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Two stalagmites were collected from below sea level in U Vode Pit on the Krk Island, eastern Adriatic Sea, at
elevations of −14.5 and −18.8 m. They exhibit a growth history indicating a double high sea-level stand
during marine isotope stage (MIS) 5a (~87–77 ka). Thin layers of halite and gypsum were found to be
associated with hiatuses in speleothem growth probably caused by seawater inundation during sea-level
highstands. These mineral deposits are likely to have been precipitated during marine regression phases
under evaporitic conditions. We constrain the age of the speleothem growth below and above growth
hiatuses, and hence timing of possible marine incursions, using multi-collector inductively coupled plasma
mass-spectrometry (MC-ICPMS) U–Th techniques. Age estimates indicate that, during MIS 5a, relative sea-
level elevations were greater than −14.5 m from ~87 to ~82 ka and −18.8 m from ~77 to ~64 ka, and
constrained to be lower than −18.8 m from N93 to ~90 ka, ~82 to ~77 ka and ~64 to ~54 ka, assuming no
tectonic adjustment. However, present speleothem depths could indicate long term regional tectonics.
© 2009 Elsevier B.V. All rights reserved.
1. Introduction

Eustatic sea level during the last interglacial–glacial period has
been derived principally from radiometric ages and elevations of fossil
shoreline deposits such as corals and shells, adjusted for tectonic and
glacio-hydro-isostatic components (Chappell and Shackleton, 1986;
Hearty et al., 1986; Muhs et al., 1994; Murray-Wallace, 2002; Cutler
et al., 2003, Wehmiller et al., 2004), or model-based results from
oxygen-isotope data in ocean sediments (Lea et al., 2002; Waelbroeck
et al., 2002; Siddall et al., 2003). To provide valuable constraints on
both the eustatic component of sea-level change and the spatially
variable glacio-hydro-isostatic response of the earth and ocean to the
growth and decay of ice sheets, we need sea-level estimates from a
host of disparate locations in differing tectonic regimes (e.g. Lambeck,
1995; Pirazzoli, 1996; Lambeck and Bard, 2000). In particular, it is
critical that more direct sea-level evidence is obtained for periods
when sea levels were lower than present during the interglacial–
glacial cycle. Sea levels are less well constrained for these times
because shoreline evidence is emergent only in areas that have been
subject to substantial tectonic or isostatic uplift. Here, we take
advantage of submerged cave deposits that record hiatuses in growth
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after drowning by rising sea levels to provide additional constraints on
the timing and elevation of past sea-level highs. We derive data here
for the eastern Adriatic coast, which has yielded a reasonable amount
of evidence for the tectonic history of the late Holocene period in the
form of archaeological markers and tidal notches (e.g. Faivre and
Fouache, 2003; Benac et al., 2004; Antonioli et al., 2007; Benac et al.,
2008) but little is known for longer timescales.

In order to reconstruct relative sea-level changes on the eastern
Adriatic coast, speleothems (stalagmites, stalactites and flowstones)
were collected from submerged caves and pits along the Croatian
coast. Their growth provides an unambiguous indicator of former low
sea levels and can be used to constrain past sea-level elevation and
timing. Similar research, for example, has been undertaken on
submerged speleothems from the Tyrrhenian Sea (Bard et al., 2002;
Antonioli et al., 2004), from the Ionian Sea (Dutton et al., 2009),
Bahamas archipelago (Richards et al., 1994; Lundberg and Ford, 1994),
Balearic islands (Fornós et al., 2002; Onac et al., 2006) and from
eastern Adriatic Sea (Vrhovec et al., 2001; Surić et al., 2005). For
submerged samples, the youngest calcite deposition provides a maxi-
mum age constraint for the timing of the marine transgression that
caused a cessation of growth,while earliest growth provides aminimum
age constraint on the initiation of growth after sea level regression. We
stress thewordsmaximum andminimumbecause other factors such as
shifts inflow routingor changes inwater chemistry,flooding, aridity etc.
can also cause a cessation in calcite deposition (Richards and Dorale,
2003). For growth discontinuities that occurred prior to the final
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cessation, one can use definitive evidence for marine incursion such as
biogenic crust overgrowths, as exhibited on material from the
Tyrrhenian coast (Bard et al., 2002; Antonioli et al., 2004), or mineral
assemblages typical of marine phreatic conditions, to provide robust
elevation and timing constraints.

