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SUMMARY

Karst areas constitute a large part of Slovenia, with several thousands of caves located in the
limestone formations. The karstic caves provide valuable resources for reconstruction of
environmental conditions on the continent in the past. This is possible due to the great stability
of climatic conditions within a cave. Secondary minerals deposited in caves, known as
speleothems, preserve records of long-term climatic and environmental changes at the site of
their deposition and in the vicinity. The purity of speleothems and their chemical and physical
stability make them exceptionally well suited for detailed geochemical and isotopic analysis.

To understand the processes influencing the speleothem isotopic composition, monitoring of
cave waters as well as springs and underground rivers is very important for at least one
hydrological cycle. In this way we can observe the influence of seasonal changes on the cave
waters feeding stalagmite growth laminae. Chemical and environmental parameters which
influence speleothem formation are the temperature of air and water, as well as the properties
of the water such as pH, electrical conductivity, Ca2+, HCO3" and Mg2+ ion concentrations and
drip rate. The thickness of the roof above the cave and the types of cave water may also
determine the water properties. During one year monthly water samples were collected at three
locations in Postojna cave to characterize different types of cave waters (pool, fast and
stalactite drip water), and also from the river Pivka and spring Mo6ilnik. Rainwater samples were
also collected and analysed.

Dissolved CO2 and carbonate in cave seepage waters originate from various sources:
atmospheric CO2, organic matter that decomposes in soil, CO2 from respiration of plants in the
soil, and the dissolution of old layers of limestone. The isotopic composition of speleothems is
directly linked with the isotopic composition of CO2 produced in the soil above the cave.
Production of CO2 in the soil is connected to climatic changes and the isotopic composition of
the CO2 is connected to the type of vegetation growing above the cave, according to the
photosynthetic mechanism employed by the plants. The influence of human activity on carbon
isotopic values of atmospheric CO2 due to fossil fuel combustion and nuclear experiments is
also observed in speleothem carbonate composition. For this study, the isotopic values of
carbon, hydrogen and oxygen isotopes were determined in air, various soil components,
different types of cave waters, and in the growth laminae of a stalagmite.

The growth rate of speleothems is partly influenced by climatic variations. When speleothems
grow in isotopic equilibrium with their parent seepage waters, the isotopic composition of
ancient speleothems gives a record of the paleotemperatures of the cave in which these are
formed. When the temperature in a cave is stable throughout the year, this temperature is equal
to the mean annual temperature on the surface and so we can estimate the temperature above
the cave for that year. By analysis of the stalagmite from Postojna cave we determined that the
stalagmite deposition was not in isotopic equilibrium with its parent seepage water, thus making
determination of paleotemperature impossible.

This research represents a significant contribution to the improvement of knowledge about the
karstic world, especially regarding the influence of climatic and environmental factors on karstic
phenomena. This is the first interdisciplinary investigation in the Postojna karst system of this
kind, combining the determination of environmental factors together with chemical and isotopic
measurements. This research enabled the determination of the processes of carbon transfer
from the surface to the cave, where speleothems are formed. This research was performed in
co-operation with scientists from the Rudjer Boskovi6 Institute, Zagreb, Croatia and the
University of Paris-Sud, Orsay, France.
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INTRODUCTION

The word karst can be traced back to pre-lndo-European origins (Gams, 1973, 1981). It stems
from karra, meaning stone, and its derivatives are found in many languages of Europe and the
Middle East. In Slovenia the word evolved via kars to kras, which in addition to meaning stony,
barren ground is also a regional name for a district on the Slovenian/Italian border. This district
is sometimes referred to as the "classical karst', being the type locality where its natural
characteristic first received intensive scientific investigations. Caves in Karst region provide
unique and potentially valuable resources for the reconstruction of environmental conditions on
the continent over the last few hundreds of thousands to millions of years of earth history,
mostly due to the great stability of climatic conditions within a cave.

Several thousands of caves of different dimensions and with prevailing limestone and dolomite
deposits have been found in Slovenia (Habic, 1982). In the karst region of the underground
Ljubljanica River, the Postojna Karst represents the most speleologically interesting region.
Since its discovery in 1818, several works more or less completely present the history of
exploration and research in the Postojna Cave system (Gospodaric, 1976; Kranjc, 1997). With
the exception of chronostratographic measurements performed in the last 20 years, some
employing 14C and 23OTh/234U dating methods, little work has been done on isotopic
investigations of deposited calcite (Brodar, 1952; Brodar, 1956; Gospodaric, 1972; Gospodaric,
1977; Gospodaric, 1981; Gospodaric, 1985; Urbane, et. al, 1985; Gospodaric, 1988; Zupan,
1991; Zupan-Hajna, 1993).

Karst terrain is complex, and it is difficult to understand the processes that are occurring in such
systems composed of distinctive hydrology and specific landforms. Karst landforms are
produced as a result of combined rock solubility and well developed secondary porosity.
Secondary minerals deposited in caves, known as speleothems, consist of several forms such
as stalagmites, stalactites and flowstones. The purity and chemical and physical stability of the
speleothems make them exceptionally well suited for detailed geochemical and isotopic
analysis. Speleothems preserve a record of long-term climatic and environmental changes at
the site of their deposition and within the regional vicinity. The oxygen isotopic composition of
speleothems ideally reflects the isotopic composition of the regional annual precipitation at the
time of deposition. However, it is difficult to reconstruct the paleoclimatic conditions based solely
upon oxygen because the oxygen isotopic content of dripping water in the past is not known.
(Yonge et al., 1985; Ford and Williams, 1989; Hendy, 1971; Issar era/., 1991; Talma and Vogel,
1992). Speleothems are also of great importance for Quaternary studies, because they may be
dated by uranium-series and radiocarbon methods (Lauritzen and Gascoyne, 1980; Gewelt,
1985, 1986; Gewelt and Ek, 1988; Gascoyne, et al., 1983; Papastefanou and Charalambous,
1989; Pazdur et al., 1995) and because we can get useful paleoclimatic information (Hendy and
Wilson, 1968; Wigley and Brown, 1976; Harmon and Crul, 1978; Harmon, era/., 1979; Lauritzen
et al., 1990; Goede, 1994). In most speleothems there are alternations of white porous laminae
(WPL) and dark compact laminae (DCL), which are deposited annually (Allison, 1926; Orr,
1952; Broeckeref al., 1960; Blanc, 1972, 1992; Genty 1992, 1993). There may also be present
the luminescent laminations formed from soil organic matter trapped into calcite (Shopov et al.,
1990, 1994; Baker et al, 1993, 1998), whose process of formation is not very well known. Other
important factors in the study of speleothem formation are the dissolution processes in the soil
and unsaturated zone, which are dependent on vegetation type and meteorological variations
(KogovSek and Habic, 1981; Kogovsek, 1983; Kogovsek and Kranjc, 1989; Kogovsek, 1996).

Speleothem deposition is typically caused by degassing of groundwater which contains
elevated CO2 concentrations (Holland, et al., 1964; Ford and Williams, 1989). In the first step,
dissolution of the parent limestone by dissolved CO2 in the percolating water occurs to form
bicarbonate ions. The CO2 is almost always derived from the soil, where the partial pressure of
CO2 exceeds that in the atmosphere by two orders of magnitude. When the solution containing
the calcium and bicarbonate ions enters the cave atmosphere, precipitation of calcium
carbonate takes place either due to the degassing of CO2 from the solution or by the
evaporation of the water leading to calcium carbonate supersaturation. The high humidity (near
100 %) in the cave atmosphere generally limits calcium precipitation to CO2 degassing. The
carbon isotopic composition of deposited carbonates is closely related to the isotopic
composition of the soil CO2. Soil CO2 is produced by decomposition of organic matter and by



root respiration (Dorr and Munnich, 1986). Approximately 85% of the dissolved carbon in
seepage waters that precipitate speleothems is derived from soil CO2 (Bastin and Gewelt, 1986,
Brook et al., 1990). CO2 production in the soil above the cave is a function of climate changes
and of the type of vegetation above the cave.

The aim of my doctoral dissertation is a detailed study of carbon isotope transfer to speleothems
in a Karst system. Results of geochemical and isotopic measurements will be explained by
seasonal climatic changes. Processes of isotope fractionation that occur in the path of CO2

transfer from surface to the cave will be described by a model. This will enable us to see how
environmental changes are recorded in Karst areas. The site of Postojna Cave in Slovenia was
chosen for sample collection.

Environmental factors influencing speleothem formation, such as the type of vegetation that is
growing above the cave, data on surface temperature and precipitation, and drip water
temperature have been measured. The chemical factors were measured only in water samples.
The sampling locations for waters in the cave were chosen to cover all types of cave waters
such as pool, fast and stalactite drip waters and at positions with different thicknesses of rock
cover above the cave. Sampled surface waters are the river Pivka and the spring Mocilnik.
Water properties such as pH, electrical conductivity, Ca2+ and HCO3" ion concentrations were
measured. Seasonal changes of these properties were followed during an entire year to
determine correlations between them, such as the correlation between chemical properties and
thickness of rock cover above the cave and between chemical properties and the type of cave
waters. I also compared electrical conductivity, Ca2+ and HCO3" ion concentrations to find out
how the different types of cave water samples are correlated. Additionally, Mg/Ca ratio have
been determined and the calculated saturation index values compared with the drip rate of cave
waters and growth rate of stalagmites.

