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Abstract

We studied Holocene speleothems and tufa samples collected in numerous caves and rivers in the Dinaric Karst
of Croatia, Slovenia, Bosnia and Herzegovina, as well as Serbia and Montenegro. Differences in the formation
process of tufa and speleothems are discussed in the context of their isotopic composition (1*C, 3C and '80), as well
as the chemistry of surface water (rivers, lakes) and drip water (in caves). The physical and chemical parameters
monitored in the surface water (tufa precipitation) and drip water (speleothem precipitation) show that more stable
conditions accompany speleothem rather than tufa formation. This is particularly obvious in the water temperature
variations (2-22°C in surface water and 7-12°C in drip water) and in saturation index variation (3—11 in surface water
and 1-6 in drip water). The range of “C ages recorded by Holocene speleothems (~ 12000 yr) is wider by several
thousands years than that of Holocene tufa samples (~ 6000 yr). 8'3C values for tufa samples range from —12%o to
—6%o and for speleothem samples from —12 %o to +3 %o reflecting higher soil carbon and/or vegetation impact on
the process of tufa than on speleothem formation. The differences in 8'30 values of tufa and speleothem samples from
different areas reflect different temperature conditions and differing isotopic composition in the water. The study
shows that speleothems from the Dinaric Karst can be used as global palaeoclimatic records, whereas tufa records
changes in the local palacoenvironment.
© 2003 Elsevier Science B.V. All rights reserved.
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1. Introduction

Tufa is a product of calcium carbonate precip-
itation at near ambient temperature and typically
it contains the remains of micro- and macrophytes
and bacteria. Speleothems (stalactites and stalag-
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mites) are carbonate deposits common in caves
and are produced at ambient temperatures from
waters dripping from the walls of the cave.

In the first step of tufa and speleothem forma-
tion rain water dissolves CO;, produced by the
decomposition of organic matter and by root res-
piration in the topsoil. The partial pressure of soil
CO, exceeds atmospheric concentrations by two
orders of magnitude. Percolating water rich in
CO, dissolves carbonate rocks and forms bicar-
bonate. When water containing calcium and bi-
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carbonate ions emerges in the form of a karst
spring or as drip water in the cave, precipitation
of calcium carbonate occurs either due to the de-
gassing of CO, from solution or by evaporation
which leads to calcium carbonate supersaturation.

Tufa and speleothem formations are therefore
the results of the same chemical process, but there
is a significant difference in the prevailing environ-
mental conditions. Tufa is deposited in the surface
water by a combination of physico—chemical and
biological precipitation processes. The carbonate
is precipitated in association with a biofilm which
is a by-product of the microbial metabolic activity
of diatoms, bacteria and/or cyanobacteria (Cha-
fetz and Lawrence, 1994; Chafetz et al., 1994;
Pentecost, 1998; Pedley, 2000). Tufa formation
is favoured where well-developed plants exist in
streams and waterfalls and this results in different
morphological forms (Pentecost, 1995; Ford and
Pedley, 1996; Pedley et al., 1996). This process is
very sensitive to physico—chemical or biological
changes in the water and also to seasonal fluctua-
tion, e.g. temperature change (Srdoc et al., 1985a;
Herman and Lorah, 1988). Speleothems, on the
other hand, are deposits common in caves over-
lain by soil cover and are produced by the out-
gassing of CO; under stable microclimatic condi-
tions from water dripping from the cave walls
(Ford and Williams, 1989; Vokal, 1999).

The theoretical geochemistry of CaCO; precip-
itation based on carbon and oxygen isotopic char-
acterisation is well established for speleothem for-
mation but this is not so for tufa precipitation.
Hendy (1971) used a kinetic approach to explain
isotopic exchange in the reaction chain CO(g)—
CO,(w)-HCO;. He defined the physical and
chemical conditions that had to be fulfilled for
equilibrium fractionation of the carbon and oxy-
gen isotopes during speleothem formation pro-
cesses and in relation to both open and closed
geochemical systems. He also discussed the iso-
topic evidence for non-equilibrium formation pro-
cesses. A model to explain the '*C content of
precipitated carbonate (Salomons and Mook,
1986; Dulinski and Rozanski, 1990) predicts the
carbon isotope composition of speleothem by sim-
ulating time variations in the chemical and iso-
topic composition of both the solution and the

deposited calcite. Carbon and oxygen isotope
studies of the active water—carbonate system in a
Mediterranean karstic cave have been discussed
by Bar-Matthews et al. (1996) in terms of their
implications for palaeoclimate research. Compre-
hensive studies of the '“C exchange process in
speleothem formation were undertaken by Geyh
(1972), Mook (1976) and Fontes and Garnier
(1979) to determine the initial '“C activity (14C
reservoir effect). Genty et al. (1999, 2001) calcu-
lated the past dead carbon proportion in several
stalagmites from different areas and showed that
it slightly changed during speleothem formation
in the Holocene. Investigation of the carbon
transfer dynamics of recent laminated stalagmite
showed that the '“C activity of speleothem is sen-
sitive to atmospheric '*C bomb input (Genty et
al., 1998; Genty and Massault, 1999). A study of
the environmental conditions associated with spe-
leothem formation in Postojna Cave based on
chemical and isotopic measurements is described
by Vokal (1999).

The process of tufa precipitation involves addi-
tional isotopic exchange processes compared with
speleothem formation. This additional complexity
reflects the very dynamic surface flow and strong
exchange process between dissolved inorganic car-
bon (DIC) and atmospheric CO, and by the deci-
sive role of biota. An increase in “C activity of
DIC was observed in the downstream flow of the
Plitvice Lakes (SrdoC et al., 1986a) and in some
other karst rivers where tufa precipitates (Horva-
tinci¢ et al., 1989). Changes in 8'3C of the DIC
and precipitated carbonates were also observed
along the flow of the Plitvice Lakes. A systematic
study to determine the initial '4C activity of karst
springs and tufa at Plitvice Lakes has been de-
scribed by Krajcar Broni¢ et al. (1986, 1992).