Two stalagmites, from−14.5 and−18.8 m in U Vode Pit on the Krk
Island, appear to record a marine transgression marked with growth
hiatuses and minerals associated with marine evaporitic conditions. In
discussing sea-level elevations in this text, we quote all values with
respect topresentmeansea level,where anegative value is an indication
of depth below the present mean sea level.

2. Geological setting and samples

The Adriatic Sea is a semi-enclosed epicontinental basin, situated
between theApennines andDinaricmountain ranges, characterizedbya
relatively shallow northern section (0 to −120 m) with a low gradient
(0.02°). The bathymetry is such that past spatial extent was sensitive to
eustatic sea-level changes. After the last glacial maximum (LGM), for
example, postglacial sea-level rise generated an eight-fold widening of
the shelf area (Correggiari et al.,1996; Cattaneo et al., 2003).Muchof the
coastal (submarine and subaerial) eastern Adriatic and Croatia is karstic,
developed mostly in Cretaceous and Palaeogene limestones. After
typical carbonate platform sedimentation throughout Mesozoic and
Early Palaeogene, collision of the Adria (Apulia) plate and Hercynian
European continent during the Alpine orogeny caused a disintegration
of the Adriatic platform, and thick carbonate deposits (N8 km, Velić,
2007) intensively folded, faulted and overthrusted, were then exposed
to exogenic processes resulting in its karstification (Vlahović et al., 2002,
2005). After the first phase of structural displacement (collision),
Fig. 1. Location map and cross-section of U Vode Pit, Krk, Cro
deformation continued as a shallow subduction in a NE direction
forming a thin-skinned thrust system (Blašković, 1999; Picha, 2002). It
resulted in a predominance of horizontal displacement in a broader
zone,with somenarrow localitieswithpronouncedverticalmovements.
According to Quaternary rockfall breccia, intensive tectonic activity
occurred in the post-Pliocene period (Blašković, 1999). Recent GPS
measurements also reveal a complex tectonic activity of this area
(Altiner et al., 2006).

During global sea-level lowstands, including that associated with
the LGM much of the coastal submarine karst (caves, pits with
speleothem deposits) would have been above sea level and affected by
karstification processes. These karst landforms were then periodically
submerged during sea-level highstands. So far, more than 230
submarine caves and pits have been discovered along the Croatian
coast and most of them have been explored. More than 140 caves
contain speleothems (Surić, 2006) and, currently, the deepest
speleothems found within them are those from the submarine in
front of Brač Island from −71 m (Garašić, 2006).

Krk Island is the second largest Croatian island and situated in the
northernpart of theAdriatic Sea (Fig.1). Two stalagmites, K-14 andK-18,
were collected from−14.5 m and−18.8 m, respectively, in U Vode Pit,
situated in the southern part of the island. This karstic void is a vertical
shaft formed in Upper Cretaceous limestone and is well decorated with
speleothems. It is not a completely submarine feature— the entrance of
the pit is above present sea level at an elevation of 5.5 m. The floor of U
VodePithas anelevationof−24m.There is free circulationbetween the
cave and the open sea, and marine organisms (serpulids) are observed
within the void. There is a thin brackish water lens of 0.5 m.

The uppermost parts of stalagmites K-14 and K-18 (26 and 15 cm,
respectively) were sampled from their growth position. Surfaces of
atia showing the locations of the sampled speleothems.
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stalagmites K-14 and K-18 are partly covered with marine biogenic
overgrowth that consists of exclusively faunal species with dominance
of Polychaeta (serpulids), belonging to biocenosis of caves and ducts
in complete darkness. This indicates that a stable marine environment
has been maintained in the recent past below−14 m. Each stalagmite
was sectioned along the growth axis and polished to reveal the
internal growth stratigraphy. Both speleothems are relatively similar
in terms of colour, morphology and crystallography of speleothem
carbonate (Fig. 2). Calcite material ranges from porous and opaque to
dense, translucent (darker sections). The internal morphology
indicates that a small hollow, or pool, resided at the top of the
stalagmite at the drip locus for much of the growth period.
Speleothem growth hiatuses are indicated in the upper sections by
changes in crystallography, morphology and colour of speleothem
calcite and a thin red sediment layer (arrows in Fig. 2). Sub-samples
(230–415 mg) were drilled from the polished surface for age
determination by MC-ICPMS U–Th analysis to constrain the duration
of non-depositional intervals. Several days after cutting and exposure
to air, a white substance appeared on major discontinuities (marked
by arrows in Fig. 2). In order to determine its mineralogical
composition, X-ray diffraction method was employed.