The carbon cycle plays a dominant role in controlling many of the chemical and biological
processes in different ecosystems. The knowledge of 813C content and the concentration of
natural radioactive isotope C and its global and local distribution is of great importance for
ecology, climatology and hydrology as well as for monitoring the carbon cycle in the
environment. A significant increase in the 14C concentration of the atmospheric CO2 reservoir
was caused by intensive above-ground thermonuclear bomb tests in this century (Levin and
Kramer, 1997; Krajcar Bronic et al., 1998). This effect was observed in the whole atmosphere
and biosphere in the 1960's, with the maximum atmospheric 14C activity measured in 1964.
Various nuclear facilities may also contribute to the increase of 14C in the atmosphere, while the
combustion of great amount of fossil fuels causes a decrease of 14C concentration in the
atmosphere.

For a better understanding of the isotope fractionation processes the 513C content and 14C
concentration were measured in the following samples:
- surface air
- plants
- soil CO2,
- soil organic matter
- cave air
- dripping water at different depths
- cave water (pool, fast and stalactite drip waters)
- recent cave deposits (speleothems).

Outdoor atmospheric and cave air 813C and 14C concentrations were determined. Comparison of
the carbon content of outdoor atmospheric and cave air was determined to evaluate any
influences of biogenic carbon inside the cave. The carbon content of 513C and 14C
concentrations in soil CO2 and soil organic matter were determined. Variations in 813C values
are the result of differences between the two types of photosynthetic pathways C3 and C4 type
since the degree of 13C enrichment in plants depends on the photosynthetic mechanism used.
Dissolved carbon in cave seepage water originates from various sources: atmospheric CO2,
decomposing organic matter in soil, respiring plants in the soil and by dissolution of old
limestone deposits.



The 14C activity time series in the cave was determined by measuring 14C in growth laminae of a
speleothem. This stalagmite was damaged at its base by an explosion of known age and 14C
activity was measured by accelerator mass spectrometry techniques. 14C activity measurements
on the investigated stalagmite permit us to construct C time series over the last 50 years.
Because 80 - 90% of the carbon found in the speleothem comes from soil CO2 the speleothem
composition reflects the atmospheric CO2 composition. This means that the speleothem 14C
activity will be close to the atmospheric 14C activity, or at least to the soil CO2 activity. Such 14C
chronicles can improve our understanding of the soil carbon dynamics, which is of great
importance since response of soil carbon reservoirs to climate change and/or human activity is
still not well known (Trumbore, 1993). In order to explain the differences between stalagmite 14C
time series and their relation to the atmospheric activity, a model has been developed
considering the possible carbon sources.

This research will contribute significantly to our knowledge of geochemical cycling in Karst
system, especially in regards to the influence of climatic and environmental factors on karstic
phenomena. This research will be the first such interdisciplinary complex investigation of the
Postojna Karst system and it will help us to understand the processes occurring in the Slovene
Karst. The research is performed in cooperation with the scientists from Rudjer Bo§kovi6
Institute from Zagreb (Croatia) and from University of Paris-Sud from Orsay (France).



THEORY

Carbon in the nature

Many natural chemical substances circulate in the environment and are important to the
chemistry and biology of the earth (Wollast et a/., 1993). The circulation of a particular
substance (as defined by its reservoir, the processes affecting it, and its fluxes) is called a
"biogeochemical cycle". The global biogeochemical cycle of carbon is shown in Figure 1 where
it is seen that the major form of carbon in the atmosphere is CO2, constituting over 99% of
atmospheric carbon. The mass of CO2 in the atmosphere represents only 2% of the mass of
total inorganic carbon in the ocean. However, both of these carbon masses are small compared
to the mass of carbon bound in sediments and sedimentary rocks. Furthermore, there is
presently 3-4 times more carbon stored on land in living plants and humus than resides in the
atmosphere. Therefore, small changes in the mass of the ocean, land and sediment carbon
reservoirs can greatly affect atmospheric CO2 contents. The rate of CO2 changes in the
atmosphere depends principally on the time scale for carbon changes in the large carbon
reservoirs, and on the rates and direction of the feedback mechanisms that operate between
the atmospheric carbon reservoir and other reservoirs.

Changes in atmospheric CO2 caused by fluxes involving weathering or carbonate precipitation
are considerably smaller than those caused by fluxes involving biosphere, ocean exchange,
fossil fuel burning and land use practices. The carbon mass of sediments is huge, and is
dominated by inorganic C in carbonate minerals. The non-living organic carbon masses in the
land and ocean reservoirs are greater than the living, and represents large sources of CO2 for
the atmosphere.

Methane is principally produced at the Earth's surface, by decomposition of organic matter
under reducing conditions. The total flux of CH4 to the atmosphere today is estimated to be
about 34x1012 moles C per year, of which about 20% results from fermentation processes in
animals, termites and humans. About 60% of the remaining flux comes from the processes of
methanogenesis in sediments of various types - primarily within mud of rice paddy fields,
swamps and marshes. The main sink for methane in the atmosphere is via oxidation to carbon
monoxide by OH radicals, and subsequent conversion to CO2.

The release of CO from fossil fuel burning, primarily from transportation sources, is currently
about 28x1012 moles C per year. Decomposition of organic matter in soils and generation of CO
from respiration of bacteria and algae in the ocean are sources of CO for the atmosphere via
the reaction: 2CH2O + O2 -> 2CO + 2H2O. The residence time of CO in the atmosphere is short
due to its rapid conversion to CO2. Thus, most of the CH4 and CO that enters the troposphere
ends up as CO2. In the natural carbon cycle, this CO2 is bound by photosynthesis into organic
material on land and, less importantly, in the ocean. Decomposition of this organic material then
produces more CH4 and CO.

Exchange of carbon between the land and ocean is mainly via streams, whereas that between
sediments in the ocean and land is by sedimentation and rising of sea-floor.

Land, ocean and sediment reservoirs are not at steady state because of anthropogenic
activities. For the carbon cycle, the impact of society's activities stems mainly from the release
of CO2 to the atmosphere by fossil fuel burning (about 5% of the total CO2 released by natural
processes of decay and respiration), cement manufacturing (<2%) and land use practices such
as deforestation and cultivation.

The net gain of carbon in the organic reservoir on land (Figure 1) depends primarily on the
relative magnitudes of carbon fluxes owing to land use, storage and stream transport of organic
C.
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Carbonate equilibria

Inorganic substances dissolved in fresh water and seawater have their origin in minerals and
the atmosphere (Stumm and Morgan, 1981). Carbon dioxide from the atmosphere reacts with
water to form carbonic acid that subsequently reacts with minerals in rocks. The water may also
lose dissolved carbon to the sediments by precipitation reactions. Carbon dioxide is added to
the atmosphere by volcanic activity and through the combustion of fossil fuels. Atmospheric
carbon dioxide is removed in the course of photosynthesis and released during the respiration
and oxidation of organic matter. This makes CO2 a unique substance in biochemical exchange
between water and biomass. Dissolved carbonate species participate in homogeneous and
heterogeneous acid-base and exchange reactions with the lithosphere and atmosphere. Such
reactions are significant in regulating the pH and composition of natural waters.

Weathering of limestone rocks, at the surface and underground, can be described by the
reaction:

CaCO3 + CO2 + H2O -> Ca2+ + 2HCO3" [1 ]

This is a global reaction equation and according to Plummer et al. (1978), it comprises three
specific reactions of calcite dissolution by the H2O - CO2 system:

CaCOs + H+ -> Ca2+ + HCO3" [2]

CaCO3 + H2CO3 - * Ca2+ + 2HCO3" [3]

CaCO3 + H2O -> Ca2+ + CO3
2" + H2O [4]

From these equations it is evident that the CaCO3 dissolution reactions are dependent on the
concentration of the species H+, HCO3", CO3

2", H2CO3 and Ca2+ at the calcite surface.

When examining the chemical equilibrium between these species, we have to first consider the
pure carbonic acid system before CaCO3 dissolution.

By transfer of CO2 from the gas phase into the solution, the aqueous species CO2(aq) is formed.
The equilibrium between CO2(g)and CO2(aq)is determined by the constant KD:

CO2(g)->CO2(aq) K

Carbonic acid is formed by the reaction of CO2 with water:

CO2(aq) + H2O -> H2CO3° [6]

The total analytical concentration of dissolved CO2 is given by the equation:

[H2CO3°] = [CO2(aq)] + [H2CO3] [7]

The dissociation of carbonic acid is determined by the constant K^

H2CO3°->H+ + HCO3- K .. l H C Q 3 j [ H + J [8]
1 [H2CO3]

The second dissociation step, with constant K2l produces the carbonate ion:

HCO3" -* H+ + CO3
2" K2 = l H I C O g l [9]

[][HCO;]

10



The dissociation of water is described by Kw:

H2O - • H+ + OH" Kw = [H+] [OH] [10]

Dissociation constant equations must be written in terms of ion activities, which are calculated
as the product of ion concentrations and activity coefficients. These depend on the ionic
strength of the solution. In natural karstic water the ionic strength is well below 0.1 and the
Debye-Huckel theory is used for calculation of the individual ion activity coefficients.

Instead of thermodynamic equilibrium constants we can use the stoichiometric equilibrium
constants, defined at temperature T as:

In K, = A, + B/T + QlnT [11]

where A,, B, and Cj are empirical constants. Equilibrium constants for the carbonate solution
system have been experimentally determined at different temperatures by many authors
(Garrelsand Christ, 1965; Langmuir, 1971; Plummerand Busenberg, 1982).

