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Abstract. Here we present a speleothem isotope recordcaused by changing hydrological patterns in SW Roma-
(POM2) from Ascun& Cave (Romania) that provides new nia across the middle Holocene, most likely comprising lo-
data on past climate changes in the Carpathian—Balkan rezal evaporation from the soil and an increase in Mediter-
gion from 8.2ka until the present. This paper describes arranean moisturé'®0. Further, by extending the calcula-
approach to constrain the effect of temperature changes otions to other speleothem records from around the entire
calcite 180 values in stalagmite POM2 over the course of Mediterranean basin, it appears that all eastern Mediter-
the middle Holocene (6—4 ka), and across the 8.2 and 3.2 keanean speleothems recorded a similar isotopic enrichment
rapid climate change events. Independent pollen temperadue to changing hydrology, whereas all changes recorded in
ture reconstructions are used to this purpose. The approactpeleothems from the western Mediterranean are fully ex-
combines the temperature-dependent isotope fractionation gflained by temperature variation alone. This highlights a dif-
rain water during condensation and fractionation resultingferent hydrological evolution between the two sides of the
from calcite precipitation at the given cave temperature. TheMediterranean.
only prior assumptions are that pollen-derived average an- Our results also demonstrate that during the 8.2 ka event,
nual temperature reflects average cave temperature, and thROM2 stable isotope data essentially fit the temperature-
pollen-derived coldest and warmest month temperatures reconstrained isotopic variability. In the case of the 3.2ka
flect the range of condensation temperatures of rain abovevent, an additional climate-related hydrological factor is
the cave site. This approach constrains a range of values benore evident. This implies a different rainfall pattern in the
tween which speleothed0 changes should be found if Southern Carpathian region during this event at the end of
controlled only by surface temperature variations at the cavehe Bronze Age.
site. Deviations of the change 880 _speivalues from the
calculated temperature-constrained range of change are inter-
preted towards large-scale variability of climate—hydrology.

Following this approach, we show that an additional
~ 0.6 %o enrichment 08180, in the POM2 stalagmite was
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et al., 2009), suggest that lower humidity persisted in the
area. At Sfanta Ana, a volcanic crater lake with no outflow,
water levels began to rise only after 7.4 ka (Magyari et al.,
2009).

Several Holocene speleothem records are available from
the Romanian Carpathians (Onac et al., 200amas et
al., 2005; Constantin et al., 2007). Trends towards higher
values seen in these time series throughout the Holocene
were interpreted as reflecting rising temperatures. McDer-
mott et al. (2011) expanded the interpretation of individ-
ual European speleothem records and suggested a decreas-
ing rainout gradient across the Holocene along a longitudi-
nal transect. However, a more specific distinction between
hydrology and temperature-driven changes is not easily
achieved because interpreting stable oxygen isotope records
Fiqure 1. Location of Romanian bal limate records and m from speleothems in terms of palaeoclimate is not gen-
or?)luogical gtfi?ito%s %en?iosedainpiﬁ: ?g:(:t: 1aieA§$|€(;vae;d2 —Ete erally ;traightforward (MCD?rmOtt' 2004; Lachniet, 2009;
Drobeta meteorological station; 3 — Poleva Cave; 4 — Ursilor Cave;Tremaine et al., 2011). For instance, the effects of temper-

5 - V11 Cave; 6 — Stana de Vale meteorological station; 7 — Stereature and climate—hydrology changes may cancel each other
goiu peat bog; 8 — Sfanta Ana Lake. out, for example if there is a change in rainfall seasonality.

Changes in seasonality of both rainfall and calcite precipita-

tion are difficult to detect (Baker et al., 2011). Furthermore,
1 Introduction moisture sources and transport trajectories, which generally

affect the stable isotopic composition of meteoric water in
In the region surrounding the eastern Mediterranean, proxyeurope (Rozanski et al., 1982), may respond to regional-
records suggest that conditions were more humid during thescale climate changes in contrast to local ones. Consequently,
early Holocene compared to present-day moisture budgetspecific temperature or hydrological information is rarely di-
(Rossignol-Strick, 1999; Rohling et al., 2002). Enhancedrectly quantifiable from speleothem stable isotope records.
freshwater flux roughly between 10 000 years before presenfin example is the muted or even absent signal around the
(10ka) and 6 ka led to stratification and sapropel formation in8.2 ka cold event in speleothef#fO records throughout Ro-
the eastern Mediterranean. At the same time, depltéa mania (Tamas et al., 2005; Constantin et al., 2007), despite
values in lacustrine calcareous microfossils and endogenithis event being clearly identifiable in peat bog pollen records
carbonate deposits suggest less evaporation across the regi@ffeurdean et al., 2007), in Balkan lake records (Pross et al.,
during that time compared to the present day. A stacked oxy2009; Panagiotopoulos et al., 2013), as well as in the Aegean
gen isotope record generated from lake proxies around th&ea (Marino et al., 2009). This ambiguity of speleottséfD
eastern Mediterranean shows a general drying trend betweearecords with respect to climatic events and transitions raises
6 and 4 ka (Roberts et al., 2008). A pattern of increasig the question of how more specific information on the nature
values with time from the early to mid-late Holocene is docu- of climate change can be extracted from this proxy.
mented in speleothem records from south-central Europe and In this study we present a new speleothem isotopic record
the eastern Mediterranean (McDermott et al., 2011, and reffrom Ascun& Cave located on the eastern slopes of the
erences therein). This has been suggested by McDermott €arpathian Mountains in Southern Romania (Fig. 1), in an
al. (2011) to reflect more efficient rainout from an Atlantic area under periodical Mediterranean hydroclimate influences
source of moisture and less of it reaching the eastern MeditertBojariu and Paliu, 2001; Apostol, 2008). We combine in-
ranean region during the late Holocene. formation from regionally averaged pollen-based tempera-

Due to the topographic complexity and rather sparse dataure reconstructions from Europe across the Holocene (Davis

distribution, reports from across the Carpathian—Balkan re-et al., 2003) with the new oxygen isotope data from As-
gion do not provide yet a common view on past environmen-cunsa Cave, alongside a detailed comparison with published
tal change, but rather point to possibly contrasting Holocenespeleothem records from Romania (Onac et al., 20@2; T
hydroclimatic evolution at the regional scale (Feurdean et al.mas et al., 2005; Constantin et al., 2007) and the Mediter-
2008; Magyari et al., 2013). Lake records from the south-ranean (McDermott et al., 1999; Bar-Matthews et al., 2003;
ern Balkans, such as loannina, Greece (Frogley et al., 2001Prysdale et al., 2006; Vollweiler et al., 2006; Verheyden
and Prespa and Ohrid, Macedonia (Leng et al., 2010) indicatet al., 2008; Fleitmann et al., 2009). We also attempt to
high humidity throughout the early Holocene, whereas palae<constrain the regional-scale hydrologic information inher-
olimnological records from Steregoiu, NW Romania (Feur- ent by speleother®0 change across the Holocene, focus-
dean et al., 2007) and Sfanta Ana, central Romania (Magyaiing on Mediterranean climate trends observable after 6 ka

Clim. Past, 10, 1363438Q 2014 www.clim-past.net/10/1363/2014/
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Figure 2. Average monthly precipitation quantities at stations Dro-
beta and Stana de Vale (data from Dragand Baciu, 2008).
Figure 3. Base of stalagmite POM2 (ages are given in ka).

