviews. 22, 

15-17: 1701-1716. 



 

18 

 

Desprat, S., Sánchez Goñi M. F. and Loutre M.-F., 2003. Revealing climatic variability of the 

last three millennia in northwestern Iberia using pollen influx data. Earth and Planetary Science 

Letters 213, 1-2: 63-78. 

Di Rita F. and Magri D. 2009. Holocene drought, deforestation and evergreen vegetation 

development in the central Mediterranean: A 5500 year record from Lago Alimini Piccolo, 

Apulia, southeast Italy. The Holocene 19: 295-306. 

Dietzel, M., Tang, J., Leis, A. and Koehler, S. J., 2009. Oxygen isotopic fractionation during 

inorganic calcite precipitation - Effects of temperature, precipitation rate and pH. Chemical 

Geology. 268, 1-2: 107-115. 

Friedman, I. and O'Neil, J.R., 1977. Compilation of stable isotope fractionation factors of 

geochemical interest. In: Data of Geochemistry. (6th edn); 440: 1-12. US Geological Survey 

Professional Paper. 

Genty, D. and Massault, M. (1999) Carbon transfer dynamics from bomb-14C and δ13C time 

series of a laminated stalagmite from SW France – modelling and comparison with other 

stalagmite records, Geochim. Cosmochim. Acta 63: 1537–1548. 

Genty, D., Massault, M., Gilmour, M., Baker, A., Verheyden, S. and Kepens, E. (1999) 

Calculation of past dead carbon proportion and variability by the comparison of AMS (14)C and 

TIMS U/Th ages on two holocene stalagmites, Radiocarbon 41: 251–270. 

Genty, D., Baker, A., Massault, M., Proctor, C., Gilmour, M., Pons-Branchu, E. and Hamelin, 

B., 2001. Dead carbon in stalagmites: Carbonate bedrock paleodissolution vs. ageing of soil 

organic matter. Implications for C-13 variations in speleothems. Geochimica Et Cosmochimica 

Acta. 65, 20: 3443-3457. 

Giraudi, C., Magny, M., Zanchetta, G. and Drysdale, R. N., 2011. The Holocene climatic 

evolution of Mediterranean Italy: A review of the continental geological data. The Holocene. 21, 

1: 105-115. 



 

19 

 

Goslar, T., Czernik, J. and Goslar, E., 2004. Low-energy C-14 AMS in Poznan Radiocarbon 

Laboratory, Poland, Nuclear Instruments & Methods in Physics Research Section B-Beam 

Interactions with Materials and Atoms 223, 24: 5–11. 

Herak M., 1986, A new concept of geotectonics of the Dinarides. Acta Geologica, 16, 1: 1-42, 
Zagreb 

Horvatiničić, N., Čalić, R., Geyh, M. A., 2000. Interglacial growth of tufa in Croatia. Quaternary 

Research 53: 185-195. 

Horvatinčić, N., Bronić I. K. and B. Obelić, 2003. Differences in the C-14 age, delta C-13 and 

delta O-18 of Holocene tufa and speleothem in the Dinaric Karst. Palaeogeography 

Palaeoclimatology Palaeoecology 193, 1: 139-157. 

IAEA/WMO, 2006. Global Network of Isotopes in Precipitation. The GNIP Database. 

Accessible at: http://www.iaea.org/water 

Jungclaus, J. H., Lorenz S. J., Timmreck C., Reick C. H., Brovkin V., Six K., Segschneider J., 

Giorgetta M. A., Crowley T. J., Pongratz J., Krivova N. A., Vieira L. E., Solanki S. K., Klocke 

D., Botzet M., Esch M., Gayler V., Haak H., Raddatz T. J., Roeckner E., Schnur R., Widmann 

H., Claussen M., Stevens B. and Marotzke J., 2010. Climate and carbon-cycle variability over 

the last millennium. Climate of the Past 6, 5: 723-737. 