The dissociation of carbonic acid into bicarbonate (HCO3~) and carbonate (CO3
2") ions depends

on pH. The total amount of carbon (CT) in a CO2 - H2O system is calculated by the equation:

CT = H2CO3 + HCO3" + CO3
2" [12]

A more quantitative approach to determine the activity of a single species of given total
concentration is by fractionation factor (a). Molar fractions are defined as:

[13]

[HCO3]
^ - ^ [14]

[cor]

In Figure 2 these ionic fractions are presented as a function of pH for a very dilute solution. In
the region pH<4 virtually no HCO3" and CO3

2" are present and only H2CO3° exists. With
increasing pH, carbonic acid dissociates to HCO3" and there is practically no CO3

2' present
below pH=8.3. Above pH=8.3 HCO3" starts to dissociate, until pH 12.0 where only CO3

2' ions
exist. The data in Figure 2 represent with sufficient accuracy the conditions in karstic water
systems. One important conclusion from this diagram is that in most of karstic waters the
species CO3

2" can be neglected, since pH values higher than 8.3 are very rarely found in karstic
waters.

Dissolution of CaCO3 is determined by the solubility constant Kc:

Ko = [Ca2+]eq [CO3
2-]eq [16]

where [Ca2+]eq and [CO3
2"]eq are the activities at equilibrium.

The saturation index (Q) of Langmuir (1971) is used for examining the evolution of chemical
measurements in karst. The saturation index for calcite is:

[17]
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Less than 1% of the total carbon is present as CO3 at pH values less than 8.3; therefore, for
carbonate saturation calculations, CO3

2" must be calculated from measured pH, K2, and the
proper activity coefficients.

From Equation 17 a solution will be in one of three conditions with respect to a given mineral
solid phase:
- forward reaction predominates, so there is net dissolution of the mineral. The solution is

"undersaturated" or "aggressive" with respect to the mineral; Q<1
- there is a dynamic equilibrium, the solution is "saturated" with the mineral; Q=1
- back-reaction predominates, so there may be net precipitation of the mineral. The solution is

"supersaturated"; Q>1

Figure 2: Ionic fractionation factors a0 for H2CO3°, a-i for HCO3" and a2 for CO3
2" presented as a

function of pH in the solution (from Dreybrodt, 1980).

Reaction of Ca2+with HCO3" and CO3
2" produces ion pairs. In the case of natural karst water the

presence of CaCO3° and CaHCO3
+ molecules can be neglected because of their low

concentration in the solution, usually <1% of the total amount of all other components
(Langmuir, 1984). Electric neutrality of the solution has to be conserved in the calculation of
equilibria of an electrolitic system. For electroneutrality, the sum of positive charges is balanced
by the sum of negative charges. Electroneutrality of the pure H2O - CO2 - CaCO3 system
(neglecting ion pairs) is defined by equation:

a2+ 2-1 - i2[Ca2+] - [OHT] - [HCO3"] - 2[CO3
2-] = 0 [18]

where values in [] represents the concentration of the given ion in the solution (in mol dm"3).

In the region from pH = 4.0 to pH = 8.4, we can simplify this equation with an error of 2% to:

2[Ca2+] = [HCO3"] [19]

12



Data obtained from carbonate aquifer waters show that Ca2+concentrations range from
1 to 5 10"3 mol dm"3, which is almost a hundred times higher than those predicted by the
dissolution reaction [1] (Ford and Williams, 1989). The higher Ca2+ concentrations observed in
the field result from carbonate mineral reaction with carbonic acid (H2CO3) that is derived from
the respiration of organic matter. Calcite is dissolved and CO3

2" is bound with H3O
+ of carbonic

acid to form bicarbonate ions HCO3". Therefore, in solubility calculations of calcite under natural
conditions, the various forms of dissolved carbonate in water need to be taken into account.
Concentrations of individual carbonate species depend on the pH of water.

The alkalinity of a water sample is determined by the total amount of titratable bases present.
Total alkalinity (TA) of the carbonate system can be calculated using equation:

TA = [HCOsi + 2 [CO3
2] + [OH] + [H+] [20]

Carbonate alkalinity (CA) is calculated as the sum of the contributions to alkalinity from
bicarbonate and carbonate ions, HCO3" and CO3

2":

CA = [HCO3~] + 2 [CO3
2"] [21]

Dissolved inorganic carbon (Skirrow, 1975) is contained in CO2{aq), H2CO3, HCO3", and CO3
2".

Relative proportions between these carbon species is influenced by temperature, pressure and
pH. Bicarbonate ion concentration can be calculated by combining the equations [9] and [21]:

[HCO3~ ] = CA 1 — - [22]

Using Equations [21] and [22] we can then calculate carbonate ion concentration:

K,

1
[23]K2

and total CO2 concentration from Equation [8] and [22]:

fH + ]
[CO2 ] T = CA L J

 n [24]

K, 1 + 2

The content of dissolved inorganic carbon [DIC] is obtained as the sum of the concentrations of
the individual carbon species. Combining Equations [22] to [24] we get:

[DIC] = CA L * [25]

1 + 2 J ^ ,
H+

Figure 3 shows how these equations can be applied to solutions originating from calcite and
dolomite dissolution. In the case of open system conditions, the solution is in direct contact with
air. Therefore CO2 is able to dissolve from the air and replenish the H2CO3 whenever this is
consumed. In this way equilibrium is maintained. An example of such an open system would be
an open pool of water on limestone. On the other hand, in an ideal closed system there is no
possibility of direct contact between air and the solution. Air and water react at open system
conditions until the solution is saturated with dissolved CO2 and with H2CO3 and HCO3". The
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solutions then migrate away from air and contact the carbonate minerals where no air is
present, at closed conditions. By dissolution of CaCO3 the carbonic acid is consumed and
cannot be replenished.

A real karst system is expected to perform as a combination of these extreme cases. Ideal open
system conditions cannot be assumed in soils with low air volume and at low temperatures,
when the rate of CO2 dissolution is greater than the CO2 production rate (Drake, 1984).
However, detailed studies have obtained results which show that karst waters at equilibrium
behave very much like one or the other of these ideal extremes.
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Figure 3: Schematic presentation of karst waters system with the dissolved species and
reactions leading to the dissolution of calcite and dolomite (from Ford and Williams, 1989). Ideal
cases of open system and close system conditions are shown.
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Isotope study

Isotopes are atoms of the same element whose nuclei contain different number of neutrons.
Isotopes are either stable or radioactive. The number of known stable isotopes is about 300,
while over 1200 unstable isotopes have been discovered or produced so far. Carbon has two
stable isotopes: 12C and 13C. These isotopes are present in nature in the following abundance:
12C = 98.89%, C = 1.11% (Nier 1950). The most frequently used radioactive isotope of carbon
is 14C (14C « 10"10% ) although short-lived 11'
medicine.

C has recently become useful as tracer in nuclear

Stable isotopes

Differences in chemical and physical properties arising from differences in atomic masses of an
element are called isotope effects (Urey 1947; Hoefs, 1987). Chemical behaviour is determined
by the extra nuclear structure of an element whereas the nucleus is responsible for its physical
properties. The partitioning of isotopes between two substances with different isotope ratios
(ratios of the isotopic concentrations) is called isotopic fractionation.

Isotope fractionation occurs in any reaction due to differences in the rates of reaction for
different molecular species (Clark and Fritz, 1997). There are several ways to fractionate
isotopes, such as physicochemical reaction under equilibrium or non-equilibrium (kinetic)
conditions, or fractionation by molecular diffusion. The foundations of isotope fractionation were
first laid by Urey (1947). The basis of physicochemical fractionation is the difference in the
strength of bonds formed by the light versus the heavier isotope. Differences in bond strength
for isotopes of the same element determine the differences in their reaction rates, as is
illustrated in Figure 4. The zero-point energy is essentially the minimum potential energy of a
molecular bond in a vibrating atom. Energy is consumed whenever atoms are pushed closer
together or to separate them from this "comfort zone", or ideal interatomic distance. The energy
required to break atoms apart differs for isotopically different molecules. The heavy isotope has
a stronger bond, and thus requires more energy to dissociate than the light isotope.
Consequently, lighter nuclei react faster.

0)

+3

CD

Q.

Dissociation energy
light heavy

Isotope Isotope
Molecule

Dissociated

• Energy minimum - light isotope

Energy minimum - heavy isotope

Interatomic distance ->

Figure 4: The potential energy-interatomic distance relationship for heavy and light isotopes of a
molecule with different dissociation energies for two isotopes (from Clark and Fritz, 1997).The
main phenomena producing isotope fractionations are: isotope exchange reactions and kinetic
processes, which depend mainly on differences in reaction rates between molecules.
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Isotope exchange includes all processes in which no chemical changes occur in the system but
in which the isotope distribution changes between different chemical substances, between
different phases, or between individual molecules. Isotope fractionation is generally considered
under equilibrium conditions for which reliable fractionation factors can be calculated or
experimentally measured. However, the condition of isotopic equilibrium requires that:
- Chemical equilibrium exists, such that forward and backward reaction rates are the same.
- The chemical reactions have advanced in both forward and backward directions sufficiently

to ensure mixing of the isotopes between reactant and product reservoirs.
- Both reactant and product reservoirs must be well mixed. If this is not the case then isotopic

equilibrium exists only between reactants and products in the immediate vicinity of the
reaction side.