(Mayewski et al., 2004; Roberts et al., 2008, 2011; McDer-

mott et al., 2011). Finally, local pollen data sets (Feurdean eb.2 Present day climatology of the study area and cave

al., 2008; Bordon et al., 2009) are used to constrain selected monitoring

rapid climate shifts associated with the 8.2 ka and the 3.2 ka

events. The regional climate of the Romanian Carpathians is
temperate—continental, characterised by a predominantly At-
lantic origin of air masses (Bdtand Geicu, 2008). It is also
influenced (in the southwestern part) by Mediterranean cy-
clonic activity that is responsible for milder temperatures and
increased winter rainfall in the area of the study site com-

Ascung Cave is located on the eastern slopes of MehedingPared to northern or eastern Carpathians (Bojariu and Paliu,
Mountains, Southern Carpathians (£9\) 22.6’ E, 1050 m 2001; Apostol, 2008). Most of the cyclones affecting the
alt.) in southwestern Romania (Fig. 1). It is a 400m long study area originate in the central Mediterranean (around the
and over 200 m deep contact cave developed by river erosioff ulf of Genoa), but cyclones from the Aegean Sea also reach
of Turonian—Senonian wildflysch (mélange) below an Uppertms region periodically (Apostol, 2008). Seasonal variability
Jurassic—Aptian limestone cover (Codarcea et al., 1964). is observed in the formation of these cyclones, as shifts of the

The cave is well decorated with speleothems and throughp()'_ar jet stream in winter affect Mediterranean cyclogenesis
out its course there is a chaotic mixture of collapsed blocks(T"go et al., 2002).

and speleothem fragments reflecting the undermining of the Figure 2 illustrates the seasonal differences in precipita-
wildflysch walls by fluvial erosion or their failure to support tion recorded between 1961 and 2000 at two meteorological

massive flowstone formations. stations relevant for this study, Drobeta (SW Romania) and
The analysed stalagmite (POM2) is 77.4 cm long and com-Stana de Vale (W Romania) (data from Dragand Baciu,
posed of well-laminated and densely compacted white calcite?008). There is a clear difference in rainfall seasonality be-
(Figs. 3 and 4). Topographic survey at the cave site reveale§veen the two regions, with Stana de Vale having one rainfall
that limestone thickness above the stalagmite sampling sit@€ak in the summer, whereas at Drobeta two main rainfall pe-
is ~100m. riods are peaking in spring and early winter (Fig. 2).
Ascun@ Cave was monitored between July 2012 and
November 2013 for atmospheric physical parameters and
drip water isotopic composition. Temperature (T), relative
humidity (RH) and CQ concentrations were measured at
three sampling locations (POM A, POM2, and POM B)

2 Materials and methods

2.1 Cave setting and stalagmite characteristics

www.clim-past.net/10/1363/2014/ Clim. Past, 10, 1363438Q 2014
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Figure 5. The growth model (solid line) of stalagmite POM2 with
95 % confidence intervals (dashed lines). Arrows indicate growth
axis changes.

immediately underneath and above visible changes in growth
axis at 43.4, 54.4 and 63.9cm.
A total of 150 stable isotope samples were hand drilled at
8.004 +0 180 5mm resolution usi.ng a 0.5mm drill bit. All samples were
ocm D analysed at the University of Oxford on a Thermo Delta V
Advantage mass spectrometer equipped with a Kiel IV Car-
Figure 4. Upper part of stalagmite POM2 (ages are given in ka). Ponate Device. Results are reported relative to the Vienna Pee
Dee Belemnite (VPDB) standard, and external precision on
replicate samples (NBS 18, NBS 19, and a local carbonate
standard) run daily on this system was 0.06 %4510 and
0.03 %o fors13C.

7.583 +0.166

within Ascun& Cave, using two Vaisala probes, GMP222 for
CO, and HMP75 forT and RH. Drip water collected from
stalactite tips at the sampling sites was analysedf#® and

6D on a Picarro L2130-i Cavity Ring-Down Spectroscope at3  pasylts and discussion

Babes-Bolyai University (Cluj-Napoca, Romania) following

the method described by Brand et a.l. (2009) The analyticab_l U_Series danng resu|ts and growth model

precision is better thaf0.03 %o for 180 and-+0.07 %o for

8D. For data normalisation, two laboratory reference watersThe U-Th ages suggest that the stalagmite started growing
(VEEN and HTAMP) that were calibrated directly against around 17.2ka, but most of the growth occurred between
VSMOW were measured repeatedly in each run. Results ar8.2ka and the present. The age model for the Holocene

expressed in %o on the VSMOW scale. part of the stalagmite (Fig. 5) is based on 11 U-Th ages
with typical dating uncertainties ranging between 1 and

2.3 U-series dating and stable isotope analysis 6% (20) (Table 1). The stalagmite was active at the time
of speleothem samples of sampling, thus the age at the top (77.4cm) is assumed

to be 0 (relative to 2009, the year of sampling) and is
For U-Th dating, calcite samples were analysed on aused as an additional tie point in the growth model cal-
THERMO Neptune MC-ICP-MS following procedures out- culation. The?38U concentration varies between 18 and
lined in Hoffmann et al. (2007) and Hoffmann (2008). In 50ngg?, and?32Th concentration ranges between 0.1 and
total, 14 U-Th samples were measured, covering the entird2.2 ng g. Dating uncertainties are therefore mainly result-
length of the stalagmite. Three pairs of samples were drilledng from small U concentration and a significant correction

Clim. Past, 10, 1363438Q 2014 www.clim-past.net/10/1363/2014/



V. Dragusin et al.: Constraining Holocene hydrological changes in the Carpathian—Balkan region 1367

Table 1.Results of the U-Th measurements of POM2 samples.

Sample ID Distance 238y 2321 2301 [230Th/232Th]  (232Th/238y)  (230Th/238y) (234U/238U) Uncorrected Corrected Corrected
from age age  PUU/Z8)ia
bottom
(cm) (hggy) (ggd) (gg?) activity activity activity activity (ka) (ka) activity

ratio ratio ratio ratio ratio

POM 09-2/top 76.35 18.26 12.155 3.951E-05 0.61 2.178E-01 1.322E-01 HPOLE 8.330 0.098 1.9098

+0.11 +0.074 +3.44E-06 +0.05 +6.002E-04 +1.051E-02 +7.699E-03 +0.685 +4.354 +0.070

POM 09-2/1 63.35 18.94 0.330 1.122E-05 6.34 5.706E-03 3.620E-02 24BTE 1.908 1.729 2.0960

+0.09 +£0.003 +3.29E-07 +0.18 +4.247E-05 +1.021E-03 +6.154E-03 +0.055 +0.104 +0.006

POM 09-2/111 62.85 18.99 8.833 2.264E-05 0.48 1.522E-01 7.281E-02 1-848E 4.377 - -

+0.10 +0.044 +6.54E-07 +0.01 +4.452E-04 +1.867E-03 +6.245E-03 +0.115

POM 09-2/VI 53.75 19.11 10.289 2.100E-05 0.38 1.761E-01 6.713E-02 149BOE 3.779 — —

+0.10 +0.054 +6.81E-07 +0.01 +4.941E-04 +2.375E-03 +7.584E-03 +0.136

POM 09-2/11 53.25 21.07 0.605 1.945E-05 6.00 9.393E-03 5.639E-02 24040 E 3.052 2.751 2.0555

+0.11 +0.005 +4.97E-07 +0.15 +7.452E-05 +1.441E-03 +9.131E-03 +0.080 +0.167 +0.010

POM 09-2/V 42.65 19.12 0.588 2.595E-05 8.24 1.007E-02 8.293E-02 24080 E 4.405 4.091 2.1102

+0.09 +£0.005 +4.27E-07 +0.14 +8.008E-05 +1.451E-03 +6.276E-03 +0.080 +0.171 +0.007

POM 09-2/IV 42.25 19.62 0.705 2.775E-05 7.35 1.175E-02 8.640E-02 2086E 4.649 4.278 2.0868

+0.08 +0.006 +5.81E-07 +0.15 +9.093E-05 +1.596E-03 +8.421E-03 +0.090 +0.199 +0.009

POM 09-2/VIII 32.3 42.96 0.378 7.403E-05 36.55 2.794E-03 1.053E-01 1-8@0E 6.373 6.275 1.8658

+0.15 +0.004 +9.71E-07 +0.52 +2.624E-05 +1.252E-03 +4.267E-03 +0.079 +0.092 +0.0044

POM 09-2/base 20.65 29.44 0.597 6.075E-05 19.00 6.636E-03 1.261E-01 1B05E 7.820 7.583 1.8361