Kacanski A., Carmi I., Shemesh A., Kronfeld J., Yam R. and Flexer A., 2001. Late Holocene 

climatic change in the Balkans: Speleothem isotopic data from Serbia, Radiocarbon 43: 647-658  

Kim, S. T. and Oneil, J. R., 1997. Equilibrium and nonequilibrium oxygen isotope effects in 

synthetic carbonates. Geochimica Et Cosmochimica Acta. 61, 16: 3461-3475. 

Köppen, W., 1936. Das geographisca System der Klimate, in: Handbuch der Klimatologie (eds. 

Köppen, W. and Geiger G.) 1. C. Gebr, Borntraeger, 1–44 

Kuzucuoğlu, C., Dörfler, W., Kunesch, S. p. and Goupille, F., 2011. Mid- to late-Holocene 

climate change in central Turkey: The Tecer Lake record. The Holocene. 21, 1: 173-188. 



 

20 

 

Lamb, H. 1965. The early medieval warm epoch and its sequel. Palaeogeography, 

Palaeoclimatology, Palaeoecology 1: 13–19. 

Lončar N., Ayalon A., Bar-Matthews M., Surić M., 2011. Climatic events in the Eastern Adriatic 

region during the Late Quaternary reconstructed from three Croatian caves. Poster presentation 

in 6th International Conference: Climate Change - The Karst Record. 26 - 29 June 2011, 

University of Birmingham, UK 

Magny, M., Galop, D., Bellintani, P., Desmet, M., Didier, J., Haas, J. N., Martinelli, N., Pedrotti, 

A., Scandolari, R., Stock, A. and Vanniere, B., 2009. Late-Holocene climatic variability south of 

the Alps as recorded by lake-level fluctuations at Lake Ledro, Trentino, Italy. The Holocene. 19, 

4: 575-589. 

Malez M., 1987. Kvartarna fauna vertebrate iz Modriča pećine kod Rovanjske (Hrvatska) 

(Quaternary vertebrate fauna from Modrič Cave (Croatia) near Rovanjska). Rad JAZU, 431: 141-

154. 

Martín-Puertas, C., Jiménez-Espejo, F., Martínez-Ruiz, F., Nieto-Moreno, V., Rodrigo, M., 

Mata, M. P., and Valero-Garcés, B. L. 2010. Late Holocene climate variability in the 

southwestern Mediterranean region: an integrated marine and terrestrial geochemical approach, 

Clim. Past, 6: 1655-1683. 

Mercuri, A. M., Sadori, L. and Uzquiano Ollero, P., 2011. Mediterranean and north-African 

cultural adaptations to mid-Holocene environmental and climatic changes. The Holocene. 21, 1: 

189-206. 

McDermott, F., Atkinson, T.C., Fairchild, I.J., Baldini, L.M. and Mattey, D.P., 2011. A first 

evaluation of the spatial gradients in δ18O recorded by European Holocene speleothems. Global 

and Planetary Change, 79: 275-287. 

Miko, S., Kuhta, M., Kapelj, S., 2002: Environmental baseline geochemistry of sediments and 

percolating waters in the  Modrič Cave, Croatia. Acta Carsologica 31/1, 11: 135-149, Ljubljana. 

McCabe G.J. and Markstrom S.L., 2007, A monthly water-balance driven by a graphical user 

interface: U.S Geological Survey Open-File report 2007-1088, 6. 



 

21 

 

NOAA, 2010. National Climate Data Center, Federal Climate Complex, Global Surface 

Summary of the Day. Version 7, Accessible at http://www7.ncdc.noaa.gov/CDO/dataproduct  

Peyron, O., Goring, S., Dormoy, I., Kotthoff, U., Pross, J., de Beaulieu, J.-L., Drescher-

Schneider, R., Vanniére, B. and Magny, M., 2011. Holocene seasonality changes in the central 

Mediterranean region reconstructed from the pollen sequences of Lake Accesa (Italy) and 

Tenaghi Philippon (Greece). The Holocene. 21, 1: 131-146. 

Piva, A., Asioli A., Trincardi F., Schneider R. R. and Vigliotti L. 2008. Late-Holocene climate 

variability in the Adriatic sea (Central Mediterranean). The Holocene 18, 1: 153-167. 