Isotope exchange reactions are a special case of general chemical equilibrium and can be
written as:

aA1+bB2 •H>aA2+bB1 [26]

where the subscripts indicate that species A and B contain either the light (1) or heavy (2)
isotope. The equilibrium constant for this reaction is:

[27]
B

where the terms in parentheses may be, for example the molar ratios.

Usually, we are interested in the fractionation factor, rather than in the equilibrium constant. The
fractionation factor (a) is defined as the ratio of the numbers of any two isotopes in the
compound A divided by the corresponding ratio for the compound B:

a A - B = ^ - [28]

If the isotopes are randomly distributed over all possible positions in the compounds A and B, a
is related to the equilibrium constant K by

a = K ^ [29]

where n is the number of exchanged atoms. For simplicity, isotope exchange reactions are
written in such a way that only one atom is exchanged (Equation [27]). In these cases, the
equilibrium constant is identical with the fractionation factor, K=ct.

For example, speleothems are inorganic precipitates of calcium carbonate, generally calcite,
formed from dilute aqueous solutions (Schwarcz, 1986). They are formed under conditions
which ensure that oxygen atoms are in isotopic equilibrium with water from which they are
precipitated. This is represented by the following exchange equation:

-CaC 1 6O 3+H 2
1 8O<^-CaC 1 8O 3+H 2

1 6O [30]

The fractionation factor for the exchange of 18O and 16O between water and CaCO3 is given by:
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18o/716o
aCaC03-H,0 -

H20

This equilibrium constant depends on temperature and is independent of all other environmental
variables (Epstein et.ai, 1953). Therefore, if the calcite is deposited at equilibrium, its isotopic
composition provides a record of the temperature of deposition.

Kinetic effects are the second main phenomena producing fractionations. Knowledge of kinetic
isotopic effects is very important, because it can provide information about details of reaction
pathways.

The accepted unit of isotope ratio measurements is the delta value (8), expressed as deviation
in permill (%o) from a standard. The 8-value is defined as:

§[%„] = R(sample)-R(standard)1000 [ 3 2 ]

R (standard)

where R represents the isotope ratio. If 8A>8B, we speak of A being enriched in the rare isotope
or being "heavier" than B.

Worldwide standards in use for the determination of isotopic composition in many natural
materials are recommended by the International Atomic Energy Agency (IAEA). The standard
samples should have an isotope ratio within the range of natural variations. The most widely
used carbon isotope standard is Belemnitella Americana from the Cretaceous Peedee
formation, South Carolina, USA (PDB - Pee Dee Belemnite) with the value R(standard)=0.0112372
(Craig, 1953). Standard for oxygen and hydrogen isotopes is mean ocean water at depth 1m
and temperature 298K (SMOW- Standard Mean Ocean Water).

The two main carbon reservoirs, organic matter and sedimentary carbonates, are isotopically
quite different from each other because of the operation of two different reaction mechanisms:
1. kinetic effects during photosynthesis, leading to the depletion of 12C in the remaining CO2,

and concentrating the light 12C in the synthesized organic material;
2. chemical exchange effects in the system: atmospheric CO2-dissolved HCO3~, which leads to

the enrichment of 13C in the bicarbonate.

Carbon-13 is an excellent tracer of carbonate evolution because of the large variations in the
various carbon reservoirs. In Figure 5 the 513C-values of some important carbon compounds are
schematically compared. The evolution of DIC and 813C of DIC begins with atmospheric CO2

(513C « -7%o PDB). Photosynthetic uptake of atmospheric CO2 is accompanied by a significant
depletion in 13C. This occurs during CO2 diffusion into the leaf stomata and dissolution in the cell
sap and during carboxylation (carbon fixation) by the leafs chloroplast, where CO2 is converted
to carbohydrate. The combination of these fractionating steps results in a 5%o to 25%o depletion
in 13C. The amount of fractionation depends on the pathway followed. Three principal
photosynthetic cycles are recognised: the Calvin (C3) cycle, the Hatch-Slack (C4) cycle, and the
Crassulacean acid metabolism (CAM) cycle. The C3 pathway operates in about 85% of plant
species and dominates in most terrestrial ecosystems. C3 plants fix CO2 with the Rubisco
enzyme, which also catalyses respiration through the reaction with oxygen. Most C3 plants
have 513C values that range from -24%0 to -30%o with an average value of about -27%o (Vogel,
1993). The natural vegetation in temperate and high latitude regions almost exclusively follow
the C3 cycle. Plants using C4 cycle add an initial step where the enzyme PEP carboxylase
delivers more carbon to Rubisco for fixation. The result is smaller C fractionation during
carboxylation. C4 plants have 513C values that range from -10%o to -16%o with the mean value of
about -12.5%o (Vogel, 1993). The C4 cycle is present in less than 5% of floral species, but is
dominant in warm-climate open systems such as tropical and temperate grasslands. CAM
photosynthesis is favoured by about 10% of plants and dominates in desert ecosystems with
plant species such as cacti. They have the ability to switch from C3 photosynthesis during the
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day to the C4 pathway for fixing CO2 during the night. Their isotopic composition can span the
full range of both C3 and C4 plants, but usually it is intermediate.

As plants die and vegetative material accumulates within the soil, decay by aerobic bacteria
converts much of it back to CO2. Soil CO2 concentrations are 10 to 100 times higher than that of
the atmosphere. Microbially respired CO2 has similar S13C as the vegetation itself. However, a
diffusive fractionation occurs by outgassing of CO2 along this steep concentration gradient. The
813C of the soil CO2 in most C3 landscapes is generally about -23%o, while in soils hosting C4

vegetation it is about -9%o.

Marine carbonates have 13C contents similar to the reference PDB with 813C « 0%o, although
values can deviate from PDB by several permill. The S13C-values of carbonate minerals and
metamorphic rocks can also vary over a large range (Figure 5).

The 813C value of carbonate minerals is about 15%o more enriched than the DIC from the soil
zone. As carbonate is dissolved, 813C DIC evolves to more enriched values. How far it evolves
and how much carbonate is dissolved depends on the "openness" of the system. If dissolution
takes place under fully open system conditions, then the S13C DIC will be controlled by the soil
CO2. This is because of the continual exchange of CO2 between DIC and the soil atmosphere,
which is a much larger reservoir than DIC in the non-saturated zone. For open system
conditions, final 813C DIC values are enriched by about 7%o compared to the original soil CO2. If
the dissolution takes place under fully closed conditions, then the 813C will simply be diluted by
DIC originating from the carbonate mineral source (S13C » 0%o).
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Figure 5: Ranges for 813C values in selected natural compounds (from Clark and Fritz, 1997).
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Radioactive isotopes

Radioactive isotopes are unstable and undergo spontaneous disintegration, which ultimately
leads to stable isotopes.

14C is created in the upper atmosphere when cosmic radiation interacts with 14N. The 14C is then
oxidised to 14CO2 (radioactive carbon dioxide) and distributed evenly through out the global
atmosphere. About 100 14C atoms are being generated over each square centimetre of the
earth's surface each minute. The 14C production is not uniformly distributed over all latitudes.
The highest production occurs at mid-latitudes. In addition, the output of CO2 from fossil fuels,
which contain no 14C, has tended to dilute the natural level (Suess, 1955).However, recent
injections of nuclear bomb produced 14C have enhanced the atmospheric 14C level in the
opposite direction.

Radioactive decay is a completely random process. Decay is spontaneous and unaffected by
external influences. It occurs at a unique rate for each radioisotope, defined by its half-life T^,
which is defined as the time required for one half of the radioactive atoms to decay. The decay
follows the exponential law:

N=Noe-M [33]

where N is the number of radioactive atoms present at time t, No is the number present at the
start of decay, and X is the decay constant.

Radiocarbon decays as shown in the Figure 6.14C activity is measured by detecting p" particles.
Its half-life is 5730 + 40 years.

Dissolved inorganic carbon in surface water is derived partly from atmospheric CO2, but
principally from decaying organic matter, either through bacterial decomposition or respiration.
Both sources contribute a component of H2CO3, which is labelled with an atmospheric level of
14C activity. Carbonic acid then reacts with calcite in the soil to produce HCO3" and Ca2+ ions as
shown in equation:

CaCO3 + H2O + CO2 = Ca2+ + 2HCO3" [34]

Subsequently, the water percolates through limestone before reaching a cave and in this way
the 14C activity of the water is lowered via dissolved inorganic carbon exchange with the
limestone.

It is assumed that when calcite precipitates in a cave the system is isolated, i.e. carbon atoms in
the crystal lattice cannot exchange with those in HCO3" solution passing over or through the
calcite. Radioisotope decay thus can be used to measure the time elapsed since precipitation
occurred.

Half of the carbon atoms in the HCO3" should derive from bedrock CaCO3 (which contains no
14C) and half from soil air or other sources of modern CO2. However, during deposition heavier
isotopes such as 14C may pass preferentially into the solid phase, enriching it slightly.

The Primary Modern Reference Standard for radiocarbon dating is 95% of the count rate in
1950 of a batch of oxalic acid from the National Bureau of Standards of USA (Stuvier and
Polach, 1977). The activity of the primary reference standard corresponds to wood growth in AD
1890 (therefore uncontaminated by fossil fuel CO2) whose activity was corrected for 14C decay
to correspond to AD 1950. By international agreement the isotopic ratio of 13C/12C of the oxalic
acid, as determined mass by spectrometer, is taken to be 813C = -19%o against PDB limestone,
the internationally accepted 513C reference standard (Craig, 1953).
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Figure 6: The radioactive decay of 14C.
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Figure 7: Schematic presentation of types of caicite and aragonite deposits in the cave system (from Hill and Forti, 1986).