+0.17 +0.006 +9.79E-07 +0.31 +6.077E-05 +1.884E-03 +5.368E-03 +0.123 +0.166 +0.006

POM 09-2/B 16.4 39.99 0.245 8.434E-05 64.38 2.001E-03 1.289E-01 1HUBE 8.077 8.004 1.8176

+0.20 +0.003 +1.89E-06 +1.29 +1.936E-05 +2.710E-03 +4.065E-03 +0.176 +0.180 +0.004

POM 09-2/C 7.5 49.04 0.228 1.044E-04 85.37 1.524E-03 1.301E-01 1EDE 8.346 8.290 1.7776

+0.25 +£0.002 +1.12E-06 +0.90 +1.058E-05 +1.302E-03 +3.910E-03 +0.089 +0.092 +0.004

POM 09-2/A 4.6 24.02 0.097 4.984E-05 95.85 1.323E-03 1.268E-01 1H#0BE 8.062 8.013 1.7911

+0.11 +0.001 +8.74E-07 +1.71 +1.147E-05 +2.200E-03 +4.037E-03 +0.146 +0.148 +0.004

POM 09-2/XXII 2.7 28.59 0.140 6.261E-05 83.63 1.552E-03 1.338E-01 1-806E 8.311 8.255 1.8361

+0.09 +0.002 +9.18E-07 +1.37 +1.992E-05 +1.928E-03 +5.327E-03 +0.126 +0.129 +0.0054

POM 09-2/XXIIl  1.45 31.08 0.190 7.192E-05 7151 1.918E-03 1.414E-01 1-806E 8.321 8.256 1.9387

+0.10 +0.002 +1.06E-06 +1.08 +2.125E-05 +2.172E-03 +5.269E-03 +0.134 +0.138 +0.0054

POM 09-2/D 0 20.72 0.406 1.060E-04 48.78 6.407E-03 3.126E-01 2-p90E 17.384 17.189 2.1563

+0.12 +0.004 +1.17E-06 +0.53 +4.260E-05 +3.102E-03 +4.978E-03 +0.190 +0.206 +0.006

for initial Th, combined with the young age of the stalag- 3.2 Cave monitoring results

mite which yields low?39Th /232Th activity ratios & 10) for

six of the age determinations. Two samples (POM 09-2/ 11l Monitoring data show a stable average temperature of

and POM 09-2/V|) were entire|y dominated by detrital Th, 8.24+0.6°C at the stalagmite site. Relative humldlty is also

with 239Th /232Th activity ratios< 0.5 and have not yielded ~Stable around 94 2.5% during the year, especially at sam-

resolvable U-Th ages. pling sites POM2 (where stalagmite POM2 was sampled)
We measured U and Th isotopes on a sample from theétnd POM B situated deeper inside the cave (Table 2).

top of the actively forming stalagmite in order to assess a |sotope measurements of drip waters at POM2 site show

reliable correction factor. The results shov#3U concen-  rather consistent values for bo#®0 (—10.57+0.04 %)

tration of 18.3:0.1ngg ! and a232Th concentration of and éD (—70.58+0.20 %), during the autumn-winter

12.2+0.1ngg . The measure@°Th in the top sample is months. This may indicate an efficient mixing of waters in

assumed to be entirely of detrital origin and the apparenthe aquifer, without capturing any individual rain events.

age of 8.3ka a result of initial thorium contamination. The Analysis of calcite farmed on glass plates also revealed rel-

230Th/232Th activity ratio of this sample is 06 0.05, which ~ atively constant values with mear>C of —10.30+ 0.8 %o

indicates detrital activity ratios f#°Th/232Th, 234y/232Th ~ ands'80 of —7.91+ 0.2 %o for both POM2 and an adjacent

and?38U/232Th of 0.6+ 0.05, if we assume the detritus to be Stalagmite, POM X (Table 3). . 5
in secular equilibrium. We note that this factor is well within _We constructed a local drip water line for AscanSave
the range of the bulk earth value of G:®.4 (Wedepohl, (Fig. 6) usings=*O andéD values of drip waters from all

1995). We therefore use the value of 0.6 with a conservativéhree sampling sites. Compared to the global (GMWL) and
uncertainty of 50 % to correct for initial Th. Mediterranean (MMWL) meteoric water lines, the Ascains

The growth model of Sta|agmite POM2 (F|g 5) groundwater line (AGWL) is defined a® = 6.9 x 8180+ 2
was generated using the StalAge algorithm of and plots above the GMWL. This suggests a mixture of At-
Scholz and Hoffmann (2011). lantic and Mediterranean moisture. The slope of the local wa-
ter line is slightly lower than that of the GMWL and MMWL,
respectively. This may be an indication of slight enrichment
due to evaporation from the soil above the cave.

www.clim-past.net/10/1363/2014/ Clim. Past, 10, 1363438Q 2014
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Table 2. Spot measurements of physical climate parameters in AaddDasge, including water stable isotopes.

Date ArT RH co, 180 8D
(°C) (%)  (ppm) (%o, SMOW) (%0, SMOW)

POM A
13 July 2012 7.5 93.7 1300 N/A N/A
17 October 2012 N/A N/A N/A -10.39 —69.63
30 November 2012 8.2 92.0 1520 N/A N/A
4 January 2013 7.8 894 1050 —10.36 —68.91
28 February 2013 7.2 N/A 760 —10.39 —68.87
20 April 2013 7.5 96.8 870 -10.83 —72.43
26 May 2013 8.4 92.3 1070 N/A N/A
21 September 2013 8.6 90.25 1060 N/A N/A
2 November 2013 8.7 89.3 1710 N/A N/A

POM2
13 Jul 2012 8.2 94.0 1280 N/A N/A
17 October 2012 N/A N/A N/A —-10.571 —70.74
30 November 2012 8.2 94.2 1740 —-10,582 —70.54
4 January 2013 8.1 94.1 1770 —10.517 —70.35
28 February 2013 7.6 N/A 1400 —-10.596 —70.67
20 April 2013 7.9 96.8 960 —10.760 —71.72
26 May 2013 8.8 92.2 1150 N/A N/A
21 September 2013 8.3 94.68 1360 N/A N/A
2 November 2013 8.6 91.25 1820 N/A N/A

POM B
13 Jul 2012 8.4 93.1 1300 N/A N/A
17 October 2012 N/A N/A N/A  —10.68 —71.46
30 November 2012 8.5 93.0 1880 —10.39 —70.01
4 January 2013 8.6 92.0 1660 —10.46 —69.77
28 February 2013 7.8 N/A 1360 —-10.37 —69.15
20 April 2013 8.6 94.3 1110 -10.94 —73.24
26 May 2013 9.6 88.6 1270 N/A N/A
21 September 2013 8.5 93.95 1550 N/A N/A
2 Nov 2013 8.6 93.3 2010 N/A N/A

To test the existence of equilibrium fractionation condi- empirical equation of Tremaine et al. (2011), which appears
tions at the POM2 site, we used drip watéPO values to  to better characterise conditions in Ascai@ave.
calculate a theoretical80 value of the farmed calcite, us-
ing the equation given by Tremaine et al. (2011): 3.3 Speleothem records

1000 Ine = 16.1(+0.65) x 10°T ! — 24.6(£2.2). : _
o (£0.69 x (x2.2) 3.3.1 Thes§!0 record in Romanian speleothems

The resulting value of 8.5+ 0.1 %o is slightly below the av-

erage of—7.9 % measured on calcite farmed at POM2 and The most prominent feature of 1880 isotopic profile of
POM X sites. The 0.6 %o offset from generally predicted val- stalagmite POM2 (Fig. 7) is a trend towards higher val-
ues could indicate some kinetic fractionation. However, theues during the middle Holocene. This trend shows some
average drip water value derived from point-sampling in time similarity to the stacked eastern Mediterranean lacustrine
may not exactly represent the annual amount-weighted avers'80 record (Roberts et al., 2011). In order to place the As-
age rainfall and its isotopic composition. As such, calcite pre-cunsi Caves180 trend across the mid-Holocene into a re-
cipitation may still be considered to have taken place close tagional context, we compare our record witfO profiles
equilibrium during the monitored period. The offset is some- of stalagmites from Poleva Cave (Constantin et al., 2007),
what larger when the calibration of Kim and O’Neill (1997) Ursilor Cave (Onac et al., 2002) and V11 Cavaufias et al.,

or Day and Henderson (2011) are use® (2 %0 and—9.6 %o, 2005). We also addetf80 values calculated by McDermott
respectively). In this study, we base our calculations on theet al. (2011) as representative of European caves @E 22