Oldfield, F., Asioli A., Accorsi C. A., Mercuri A. M., Juggins S., Langone L., Rolph T., 

Trincardi F., Wolff G., Gibbs Z., Vigliotti L., Frignani M., van der Post K. and Branch N., 2003. 

A high resolution late Holocene palaeo environmental record from the central Adriatic Sea. 

Quaternary Science Reviews 22, 2-4: 319-342. 

Railsback, L. B., Liang, F. Y., Romani, J. R. V., Grandal-d'Anglade, A., Rodriguez, M. V., 

Fidalgo, L. S., Mosquera, D. F., Cheng, H. and Edwards, R. L., 2011. Petrographic and isotopic 

evidence for Holocene long-term climate change and shorter-term environmental shifts from a 

stalagmite from the Serra do Courel of northwestern Spain, and implications for climatic history 

across Europe and the Mediterranean. Palaeogeography Palaeoclimatology Palaeoecology. 305, 

1-4: 172-184. 

Reimer, P.J., Baillie, M.G.L., Bard, E., Bayliss, A., Beck, J.W., Blackwell, P.G., Bronk Ramsey, 

C., Buck, C.E., Burr, G.S., Edwards, R.L., Friedrich, M., Grootes, P.M., Guilderson, T.P., 

Hajdas, I., Heaton, T.J., Hogg, A.G., Hughen, K.A., Kaiser, K.F., Kromer, B., McCormac, F.G., 

Manning, S.W., Reimer, R.W., Richards, D.A., Southon, J.R., Talamo, S., Turney, C.S.M., van 

der Plicht, J. and Weyhenmeyer, C.E., 2009, IntCal09 and Marine09 radiocarbon age calibration 

curves, 0–50,000 yrs cal BP, Radiocarbon 51: 1111–1150 

Richards, D.A. and Dorale J.A., 2003. Uranium-series chronology and environmental 

applications of speleothems. In: Bourdon B., Henderson G.M., Lundstorm C.C., Turner S.P. 

(eds.), Uranium-series geochemistry. Reviews in mineralogy and geochemistry 52: 407-460. 



 

22 

 

Rogerson M., Rohling E.J., Henderson G.M., Bujda M., Mihevc A. and Prelovšek M.,  2011. 

Holocene climate oscillations reflected in moisture-source variability in a Slovenian speleothem. 

Oral presentation on 6th International Conference: Climate Change - The Karst Record, 26 - 29 

June 2011, University of Birmingham. 

Rudzka, D., McDermott, F., Baldini, L. M., Fleitmann, D., Moreno, A. and Stoll, H., 2011. The 

coupled δ13C-radiocarbon systematics of three Late Glacial/early Holocene speleothems; insights 

into soil and cave processes at climatic transitions. Geochimica Et Cosmochimica Acta. 75, 15: 

4321-4339. 

Sangiorgi, F., Capotondi L., Nebout N. C., Vigliotti L., Brinkhaus H., Giunta S., Lotter A. F., 

Morigi C., Negri A. and Reichart G. J., 2003. Holocene seasonal sea-surface temperature 

variations in the southern Adriatic Sea inferred from a multiproxy approach. Journal of 

Quaternary Science 18, 8: 723-732. 

Sadori, L., Jahns, S. and Peyron, O., 2011. Mid-Holocene vegetation history of the central 

Mediterranean. The Holocene. 21, 1: 117-129. 

Smart, P. L. and Friedrich, H. 1987. `Water movement and storage in the unsaturated zone of a 

maturely karstified aquifer, Mendip Hills, England', Proceedings, Conference on Environmental 

Problems in Karst Terrains and Their Solution, Bowling Green, Kentucky. National Water Well 

Association. (57-87). 

Srdoč, D., Osmond J. K., Horvatinčić N., Dabous A. A. and Obelić B. 1994. Radiocarbon and 

Uranium-series dating of the Plitvice Lakes travertines. Radiocarbon 36: 203-219. 