Assuming isotopic equilibrium during calcite
precipitation, then terrestrial carbonates such as
speleothem, tufa or lacustrine sediment can pro-
vide a record of environmental and climatic infor-
mation (Gascoyne, 1992). These palaeoclimatic
and palaeoenvironmental data are especially im-
portant in the lower latitude regions with temper-
ate climate, where most tufa and speleothem de-
posits are formed and the excellent records
afforded by ice deposits do not exist. Variations
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in growth frequency of speleothem and tufa de-
posits based on *C and ?**Th/?**U dating (Hen-
nig et al., 1983; Baker et al., 1993) demonstrate
that the formation of secondary calcite deposits
was stimulated by changing climate, e.g. during
interglacial periods with warm and humid condi-
tions. The climate of the Eastern Mediterranean
region during the last 60 kyr has been recon-
structed via a high resolution study of the oxygen
and carbon isotopic composition of speleothem in
Israel (Bar-Matthews et al., 1997, 1999). Isotopic
studies of tufa and speleothem in Europe have
been used for palaeoclimatic and palaeoenviron-
mental interpretation in the karst regions of Po-
land (Pazdur et al., 1988, 1995, 1999), England
(Andrews et al., 1994; Pentecost, 1995), Germany
(Geyh and Hennig, 1986), France (Falguéres et
al., 1992) and Norway (Lauritzen et al., 1990;
Lauritzen, 1995). Tufa, lake sediments and speleo-
thems from the Dinaric Karst were also studied
using isotope methods and the results were ap-
plied in studies of palaeoclimate (Srdo¢ et al.,
1986b, 1994; Horvatincic et al., 2000) and palaeo-
environment (Srdo¢ et al., 1992a; Genty et al.,
1998).

The aim of this study is to compare tufa and
speleothem deposits from the Dinaric Karst in
terms of the conditions of formation, using phys-
ical and chemical parameters in conjunction with
isotopic measurements (A4C, 8'3C and §'30). We
also correlate the environmental conditions of
present-day precipitation of calcite with its iso-
topic content in order to improve the value of
carbonate deposits as palacoenvironmental re-
cords.

2. Site description and sampling

Karst features are widespread in Croatia, cov-
ering approximately fifty percent of the country
(Fig. 1). The main belt runs from the northwest
on the Slovenian border and strikes to the south-
east along the Dinaric Mountains towards Mon-
tenegro. This belt is called the Dinaric Karst and
is recognised as the geological ‘type region’ for the
definition of such deposits worldwide. The area
has been and continues to be subject to consider-

able research interest and has good potential for
future studies of palaecoclimate. Numerous caves
are located in Slovenia (more than 7000) and Cro-
atia (more than 6000) and many of them are very
rich in speleothem. There are also several regions
of lakes and rivers in the Dinaric Karst area
where tufa is forming at present, but deposits of
ancient tufa are also found.

The climatic and environmental characteristics
of the main locations studied in this paper are
presented in Table 1. The greater part of the Di-
naric Karst area, including Plitvice Lakes and
Postojna Cave, has a typically continental climate.
In other areas like the Krka, Zrmanja and Krupa
rivers as well as the PodstenjSek area, which are
close to the Adriatic Sea, the influence of the
Mediterranean climate is significant, and the
mean annual temperature is higher while the
amount of rainfall is lower (Table 1).

Tufa samples were collected in Croatia (Plitvice
Lakes, Krka River, Zrmanja River, Krupa River)
and in Slovenia (Podstenjsek Creek) (Fig. 1). Tufa
samples for '“C dating were collected at random,
mostly from the surface of tufa barriers and
sometimes from different stratigraphic layers.
We collected preferentially hard, compact tufa
from outcrops of old tufa deposits that are lo-
cated outside the present watercourses and also
from tufa barriers that are still active. Detailed
descriptions of the tufa sampling sites around
the Plitvice Lakes are published in the Radiocar-
bon Data Lists (Srdo¢ et al., 1982, 1987). Like-
wise, tufa samples from the Krka River are de-
scribed in the Radiocarbon Data Lists (Srdoc¢ et
al., 1987, 1992b; HorvatinCi¢ et al., 1999).

A detailed investigation of the physical and
chemical parameters important for tufa formation
in the Plitvice Lakes area has been published by
Srdo¢ et al. (1985a). This involved systematic
monthly measurements during the period 1980-
1985 of surface water at 16 sampling points,
from springs that feed the lakes to the mouth of
the Korana River. For the present study we se-
lected five sampling points in the stream water of
the Plitvice Lakes: one at the spring where tufa
does not precipitate and four at different distances
from the spring, where intensive tufa precipitation
is ongoing.
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Fig. 1. The karst region where the tufa and speleothem samples were collected. Key: A, Postojna Cave; B, Podstenjsek Creek;

C, Plitvice Lakes; D, Zrmanja and Krupa rivers; E, Krka River.

Speleothems were collected from 45 caves situ-
ated throughout the Dinaric Karst, but mostly in
Croatia with some in Slovenia, Bosnia and Her-
zegovina, as well as Serbia and Montenegro. De-
scriptions of the speleothem sampling sites and
the “C ages of speleothem were taken from the
Radiocarbon Data Lists (Srdo¢ et al., 1973, 1975,
1977, 1981; Horvatinci¢ et al., 1999). Some new
14C ages, measured in our laboratory and not yet
published elsewhere, are also used.

An investigation of the parameters responsible
for speleothem formation in Postojna Cave in
Slovenia (Fig. 1) was carried out during 1996-
1997 (Vokal, 1999; Vokal et al., 1999). For our

study we used data measured in drip water col-
lected at three different locations (four sampling
points) within the cave. These samples represent
all types of cave water (slow-drip and fast-drip
water) and positions with different thickness of
rock ceiling: the cave’s Entrance, Colourful Gal-
lery and Brilliant, with thicknesses of the cave
roof of about 10 m, 35-40 m and 120 m, respec-
tively (Vokal et al., 1999).

3. Methods

Standard methods in aquatic chemistry were
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applied for physical and chemical measurements
on water samples. Temperature and pH were
measured in situ with accuracies of +0.1°C and
1 0.05, respectively. Alkalinity was determined by
the titration method with HCI with an estimated
analytical error of +2%. Measurements of Ca’*
concentration were performed on the HACH
spectrophotometer (surface water) and on a flame
atomic absorption spectrometer VARIAN AAS
(drip water) with an analytical error of +4% (Vo-
kal, 1999). The I was calculated according to
the equation I =IAP/Kcaco,, where IAP is an
ionic activity product of Ca** and CO%  and
Kcaco, is the solubility constant of calcite.

Tufa and speleothem samples for '“C analysis
were treated with dilute HCl to obtain CO,,
which was subsequently converted to methane.
The *C activity of methane was measured by
the gas proportional counter technique described
elsewere (Srdoc€ et al., 1971, 1979). For calculation
of the “C values we followed the conventional
protocol (Obeli¢, 1989; Mook and van der Plicht,
1999). 4C activity is expressed as A'*C, the rela-
tive content to modern standard (A*C=0%o for
modern standard) normalised for isotope fraction-
ation. The accuracy of A'*C is within the range of
3% and * 14 %o, depending on the activity of
the sample. When appropriate, the “C age is ex-
pressed in conventional '“C years BP, adjusted to
initial '4C activity, A,.