Clim. Past, 10, 1363438Q 2014 www.clim-past.net/10/1363/2014/



V. Dragusin et al.: Constraining Holocene hydrological changes in the Carpathian—Balkan region 1369

60 — Table 3. Stable isotope values of farmed calcite in As@u@ave.

| mmwL sD=8*5180+22 Sample s13¢c 5180
POM A Sep 2010-Jan 2011 —10.657 —8.264
64 — POM A Jan 2011-Jul 2012 -9.455 —-7.510

POM A Jul 2012-Oct 2012 —9.485 —7.826

T POM2 Jan 2011-Jul 2012 —10.403 —7.550
POM2 Jul 2012-Oct 2012 —10.369 —7.844
68 — POM2 Dec 2012—-Jan 2013 —10.434 —-7.964
POM2 Jan 2013-Apr 2013 —-11.129 -8.097

POM X Sep 2010-Jan 2011 —-9.801 —8.312
POM X Jan 2011-Jul 2012 -10.427 —-7.877
POM X Jul 2012-Oct 2012 —-9.594 —-7.780
POM X Oct 2012-Dec 2012 —10.234 —7.912
POM X Dec 2012—-Feb 2013 —10.009 —7.869
POM X Feb 2013-Apr 2013 —-10.360 —7.915

Ascunsa GWL 5D=6.9*5180+2
r=0.98

8D (%o vs. VSMOW)

T2 —

GMWL 5D=8*5180+10

-76 T T T T T T |
-10.7 -10.6 -10.5 -10.4

5180 (% vs. VSMOW) from the eastern Mediterranean (Rohling et al., 2002) and in

lacustrine records from the Balkan region (Feurdean et al.,
Figure 6. Comparison between global meteoric water lines 2008).
(GMWL,; Craig, 1961) and Mediterranean meteoric water lines
(MMWL; Gat and Carmi, 1970), as well as Asc@nSave ground-  3.3.2 Constraining regional temperature change in the
water line. speleothem$180 record with independent
temperature reconstructions

longitude at low altitudes (Fig. 8a). The general trends ofStable oxygen isotopes in individual speleothems are po-
measured values agree to a variable degree with modelletentially influenced by local effects, such as cave hydrol-
Rayleigh distillation of Atlantic air masses at low altitude ogy and cave ventilation, which may obscure the regional
(McDermott et al., 2011). A somewhat more negative mea-climate signal (Tremaine et al., 2011; Riechelmann et al.,
sureds'80 overall at Ascuris Cave (Fig. 8b) could reflectthe  2013). Here, we employ coeval data recorded in more than
higher altitude of the cave and higher rainout on route lead-one cave to account for such potential biases. We specifi-
ing to increasingly lowe§180 in the moisture arriving at the  cally address the three features reported above: (1) the gen-
cave site, but the observed trend may not be explained comeral mid-Holocene trend by comparing the isotopic differ-
pletely by this model. Poleva Cave shows slightly higher cal-ence between 2000 years averaged time intervals between the
cite §180 values after 4 ka<{7.6 %o) in comparisonte- 6ka  early and late Holocene, from 8—6 ka and 4-2 ka, respectively
(—8.3 %o ) and Constantin et al. (2007) interpret this increase(Fig. 8a); (2) the absence of an unambiguous 8.2 ka event in
as a general warming trend. At Ursilor Cave (NW Romania),isotopic speleothem records from Romania, and (3) the na-
late Holocen& 80 values are slightly higher (by 0.2 %o) than ture of a clear isotope excursion3.2ka in two Southern
during the middle Holocene and Onac et al. (2002) suggest€arpathian speleothems.
that an apparent lack of variability at this site reflects rela- The principal controls of oxygen isotope fractionation dur-
tively stable climate conditions. ing speleothem calcite precipitation are temperature in the
Well-known rapid climate change events (Mayewski et al., cave and isotopic composition of drip water (e.g. Day and
2004) such as the 8.2ka event are not always clearly exHenderson, 2011; Tremaine et al., 2011). Both aspects di-
pressed in Romanian speleothéMO records (Onac et al., rectly respond to changes of annual average air temperature
2002; Tamas et al., 2005; Constantin et al., 2007). This ab-above the cave. In addition, drip wat3f0 may also record
sence in the speleothe# O record is in contrast to re- variations in hydrologic climate characteristics, such as rain-
ports from the marine records from the eastern Mediter-fall seasonality, evaporation, moisture sources and rainout
ranean (Rohling et al., 2002), and lacustrine records fromefficiency along the path (McDermott, 2004; Fairchild et
the wider Balkan region (Feurdean et al., 2008, Pross et alal., 2006; Lachniet, 2009). The two principal contributors
2009). An exception is a common negative excursion occur{o change — temperature and climate hydrology — may be
ring at ~ 3.2ka that is recorded in th#80 time series of separated as follows: assuming that (1) calcite precipitation
Ascung& and Poleva caves in the Southern Carpathians. Thisemperature in the cave reflects the annual average surface
century-long cold event has been identified in marine recordsir temperature and oscillates very little year-round (see also
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%o vs. VPDB Table 4. Regional pollen data sets (after Davis et al., 2003) and
7 = from Steregoiu (Feurdean et al., 2008) used for the calculation of
the temperature effect on speleothem isotopic values between 6 and
] 5180 4 ka. Steregoiu data were converted to temperature anomalies with
§ — respect to the latest 100 years.
7] Pollen region Average TA Average TA ATA
o ] 8-6ka 4-2ka 6-4ka
TANN CW Europe —-0.26 —0.08 0.18
] TANN SE Europe -0.51 0.04 0.56
10 313c TANN CE Europe 1.29 1.02 —0.27
TANN SW Europe —-2.03 —-0.82 1.21
. TANN Steregoiu 0.00 0.60 0.59
MTWA CW Europe 0.32 0.18 -0.14
MTTrrr I rrrrrrrrr MTWA SE Europe —0.88 —041 047
0 1 2 3 4 5 6 7 8 MTWA CE Europe 0.36 0.10 -0.26
Age (ka) MTWA SW Europe ~1.72 ~0.67  1.05
MTWA Steregoiu 0.45 1.35 0.91

Figure 7. 8180 ands13C profiles of stalagmite POM2 with nine-

’ MTCO CW Europe —0.49 0.37 0.87
point smoothed values (black). MTCO SE Europe 0.20 031 011

MTCO CE Europe 0.29 0.12 -0.16

) MTCO SW Europe —-151 —0.38 1.13

Table 2) and (2) the coldest and warmest months define the |+~ Steregoiup ~090 _058 032

range of temperature-controlled oxygen isotope fractionation
during condensation of rain, one may calculate an expected
range for relative changes in speleoth&fO based entirely

on temperature variation. To do this, we employ pollen-based

temperature reconstructions of the annual average surfacsee eral Romanian speleothem records in order to identify the
air temperature (TANN — Temperature ANNual), surface air v ! P ' ' ify

temperature of the coldest month (MTCO — Mean Temper—"kle I;hgod of adtdmonal chqn?ﬁls n otherllc;hmate—hy(i.r olofgy
ature of the COldest month), and surface air temperatur elated parameters (e.g. rainfall seasonality, evaporation from

of the warmest month (MTWA — Mean Temperature of the he soil, or variable moisture sources and pathways).