The formation of speleothems

The different types of speleothems found in limestone caves are formed as deposits of calcium
carbonate (Moore, 1952). The shapes of speleothems are influenced by five basic hydrologic
mechanisms: dripping, flowing, and seeping as well as pooled and condensation water. Other
factors that influence speleothem growth type and shape are bedding, limestone porosity and
evaporation. The principal types of speleothems are shown in Figure 7.

Speleothems growing primarily from dripping water are enlogated in the vertical direction of
dripping, and examples are stalactites and stalagmites. Flowstone is deposited from water
flowing over cave walls or floors in layer upon layer. Coralloids grow from thin films of splashing
or seeping water. Helictites grow by capillary water seeping through tiny canals and are twisted
in every direction due to ventilation in the cave or irregularities in crystal structure. Cave rafts
formed on the surface of pools are flat, planar speleothems. Rims lining bedrock or other
speleothems are deposited in places where water condenses due to temperature and/or
humidity changes. Compound speleothem forms are found in places where two or more of
these basic mechanisms are present simultaneously.

Stalagmites are the most common objects used in isotopic studies. In Figure 8, a schematic
cross-sectional view of a typical stalagmite, consisting of a series of stacked, inverted cup-like
deposits is shown (Schwartz, 1986). These growth layers represent successive generations of
mineral precipitate with more or less uniform morphology. The axial cross section through the
stalagmite intersects the planar tips of growth layers and thus provides a continuous
stratigraphic sequence of the stalagmite. Each growth layer can be distinguished from
older/younger deposits by colour bands or some textural differences. The colour is due to the
presence of organic matter bound to the calcite crystals, and also due to traces of Fe and Mn
(Gascoyne, 1977). This enables us to sample a single growth layer using a fine drill, as is
shown in Figure 8. From the growth layer textures we can recognise possible hiatuses in
growth, which are usually marked by dissolution and corrosion in older layers. Accumulation of
insoluble residues can be detected, consisting of clay minerals and hydrous oxides of Fe and Al.

crystal
boundaries

_ sample sites
f for axial profile

ill

single crystal
domain

_ sample drilled
from growth layer

single growth layer

Figure 8: Cross-sectional schematic view of a typical stalagmite, with marked growth layers
(from Schwarcz, 1986).
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Speleothem formation can be described in more detail according to Hendy's model (Hendy,
1971). Precipitation of CaCO3 on speleothems is the result of various processes, as shown in
Figure 9. In the first stage, CO2 is taken up from the atmosphere via photosynthesis. CO2 is then
released into the soil by respiration of plant roots and by oxidation of dead plant material. The
partial pressure of CO2 in the soil atmosphere can be 100 times greater than that of outside air.
Soil CO2 is dissolved within rain water infiltrating through the soil, and this solution dissolves
CaCO3 when it contacts the limestone bedrock. The solubility of CaCO3 depends on the partial
pressure of CO2 in the solution, as well as upon temperature and pressure conditions.

Several models deal with the carbon isotope composition of precipitating carbonates (Hendy,
1971; Salamons and Mook, 1986; Dulinski and Rozanski, 1990), the most comprehensive being
that of Hendy. He analysed the CaCO3 precipitation process using a mathematical description
of precipitation under equilibrium conditions for both open and closed system. Hendy introduced
the kinetic treatment of carbon isotopic exchange between CO2 in cave air, CO2 in the solution
and HCO3" ions in the solution. He also determined the necessary physical and chemical
conditions for equilibrium fractionation of carbon and oxygen isotopes during speleothem
growth. Hendy's model assumes simultaneous outgassing of the solution and precipitation of
CaCO3 from the saturated solution.

There are two alternative processes affecting the isotopic composition of precipitated calcite in
speleothems; these are defined as open or closed system conditions (Figure 9). In an open
system the solution dissolving the carbonate is always in contact with an excess of soil CO2,
while in a closed system there is no contact between the solution and soil CO2 prior to
emergence of the solution into the cave (Hendy, 1971). A real situation is probably an
intermediate between these two extreme cases.

In the closed system, carbon in solution originates from the soil atmosphere and from dissolved
limestone. In the open system, limestone carbonate is dissolved in the presence of CO2 gas and
isotopic equilibrium is established between CO2 gas in the soil and the saturated calcite
solution.

When a saturated solution of calcite eventually seeps into a cave, and if the partial pressure of
CO2 in the solution is greater than that in the cave air, CO2 will be lost from the solution. This
solution will became supersaturated with respect to calcite and the deposition of calcite or
aragonite follows. The calcite isotopic composition is determined by three processes according
to the CaCO3 deposition (Hendy 1971): equilibrium fractionated deposition, kinetically
fractionated deposition and deposition by evaporation of water (Figure 9).

In first process, the rate of CO2 loss from the solution is slow enough to maintain isotopic
equilibrium between the carbon species in the solution. The slowest reaction step is the
dehydration of HC03~-ions and the hydration of aqueous CO2. Only in this step can oxygen be
exchanged between water and carbon compounds in solution, so equilibrium between these
species is necessary to obtain calcite deposition in oxygen isotopic equilibrium with the water.
The species remaining in solution will be enriched in 13C and 18O. Isotopes are exchanged also
between CO2 of cave air and carbon species in the solution.

In the second process, kinetically fractionated deposition, chemical and isotopical equilibrium
between aqueous CO2 and HCO3" ions is not maintained due to the rapid loss of CO2 from
solution. Deposited calcite will be enriched in 13C and 18O isotopes.

In the third process water evaporates from the solution, the solution becomes supersaturated,
and calcium carbonate deposition occurs. When evaporation of water from a solution flowing
over a speleothem occurs, precipitation will continue even after the partial pressure of CO2 in
the solution will reach that of the cave air. In Postojna Cave the evaporation of water is not
important for speleothem growth because of the high relative humidity and low ventilation.
Evaporation of water is significant in speleothem formation only near the cave entrance.
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Speleothem growth rate theory

The most important mechanism for speleothem deposition is the degassing of ground waters
containing elevated CO2 concentrations (Holland et al., 1964; White 1976; Ford and Wiliams,
1989). The elevated CO2 is derived from the high partial pressure of CO2 in the soil atmosphere,
where CO2 is generated by organic matter decay and root respiration (Dorr and Munnich, 1986).
Other possible growth mechanisms include common ion effects (Atkinson, 1985), evaporation
processes (Harmon, 1981) and temperature gradient effects (Dreybrodt, 1981).

Dreybrodt was first to describe stalagmite growth rate as a function of the CaCO3 and CO2

content in the solution as well as of the quantity of water dripping onto the stalagmite. His theory
was used to analyse our samples and is presented in more detail below. Using Dreybrodt's
model, speleothem growth rates were determined for those that were sampled in Postojna
Cave.

Dreybrodt's theory (Dreybrodt, 1980) first introduces the basic mechanism of carbonate
deposition: CaCO3 is dissolved by water percolating through small fissures in the rock, and
CaCO3 is then deposited when the solution enters the cave. Rainwater absorbs CO2 from the air
and by passing through the soil absorbs more CO2 from the soil atmosphere. Since the partial
pressure of CO2 in the soil is high, up to 0.1 atm, the solution can contain a high amount of CO2.
The solution therefore readily dissolves CaCO3 during infiltration. Upon reaching the cave where
the CO2 partial pressure in the cave air is low, degassing of CO2 occurs producing a
supersaturated CaCO3 solution. Deposition of CaCO3 is determined by the behaviour of this
solution. When a drip of this solution falls onto a stalagmite, part of the drop flows quickly down
the stalagmite and the rest forms a thin film of water. This film remains stable and slowly
descends the stalagmite. A stagnant thin layer of supersaturated CaCO3 solution covers the
planar stalagmite surface with another layer on top, where CO2 degassing takes place (Figure
10).

Calcite precipitation is summarized by the reaction:

Ca2+ + 2HCO3" -> CaCO3 + CO2 + H2O [35]

following several individual steps (Figure 11).

There is a dynamic equilibrium between CO2 in the solution and in the cave air, so whenever
the CO2 concentration in the solution changes, this affects the concentrations of the carbon
species: H2CO3, HCO3" and CO3

2'. Conversion of these ions between species following the
reactions in Figure 11 is fast compared to the diffusion of these ions. Therefore the rate of CO2

degassing is controlled by diffusion of CO2 molecules in solution. Another important process is
the deposition of Ca2+ and CO3

2~ at the crystal surface (or within the solution of CaCO3). By
deposition of Ca2+ and CO3

2" ions, their concentration decreases and the deposition rate slows
down. Deposition is controlled by diffusion of these ions from the bulk solution to the crystal
surface. From the deposition of 1 mole of CaCO3, 1 mole of CO2 is produced at the crystal
surface (Franke, 1975). This effectively reduces the supersaturation of the solution and slows
down the deposition rate at the surface of the crystal.

Deposition rate is determined by these independent processes (Dreybrodt 1980):
1. diffusion of CO2 in the solution
2. diffusion of Ca , CO3

2" in the solution
3. deposition of CaCO3 on the crystal surface
4. production of CO2 at the crystal surface

Carbonate deposition is determined by the concentration of Ca2+ and CO2 at the crystal surface.
Therefore, the transport of CO2 to the air is important for crystal growth rate and can be divided
into three steps:
1. diffusion of CO2 through the solution to the surface
2. transfer of CO2 from the solution surface into the air
3. diffusion of CO2 through the cave air.
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Figure 10: Model of a stagnant water film at the stalagmite crystal surface, developed by
Dreybrodt (1980).
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Figure 11: System of reactions in the CaCO3- CO2 - H2O - air system leading to deposition of
CaCO3 on a speleothem (from Dreybrodt, 1980).