Mass spectrometry measurements of stable iso-
topes were performed at the Geowissenschaftliche
Gemeinschaftsaufgaben, Hannover, Germany, and
at the Jozef Stefan Institute, Ljubljana, Slovenia.

The stable isotope content is expressed in %o de-
viations from international standards: 8'3C and
8'%0 in carbonate are expressed relative to the
Pee Dee Belemnite (PDB) standard and §'%0 in
water relative to the Standard Mean Ocean Water
(SMOW) standard. The analytical error ranges
from £0.05% to *0.2%0 depending on the
type of samples.

4. Results and discussion
4.1. Physical and chemical measurements of water

We compare the following physical and chem-
ical parameters important for calcium carbonate
precipitation: water temperature, pH, concentra-
tion of bicarbonate and calcium ions, and satura-
tion index of CaCO; (Ig¢). The results are pre-
sented in Fig. 2. They represent mean values of
monthly measurements for a 5-yr period at Plit-
vice Lakes and a 1-yr period for Postojna Cave
and record maximum and minimum values in
these periods.

The mean temperature of the water from which
tufa precipitates is, on average, 2°C higher than
that of the water from which speleothem precip-
itates: for tufa ranging from 10.2 to 12.2°C and
for speleothem from 8.2 to 10.4°C. The variation
of temperature for each sampling point is much
larger in surface water because of the influence of
seasonal changes. Drip water temperatures are
more or less stable throughout the year indicating
stable microclimate conditions within the cave.

Table 1
Climatic and environmental characteristics of the main studied locations
Site Coordinates Height above  Climate Mean annual Mean annual  Vegetation
sea level temperature rainfall
(m) (°O) (mm)
Postojna Cave 45°46'N, 529 Continental with 8 1500 Pine tree forest and
14°129E Mediterranean influence grass
Plitvice Lakes 44°53'N, 636-505 Continental 8.7 1473 (5 yr) Pine and beech
15°37'E forest, karst fields
Zrmanja and 44°11'N, 385-0 Mediterranean 13 890 (5 yr) Low vegetation,
Krupa rivers  16°03'E grass, bushes
Krka River 43°52'N, 216-0 Mediterranean 13 890 (5 yr) Low vegetation,
16°00'E grass, bushes
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Fig. 2. Temperature, pH, concentration of bicarbonate and
calcium ions, saturation index of CaCOs; (Is) and 8'3C val-
ues of DIC in surface water at the Plitvice Lakes and in drip
water in Postojna Cave. Mean values for a 5-yr period at
Plitvice Lakes and a 1-yr period at Postojna Cave were used,
with maximum and minimum values in these periods. Sam-
pling points at the Plitvice Lakes with distance from the
spring: 1, Crna Rijeka spring; 2, Labudovac, ~5 km; 3,
Burget, ~7 km; 4, Novakovi¢a Brod, ~10 km; 5, Korana
bridge, ~15 km (Srdo¢ et al., 1985a). Sampling points in
the Postojna Cave with cave roof thickness: A, Entrance,
~10 m; B, Colourful Gallery, 35-40 m; C, Colourful Gal-
lery, 35-40 m; D, Brilliant, ~120 m (Vokal et al., 1999).

We noted that the water temperature of the three
karst springs that feed the Plitvice Lakes is fairly
constant throughout the year (7.3-7.9°C, with
maximal variations < 1°C) (Srdoc¢ et al., 1985a).

The pH values are higher in surface waters
(mean values from 8.2 to 8.4) than in drip water
(mean values from 7.8 to 7.9) as a consequence of
the higher concentration of dissolved CO; in drip
water that originated mostly from topsoil organic

matter. Our systematic measurements of pH val-
ues at the karst springs that feed Plitvice Lakes
showed that the pH values range between 7.6 and
7.8 and are similar to the pH of drip water. The
pH values increase rapidly in the surface flow due
to the degassing of CO,, and few hundred metres
after the spring reach values of pH > 8 (Srdo¢ et
al., 1985a; Horvatincic¢ et al., 1989).
Concentrations of bicarbonate and calcium ions
steadily decrease downstream in the surface water
at Plitvice Lakes due to tufa and lake sediment
precipitation. Concentrations of these ions in drip
water depend on the thickness of the cave roof,
particularly on the overburden of humus. Soil or-
ganic matter in humus is the main source for the
CO; reservoir in the topsoil and determines the
carbon isotope composition of the solution that
later dissolves carbonate rock (Hendy, 1971;
Genty et al., 2001). It is noticeable that the high-
est concentrations, but also largest variations, of
bicarbonate and calcium are in drip water at the
Entrance point (Fig. 2, A) with thin cave roof.
The concentrations of ions decrease with increas-
ing of thickness of the cave roof. The possible
explanation for this effect is that the process of
carbonate (limestone) dissolution occurred in the
soil zone caused by the high concentration of soil
CO; and the higher temperature in the topsoil.
Water becomes strongly saturated with calcite
and enters into the cave as drip water. In the
case with higher thickness of the cave roof some
carbonate deposition may occur in the vadose
zone when downward-percolating water becomes
saturated with calcite, but before it reaches a cave.
The I values show that tufa at the Plitvice
Lakes precipitates in highly calcite supersaturated
water (Fig. 2). The mean Iy for surface water is
between 5.0 and 6.2 and for drip water it ranges
from 1.3 to 2.1. The fluctuation of the saturation
index is larger in surface water and depends on
season with higher values in summer (Srdoc et al.,
1985a). At the karst springs of Plitvice Lakes the
Isat values range between 1.0 and 1.3 (Fig. 2, 1),
but tufa precipitation does not occur.
Fluctuations in the measured parameters, par-
ticularly the temperature and Iy, values (Fig. 2),
are most significant in surface water and correlate
with seasonal change. Changes in the chemical
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composition of water along the stream observed
at Plitvice Lakes are similar to those observed in
Westerhof stream, Germany (Usdowski et al.,
1979), and in Falling Spring Creek, Virginia (Lo-
rah and Herman, 1988). The tufa growth rate at
Plitvice Lakes follows closely the temperature of
the stream water, with maximum deposition in
August—September and minimum deposition in
the winter months (Srdoc et al., 1985a). At some
locations, e.g. at waterfalls, the tufa growth rate
exceeds 10 mm/yr. The sedimentation rates of
sediments in the two biggest lakes in the Plitvice
Lakes area are as follows: in Kozjak Lake 0.8
mm/yr for the last 2000 years, and 1.1 mm/yr
for the period 2000-6000 BP, and in Prosce
Lake a uniform 1.4 mm/yr throughout the last
7000 years (SrdoC et al., 1986b). On the other
hand, the process of speleothem formation is
much slower than that of tufa formation, e.g.
the sedimentation rate for speleothem in Postojna
Cave is 0.1-1 mm/yr, i.e. one to two orders of
magnitude lower than that for tufa at the Plitvice
Lakes. Our previous studies of the process of tufa
formation at the Plitvice Lakes, Krka River and
in some other karst rivers (Srdo¢ et al., 1985a;
Horvatinci¢ et al., 1989) showed that the condi-
tions required for tufa precipitation in the water
occurred only if the pH values were > 8.2, the Iy
values >3 and the water was very clean with
respect to concentrations of dissolved organic car-
bon. At the same time tufa formation at the in-
vestigated areas is always associated with biota,
predominantly microscopic algae and cyanobacte-
ria, abundant moss growth and higher plant taxa
(Golubi¢, 1973; Marcenko et al., 1989; Chafetz et
al., 1994). Most studies of tufa formation recog-
nise biological processes, which are considered to
be responsible for the precipitation of freshwater
carbonate within the tufa system (Ford and Ped-
ley, 1996; Pedley et al., 1996; Pentecost, 1998;
Pedley, 2000).