WArmest month) for two zonal sectors from central Europe selrfv(-;) dnl}(;i égggi;atg;w\:’;:amgyti;O;t;?g:\e/;stooftri]r?te?l;;t
and the Mediterranean, respectively (Davis et al., 2003), to " ;g . o '
8-°O¢_speiwill plot inside the expected pollen temperature-

derive a pollen temperature-constrained range of expecte -
P P 9 P constrained range of values (range Aﬁlsoc_pta cal-

18 18
670 change £30c_po. culated from the pollen input data TANN, MTCO and

In this calculation, we use the empirical equation of ) . )
: TWA. If rainfall seasonality changes along with tempera-
Tremaine et al. (2011) for temperature-dependent ox erkvI ) >
( ) X P Y9 ture, A8180¢_speimay still fall inside the range ak880¢_pic

isotope fractionation during calcite precipitation: . i . ) .
— if changes in rainfall seasonality are relatively small — or
1000Ine = 16.1(1C°T 1) — 246. 1) outside, depending on the combination of changing temper-
ature seasonality and rainfall seasonality. Example calcula-
For thes180—temperature relationship in rainwater we use tions can be easily performed (not shown) and they demon-
the empirical global mid-latitude relationship suggested byStrate that, for example, in the case of warming an addi-

Rozanski et al. (1993): tional change towards a more pronounced rainfall seasonal-
ity with a higher proportion of summer rain would result in
8180y /AT = 0.58%C L. (2)  A88O:_speifalling above the range ak§180;_pc If rainfall

seasonality changed towards more winter rain under the same
For calcite precipitationAs180;/ AT is ~—0.18%.°C™1  warming scenarioA§80; speiwould fall below the range
(Tremaine et al., 2011). Therefore, the combined effectof A§8O; gpeifrom the range oA8§180; pic A cooling sce-
of temperature change in speleothem calcﬁéléoc_spep nario instead of a warming one would produce the same rela-
is dominated by rainfall temperature change and resulttionship betweema1800_spe|andA81800_ptc, but the sign of
ing changes in drip wateér*80,,(A§180. ~ —1/3A5180,).  both A580 would be negative. A significant change in rain-
Sources of error in this approach are discussed along with thé&ll seasonality in addition to a change in any other climate—
details of calculation in the Appendix. We compare the cal-hydrology parameter — such as evaporation from the soil or
culated temperature-constrained range of relaf¥® varia- moisture source and pathways, for example the relative con-
tion—the range oMlBOC_ptC—With A5180c_5p9|observed in  tribution of Atlantic and Mediterranean moisture — would
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Figure 8a. Comparison betwees80 records from Ascuris Pol-
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Figure 8b. Stack of$180 records from Ascurés Poleva, Ursilor
and V11 caves. Isotopic values from a Rayleigh distillation model
(McDermott et al., 2011) for low-altitude caves at’ZR longitude
are represented as dashed line.

aged pollen data sets used to calculate isotopic variability in
different cave records are summarised in Table 4 and calcu-
lation details are given in Table 5. Potential shortcomings of
the chosen pollen zones are also discussed in the Appendix.
For Ascuna Cave, which is inside the SE pollen zone
of Davis et al. (2003), speleothems'80g_4ka is 0.69 %o,
whereas values expected from the pollen-based temper-

eva, Ursilor and V11 caves. Isotopic values from a Rayleigh dis-gtyre reconstruction are between 0.16 %o (summer) and
tillation model (McDermott et aI., 2011) for low-altitude caves at —0.05 %o (Winter) (Flg 9) This ImpIIeS that across the
22° E longitude are represented as dashed line. Stacked ISOMEI?T]iddIe Holocene transition speIeotheTHBO values at the
lacustrines180 for Mediterranean lakes after Roberts et al. (2008). . . .

ave site became higher than expected if only temperature

Dashed-line boxes represent the time windows (4-2 and 8-6 kaS: 18+ . -
used in the calculation (see text). change occurred. A8-°0 increases in the majority of ob-

further add to the distance @680 _gpeifrom the range of
A818OC_ptc.

3.3.3 Temperature and hydrology-related changes in
speleothems?80 records from Romania and the
Mediterranean basin

We analyse the broa#f80 change across the time interval

served speleothems from the eastern Mediterranean domain
across the 6—4 ka interval beyond the temperature-controlled
amount (Fig. 9), there must have been a common large-scale
change of climate-hydrology. This may include a combi-
nation of change in rainfall seasonality with any other hy-
drological factor, such as local evaporation, a change in the
proportion of Atlantic vs. Mediterranean moisture source
(Rozanski et al., 1993), or a change in the isotopic compo-
sition of the two vapour sources.
To rule out local climate effects, we compare our

6—4 ka as outlined above for the Romanian stalagmites andpeleothem record with other isotope records from Poleva
also for a selection of southern European records (Fig. 9)(Constantin et al., 2006) and Ursilor (Onac et al., 2002)

The pollen-based temperature reconstruction by Davis etaves. Considering that the Davis et al. (2003) CE pollen
al. (2003) divides Europe into six main regions: northwest-zone is not well represented around’ #blatitude in Ro-

ern (NW), northeastern (NE), central-western (CW), central-mania, we use the local temperature reconstruction derived
eastern (CE), southwestern (SW) and southeastern (SE). THeom the pollen record of Steregoiu (Feurdean et al., 2008)

boundary between central and southern zones iN45he
boundary between western and eastern zones®ig.15his

for Ursilor Cave. Figure 9 shows that measured®0g_4xa
at Poleva is similar to that at Ascumand falls well outside

places the Alps and much of northern Italy inside the CW the pollen temperature-constrained range of change, whereas
zone and divides Romania between the CE and SE zon#rsilor falls within the constrained range close to the sum-
along the Southern Carpathians. Across the last 8000 yeamser temperature value. Even if the Ursilor record is com-
the CW shows a slight winter warming, the CE zone showspleted with nearby V-11 data to complement the 8-6 ka BP

only little change, the SW zone shows &2warming trend
for both seasons, and the SE zone show8@warming dur-

interval, A§180g_4ka remains fully explained byA§180¢ prc
(see Fig. 9). This is despite the fact that due to the higher

ing summer (Davis et al., 2003). The specific regionally aver-altitude of V-11 cave, it$180 data are most likely skewed

www.clim-past.net/10/1363/2014/

Clim. Past, 10, 1363438Q 2014



1372 V. Dragusin et al.: Constraining Holocene hydrological changes in the Carpathian—Balkan region

Table 5. Speleothem isotope data and calculation results of temperature-constrained speleothem isotope values for the mid-Holocene transi:
tion.

Site 57180 gpel 6780 spel  ASM8O; gpei  Cave TANN  As8Oq  MTWA  MTCO  A880w_summer  A8'%Ow_winer  A8%0c pet  A880c_pet
8-6ka 4-2ka 6-4ka T ATA 6-4ka ATA ATA 6-4ka 6-4ka 6-4kasummer  6-4ka winter
(VPDB) (VPDB) (VPDB) 6-4ka (VSMOW) 6-4ka 6-4ka (VSMOW) (VSMOW) (VPDB) (VPDB)
Ursilor —-7.80 —7.60 0.20 100 059 —0.12 0.91 0.32 0.53 0.19 0.39 0.07
Ursilor + V11 —8.00 —7.60 0.40 - 0.59 —0.12 0.91 0.32 0.53 0.19 0.39 0.07
Ascunsa —8.65 —7.96 0.69 80 056 —0.11 0.47 0.11 0.27 0.07 0.16 —0.05
Poleva —8.25 —7.62 0.63 10.0 0.56 -0.11 0.47 0.11 0.27 0.07 0.16 —0.04
Sofular —8.53 —-8.12 0.41 133 056 —0.11 0.47 0.11 0.27 0.07 0.16 —0.04
Soreq —-5.91 —5.40 0.51 18.0 0.56 -0.11 0.47 0.11 0.27 0.07 0.16 —0.04
Jeita —5.40 —4.76 0.64 220 056 —0.10 0.47 0.11 0.27 0.07 0.17 —0.04
Renella —3.96 —-3.94 0.02 12.0 0.18 —0.04 —0.14 0.87 —0.08 0.50 —0.11 0.45
Clamouse —4.92 —4.56 0.36 145 121 —0.24 1.05 113 0.61 0.65 0.36 0.40
Spannagel —7.81 —7.64 0.17 1.9 0.18 —0.04 —0.14 0.87 —0.08 0.50 —0.11 0.45