26



The first step is much slower compared to the other two (Picknett et al., 1976), so we can
assume an equilibrium between the CO2 concentration at the air-water boundary and the CO2

partial pressure in the cave air. The production of CO2 in the solution results from the
conversion between the carbon species H2CO3l HCO3" and CO3

2", where the H2CO3 to CO2

conversion is the slowest step. However, diffusion of CO2 through the solution is even slower
and it controls the degassing process. Another important mechanism is the transport of Ca2+

ions to the crystal surface. For precipitation to occur CO3
2" ions are required and these are

produced by fast chemical conversion from HCO3". The concentration of HCO3' ions is normally
much higher than the CO3

2" concentration in solution, so this makes the Ca2+ migration the
controlling mechanism for the CaCO3 deposition rate.

Dreybrodt derived a linear rate equation to describe the precipitation and dissolution of calcite
(Dreybrodt, 1980):

growth rate = a ([Ca2+]eq - [Ca2+]) (mmol cm'2 s"1) [36]

where a includes parameters such as film thickness, cave air CO2 concentration (pCO2),
temperature and flow regime. This equation is valid when the calcium concentration [Ca2+] is
more than 20% of the equilibrium concentration of calcium, [Ca2+]eq.

The conversion reaction of CO2 to H2CO3 is strongly dependent upon temperature, and
therefore so is the growth rate. The pCO2 in cave air controls the diffusion of CO2 across the
water film. Variations of water film thickness are important as well.
The final development of this model was presented in paper by Dreybrodt (1988). He developed
the equation for growth rate determination:

d[ca2+]
dt

R([Ca-]eq-[ca-])l-e^ [37]

where R is the water film thickness (Figure 10) and t is the time interval between individual
drips. Parameter a is defined in the same way as in Equation 36.

The authors found out that for high drip rates this equation simplifies to Equation 36.
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Speleothems and climate

Air temperature in a cave is related to average annual temperature on the surface above the
cave. Isotopic paleotemperatures derived from speleothems reflect surface temperature
variations throughout the period over which the speleothem was deposited.

From the oxygen isotope composition of carbonate deposits we can calculate the temperature
at which the calcium carbonate was precipitated (Hendy, 1971; Harmon and Schwarcz, 1981;
Talma and Vogel, 1992). This is because the isotopic fractionation that occurs during mineral
precipitation from an aqueous solution is temperature dependent. This temperature dependence
was first determined by O'Neil et al. (1969). The temperature of deposition can be calculated
from the temperature dependence of the calcite-water 18O fractionation by the equation
(Friedman and O'Neil, 1977):

1000lnac_w = 2 — 2.89 [38]

where ac.w is the fractionation factor for oxygen between calcite and water

ac-w = ( S ^ C U H B + 1000) / (818Owater + 1000) [39]

However, a number of conditions need to be fulfiled before meaningful paleotemperatures can
be derived from such measurements (Hendy, 1971; Schwartz et al., 1976):
1. The carbonate precipitated needs to be in isotopic equilibrium with the water at the time of

formation.
2. The oxygen isotopic content of the water must be known.
3. No diagenetic alternation of the isotope record must have occurred.
4. The deposit must be properly datable.

In a cave with poor ventilation, the release of CO2 from cave drip water is slow enough that the
precipitation of calcite occurs under equilibrium conditions. In this case, the cave temperature is
equal to the average annual temperature on the surface. If the stalagmite is compact and
nonporous the probability of subsequent isotopic alternation is small. Such speleothems can
also be dated with uranium and radiocarbon dating methods. The main problem one faces in
attempting temperature calculation from the 18O content of a stalagmite is the determination of
the isotopic composition of the water during the calcite precipitation. The 18O content of present
cave drip water can be readily measured. Repeated sampling is necessary to establish any
possible seasonal variations which, on average, are equal to the mean annual 18O content of
precipitation in the area (Goede et al., 1982; Younge et al., 1985). These mean values can be
used to estimate whether isotopic equilibrium exists during calcite precipitation at present. The
18O value of drip water in the past is usually unknown and it must be estimated using a model
which describes the evaporation-transport-precipitation processes of moisture in the water cycle
(Gascoyne et al., 1980), or calculated from the deuterium content of fluid inclusions in
stalagmites (Schwartz etal., 1976; Schwartz and Younge, 1983).
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Modeling

The impact of atmospheric nuclear bomb tests of the late 1950s and 1960s on atmospheric CO2

activity was first reported by Rafter (1957). Since then 14C has been employed as a tracer in
studies of different reservoirs of carbon, e.g. in the atmosphere, the biosphere and in the ocean.
By 14C tracking it is possible to trace the atmospheric CO2 in the environment and to determine
CO2 sources and sinks.

To determine the provenence of CaCO3 in the growth laminae of a speleothem Genty
developed a model for the determination of CaCO3 contributions from various sources (Genty
and Massault, 1997). This model was also employed in our analysis of the stalagmite from
Postojna cave, in an attempt to explain the difference between the stalagmite 14C time series
and the modern atmospheric 14C activity due to nuclear bomb tests (Genty et. al., 1998). Details
of the model are explained below.

There are two principal sources of carbon bound in a speleothem: carbon derived from the soil
CO2 above the cave, and carbon derived from the dissolution of carbonates both from the
limestone bedrock where the cave is developed and from secondary carbonate deposits within
the unsaturated zone. The CO2 contained in the soil is produced by root respiration and
decomposition of organic matter by microbes. Soil CO2 is of recent origin and is influenced by
atmospheric CO2 (Dorr and Mtinnich, 1986) and the type of vegetation. The carbon contained in
limestone is generally of much older provenence, and due to radioactive decay the 14C content
in the bedrock is negligible. On the other hand, the 14C activity of secondary carbonate deposits
can be significant.

By measurement of 14C in growth laminae of a speleothem, the age of the deposits can be
estimated. The results need to be crosschecked with the U/Th method for age determination
because the 14C method has an error due to the unknown dead carbon proportion (dcp). When
the age of a speleothem is determined using U/Th method, we can then track the changes in
14C content in a speleothem through the years, and so determine the 14C atmospheric activity in
the past.

Uncertainties in dead carbon proportions are the cause of major problems in these
measurements. One reason is that the initial 14C activity in a given speleothem is not known.
This means that we can only estimate the dcp or the dilution factor q (Gewelt, 1986). Another
uncertainty is introduced by possible variations of dcp with time. A list of dilution factors
determined by various authors at different sites is presented in a paper by Genty (Genty and
Massault, 1997).

The dead carbon proportion can be calculated using two measured values of 14C activity (Genty
and Massault, 1997). The first value must be determined in a calcite speleothem deposit of
known age (a14Cm), and the second value measured in the atmosphere (a14Catm)-

Atmosphere 14C activity has varied greatly in the years after the nuclear bomb tests (Levin et al.,
1992), therefore the age of individual layers in a stalagmite need to be determined accurately.
This is possible with speleothems that are laminated annually.

Estimation of karst water age is difficult because the water can be composed of differentwaters
with very different retention times. Rapid transit often occurs shortly after a storm event (few
hours to few days). On the other hand, in dry periods karst water is coming mostly out of
storage in porous media with undetermined age (Ford and Williams, 1989). Storage
characteristics of an aquifer can be determined by spring hydrograph analysis.

Several conceptual models have been developed including different characteristics of water
flow: porous (or diffuse), fissure and conduit. These flow models allow for a schematics
description of a karst aquifer (Attkinson, 1985; Hobbs and Smart, 1986).

Flow characteristics of a stalactite can be described by both fast and slow components (Pitty,
1966; Baker et al., 1997, Destombes, 1997, Reicher and Trimborn, 1995). For quantitative
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determination of fast and slow components it is necessary to measure the chemistry of several
stalactite drips with continous dripping rate.

Water age can be assumed as of the date of sampling since cave roof thickness is low enough
and because flow rate increases after a short delay (few hours to few days) following a storm.
Dilution with older water deposits is still possible.

The dead carbon proportion is calculated from the measured 14C activities of a deposited lamina
(a14Cm) and of the atmosphere (a14Catm) using the equation (Genty and Massault, 1997):

dcp = [ i - a
u°

m -100% [40]

For groundwaters no 813C normalization was done.

Dead carbon can also be expressed in values of the dilution factor (q), which is connected to the
"hard water effect" (Thrope et. al., 1980; Vogel, 1983; Gewelt 1985; Bastin and Gewelt, 1986;
Fontes, 1992).

q
dcp

Dead carbon calculation by equation [38] does not take into account fractionation processes
and so it can be considered only as an apparent proportion.

The dead carbon effect is the dilution of the 14C concentration in seepage water due to
limestone dissolution. The 14C activity in DIC decreases as dissolution proceeds because the
DIC 14C activity is in equilibrium with the soil CO2 before dissolution, while after dissolution DIC
14C activity approaches that of the calcite. There may also be some discrepancies due to
possible fractionation processes.

In Figure 12, the pathways of 14C from the atmosphere to the cave are shown. The transit of
CO2 can be divided into several stages (Genty et al., 1998):

1. Production of CO2 in the soil and epikarst from slow and fast cycling reservoirs with
contributions Ci and C2, respectively.