Surić M., Roller-Lutz Z., Mandić M., Krajcar Bronić I. and Juračić M., 2010. Modern C, O, and 

H isotope composition of speleothem and dripwater from Modrič Cave, eastern Adriatic coast 

(Croatia), International Journal of Speleology 39: 91-97. 

Surić, M. and Juračić M., 2010. Late Pleistocene-Holocene environmental changes - records 

from submerged speleothems along the Eastern Adriatic coast (Croatia). Geologia Croatica 63: 

155-169. 



 

23 

 

Thornthwaite, C. W., 1948. An approach toward a rational classification of climate. 

Geographical Review. 38: 55-94. 

Tremaine, D. M., Froelich, P. N. and Wang, Y., 2011. Speleothem calcite farmed in situ: Modern 

calibration of δ18O and δ13C paleoclimate proxies in a continuously-monitored natural cave 

system. Geochimica Et Cosmochimica Acta. 75, 17: 4929-4950. 

Trouet, V., Esper J., Graham N. E., Baker A., Scourse J. D. and Frank D. C., 2009. Persistent 

Positive North Atlantic Oscillation Mode Dominated the Medieval Climate Anomaly. Science 

324: 78-80. 

Vreča P., Krajcar Bronić I., Horvatinčić N. and Barešić J., 2006. Isotopic characteristics of 

precipitation in Slovenia and Croatia: comparison of continental and maritime stations.  J. 

Hydrol. 330: 457–469. 

Wackerbarth, A., Scholz, D., Fohlmeister, J. and Mangini, A., 2010. Modelling the delta O-18 

value of cave drip water and speleothem calcite. Earth and Planetary Science Letters. 299, 3-4: 

387-397. 

Wanner, H., Beer, J., Butikofer, J., Crowley, T. J., Cubasch, U., Fluckiger, J., Goosse, H., 

Grosjean, M., Joos, F., Kaplan, J. O., Kuttel, M., Muller, S. A., Prentice, I. C., Solomina, O., 

Stocker, T. F., Tarasov, P., Wagner, M. and Widmann, M., 2008. Mid- to Late Holocene climate 

change: an overview. Quaternary Science Reviews. 27, 19-20: 1791-1828. 

Zanchetta, G., Sulpizio, R., Roberts, N., Cioni, R., Eastwood, W. J., Siani, G., Caron, B., 

Paterne, M. and Santacroce, R., 2011. Tephrostratigraphy, chronology and climatic events of the 

Mediterranean basin during the Holocene: An overview. The Holocene. 21, 1: 33-52. 

 

 

 

 

 



 

24 

 

 

 

Figure and tables captions 

Figure 1. Layout of Modrič cave showing the location of the temperature loggers: TL1, TL2, 

TL3 and the drip sites: MODW-21 and MODW-22. The locations of the sampled speleothems 

MOD-21, MOD-22 are also shown. 

Figure 2. Studied speleothems and drip sites in Modrič cave; A) MODW-22 drip site with in-

situ stalagmite MOD-22; B) cross-section of stalagmite MOD-22 with the location of drill pits 

for U-series (U) and radiocarbon dates (RC); C) drip site MODW-21 with in-situ stalagmite 

MOD-21; D) cross-section of stalagmite MOD-21 with the location of drill pits for U-series (U) 

and radiocarbon dates (RC). Two hiatuses in MOD-21 are marked with solid black lines. 

Sampling points for stable isotopes are visible along the growth axis. Dashed lines on the 

stalagmite’s scans indicate the layers used for the Hendy test. 

Figure 3. A two year daily record of rainfall at Modrič (black solid curve) and drip rates for 

MODW-21 and MODW-22 (bold grey and bold black curves respectively). Also shown is the 

daily rainfall record from two meteorological stations: Starigrad (dashed curve) and Zadar-

Zemunik (thin grey curve). Rainfall data is plotted in mm/day on the left-hand axis (increasing 

downwards) and drip rate data is plotted in ml/day on the right-hand axis (increasing upwards). 