s nagel Cave, Austria (Vollweiler et al., 2006), each in combi-
0.8- nation with the Davis et al. (2003) CW European tempera-
£ expected TS O éSFgunsé,. Jeita ture time series; and finally Sofular Cave, Turkey (Fleitmann
S < O oo™ cbanon et al., 2009), Soreq Cave, Israel (Bar-Matthews et al., 2003)
€ 061 scocsic [ 7O Poleva, and Jeita Cave, Lebanon (Verheyden et al., 2008), each in
"? S Roma”'ag { Sofular, % Soreq combination with the Davis et al. (2003) SE European tem-
g wr W g NTukey  tisael’ perature time series. The pollen reconstructions show rising
2 041 @)VSV f :II D temperatures throughout the year for the SW zone (Davis et
go Clamouse, | | oo X Ursilor, al., 2003), whereas in the CW zone, increasing winter tem-
'TID 0.0 S France Austria 0 NW Romania peratures offset Qecr§a3|ng summer temperatures. The results
o () sths St StrS are also shown in Fig. 9. It is apparent that isotope values
E Renella, from the western Mediterranean (Clamouse) and CW Eu-
O N Italy P rope south of the Alpine divide (Renella and Spannagel)

o st ls wl lw wiw Lw show a change 4180 that is explained almost entirely by
< 0 5 10 15 20 25 30 35 40 ppllen-constralned tempera_tu_re change. Only at the Renella
Long E site, could a small hydrologic influence be argued for, as the

_ ) _ ) _ _ observed change is close to the summer end of the range
Figure 9. Comparison of Isotopic changes n stala%mtes actoSS(rig. 9). This likely represents a shift towards the present-day
d'fferem longitudes in Europe n the interval 68_4 Ke§™Oc_spel rainfall domination by the winter season (Scholz et al., 2012).
with pollen temperature-constrained rangeaf'°Oc_pct(Summer o e other hand, sites in Turkey (Sofular), Israel (Soreq),
and winter) calculated by using data from Davis et al. (2003) andLebanon (Jeita) and southern Romania (Poleva and A&guns
Feurdean et al. (2008). For Ursilor Cave, two options are shown: : . .
(1) ASL806_ 444 based on the Ursilor data alone, (85280g_41a tk;at are”pol;entlalla/ influenced by the eas_terr; Mﬁdlterra_pre;an
based on the combination of Ursilor and V-11 isotope data. plot well above the temperature-constrained change. Thus,
it appears that across the middle Holocene transition, the
entire eastern Mediterranean domain including the South-
ern Carpathians underwent a significant moisture-balance

towards lower values in comparison to Ursilor (V-11 is at tchange in addition to some temperature change, whereas
1254 m, Ursilor is at 486 m). Altogether, the data suggest tham the western Mediterranean and the southern Alps such

the 6—4 ka transition at Ascuasnd Poleva in the Southern T .
Carpathians marks a significant hydrologic change in south—Change in climate—hydrology is not apparent.
In principle, three aspects may have contributed to the ob-

ern Romania that is not obvious in the Apuseni Mountainsserved hydrologic change in the east: (1) a significant change
of NW Romania. A similar gradient in the expression of : Y 9 9 ' 9 9

Holocene climate change can also be found in other parts of! rainfall seasonality — in this case a higher proportion of

Europe at these latitudes (see review in Magny et al., 2013) summer rain, (2) a change in evaporation from the soil, (3)
pea gny. N ‘a change in proportion of moisture source or a different iso-
To verify a suspected large-scale gradient in the nature[

of climate change across Southern Europe, we calculated™'® composition of the moisture sources. HightiO val-
. . Ues in the speleothems after the change could be the result
similar pollen temperature-constraingtfO values for sev-

. of more rain falling in the warm summer months (higher
eral cave records around the Mediterranean, across the sargggow) during the late Holocene, but this scenario is unlikely
6—4 ka transition. These records are: Grotte de Clamous '

France (McDermott et al., 1999), in combination with theebecause large-scale subsidence over the eastern Mediter-

Davis et al. (2003) SW European temperature time seriesgeanréza?srt(;%'g;:;seetroggg\'/Avse'ias'; rgggz(;oxsngorséslﬁ?h{hset:i?gt\z;_
Buca della Renella, Italy (Drysdale et al., 2006) and Span- ' ' '
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0= w 10 tests of surface dwelling foraminifera and an independent sea

0.8 ] - 08— surface temperature estimate for the Aegean Sea between 8
o A ;5 " ) 0.6 ] and 4 ka BP, w_hich is qncorrelated with the abur!da_mce of
% 04 g . % 04 Ohscunsa colql water species (Marino et al., 200_9). In the Ad_rla_ltlc Sea,
5‘; . - % o:~ n ste an increase by 0.5 %_o was recordedsif¥O of foramlnlfera.

2 ] Dhscunsa Sy g g at the same time (Siani et al., 2010). As such, a combina-
< 0 2 < 0 L: tion of warmer summer temperatures, enhanced evaporation
0.2 — s 02 W7 from the soil, and highes'80 of the eastern Mediterranean
04 0.4 moisture source are currently the favoured explanation for

the observed increasedh®O of speleothems across the mid-

Figure 10. Comparison of isotopic changes in speleothems Holocene from the eastern Mediterranean domain.

(Aslsoc_spe) for the 8.2 ka event (left) and 3.2 ka event (right) in
stalagmites from Ascu@asand V11 caves with pollen temperature- 334 Thesl3c d
constrained range 05818oc_pct (summer and winter) calculated e e recor

by using data from Steregoiu peat bog (Feurdean et al., 2008 and ) ] )
Lake Malig (Bordon et al., 2009). Interpretation of speleothedt>C data (Fig. 7) is generally