In the first reservoir, CO2 is produced by the slow decomposition of soil organic matter (dead
roots, leaves, wood). Because of the mixture of organic matter of different ages, the resulting
14C activity represents an average of the atmospheric 14C activity over a period of Y^ears.

In the fast cycling reservoir, CO2 is produced by respiration of plant roots as well as very fast
decomposition of soil organic matter. The CO2

 14C activity is similar to the activity of the
atmosphere over the last few years.

Soil CO2 activity (a14Cg) is calculated as sum of both slow and fast contributions (with C1+C2=1):

a °atmi

a14Cg = C, ^ — + C2a14Catmn [42]
Y 1

In the first term of equation [40] the mean atmospheric activity is calculated as the integrated
activities of Yi years (a14Catm0 divided by Yi. The second term is the activity in the year of
sampling.
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Figure 12: Schematic presentation of C transit from the atmosphere to the cave (after Genty
and Massault, 1997).
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2. Dissolution of soil CO2 and the formation of bicarbonate

Assuming an equilibrium between the soil CO2 and the dissolved inorganic carbon, we can
calculate DIC activity by the equation (Saliege, 1984):

a14CDICo = a14Cg +0.23(513CDIC -513Cg) [43]

and fractionation of 813C by the equation (Mook, 1974):

Co
513CDlCo = 513Cg + ( - l 9 i § 3 - + 23.89) [44]

In these equations DIC0 represents dissolved inorganic carbon (mainly in the form of HCO3")
prior to the dissolution of limestone causing dead carbon dilution. Activity a14CD|Co is expressed
as percent of modern carbon (pMC), 513CDico in permil of PDB standard (%o PDB), and T is
absolute temperature (°K).

3. Dissolution of old limestone deposits, which do not contain any 14C

This results in the reduction of 14C activity of DIC:

D I C O + t i o o J a Cc [45]

In the equation, DIC is the dissolved inorganic carbon (mainly in the form of HCO3" after the
dilution with dead carbon. Activity a14Cc stands for limestone activity, which is by definition 0
pMC.

Dissolution of limestone also affects the 813C of the DIC:

' - ° + l l W j 5 i 3 C c 1461

4. Mixing effect is employed as an apparent quantity used to smooth the yearly signal a14CD|Ci.

This mixing can be attributed to mixing of waters with different residence times as well as to
secondary dissolution of calcite in limestone cavities above the cave. Smoothing by mixing
effect is given by the equation:

Y2 *14CDICi

•v [47]

where the parameter determining the mixing effect is the period Y2, given in the number of years
before the measurement over which the DIC 14C activity is averaged.

5. The precipitation of CaCO3 in the cave

The fractionation of 14C and 13C in the calcite of a speleothem (csp) is given by the ^equations:

a14Ccsp =a14CDIC +0.23(513Ccsp -5
13CDIC) [48]

[49]
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SITE DESCRIPTION

Postojna Karst

The Postojna Cave system is composed of 23 km of accessible channels and galleries and is a
part of the karst region of the underground Ljubljanica river. The Postojna Karst is located at the
northwestern part of the Dinaric Karst (L=45°46'N, I=14°12'E, Z=529m). It is limited to the north
by the promontory of the Julian Alps, and to the south by the Adriatic Sea (Gospodaric, 1988).
Postojna Cave is located between ponor (sinking) channels near Postojna and spring channels
near Planina, which are hydrologically connected. The karst region has a variable climate under
the Mediterranean, Alpine and Pannonian influences.

The hill under which Postojna Cave is situated is covered by a pine tree forest and grass.
Average annual temperature is 8°C and mean annual rainfall is 1500 mm.

Geology of Postojna Karst

The Postojna Karst (Figure 13) is composed of Cretaceous carbonate rocks (Gospodari6,
1976). On the northern and northeastern part it is covered by Triassic dolomite and Jurassic
dolomite and limestone of Hrusica Mts., while on the western and south-western part the Karst
is buried by Eocene flysch of Pivka Basin. Postojna Cave lies within the Upper Cretaceous
rocks.

Lower Cretaceous is composed by bedded and thickbedded limestones and dolomites and
limestone breccia nests. The transition to the Upper Cretaceous strata is seen in the Planina
Cave where limestone with chert passes to a massive Cenomanian limestone, and where
Caprinidae, Chondrodonatae and corresponding microfauna have been found. Turanian is
composed by bedded limestone. Senonian rocks have similar lithological structure. On the
Cretaceous rocks only a few erosional remnants of Paleocene rocks have remained followed by
marl, sandstone and flysch conglomerate of Eocene age (Figure 14).

The tectonic structure of the Postojna Karst is expressed in northwest-southwest oriented
Postojna anticline, Studeno syncline and Bukovje folds. The first two folds have been found in
the galleries of Postojna Cave. In Planina Cave the Lower Cretaceus beds are gently inclined
towards the west, southwest and northwest. The fault systems trending northwest-southeast,
northeast-southwest, and north-south are considerably more frequent on the crests than on the
limbs of the mentioned folds. Numerous faults and wrench-faults have the same direction. All
these structures are characteristic of the tectonic structure of the High Karst, to which the
Postojna Karst belongs. The Predjama over-thrust can be considered too; there the dolomitic
Hrusica Mts. are over-thrusted from the north towards the Postojna Karst.

Speleological characteristics of the Postojna Karst

In the Postojna Karst region more than 60 caves of different types and size are known. The
majority are situated under the surface of the Postojna morphological plateau (600 - 630 m)
including a 4 km wide belt of Postojna Karst near the Pivka Basin.

Numerous cave sections in Postojna Cave represent the remains of old sinking channels, which
are collapsed in or filled up by sediments today. They are accessible across smaller corrosive
potholes or collapsed ceilings (Figure 15). The passages are composed of one or more levels,
in many places connected by inclined, fissured galleries of younger corrosive origin. Some
vertical potholes, ending at the altitude of the horizontal galleries, have been noted separately.
The transitive and connecting galleries in both Postojna Cave and Planina Cave are illustrated
by single columns. The depths of present collapsed dolines and the ceiling heights of some
collapsed halls have been plotted.

33



On the ponor side the horizontal caves are developed in the same altitude span (550 - 510 m)
as the high galleries in Planina Cave (450 - 490 m above the sea level). On the ponor side,
there are several shorter caves with more expressive central galleries between 540 - 525 m,
while they are connected on the spring side in the uniform high channel. On the ponor side the
caves are situated along an 8 km long slope between Postojna and Studeno on the contact
between the flysch and limestone. On the spring side they are united in single gallery reaching
the surface of Planina Polje near the contact between the limestone and dolomite. Therefore,
we can expect in Planina Cave more and better facts about the geological history of the whole
underground system than in the dissociated caves on the Postojna part, where the shapes and
sediments of former water channels are not so easy to determine due to breakdowns and
concretions.

Figure 13: The Ljubljanica River Basin including the Postojna Karst between the Pivka Basin
and Polje of Planina (from Gospodaric, 1976).
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Figure 14: Geological map of the Postojna Karst with the Postojna Cave System.Legend: 1-alluvial deposits, 2-Quaternary sediments in Pivka Basin,
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limestone with Cheramospherinae, Sabiniae and Hippurites- Senonian and Maastrichtian, 6- bedded and non bedded limestone with chert and
radiolitid fauna-Turonian, 7-non bedded limestone and zoogene breccia with Caprinidae and Chondrodontae- Cenomanian, 8-bedded and thick
bedded limestone, limestone with chert and limestone breccia-Lower Cretaceous, 9-dolomite-Upper Triassic, 10-geological boundaries, 11-strike and
dip of beds and isostrata, 12-folds, 13-over-thrust fault, 14-faults (wrench faults), 15-underground river direction (from Gospodaric, 1976).
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Figure 15: The Caves of the Postojna Karst presentated in schematic levels with absolute altitudes: 1-surface relief with humus and depressions, 2-
collapsed dolines, 3-coIlapsed halls in the underground, 4-single level caves, 5-potholes or inclined caves with reached depth, 6-multiple levels caves,
7-galleries with communicating levels, 8-channels and sumps of underground Pivka, 9-caves cadastre numbers, (from Gospodaric, 1976).



METHODS

This chapter describes the sampling and experimental procedures we used in this work. In the
first part we will introduce the sampling sites, after which we will describe the chemical
measurements we used, and at the end the isotope measurements will be presented.

Sampling

Atmosphere

Samples for the determination of 14C activity in the atmosphere were collected at two different
locations: outside the cave (Direkcija), located above the entrance of Postojna Cave, and at
another location inside the cave in the Colourful Gallery (Pisani Rov). Samples of atmospheric
and of cave air CO2 were collected each month. A saturated carbonate-free sodium hydroxide
solution was exposed in a tray to the open atmosphere (Obelic et al., 1986). Trapped
atmospheric CO2 was then released by dissolving the sodium carbonate in dilute hydrochloric
acid. After purification and removal of water vapour the evolved CO2 was measured using the
standard method for determination of the 14C concentration (Srdo6 et. al., 1979).

Samples for the determination of 813C in the air were collected outside the cave at the sampling
points Direkcija and Nem6ji Vrh, as well as inside the cave in the Colourful Gallery near the
stalagmite Brilliant, and in the Biospeleological Gallery. I took the sample with a 10 cm3 syringe
and put into an evacuated vial. Afterward the sample was prepared for isotopic measurements.