3. Analytical methods

3.1. U–Th procedures

Powdered samples were dissolved in HNO3 and spiked with a
229Th/236U spike before being processed through ion exchange
columns. Chemical procedures for separation of U and Th for MC-
ICPMS, including dissolution, spiking and ion exchange separation,
follow those described by Chen and Wasserburg (1981), Chen et al.
(1986) and Luo et al. (1997). Instrumental protocols are reported in full
in Hoffmann et al. (2007). In brief, U-series isotope measurements
were undertaken using a ThermoFinnigan NeptuneMC-ICPMS located
Fig. 2. Longitudinal sections of the speleothems K-14 and K-18 with U–Th ages (±2σ unce
locations of XRD analyses. White precipitate appeared along discontinuities marked by arro
at the Bristol Isotope Group facilities, University of Bristol. The sample
introduction systemconsists of a Cetac Aridus nebulizer equippedwith
a PFA spray chamber and a heated desolvating membrane. A nebulizer
tip with a nominal uptake rate of 50 µl min−1 was used for sample
introduction. U and Th fractions are routinelymeasured separately in a
0.6 N HCl solution. A standard–sample bracketing procedure is
adopted to derive correction factors formass fractionation and Faraday
cup to SEM gain (yield). For U measurements we use NBL-112a as
bracketing U-standard. Thoriummeasurements are bracketed with an
in-house 229Th–230Th–232Th Th-standard (TEDDi). Between sample
and standard measurements, a wash procedure is undertaken and
background intensities are recorded for correction of subsequent
measurements. Darknoise of the SEMand baseline and gain calibration
of the Faraday cups is done prior to ameasurement sequence for online
corrections. Deadtime and nonlinearity of the counting system are
characterized and corrected for as described in Hoffmann et al. (2005).
Ages corrected for an initial detrital component use a typical value for
initial (232Th/238U)A0 of 1.34±0.54, based on bulk earth values and the
assumption of secular equilibrium of daughter products. An attempt to
refine this value using limited isochron methodology for sub-samples
of the same age (K-18-C14L, R and M) did not yield significantly
different values for the initial detrital component.

3.2. Mineralogy

Qualitative mineralogical composition of material from the
discontinuities was determined by X-ray diffraction methods (XRD).
Measurements were done by PANalytical X'pert Pro theta–theta
diffractometer equipped with a multilayer parabolic monochromator
using CuKα radiation, located in the Faculty of Natural Science,
University of Zagreb. Material from the discontinuities was analysed
directly on the speleothems, then scratched from the surface and,
finally drilled out. Carbonate parts were also analysed in situ and
drilled out from above and below hiatuses (Fig. 2).
rtainty) and sub-sample locations. Also shown with black dashed lines are sub-sample
ws after sectioning. (Scale bar 25 mm).
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4. Results and discussion

Uranium concentrations of measured sub-samples are low (30–
70 ng g−1) and errors are typically 1 to 6% (2σ) (Table 1), depending
on the extent of detrital contamination. The U–Th age range of sub-
samples is ~93 to 54 ka.Most sub-samples have yielded ages in correct
stratigraphic order. There are two anomalous results for material that
may have been subject to post-depositional alteration during periods
of submergence: K-18-A95L has a significantly older value than its
stratigraphically equivalent sub-sample, A95R, with (234U/238U)A0
closer to that of ocean water (present value for Mediterranean
water=1.149, Delanghe et al., 2002) (Fig. 3), suggesting a possible
marine influence. Calcite sampled for A95L may have been more
susceptible to post-depositional alteration because it is more porous
than A95R, which was sampled from a region of denser, banded
calcite. A similar situation occurs with K-14-B45, which is much older
than the sub-sample below, K-14-B1. Again, this material is less dense
than the sub-sample immediately above, K-14-B40. Combining the
stratigraphically consistent data for both samples, it appears that
three phases of growth are observed: K-18 grew from N93 ka to
~90 ka, ~82 ka to ~77 ka and from ~64 ka to ~54 ka, and, stalagmite K-
14 from N90 ka to ~87 ka and for a short period ~82 ka.