hampered by a host of local factors such as changes in soil
CO, production and content, closed versus open system dis-
solution of carbonates in the soil/epikarst system, residence
tually no rainfall during summer in the Levant, and rainfall time and mixing of waters along the pathway to the drip
is significantly reduced over SE Europe. Precipitation is atpoint, or solution degassing (Hendy, 1971; Bar-Matthews et
a minimum in August in SW Romania (Fig. 2). Subsidence al., 1996; Fairchild et al., 2006).
and accompanying low humidity over the eastern Mediter- Percolating water degassing could be greater during cer-
ranean may, however, have increased evaporation from th&in periods at POM2 sampling site, as the Qgntent of
soil, which would be in agreement with rising summer tem- the cave’s atmosphere drops fren1800 ppm in November—
peratures in SE Europe across the Holocene (Davis et alDecember to~ 1000 ppm in April-May. This seasonal vari-
2003). Evaporation in the soil and epikarst drives drip wateration in the CQ content of cave air is likely the combined
8180 towards more positive values, resulting in high&to result of soil CQ productivity and cave ventilation (Spotl et
in speleothem calcite (Bar-Matthews et al., 1996; Fairchildal., 2005, Kowalczk and Froelich, 2010; Frisia et al., 2011;
et al., 2006). A measurable effect of evaporation at Asguns Tremaine et al., 2011; Riechelmann et al., 2013).
may be implied from the slope of the local drip water line At the POM A site, which is the shallowest and closest
(see Sect. 3.2). to the entrance, the GQroncentration reaches a minimum
Alternatively, the proportion of summer rain could have value of 760 ppm, well above values of outside air (between
been higher just because winter rainfall decreased. McDer200 and 310 ppm). The two deeper sites, POM2 and POM B,
mott et al. (2011) suggested lower rainout efficiency dur-show even less ventilation, with minimal values of 960 ppm.
ing winter along a west—east transect across central Europ&his indicates that cave ventilation is moderate (although
However, higher winter temperatures were only observed incontinuous) at Ascur@sCave.
the western Mediterranean region (Davis et al., 2003, SW Supposing that the cave ventilation regime remained un-
Europe quadrant). This would increase the temperature grachanged during the middle Holocene, cave ain®@s prob-
dient between SW Romania and the source of cyclones irably controlled mostly by soil/vegetation dynamics. If so,
the Gulf of Genoa — which is inside the SW Europe quad-higher speleothes3C values are indicative of reduced €O
rant — possibly increasing rainout efficiency in South Europe.input from the soil and/or prior precipitated calcite (Fairchild
An interesting analysis of synoptic-scale mid-troposphericet al., 2000). These two processes could be the result of drier
(500 mbar) pressure distribution of exceptionally wet win- conditions being established across the mid-Holocene and
ters in the Levant points to a possible physical mechanismmight have been responsible for producing the upward trend
causing the climate changes discussed above (Enzel et abbserved irs13C values between 6 and 4 ka BP.
2004). Such years coincide with a large-scale negative pres-
sure anomaly centred over Asia Minor and the Middle East3.3.5 The 8.2ka and 3.2 ka events
that encompasses all the eastern Mediterranean speleothem
sites discussed above. Scenarios (1) enhanced summer evafhe 8.2 ka climate change event (Alley et al., 1997; Rohling
oration and (2) reduced winter rainfall notably do not excludeand Palike, 2005) is one of the most prominent events of
each other. environmental change in the Holocene. Pollen assemblages
The third factor that may have added to the observed infrom northern Romania (Feurdean et al., 2008), Macedo-
crease in speleothest®O is a change in the isotopic com- nia (Bordon et al., 2009) and Greece (Pross et al., 2009),
position of the Mediterranean mixed layer. A steady increasdestate amoebae from northern Romania (Schnitchen et al.,
in 8180 by approximately 0.7 %o was derived froh80 in 2006), speleothem carbon stable isotopes from Israel (Bar-
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Matthews et al., 2000) and marine faunal composition fromat the end of the late Bronze Age. Associated with this cold
the Aegean Sea (Rohling et al., 2002) document a decrease Bvent is a decrease of the Aegean Sea winter surface tem-
winter temperature and precipitation, while summer condi-peratures, as documented by Rohling et al. (2002). Changes
tions remained rather stable. Similar to other Romanian stain climate—hydrology are reflected by drought in Cyprus and
lagmites (tamas et al., 2005; Constantin et al., 2007), theSyria (Kaniewski et al., 2010, 2013), and a drop of the Dead
POM2 5180 ands13C records do not show significant vari- Sea level (Migowski et al., 2006). In northern Romania, tes-
ability across the 8.2 ka event. The only indication of chang-tate amoebae data also indicate a dry phase between 3.4 and
ing environmental conditions is that the growth rate was six3.0 ka (Schnitchen et al., 2006).
times higher during this event compared to the rest of the The calculated range Q&BlSOc_ptc (2.9-2.5ka to 3.2—
Holocene in the Ascur@sCave. 2.9ka) using pollen reconstructed temperatures from Lake
Figure 10 shows a comparison of calcuIal‘&eﬁllsoc_ptC Maliq (Bordon et al., 2009) is from-0.13 %o for the cold
measuredASlBOc_spe| values for the 8.2 and 3.2ka events. season (reflecting a slight cooling after the event) to 0.27 %o
For the 8.2ka evenmalsoc_ptc is calculated as the dif- for summer season (reflecting a warming). Tm&lsoc_spe.
ference between a 500-year interval succeeding the everftom Ascun& Cave is 0.4%. . This offset (0.13%. with respect
(8.1-7.6 ka) and the event itself (8.3—8.1ka). Here we usedo the upper margin omlf’oc_pm) indicates that changes
pollen-based temperature reconstructions as follows: for V1Ielated to climate—hydrology contributed significantly to the
Cave, those from the Steregoiu peat bog in northern Romaspeleothen$180 signal. In this case the isotopic evolution
nia (Feurdean et al., 2008), and for Ascaifizave, the Lake out of the 3.2 ka event suggests an increase in summer rain-
Malig in Macedonia (Bordon et al., 2009). fall or a reduction in winter rain after the 3.2 ka event. The
The shift in isotopic values after the 8.2 ka event at V-11 event itself would consequently be characterised by either
and Ascuna Cave is well explained by the pollen-based tem- lower summer rainfall or higher winter rainfall. Higher win-
perature rise (Feurdean et al., 2008; Bordon et al., 2009)ter rainfall is not in agreement with widespread drought
The pollen data suggest a significant warming in winter andin the winter rain-dominated eastern Mediterranean. The
very slight cooling in summer after the 8.2ka cold event. Mediterranean plays an important role as winter moisture
Lake Maliq suggests a strong warming in winter and asource for southwestern Romania (Bojariu and Paliu, 2001).
lesser warming in summer after the eveﬂﬁlBOC_spe|gen- Consequently, a change in moisture source composition of
erally agrees with calculateMlSOc_pct Nevertheless, as Mediterranean-derived rainfall could potentially have con-
AS§180; spel from Ascung falls closer to the summer end tributed, but is not observable in Mediterranean foraminifera
of Mle_oc_ptc, a climate-related hydrological influence on records (Rohling et al., 2002; Siani et al., 2010). It seems that
the speleothem data could be argued for.M18OC_spe| pollen data from Lake Malig and marine records from the
close to the lows*0 summer end of the calculated range Mediterranean are not in agreement concerning the timing
of A(Slsoc_ptc may be interpreted as a slight increase in theof temperature change, perhaps due to chronological uncer-
proportion of winter rain after the 8.2 ka event. Lower winter tainty. We note that significant winter cooling is apparent in
rainfall during the 8.2 ka event is in agreement with precipita- the abundance record of planktic foraminifera species in the
tion reconstruction from Lake Maliq and Steregoiu (Bordon Aegean Sea (Rohling et al., 2002), whereas the Lake Maliq
et al., 2009; Feurdean et al., 2008), but the speleothem dataollen record shows a winter cooling centred between 2.9
would only support a small reduction of winter rain during and 2.8 ka. Aligning Lake Malig with the marine chronology
the 8.2ka event. However, a high speleothem precipitationwould change the sign oks80_sperand A§180¢ o, and
rate during the 8.2 ka event may suggest a high infiltrationthe interpretation would be a winter drought for the 3.2ka
rate and more rain. The apparent high infiltration rate of dripevent. As such, a change in climate—hydrology is evident
water could mean that instead of a reduction in winter rain,for the 3.2ka event, but cannot currently be defined given
summer rainfall increased during the 8.2 ka event. chronological uncertainty. However, there is clear evidence
The 0.4 %o increase 8180 values in the Ascumsrecord  for coincidence of a climate event which includes a hydro-
between the average of periods 3.2—2.9 ka and 2.9-2.5 ka déegic component with a time interval of significant cultural
fines the 3.2 ka event. Both Ascinand Poleva (Constantin change.
et al.,, 2007) show a comparable signal, although with a
small difference in chronology. This difference in timing is
still within chronological uncertainty. The magnitude of ris- 4 Conclusions
ing 8180 values in both speleothems after the event is out-
side the pollen-defined expected rangemﬂsoc_ptcdue to  The stable isotope record of Asc@n€ave in southern Ro-
temperature change. Thus, the event likely reflects a changmania was used to identify centennial to millennial-scale
also related to climate—hydrology. The interval coincidesclimate change during the Holocene in this area. By us-
with events documented in both archaeological and palaeoing a novel approach to discriminate between the effects of
climate records around the eastern Mediterranean (see réemperature and hydrology on speleoth&ffO values, we
view in Drake, 2012) that may have led to cultural demise demonstrate that this shift not only reflects rising regional
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temperatures as documented by pollen assemblages (Davis We also analysed two events of rapid climate change, at

et al., 2003), but also a combination of influences relatedd.2 and 3.2ka. At Ascu@sCave, the 8.2ka event is char-

to changes in climate—hydrology. The approach presented imcterised by a growth rate six times higher than during the

this study relies on using pollen-based temperature reconrest of the Holocene. The low isotopic variability during

structions to constrain temperature-driven isotopic changeshe 8.2ka event seems to reflect mostly temperature vari-

of speleothem calcite. This method considers isotope fracations, but hydrologic conditions such as relatively more

tionation occurring during water vapour condensation andsummer rainfall at Ascu@sand V11 caves cannot be ruled

calcite precipitation. A constrained range of temperature-out. During the 3.2ka event, both temperature and rainfall

driven isotopic changes between winter and summer isseasonality appear to have changed in southern Romania.

obtained, and the deviation of measured data from thisData from Ascund Cave suggest a significant contribution of

range suggests that additional climate—hydrology factorschanging climate—hydrology, but its nature cannot currently

contributed to isotopic variability over the studied period.  be resolved due to chronological uncertainty in the pollen
Between 6 and 4 kal80 gradually shifted towards higher database.

values in a variety of speleothems across the Mediterranean.