Periods during which some loggers failed are also shown 

Figure 4. A two year record of water isotopes (D/H and δ18O) from Modrič rainfall water and 

the two drip sites: MODW-21 and MODW-22.  Arrows labelled ‘A’ and ‘C’ represent the mean 

δ18O and D/H for drip waters from sites MODW-22 and MODW-21 respectively. Arrows 

labelled ‘B’ represent weighted mean δ18O and D/H in the rainfall. 

Figure 5. A) Plot of Local Meteoric Water Line (LMWL) for Modrič site. GNIP stations from 

Croatia (Zadar, Zagreb, Zaviza-Mt. Velebit, Komiza-Vis Island, Dubrovnik, Malinska Krk and 

Plitvice), Slovenia (Ljubljana, Portoroz Airport and Kozina) and Italy (Ancona and Trieste) are 

given for the reference. The Global Meteoric Water Line (GMWL), Mediterranean Meteoric 

Water Line (MMWL) and Local Meteoric Water Line (LMWL) taken from Vreča et at. (2006) 
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are also plotted; B) Plot of the δ18O data from Zadar GNIP station showing the amount effect for 

the rainfall data from this region. 

Figure 6. Calculation of dilution effect (DE) of 14C data from stalagmite MOD-22. Dashed curve 

shows calibrated 14C data after applying DE = 12.5% correction taken directly from the MOD-22 

growth rate. Black solid curve represents 14C data for MOD-22, uncalibrated and uncorrected to 

the DE value.  

Figure 7. Probability density functions for 14C date calibrations from stalagmite MOD-22 after 

correction to the DE value (12.5 ± 0.1%). Dashed lines indicate calibrated age based on the range 

of 14C dates that displayed the highest probability. Black line indicates preferred age model 

based on the 14C dates with the highest probability and the distance from the top (0 mm) of the 

stalagmite is shown on the right-hand axis. 

Figure 8. A) Hendy test for stalagmite MOD-22. Each sample set was drilled from the single 

growth layer (distances are measured from the top: A-25 mm, B-85 mm and C-135 mm). 

Distance was measured from the stalagmite central axis (schematic diagram inserted); B) Stable 

isotope record with the position of the radiocarbon dates for MOD-22.  

Figure 9. Interpretation of stable isotope record from the stalagmite MOD-22. Interpretation of 

wetter and drier intervals based on MOD-22 petrography and the growth layer geometry during 

different deposition stages is shown using the methodology suggested by Railsback et al. (2011). 

Dashed lines on the MOD-22 scan highlight the growth character of layers, as shown 

schematically to the right of the picture. Horizontal dashed lines highlight the intervals of 

different climatic conditions based on the stalagmite petrography and growth layer pattern after 

Railsback et al. (2011). The arrows indicate interpreted drying-out trends recorded by δ13C in the 

stalagmite. The duration of RWP: 250 BC – 450 AD (2200 – 1500 cal BP) and Dark Ages (DA): 

450 – 800 AD (1500 – 1150 cal BP) are from Desprat et al. (2003).  The time-frames for the 

MWP were set at 800 – 1250 AD (1150 – 700 cal BP) based on a number of publications (Lamb, 

1965; Broecker, 2001; Desprat et al., 2003; Trouet et al., 2009; Jungclaus et al., 2010).  The 

timing and duration of the LIA was set to 1350 – 1860 AD (600 – 90 cal BP) based on 

previously published work (Bond, 1999; Desprat et al., 2003; Jungclaus et al., 2010). 

 



 

26 

 

Table 1. U-series measurements performed on stalagmites MOD-21 and MOD-22. Note that 

dates highlighted in bold were not considered further due to their high uncertainty. The detrial 

Th correction shown here for illustrative purposes is for (230Th/232Th) = 1 

Table 2. Results from 14C measurements on MOD-22. Measured 14C activity (a14Cm) was 

corrected to dilution effect (DE%). The raw 14C age was calibrated to years BP (1950) and 

AD/BC using OxCal (Bronk Ramsey, 2009) and calibration curves from Reimer et al. (2009). 

The highest probability age range is shown in bold. 

 

 

 

 