In drip water the physical and chemical condi-
tions are more stable than in surface waters. The
highest fluctuations of all measured values in drip
water occurred at the Entrance site where the cave
roof is relatively thin, ~10 m, and the surface
water percolation is faster. It should be empha-
sised that tufa at Plitvice Lakes precipitates only

if water is highly supersaturated with -calcite
(Isat > 3) (Srdoc et al., 1985a; HorvatinCi¢ et al.,
1989) while speleothem formation in Postojna
Cave occurs with only slightly supersaturated
drip water (I > 1) (Vokal et al., 1999).

4.2. Isotope data from the depositional
environments

In our study of tufa and speleothem formation
we compared environmental isotopes that are in-
volved in the carbon cycle ("*C, 13C): 4C activity
and 8'3C values in DIC of surface and drip water,
in atmospheric CO; as well as in the surface soil
and vegetation of the investigated areas.

The bottom diagram of Fig. 2 records the §'3C
values of DIC in water. The mean values of §'3C
for DIC in the surface water increase from
—11%0 to —9%o along the surface flow of the
Plitvice Lakes system. The mean values of §3C
for DIC in all three springs are lower (between
—12.5%0 and —12.7%o0) than those in the lake
area (Krajcar Broni¢ et al., 1986). The increase
in 8"3C for DIC along the water flow is the com-
bined result of CO, degassing and carbon isotope
exchange between atmospheric CO, and DIC in
the water (Deines et al.,, 1974; SrdoC et al.,
1986a). The mean values of §3C for DIC in
drip water at various locations within the Postoj-
na Cave range from —14.1%o0 to —10.2 %o .

The '“C activity of the soil organic matter
(SOM) within soil profiles in the Plitvice Lakes
area was measured in 1974 and 1985, and showed
that only ~10-15 cm of topsoil had been influ-
enced by the higher atmospheric '“C activity due
to nuclear weapons testing. A'*C ranged from 20
to 194%o, depending on depth and location
(Srdo¢ et al., 1985a; Krajcar Broni¢ et al.,
1986). At 50-70 cm depth the 'C content is
much lower (—200 % in 1974) than the contem-
poraneous atmospheric '*C content (400 %o ).
A™C values from soil profiles above the Postojna
Cave measured in 1997 gave an enriched value,
(176 £17) %o, at the surface, but this decreased
to about —8%o at 30 cm depth, showing that
the influence of bomb “C was still predominantly
in the topsoil (Vokal, 1999). The §'3C of SOM at
Plitvice ranges from —26 %o to —29 %o (Krajcar
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Broni¢ et al., 1986), and from —27.4%0 to
—26.2%0 in the Postojna region (Vokal, 1999).

The '*C activity and 8'3C of atmospheric CO,
were measured monthly during an l-yr period
both outside and inside the Postojna Cave. The
mean annual A*C from outside the cave was
(92+£13)%0 and from inside (22+£15)%o, while
the respective 8'3C values for CO, were (—8.0+
0.7) %0 and (—9.3%0.3) %o . These A"*C and 8'3C
values of the atmospheric CO, outside and inside
the Cave show that CO, in the cave is mostly of
atmospheric origin but with a small fraction of
CO;, originating from the SOM decomposition
that comes into the cave through microfissures
and pores in the overlying rock.

The anthropogenic influence on the C activity
of tufa and speleothem is well demonstrated by
14C activity measured in the recent speleothem
Pos-stm4 in Postojna Cave (Genty et al., 1998)
and in surface lake sediment (Srdo¢ et al.,
1992a). The peak of excess '“C activity in the at-
mosphere produced by nuclear bomb tests (re-
corded in 1963) was recorded also in speleothem
and in lake sediment but with a damped response
and a delay of several years.

4.3. BC and %0 in tufa, lake sediments and
speleothems

The stable isotope compositions of tufa, lake
sediments and speleothems are presented in Fig.
3 as 8'3C vs. 8'%0 diagrams. The mean isotopic
compositions at various locations, from which at
least three samples were measured, are given in
Table 2. Some data for speleothems from Slove-
nian caves (ékocjan, Dimnica, Divaca, Kamniska,
Predjama, Planinska, Mackovca, and a few Po-
stojna data) were taken from Urbanc et al
(1985), and data for the Postojna speleothem
(Pos-stm4) from Genty et al. (1998).

The ranges of the §'3C values for Holocene (full
symbols) and Pleistocene (open symbols) (Fig. 3a)
tufa samples from Krka and Plitvice are the same,
from —10%o0 to —6 %o . We compared the isotopic
composition of old and Holocene tufa samples
from the Plitvice and Krka areas by applying Stu-
dent’s t-test. The results are shown in Table 3.
There is no statistical difference between the

83C values either between the tufa from the
same location but different time periods or be-
tween the tufa from different locations and the
same period. This indicates that conditions for
tufa precipitation were similar during each period
and for both areas.