Using this approach we find that the middle Holocene en-

richment in SW Romania was 0.5-0.6 %0 greater than val-

ues attributable to rising temperatures. A similar situation

persists throughout the eastern Mediterranean domain. In

the Atlantic-dominated western Romania, as in all parts of

the western Mediterranean domain analysed here, changes

in 8180 of speleothems largely reflect temperature varia-

tions. This reveals a different climate response between the

two regions. In the eastern Mediterranean, a combination

of higher summer temperatures, enhanced evaporation from

the soil and a highet*®0 of the Mediterranean surface wa-

ter may plausibly explain the observed evolutiors&fO in

speleothems across the mid-Holocene.
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Appendix A: Calculation method of temperature The empirically determined fractionation factofor oxy-
constrained isotope values gen isotopes between water and calcite in speleothems is de-

fined as (Tremaine et al., 2011)

The calculation of the temperature-related part of an ob-
served change in speleothem caléitBO from pollen-based  1000Inx = 16.1(10°T 1) — 24.6. (A4)
temperature reconstructions relies on two basic assumptions: _ _ _
(]_) the cave temperature reflects the annual average Surfaaa“le fractionation factor is related to measured values for
air temperature and only fluctuates very little around that3'®0c ands*®0y by (e.g. Sharp, 2007)
value (i.e. temperatures in the AscanSave chamber from 18 18
which the POM2 stalagmite was collected vary by @6 10001In(@) % §70¢ — 6 Ow, (AS)
over the year); (2) the coldest and warmest month reasong o e express bo#t®0 values in relation to SMOW.
ably define the range of temperature-controlled oxygen iso-, : .

s ) ) . Consequently, the right-hand term in Eq. (A4) equafo,,
tope fractionation during rainfall. This cannot be currently . o -
tested for the AscussCave site due to lack of a continu- ™" the initial definition made for Eq. (Al). In the case of

. ) ; O 8180y, = 0, Eq. (A5) reduces to

ously recording of stable isotopes in precipitation. However, '
this assumption is based on information from a large numberlooom(a) ~ §180.. (A6)

of European station recordings (Rozanski et al., 1993). In the

following, we only consider temperature-related aspects contn this cases'80. = §180¢,. Although the approximation in
tributing to an observed isotopic change§*®0. This has  Eq. (A6) would deviate somewhat from the true relationship

the advantage that accuracy 4880 is determined only gt the given 25-30 %o difference between the 6480 val-
by the much less relevant difference of slopes between varyes, most of the error cancels out when calculating

ious water—calcite calibration functions rather than the con-

siderable offsets. For example, the difference\st®o for  A8¥80¢;1_12) = §¥80¢1) — 6180c(2). (A7)

a temperature change from 10 to °ZD that would result

from using the calibration functions by Kim et al. (2007) and From Egs. (A3), (A4), (A6) and (A7) we have

Tremaine et al. (2011), resgectively, is only 0.22 %0, whereas L 1

the difference in absolut&'0 values is 0.75 %o for 10C 18

and 0.97 %o for 20C between the two calibration functions. A8 Ocu-r2 = 161 (Tpollen B pollen) 1000 (A8)
Generally,8180 in calcite §180.) is determined by the - 2

calcification temperature and the isotopic composition of To constrain the range of temperature-related variability

ambient water (Epstein et al., 1953), the latter reflectingof 580, we use the empirical relationship of 0.58 %o

rain formation temperature among other hydrologic fac-(8*80)/°C for mid-latitudes (Rozanski et al., 1993):

tors (Rozanski et al., 1993). Consequently, the temperature-

related A5180, can be broken down intas80g — the  A880w(1-12) = 0.58(%0°C _1)ATAfffgasonal (A9)

contribution due to changing calcification temperature in the ]

cave — andA8180,, — the contribution due to changing rain- With summer (MTWA) and winter (MTCO) tempera-

fall temperature. The relative change 8f0 between two ~ tures, respectively, from the Davis et al. (2003) pollen-

time intervals/1 andz2, in a speleothem is pased reconstructions, re§pectively, L&DTAP'.SE"‘SO”"}' Insert-
ing Egs. (A8) and (A9) into Eq. (Al) yields the pollen
Mlsoc(,l_,z): Aalsoct(,l_,z) + A(Slgow(tl_tz) (A1) temperature-constrained range of change in speleothem cal-

cite (ABlSOC_ptcfwinter and A<3180c_ptcfsummebv after con-
version to the VPDB scale used for calci#&0. This in-
erval constitutes the part of the observed change in the

= 5180001) - 5180c(12)~

Likewise, the change in pollen temperature anomaly (Davist

etal., 2003) is speleothem4 5180 spe) that may be explained by tempera-
’ ture variability between two defined time intervals (Fig. 8a).
I I I i i i i i
ATAf’lojg _ TAflo en_ TAEZO en (A2) Calculations for all cave sites discussed in the main text are

summarised in Table 5.

The absolute pollen-derived temperature at any given time
is

Ttpollen _ Ttoday+ TA?ollen. (A3)
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Appendix B: Sources of uncertainty of the calculation

The precision of the pollen-constrained temperature range
can in principle be estimated by a full propagation of er-
rors, but these are not generally available for pollen recon-
structions. This uncertainty may generally be minimised by
averaging reconstructions from many sites, like in Davis et
al. (2003). Accuracy will depend on a number of aspects.
One is the choice of calcite—water fractionation function
(see above). In most cases, however, Holocene temperature
changes in Europe rarely exceell@ (Davis et al., 2003),

for which the inaccuracy ons80 as a result of calibration
function difference reduces t00.05 %o — which is below an-
alytical precision fos'80 measurements in calcite. Results
from Eq. (A9) will also be affected by spatial and tempo-
ral variability of the 0.58 %. §180y)/°C slope defined by
Rozanski et al. (1993). However, the conclusion that much
of the change ir818oc_spe|across the 4—6 ka transition in the
eastern Mediterranean (Fig. 9) requires a hydrologic compo-
nent is rather robust against variability of the above slope.
The range for calculated temperature-controuﬁﬂsoc_pct

in Fig. 9 would approximately expand twice if the 0.58 slope
value were twice as high. However, such variability is not
observed in any of the individual stations summarised by
Rozanski et al. (1993). This would also not change the main
conclusion that the eastern Mediterranean and Balkan region
went through a change in climate hydrology that is not ob-
served in the western Mediterranean. The most important as-
pect is the choice of pollen data sets for the calculation. Here,
the question of how representative a respective pollen data
set is for the given location of the cave cannot be quantified,
but must be justified on the grounds of regional climatology.
An example for the impact is the calculation for the Ursilor
Cave record (Fig. 9), which is based on a record from a sin-
gle site, Steregoiu (Feurdean et al., 2008). We chose this site
as representative because it is reasonably close to the cave
sites, and the Davis et al. (2003) CE quadrant, into whose
SW corner the speleothem records would fall is void of any
records in this area and thus poorly defined. Had the calcu-
lated range of temperature-constraiié80 been done us-

ing the Davis et al. (2003) record, it would have fallen be-
tween —0.1 and 0%.. Consequently, the interpretation for
Ursilor would have been the same as with the other Roma-
nian and eastern Mediterranean records. However, the prin-
cipal east—-west gradient across the Mediterranean suggested
by our analysis would not change.
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