According to the age–axial length relationship, the deposition of
stalagmites K-14 and K-18 prior to the first submergence during MIS
5a was fast with growth rates of 5.3 and 3.0 cm/ka, respectively. It
indicates favourable conditions with appropriate humidity and
vegetation cover that resulted in precipitation of porous and
inhomogeneous calcite. After the first transgression, precipitation of
K-14 continued in the same fast-growing manner, whereas K-18
recorded a lower deposition rate (0.6 cm/ka) of well bedded and
compact calcite during less favourable (colder) MIS 4 period.

In situ XRD measurements in the region marked by red layer and
precipitation of white substance after sectioning and cutting of both
speleothems indicated that halite and gypsum were precipitated in
addition to calcite. No evidence for gypsumwas observed in scratched
and drilled sub-samples of spelean calcite, as well as for in situ
analyses of the speleothem growth just above and below the hiatuses,
where only small peaks for halite were found in addition to calcite.
Minerals recorded along hiatuses (calcite, gypsum and halite) are
Table 1
U and Th concentrations, isotope ratios and U–Th ages of speleothems from U Vode Pit (Kr

Sample Sub-
sample

Distance along
growth axis
(mm)

Sample ID 238U
(ng g−1)

232Th
(ng g−1)

Measure

(230Th/2

K-18 C14L 157 BIG-UTh-F-05 33.4±0.1 3.25±0.01 17.2±
K-18 C14R 157 BIG-UTh-F-06 38.8±0.2 4.00±0.01 17.1±
K-18 C14R 157 BIG-UTh-F-06 34.4±0.1 3.46±0.01 17.6±
K-18 C14M 157 BIG-UTh-F-17 34.8±0.2 3.16±0.01 18.5±
K-18 C11 154 BIG-UTh-F-04 35.8±0.3 1.05±0.01 61.3±
K-18 C2 144 BIG-UTh-F-03 66.5±0.5 2.03±0.01 59.3±
K-18 B40 140 BIG-UTh-F-02 65.4±0.3 0.94±0.01 138.6±
K-18 B10 115 BIG-UTh-A-259 48.7±0.1 1.03±0.00 96.9±
K-18 A95L 99 BIG-UTh-A-260 90.2±0.3 10.69±0.03 17.6±
K-18 A95R 99 BIG-UTh-A-261 80.6±0.3 10.79±0.03 15.3±
K-18 A5 14 BIG-UTh-F-01 52.1±0.2 4.38±0.05 24.7±
K-14 B50 232 BIG-UTh-A-236 60.9±0.1 57.1±0.2 2.3±
K-14 B45 224 BIG-UTh-A-258 67.1±0.2 7.16±0.02 18.4±
K-14 B1 182 BIG-UTh-A-235 44.9±0.1 1.39±0.01 62.2±
K-14 A172 175 BIG-UTh-A-234 69.6±0.1 15.53±0.06 8.6±
K-14 A10 0 BIG-UTh-F-25 100.3±0.7 21.1±0.4 9.3±

Analytical errors are 2σ.
(230Th/238U)A=1−e−λ230T+[(234U/238U)A−1]. [λ230/(λ230−λ234)](1−e−(λ230−λ234)T), w
Decay constants are 9.1577×10−6 yr−1 for 230Th, 2.8263×10−6 yr−1 for 234U (Cheng et al.
The degree of detrital 230Th contamination is indicated by the measured (230Th/232Th)A activ
of 1.34±0.67.
common cave minerals, but this assemblage also coincides with the
suite of minerals that precipitate due to the evaporation of seawater
(Ca-carbonates, gypsum, anhydrite, halite and K–Mg chlorides,
arranged from less to the most soluble, Seibold and Berger, 1996).
Halite could, presumably, crystallize from the seawater that pene-
trated through the porous parts of speleothems due to its high
concentration in the seawater, but it is unlikely that gypsum
precipitated from the same waters. It is more likely that it has been
precipitated in situ at a time of exposure to marine conditions during
sea-level regression.