Holocene tufa from the Zrmanja and Krupa
River areas have somewhat lower 8'*C values
(Table 2). 8'3C values for Podstenjiek tufa lie
between —11%0 and —12%o. In this area tufa
precipitates 0.5-1.5 km from the spring which is
much closer to the spring than tufa at the Plitvice
Lakes (Fig. 2) and Krka River area. The lower
813C values for Podstenjiek tufa indicate less in-
fluence of the carbon isotope exchange process
between atmospheric CO, and DIC in water.

The mean 8"3C values for the lake sediments
taken from the 12-m-long sediment cores from
two lakes in the Plitvice Lakes area, (—8.6%
0.1)%0 and (—8.9%0.2) %0 for Lake Kozjak and
Lake Prosce, respectively (Table 2), are similar to
the mean &3C for tufa from Plitvice Lakes,
(—8.3+1.0) %0, but show much smaller fluctua-
tions. The narrow range of lake sediment §'3C
indicates more stable conditions during sediment
precipitation than are associated with tufa precip-
itation.

Under the conditions of isotopic equilibrium
the solid carbonate phase (calcite) is enriched in
13C relative to DIC in the water (Turner, 1982;
Emrich et al., 1970). At a temperature of 10°C the
equilibrium fractionation factor € between car-
bonate and bicarbonate is ~ 1.5%o0 . We can com-
pare the 8'*C of DIC in water and the §'3C of
lake sediments in two lakes at Plitvice. The §'3C
of DIC in Lake Pros¢e is ~(—11)%o, and that of
DIC in Lake Kozjak ~(—10) %o . The mean an-
nual temperatures are 10.9 and 10.6°C, respec-
tively. Thus, the difference € = &s4im —0Op1c, Which
is 2%0 and 1.4%o0 for Lakes Pros¢e and Kozjak,
respectively, is in accordance with the equilibrium
fractionation factor, and we can conclude there-
fore that sediment precipitation occurs under car-
bon isotope equilibrium. Similarly, calculated €
values for tufa from different locations at the Plit-
vice lakes range from 1.6 %o to 2.8 %0 and for the
Postojna speleothems € is ~3 %o . For tufa pre-
cipitation we may assume the attainment of only
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Fig. 3. 8'3C vs. 8'%0 values for tufa and lake sediments (a) and speleothems from different caves (b).
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approximate isotope equilibrium conditions,
whereas for sediment precipitation the isotopic
equilibrium holds more exactly.

813C values for speleothem samples (Fig. 3,
lower diagram) range from —12%o0 to +3 %o
(with two exceptions at +5%o). This is a good
correlation with the theoretically predicted §'°C
values in speleothems (Dulinski and Rozanski,
1990). Their model predicts 8'3C values of depos-
ited calcite (speleothems) within the range ca.
—16%0 to +3%0 depending on temperature,
chemical and isotope parameters of the initial so-
lution and the actual degree of the precipitation
process. The difference in 8'°C range of tufa
(from —12%0 to —6%o0) and speleothem reflects
higher soil carbon and/or vegetation impact on
the process of tufa production in the freshwater
tufa system. Pedley et al. (1996) showed that dur-
ing tufa formation inorganic precipitation is dom-
inant under turbulent flow regimes, whereas bio-

Table 2

mediation occurs in situations of sluggish flow or
static water.

Most of the §'3C values from speleothem sam-
ples range between —12%o0 and —5%o. Samples
from different caves group together and the mean
813C values for different caves are compared in
Table 2. Higher 8'3C values indicate proportion-
ally more influence of carbon supplied by lime-
stone or dolomite dissolution with a &3C at
~0%o . This is particularly noticeable for speleo-
them samples from the caves Kamniska jama
(mean 83C: (—0.1%£2.3)%0) at an altitude of
~ 1400 m (Urbanc et al., 1985), and Slovacka
jama at Velebit Mountain (mean 87C: (2.3%
1.7)%0) at an altitude of ~ 1300 m, where soil
cover is very poor. Andrews et al. (1997) ex-
plained higher 8'3C values obtained for carbonate
crusts from high Alpine sites as opposed to those
from lowland sites as being a consequence of a
smaller soil zone carbon component in the moun-

Mean values of 8'°C and 8'80 of tufa, lake sediments and speleothems from various locations in the Dinaric Karst

Location Comment 380 Number of samples
(%0 PDB) (%0 PDB)
Tufa
Plitvice Lakes Holocene —83%1.0 —9.6+0.3 24
Pleistocene —8.0+0.8 —9.7+£0.7 11
Krka Holocene —85+1.0 —7.7+0.5 20
Pleistocene —8.7+£0.7 —8.0+0.9 16
Krupa Holocene —9.6+0.6 —7.810.3 5
Zrmanja Holocene —10.1+£0.5 —8.0+0.8 18
Podstenjsek Holocene —11.3%£0.3 —6.6+0.3 6
Lake sediment
Lake Prosce Holocene —8.9+0.3 —10.0+0.3 20
Lake Kozjak Holocene —8.6%0.1 —9.3%£0.2 22
Speleothems
Postojna, Pos-CG-85 Holocene —10.1+£1.0 —7.910.2 10
Postojna, Pos-stm4 Recent —9.7+0.3 —6.710.4 20
Postojna?® Holocene —82%1.0 —=7.1£0.2 9
Dimnica® Holocene —64+19 —=5.7+£0.7 10
gkocjana Holocene —5.6+2.9 —6.0+0.6 9
Planinska jama®P® Holocene —6.3+32 —59+1.2 23
—7.6x1.2 —6.3£0.4 18
Kamniska jama?* Holocene, 1400 m asl —0.1+£2.3 ~(—6.5) 16
Slovacka jama 1300 m asl 23%1.7 ~(—6.5) 5
Rovanjska Submerged, Holocene —9.7+£0.8 —4.8 3

¢ Data from Urbanc et al. (1985).

b The first value represents an average of all stable isotope measurements; for the second value five data pairs for non-equilib-

rium speleothem formation have been excluded (see text).
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Table 3
Results of the Student’s f-test of difference between two
means with total degree of freedom being n=n;+n,—2

570 Plitvice - Plitvice - Krka - Krka -
50 Holocene Pleistocene Holocene Pleistocene
| Plitvice -
Holocene

n=42 ++

Plitvice -
Pleistocene
Krka -
Holocene
Krka-
Pleistocene

Key: +, data belong to the same distribution; —, data do
not belong to the same distribution. Calculations were made
for confidence intervals 95% (the first sign) and 99% (the sec-
ond sign). Data above and to the right of the diagonal are
for 8'3C values, and those below and to the left of the diag-
onal for 8'%0 values.

tain sites where soils are thin, poorly vegetated, or
even absent.