We consider the hiatuses in these stalagmites to represent
significant changes in environmental conditions in addition to
submergence during high sea stands. Along with changes in the
morphology, crystallography and colour of calcite, initial 234U/238U
also shows abrupt shifts between growth phases (Fig. 3) indicating
substantial differences between the hydrological regimes for each
phase of growth. In accordance with obtained U–Th ages, we can
assume that deposition of speleothems K-18 had been more or less
continuous in subaerial conditions from N93 to ~90 ka, from ~82 to
~77 ka and from ~64 to 54 ka, whereas K-14 had been precipitating
from N90 to ~87 ka and for a brief period at 82 ka. Hiatuses recorded in
periods 90–82 ka and 77–64 ka in K-18 and 87–82 ka in K-14, probably
relate to sea-level oscillation which can be attributed to MIS 5a
interstadial that was marked with two distinct sea-level highstands
(double peak) at ~84 and ~77 kawhich has also been recognised from
coralline deposits on the uplifted island of Barbados (Potter and
Lambeck, 2004; Potter et al., 2004; Schellmann and Radtke, 2004a,b;
Schellmann et al., 2004; Radtke and Schellmann, 2005). According to
our results, these sea-level highstands should have been higher than
−14 m and lowstand was below −18 m (Fig. 4). Submergence of
speleothem K-18 (−18.8 m) at ~90 ka ago and K-14 (−14.5 m) at
~87 ka ago could suggest a rapid sea-level rise with a rate of 1.4 m/ka,
followed also by an abrupt sea-level fall. While it is possible that
hiatuses can be formed by submergence in small pools perched above
the local water table (or sea level), we consider this very unlikely in
such a mature coastal karst terrain.

Comparing our results to the ice-volume equivalent global sea-
level curve (Lambeck and Chappell, 2001), a difference of at least ~13–
17 m is evident (Fig. 4) which would require an uplift at a rate of 0.15–
k Island).

d Age
(ka)

(234U/238U)A0

32Th)A (230Th/238U)A (234U/238U)A (Uncorrected) (Corrected) (Corrected)

0.5 0.551±0.015 1.352±0.007 55.7±2.0 53.8±2.1 1.419±0.009
0.3 0.575±0.009 1.382±0.007 57.1±1.2 55.2±1.4 1.458±0.009
1.6 0.581±0.046 1.492±0.006 52.2±5.2 50.5±5.3 1.582±0.012
1.0 0.548±0.007 1.369±0.004 54.5±0.9 52.8±1.1 1.438±0.006
1.7 0.591±0.010 1.391±0.007 58.6±1.4 58.1±1.4 1.464±0.008
1.3 0.593±0.008 1.295±0.005 65.1±1.2 64.5±1.2 1.357±0.005
2.7 0.649±0.008 1.246±0.005 78.0±1.4 77.7±1.4 1.308±0.005
0.5 0.669±0.003 1.229±0.005 83.3±0.6 82.9±0.6 1.291±0.003
0.1 0.683±0.002 1.124±0.002 99.9±0.7 97.2±1.4 1.167±0.004
0.1 0.669±0.003 1.143±0.003 93.9±0.7 90.8±1.5 1.191±0.005
0.6 0.679±0.015 1.146±0.005 95.6±3.3 93.7±3.4 1.194±0.006
0.04 0.718±0.011 1.122±0.003 108.8±2.8 84.7±12.3 1.193±0.031
0.1 0.642±0.002 1.125±0.003 90.3±0.6 87.8±1.3 1.165±0.004
0.5 0.630±0.005 1.166±0.003 82.9±1.0 82.2±1.1 1.202±0.003
0.1 0.631±0.011 1.089±0.003 93.1±2.5 87.7±3.7 1.115±0.005
0.2 0.638±0.008 1.082±0.002 95.8±2.0 90.6±2.9 1.112±0.004

here T is the age.
, 2000).
ity ratio and age corrections were calculated using an average crustal (232Th/238U) value



Fig. 4. Submerged speleothems K-14 and K-18 plotted against the global sea-level curve
(Lambeck and Chappell, 2001) and relative sea-level curves according to the proposed
uplift of 0.15–0.25 mm/a. MIS — marine isotope stage.
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0.25 mm/a. However, a significant discrepancy of MIS 5a highstand
records is noted worldwide, from both tectonically stable (Bahamas,
Bermuda, Cayman Islands etc.) and tectonically unstable regions
(Barbados, New Guinea and Huon Peninsula). Recorded MIS 5a
highstand positions, relative to the present sea level, range from
−30 m to +10 m (see Coyne et al., 2007; therein references and
Fig. 18). In the European region, records from phreatic overgrowths on
submerged speleothems from S and SE coasts of Mallorca also show
aberration from the predicted global MIS 5a sea-level stand (~1.5 m
above the present) (Onac et al., 2006).

According to the glacio-hydro-isostatic model for the last glacial–
interglacial cycle, the Adriatic basin is generally subsiding (Lambeck
and Purcell, 2005). Also, recent studies on late Holocene notches and
submerged archaeological remnants along the Northern Adriatic coast
reconstructed the subsiding history of this area, enhanced by
coseismic tectonics. Nevertheless, proposed uplift from the last
80 ka should not be in contradiction with the recent subsidence
because the studied area is situated between the eastern converging
boundary of Adria plate (along the axis of the Dinaric Alps) to the
northeast and an active tectonic boundary, dividing Adria plate into
NWand SE tectonic blocks, to the southwest (Oldow et al., 2002). Such
a position can support the possibility of long term regional uplift and
episodic tectonic subsidence, which is common in convergence zones
(Ferranti et al., 2007). Recent GPS geodeticmeasurements recorded an
Fig. 3. Age and (234U/234U)A0 along growth axis for speleothems K-14 and K-18. Growth
hiatuses markedwith horizontal dashed line, open seawater (234U/234U)A0 with vertical
dashed line. Maximum period of submergence based on both samples indicated by
vertical shaded area (timing of final submergence most likely to be during last deglacial
period after 10 ka).
uplift of more than 10 mm/a of SE part of Krk Island relative to the
Graz station, and horizontal velocity of 10 mm/a towards NE (Altiner
et al., 2006), however, these data should be taken with caution and
may apply exclusively to most recent times, because the aforemen-
tioned archaeological submerged remnants (Fouache et al., 2000;
Antonioli et al., 2007) do not support such a rapid uplift.

5. Conclusion

Wehave dated two submerged stalagmites from the Eastern Adriatic
coast to constrain the timing of sea-level events marked by two
distinctive hiatuses in deposition. The growth hiatuses presented here
are foremost chronological markers. They do not provide sea-level
indicators in the strictest sense and cannot be utilised to solve what is
knownas the ‘80ka’problem(Wehmiller et al., 2004), i.e. thewide range
of current estimates from disparate location on the globe. They do offer
constraints on temporal uplift if other model evidence is assumed,
however. Hiatuses were characterized by changes in morphology,
crystallography and colour and bordering reddish layer. A mineral
assemblage of calcite, gypsum and halite appeared along the disconti-
nuities on sectioning and exposure to air, and this is indicative of
previous evaporation of seawater andhencemarine conditions. Based on
obtained U–Th ages and mineralogical composition, sea-level changes
could be reconstructed as follows (assuming no tectonic adjustment):

(i) precipitation of subaerial calcite in K-18 indicates that relative
sea level was lower than−18.8m from N93 to ~90 ka, from ~82
to ~77 ka and from ~64 to ~54 ka. Growth periods in K-14 at
−14.5 m indicate that the sea level was lower than −14.5 m
from N90 to ~87 ka and for a short period at ~82 ka.

(ii) Speleothem growth hiatuses with fine red clays and marine
salts indicate that relative sea level was likely to be higher than
−18.8 m from ~90 ka to ~82 ka and from ~77 ka to ~64 ka, and
higher than −14.5 m between ~87 and ~82 ka.

The periods of non-deposition probably caused by marine
transgression coincide with high sea-level double peak at ~84 and
~77 ka BP within MIS 5a recorded in Barbados (Potter and Lambeck,
2004; Potter et al., 2004; Schellmann andRadtke, 2004a,b; Schellmann
et al., 2004; Radtke and Schellmann, 2005). Present speleothem
depths of −14.5 m and −18.8 m with recorded periods of marine
conditions would indicate MIS 5a high sea-level stands of at least
−14m in case of stable conditions, but it ismore likely that therewas a
long term regional tectonic uplift of 0.15–0.25 mm/a with episodical
subsidence events generated by collision of Adria microplate with
European continent.
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