A large number of measurements is available
for speleothems from Postojna Cave (Fig. 4).
The 8'3C values range from —11.5%0 to —6%o .
In the case of a single recent speleothem, Pos-
stmd4, formed during the last 50 years, the §'3C
values range from —10.2%0 to —9.0%0 with a
mean of (—9.7%£0.3)%0 (Genty et al., 1998).
This result reflects the 8'°C values prevailing
under stable environmental conditions for this lo-
cation. The distribution of &8'3C with distance
from the top of the speleothem Pos-CG85 (stalag-
mite 85 cm long with a '“C age of approximately
14000 yr BP), collected from the Colourful Gal-
lery of Postojna Cave, is presented in Fig. 4b. The
813C value increases with distance from the top
(linear correlation coefficient R=0.95) from
—11.3%0 for recent (at the surface) to —8.5 %o
for the oldest part of the formation. The §"*C
of speleothem represents the response of speleo-
them to the actual vegetation change (Dorale et
al., 1998), therefore, this correlation would indi-
cate an increase in the influence of biogenic CO,,
i.e. increase in the vegetation density, for speleo-
them formation from the past to the present in
this area. The difference in 8'*C values between
two recent speleothems, —11.3 %o for the surface
of Pos-CG85 and —9.7 %0 for Pos-stm4 (Genty et
al., 1998) follows the difference in §'3C of DIC in
drip water for these two locations, —14.4 %0 and
—12.7%o , respectively (Fig. 2). This difference in

813C for both speleothem and drip water for two
locations in Postojna Cave can be a consequence
of several factors such as variations in the type of
dissolution (open/closed system), mixing ratio of
soil and atmospheric CO,, localised geologic set-
tings, and kinetic effects during calcite precipita-
tion (Genty et al., 2001). The different thicknesses
of the cave roofs, ~40 m and ~ 10 m for Pos-
CG85 and Pos-stm4, respectively, is an additional
factor that contributes to the variations of the
813C values.

The 8'80 values of tufa samples (Fig. 3a) range
from —11%0 to —6%o0, and some grouping is
again noticeable. Comparison of 80 of tufa
shows that the Holocene and Pleistocene data
sets from the Plitvice and Krka areas (Table 3)
are similar only for the same location, while they
are not similar for the same period and different
locations, because of different types of climate
(compare Table 1). There is practically no differ-
ence in the 8'%O values between tufa, (—9.6%
0.3) %0, and lake sediments taken from 12-m-
long sediment cores from two lakes in the Plitvice
region (Table 2): (—=9.910.3) %0 in Lake Prosce
and (—9.31£0.2) %0 in Lake Kozjak. All of these
values indicate stable climatic conditions for the
region during the last 6000-7000 years, which is
the '“C age of Holocene tufa and lake sediments
in this region (Srdoc¢ et al., 1983, 1986b).

The 8'%0 signature of tufa from Krka River
(Fig. 3a; Table 2) is on average 1.7 %o (old tufa)
and 1.8%0 (Holocene) higher than the 880 of
tufa from the Plitvice Lakes. Tufa from Zrmanja,
(—8.0+0.7) %0, and from Krupa River, (—=7.8 %
0.3) %o, have 8'%0 values similar to those from
the Krka River area, (—7.8+£0.5) %0. The differ-
ence between the Holocene tufa from Plitvice
Lakes and other areas may be explained by a
different 8'%0 composition in waters from which
tufa is formed and/or different mean yearly tem-
peratures (Table 1). Both of these factors are in-
dicative for the different climate of the regions
and both give rise to more negative §'0 values
at Plitvice Lakes. The rivers Krka, Zrmanja and
Krupa are close to the Adriatric Sea with higher
average temperature and situated at lower alti-
tudes than the Plitvice Lakes area. The higher
altitude of Plitvice Lakes (500 m average differ-
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Fig. 4. (a) 8"3C vs. 8'80 values for speleothem samples from Postojna Cave (*after Urbanc et al., 1985; **after Genty et al.,
1998). (b) 8"3C and &'80O values vs. distance from top of speleothem, Pos-CG85. Full lines represent linear fits, R=0.95 and
R=0.12 for 8'*C and §'%0, respectively. The dashed lines represent the 95% confidence limits of the correlation.

ence) can explain about 1%o in the 8'%0 differ-
ence between Plitvice and Krka (about 0.2 %o de-
crease in 8'0 for 100 m increase in altitude;
Krajcar Broni¢ et al., 1998). The residual 0.7-
0.8 %0 can be explained by the mean annual tem-
perature difference of 3°C (0.3 %0 /°C; Krajcar
Bronic¢ et al., 1998). The influence of the Mediter-
ranean climate is even more evident in the high
8'0 values of tufa from the Podstenjsek area,
which is very close to Adriatic coast.

The 3'80 values recorded by speleothem sam-
ples range from —8.5 to —3.5%0 (Fig. 3b). Most
speleothems from areas with a prevailing conti-
nental climate have 8'®0 values in the range
—8%0 to —5%o, and those from areas influenced
by the Mediterranean climate (gupurina, Palagru-
za, Divaca) and submerged speleothems (Split,
Rovanjska) range from —6%0 to —3.5%0. The
entire range of 8'0 in speleothems is less nega-
tive than that for tufa owing to the different iso-
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topic composition of water from which the calcite
was precipitated. For example, tufa at Plitvice
Lakes is precipitated from water with mean annu-
al 8'80 values of —10.7 %o , while speleothems are
formed from water with a mean annual 80 of
—8.6%0 (Mackovca, Planina, Postojna, Predja-
ma), —7.2%0 (Divaca) (Urbanc et al., 1987) and
—8.3 to —8.9%0 (Postojna) (Vokal, 1999).

In Postojna Cave the 8O values range from
—8.5%0 to —6%o (Fig. 4a). The 880 values of
speleothem Pos-CG85 (Fig. 4b) are rather con-
stant along the growth profile ranging between
—8.5%0 and —7.5%0 (mean value —7.9 %o ), indi-
cating that no significant climatic change has oc-
curred in this area during the last 14000 years
while changes in vegetation are possible, as dis-
cussed earlier.

It is possible to calculate the temperature of
calcite formation assuming that the process occurs
under equilibrium conditions, i.e. that kinetic ef-
fects are not significant. By the analysis of the
carbon isotope data, we showed that tufa and
speleothems, as well as lake sediments, are formed
under, at least approximate, equilibrium condi-
tions. Several samples that indicate a non-equilib-
rium calcite formation mechanism are discussed
below. If the oxygen isotopic enrichments of cal-
cite (8'%0.) and water (8'80,,) from which the
calcite precipitates are known, then, according
to Craig (1965), the temperature of calcite forma-
tion is given by the relationship:

T(°C) = 16.1—4.15X (§80,— 5180,
+0.13X(880,—81%0,,)? (1)

To apply this calculation we used isotopic val-
ues measured from several recent speleothems
found at places where stable equilibrium condi-
tions can be assumed, i.e. where air circulation
is minimal, and humidity and CO, partial pres-
sure are effectively stable throughout the year.
Several tufa samples found in conditions of steady
state water flow, and lake sediments from the
Lakes Kozjak and Pros¢e were also used to pro-
vide data for temperature calculation. We com-
pared calculated temperatures of calcite formation
with the measured mean annual temperature val-
ues (Fig. 5). The calculated temperatures for all

speleothem samples are in reasonable agreement
with the actual mean yearly temperatures, so that
the assumption of calcite precipitation under iso-
topic equilibrium is justified. Where slightly lower
calculated temperatures than the measured ones
are encountered these indicate that the speleo-
thems were formed mainly in a colder period of
the year (the wet season). The temperature calcu-
lated for tufa and lake sediment formation is
higher than the measured average annual temper-
ature and this is due to more intensive precipita-
tion during the warmer period of the year. The
seasonal dependence of tufa growth at Plitvice
Lakes was also checked experimentally by Srdoc
et al. (1985a) who showed that the tufa growth
rate is up to 10 times higher in summer than in
winter.

According to Hendy (1971), exceptionally high
and simultaneously increased 8'*C and §'80 val-
ues may indicate non-equilibrium isotopic condi-
tions of carbonate precipitation. Such examples
are provided by two tufa samples from the gpilj-
ski vrt location at Plitvice Lakes (Fig. 3a). These
were taken from waterfalls, where the exchange of
DIC with atmospheric CO, is very high. Two
speleothem samples from a dry and windy area
near the entrance to Planinska Jama Cave have
higher 880 values (—2%0 and —3 %o, respec-
tively) accompanied also by positive 8'*C (+4 %o
and —0.5%o, respectively) signatures indicating
speleothem formation under non-equilibrium con-
ditions, i.e. under enhanced evaporation or ex-
change with atmospheric CO, (Fig. 3b) (Urbanc
et al., 1985). Many of the speleothem samples
from Planinska Jama Cave lie in between the
most negative values, reflecting isotopic equilibri-
um conditions, and the two outliers. In addition,
data from ékocjanska Jama Cave show a simul-
taneous increase in both §'3C and 8'%0. Such a
correlation indicates the interplay of precipitation
under isotopic equilibrium and non-equilibrium
precipitation (Gonfiantini et al., 1968; Hendy,
1971). For each cave studied, the data having
the lowest stable isotope content indicate speleo-
them formation under isotopic equilibrium condi-
tions and these sets can be used for palacotemper-
ature estimation. Speleothem found close to the
entrance of caves, where windy and dry environ-
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Fig. 5. Correlation between calculated temperature, Tcye, of
calcite formation (Eq. 1) and measured mean yearly water
temperature values, Tpess, for few speleothem, tufa and lake
sediment samples. Line represents ideal agreement, Teye =
Theas. Temperatures calculated for shallow lake sediment
cores of ~30 cm depth, are marked by ‘top’. 1o errors in
measured temperatures are shown only for speleothem sam-
ples. 1o errors in calculated temperatures are obtained by
the error propagation formula, taking errors in 8'8O from
the measured data sets.

mental conditions prevail, and tufa grown at
waterfalls where faster degassing and exchange
with atmospheric CO, can occur, are not reliable
palaeoclimatic indicators. If such 820 values
from speleothems or from tufa formed under iso-
topic non-equilibrium conditions are used for
temperature calculations, then the resultant tem-
peratures are too low by as much as 5°C.

4.4. "*C age of Holocene tufa and speleothem

The temporal distribution of the “C ages mea-
sured for tufa samples collected at various loca-
tions in the Dinaric Karst, including the Plitvice
(160 samples), Krka (30 samples), Zrmanja (13
samples) and Krupa (5 samples) sites, together
with the *C age distribution of 65 speleothem
samples collected in 45 caves, also in the Dinaric
Karst, are presented in Fig. 6. The histograms are
constructed using 500-yr class intervals, and rela-
tive errors of ages are not considered. The initial

14C activities (Ay) for Plitvice tufa were deter-
mined experimentally and ranged from 70 to
90% modern (2400-800 years equivalent) depend-
ing on the location (Srdo€ et al., 1986b; Krajcar
Bronic¢ et al., 1992). Ay for tufa from the Plitvice
Lakes area was determined by: (1) measuring the
14C activity of recent pre-bomb test calcareous
deposits, (2) calculating the ratio of the '*C activ-
ity of the calcareous sediment to that of the ad-
jacent coeval wood, and (3) extrapolating “C ac-
tivity of the deep lacustrine sediment layers to the
surface, assuming a constant sedimentation rate.
For tufa samples from other locations and for all
speleothem samples we assumed an Ay of 85%.
This average value was determined -earlier
(Geyh, 1972; Vogel, 1983) and justified in more
recent studies using pre-bomb 4C values from
annually laminated modern stalagmites (Genty
and Massault, 1997, 1999; Genty et al., 1998,
1999). The possible variations of A for different
locations (Genty et al., 1999) could not influence
significantly the '#C age distribution of Holocene
tufa and speleothem presented in Fig. 6 because
they would cause the same shift of “C age distri-
bution for both, tufa and speleothem.

The '*C ages of Holocene tufa from all loca-
tions range up to ca. 6000 yr BP. The “C age
distribution shows a maximum for young sam-
ples, up to 1000 yr BP, and then the number of
tufa samples decreases with only a few samples
with *C ages approaching 6000 yr BP. Younger
samples dominate because the tufa samples were
collected at random on dry tufa barriers and most
of them were taken from or near the surface. Fur-
thermore, the preservation of tufa deposits de-
creases with age.

The '“C ages of Holocene speleothem samples
again collected at random from different caves in
the Dinaric Karst range up to ca. 12000 yr BP.
This time period extends beyond that of the Ho-
locene tufa samples by several thousand years.
Consequently, direct comparison of Holocene
tufa and speleothem from the Dinaric Karst
shows that the process of tufa growth in intergla-
cial conditions started several thousand years later
than that of speleothem. Our previous investiga-
tions showed that the '“C ages of Holocene tufa
samples also coincide well with the '4C ages of up
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Fig. 6. Histograms of '*C dates of Holocene tufa and speleo-
thems from the Dinaric Karst.

to 6000 and 7000 yr BP measured for lake sedi-
ment collected in the Lake Pros¢e and Lake Koz-
jak, Plitvice Lakes area, respectively (Srdoc et al.,
1986b). In addition, the '*C ages of peat deposits
collected in the same area coincide well with the
Holocene tufa ages (SrdoC et al., 1985b). All of
these dates support the hypothesis that the cli-
matic conditions in this area during the last
~7000 years have been favourable for tufa
growth and also for peat and lake sediment for-
mation. This is also demonstrated by the constant
880 values throughout the sediment profile
(depth of ~12 m) of lake sediments (SrdoC et
al., 1986b).

The “C age distribution of postglacial (Holo-
cene) tufa in Europe indicates that deposition
reached a maximum in the period 5000-10000
yr BP (not corrected for reservoir effect) (Pente-
cost, 1995). In south Poland the '*C age of Ho-
locene tufa is up to approximately 8000 years

(Pazdur et al., 1988) and at different sites in Eng-
land '*C dates suggest that tufa production was
most active ca. 5000-2000 yr BP, ca. 9000—4000 yr
BP, and ca. 7000-2000 yr BP (Pentecost et al.,
1990). Most of the Quaternary tufa deposits in
Europe are located in karst areas with a mean
annual air temperature of 5-15°C and a rainfall
exceeding 500 mm yr~! (Pentecost, 1995).

On the other hand, speleothem formation in
central Europe during the Holocene and Late
Glacial coincides with a time period up to ca.
13000-15000 yr BP (Geyh and Hennig, 1986;
Gascoyne, 1992; Pazdur et al., 1995; Goslar et
al., 2000). The high-resolution records of stable
isotopes in stalagmites from Soreq Cave, Israel
(East Mediterranean region), indicate that all spe-
leothems older than 7000 yr were formed under
conditions that differ from those of today, and
that about 7000 yr ago the general climatic con-
ditions became similar to those of the present day
(Bar-Matthews et al., 1996). Furthermore, radio-
carbon-dated deposits of glacial drift indicate that
alpine glaciers expanded in Early Holocene time
in many areas of the world. This feature is world-
wide and includes locations in both the Northern
and Southern Hemisphere, in Europe and North
America, in temperate high latitudes, and in areas
of both maritime and continental climate (Beget,
1983). These data are strong evidence for a world-
wide episode of cooler climate at ca. 85007500 yr
BP.

According to the discussion presented above,
we may conclude that climatic change during
the Holocene influenced tufa formation, i.e. that
tufa growth started several thousand years later
than speleothem formation.

In Fig. 6 we present the “C age distribution of
Holocene tufa and speleothems only. However, in
most of the locations we also found some old tufa
deposits as well as old speleothems the ages of
which were beyond the '“C detection limit of
our dating system (>37000 yr BP). The ages of
old tufa deposits at the Krka and Plitvice area
and of a few speleothems were determined by
the 2°Th/?*U dating method (Srdo¢ et al.,
1994; Horvatin¢i¢ et al., 2000). The results,
when compared with the marine palaeoclimatic
8'80 record, showed that the growth periods of
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these old deposits coincided with oxygen isotope
stage 5. There were a few tufa samples from
stages 7 and 9.

5. Conclusions

By considering the physico—chemical conditions
of tufa and speleothem formation in the Dinaric
Karst, in conjunction with their stable isotope
compositions and '“C ages, we conclude that
these discrete calcareous deposits have been
formed under different environmental conditions.

(1) The physical and chemical parameters moni-
tored in surface water (tufa precipitation) and in
drip water (speleothem precipitation) show that
more stable conditions accompany speleothem
formation than tufa formation. This is particu-
larly obvious in the water temperature variation
(2-22°C in surface water and 7-12°C in drip
water) and in saturation index variations (3-11
in surface water and 1-6 in drip water). The sat-
uration index must exceed 3 for tufa precipitation
while speleothem precipitates from drip water
with I > 1.

(2) The 8'3C values for tufa samples range from
—12%0 to —6%o0 and for speleothem samples
from —12 to +3 %o in the Dinaric Karst, indicat-
ing that the influence of biogenic carbon is more
significant for tufa than for speleothem forma-
tion. The wide range of 83C values obtained
from speleothems together with the clearly differ-
ent 8'3C values for different locations show that
speleothem formation is also possible from water
poor in biogenic carbon (e.g. at high altitudes),
while the 8'*C values for tufa from the investi-
gated areas show that biogenic carbon is more
crucial in tufa formation.

(3) The 8'%0 values for tufa samples range from
—11%0 to —6%0 and for speleothem (mainly)
from —8%0 to —4%o. The difference here is a
consequence of the different stable isotope com-
position and temperature of waters from which
the calcite precipitates. The calculated tempera-
ture for calcite that precipitated under isotopic
equilibrium conditions showed a slightly lower
temperature for speleothem than the measured
one indicating that speleothem was mainly formed

in a colder period of the year (wet season). The
estimated temperature of tufa and lake sediment
formation is higher than the measured average
annual temperature due to more intensive precip-
itation during the warmer period of the year.

(4) The '“C dating of Holocene tufa and spe-
leothem calcite from the Dinaric Karst shows that
speleothem growth started several thousand years
earlier than tufa growth. Most tufa sites in Eu-
rope show that the Holocene tufa growth has
been at its most intensive in the last ca. 7000 yr.
This is in good correlation with the ages of tufa in
the Dinaric Karst. A possible explanation for the
delay of tufa as opposed to speleothem growth in
the Holocene is the importance of the biological
component in the process of tufa precipitation
from surface water, e.g. the presence of macro-
phytes (moss) and microphytes (algae, bacteria),
is very important. The process of tufa formation
will occur only if well-developed plants exist in
the streams. It means that these conditions were
not fulfilled in the Early Holocene. In contrast,
the process of speleothem formation in caves
was more readily initiated by temperature change
and/or other climatic conditions at the beginning
of the Holocene.

(5) Isotope analyses, including 8'*C, §'*O and
14C age values, of tufa, lake sediments and spe-
leothems in the Dinaric Karst confirm that these
deposits record environmental and climatic infor-
mation. While speleothem is a good indicator of
global climate and palaeoclimatic changes, tufa is
a more sensitive indicator of palaeoenvironmental
changes.
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