Soil

Soil samples were collected at two locations with different thicknesses of rock ceiling above the
cave. The first location, called Direkcija, is above the entrance of Postojna Cave where the
thickness of the cave roof is about 10 m. The second location, called Nemcji Vrh, is above the
stalagmite Brilliant, where the roof thickness is about 120 m (see the map of sampling points in
Figure 16). We took a soil profile at the sampling site Direkcija from 0 to 35 cm, and at the
sampling site Nem6ji Vrh from 0 to 70 cm.

Samples for the determination of 813C in soil CO2 were obtained at the same locations as the
soil samples. I put a copper capillary with a diameter of 1 mm in to the soil. At the sampling site
Direkcija carbon dioxide in the soil was sampled at a depth of 35 cm, while at the sampling site
Nemcji vrh the samples were collected at a depth of 70 cm.

Water

Monthly water samples from June 1996 to June 1997 were collected from three locations within
the cave. Figure 17 shows the sampling of water in the cave. The sampling locations were
chosen to cover all types of cave water, as well as positions with different thicknesses of rock
ceiling. The cave waters are solely derived from rainfall and several basic water-types are
defined (Fornaca-Rinaldi et al., 1968). A stalactite-drip is water that drips slowly from the tips of
stalactites throughout the year and is mainly independent of precipitation on the surface. A fast-
drip is water that mainly issues out of and along fissures in the cave roof during the rainy winter
seasons. A third water type termed film water is that which streams along the ceiling of the cave
before accumulating at a point and slowly dripping to the floor of the cave throughout the year.
The dripping waters may accumulate in pools. Some pools receive their water from slowly
dripping water sources (stalactite-drip, film-water), while others receive most of their water from
fast drips.
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Figure 16: Sampling points within the Postojna Cave.

38



Figure 17: Sampling in the cave.

Three samples (pool, fast-drip and stalactite-drip waters) were collected in the Colourful Gallery
where the thickness of the cave roof is about 35-40 m. Two other fast-drip water samples were
collected at the entrance of Postojna Cave, where the thickness of the cave roof is about 10 m,
and in the cave near the Brilliant stalagmite, where the roof thickness is about 120 m. Additional
samples were also collected from the river Pivka at the point outside Postojna Cave, and at the
border of the karst area from the spring of Mocilnik. Sampling points within the cave are shown
in Figure 16. Rainwater samples were also collected monthly above the Entrance sampling
point at the location called Direkcija.

Stalagmite

The 5 cm high stalagmite (Figure 18) was collected in the Biospeleological Gallery, about 200 m
from the entrance. There the cave roof consists of 30 meters of upper Cretaceous limestone
and the soil thickness is about 4-10 cm. Visible growth laminae are difficult to count. A polished
vertical thin section reveals a thin (<0.1 mm) remarkable black layer at 24 mm from the
stalagmite top, whose date of deposition was well known. During the Second World War,
Postojna Cave was used as a storage site for gasoline, and on the 23rd of April 1944 it exploded
as the result of sabotage action by Slovene Partisans. A large part of the cave is still covered by
a black layer of carbon soot, but in some places stalagmites have continued their growth and
appear now as white calcite caps on a black surface.
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Table 1: Sampling points

Sample

Atmosphere

Rainfall

Soil

Soil CO2

Water

Stalagmite

Location

Direkcija

Colourful Gallery

Direkcija

Direkcija

Nemcji Vrh

Direkcija

Nemcji Vrh

Colourful Gallery,

Entrance, Brilliant

Pivka, Mocilnik

Biospeleological Gallery

Date

June 9 6 - J u n e 97

June 9 6 - J u n e 97

2. October 1996

June 9 6 - J u n e 97

June 9 6 - J u n e 97

27. October 96

Measurements

14C, 813C

S18O, 5D
14C, 513C

813C

chemistry

813C ,S18O, 8D

14C, S13C, 818O

N

C
O

 
C

O

13

6

10

13

10

91

1

Black layer 1944

Figure 18: Photograph of a stalagmite sample taken in the Biospeleological Gallery of Postojna
Cave.
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Measurements

Chemical measurements

Chemical measurements were performed only on the water samples. The temperature, pH and
conductivity of the water samples were measured in situ. All water samples were filtered in the
laboratory through a 0.45 |am filter before all other measurements were done. By filtering, most
of the bacteria and almost all suspended clays were removed. Filtering is required to assure that
the laboratory analysis represents only the dissolved species, which are involved in
geochemical reactions and are used in chemical equilibrium reactions. Measurements of
alkalinity were performed in the laboratory 24 hours after sampling.

Temperature measurements

Water temperature was determined by a temperature probe that is a component of a pH meter
(Norell Unifet Microprocessor) and has an accuracy of ± 0.5 degrees Celsius.

pH measurements

The pH measurements were performed using a portable Norell Unifet Microprocessor pH meter
with ISFET microelectrode and glass-electrode (HEC 0102 - Mertel) having a measurement
error of ± 0.05. The instrument was calibrated with pH 7.0 and 10.0 buffer solutions.

Conductivity measurements

Electrical conductivity was measured using a portable conductivity meter (HATCH) with an
accuracy of ± 5 (xScm"1.

Alkalinity analysis

Alkalinity was determined by the Gran titration method (Gran, 1952; Edmond 1970; Stumm and
Morgan, 1981). Past the equivalent point at pH 4.3, when all HCO3' has been converted to
H2CO3, the increase of H+ concentration is directly proportional to the addition of H+. The HCI
volume added is plotted against the Gran function:

F = (V+V0)-10'pH [48]

In this equation V is the volume of acid added and Vo is the starting volume of the sample. The
equivalence point is then obtained by back extrapolation from the linear part of the curve as
shown in the Figure 19. Water samples of 25 cm3 were titrated with 0.02 mol dm"3 HCI until a pH
of ~4.5 was reached. Hydrochloric acid was prepared from a commercial 0.1 mol dm'3 HCI
solution (Merck). The starting volume of the sample is defined as the volume of the titrated
solution. Six points of Gran function were determines by addition of 0, 1, 1, 5, 1, and 1 cm3 of
acid (Digitrate T5165, 0-25 cm3) to the solution. Analytical error was estimated to be ±2%.

Ca2+ and Mgz+ measurements

The determination of Ca2+ and Mg2+ ions was done in the Laboratory for Analytical Chemistry,
Department of Environmental Sciences at the Jozef Stefan Institute. Measurements were
performed on a flame atomic absorption spectrometer VARIAN AA5. Results are reported with
an analytical error of ±4% for Ca2+ ions and ±1% for Mg2+ ions, respectively.
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Figure 19: Illustration of the Gran plot method for alkalinity determination by titration with acid.

Stable isotope analysis

All stable isotope analyses were performed in the Laboratory of Geochemistry, Department of
Environmental Sciences at the Jozef Stefan Institute, Ljubljana, Slovenia, with the exception of
the sedimentary carbonates, for which analyses were performed at the Institute of Nuclear
Research, ATOMKI, Debrecen, Hungary, and at the Laboratory for Hydrology and Isotope
Geochemistry at University of Paris- Sud, Orsay, France.

Carbon

The soil samples for the determination of 813C in organic carbon were first dried, ground and
passed through a 2 mm sieve, and then carefully examined to remove any residues of plant
material. Then samples were acidified with 3 mol dm'3 HCI to remove any carbonates and
filtered a cross a GF/C Whatman filter. The re-dried sample was then combusted in pure oxygen
flow, and the isotopic composition of the resulting CO2 was determined on a Europa 20-20
ANCA-SL mass spectrometer.

8 C of DIC was measured following the modified procedure developed by Mook et al. (1980).
Samples for S13C-DIC were introduced into an evacuated septum vial containing 100%
phosphoric acid. The isotopic ratio of the collected CO2 was measured on a Europa 20-20
ANCA-TG mass spectrometer.

All results of S13C values of organic carbon in soil and 813C values of DIC are reported as
deviation in per mill (%o) from the PBD standard. The precision of the analysis is ±0.2 %o.

Sedimentary carbonates were reacted with 100% phosphoric acid at 50°C for 3 hours following
the method of McCrea (1950). CO2 released during acid treatment was analysed using a Varian
MAT 250 mass spectrometer. Results are reported as deviations in per mill (%0) from the PDB
standard with an analytical error of ±0.05 %o, calculated as the average standard deviation of at
least three measurements.
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Oxygen

The method for the determination of 818O in water is based on the exchange of oxygen isotopes
between water and CO2 following the method of Epstein and Mayeda (1953). Water samples of
5 cm3 were introduced into a special glass vial and bubbled with CO2 for about 2 minutes.
Samples were then put into a water bath with a constant temperature of 20°C for 12 hours, and
then the equilibrated CO2 was analysed using a Varian MAT 250 mass spectrometer. Results
are reported as deviations in per mill (%o) from the SMOW standard with an analytical error of
±0.05%o, calculated as the average standard deviation of at least three measurements.

Deuterium

Chromium reduces water to hydrogen gas at a temperature >700°C, simultaneously binding
other elements of the sample to thermally stable compounds, i.e., nitride (N), carbide (C), oxide
(O), and halogenide:

2Cr + 3H2O -» Cr2O3 + 3H2

The principle of the technique involves a very fast evaporation and reduction of the sample
upon contact with the hot chromium catalyst (Gehre et al., 1996). The specially designed
reaction tube is directly coupled to the dual-inlet system of the mass spectrometer. A liquid
sample of 4 |uL is injected into a small inlet volume above the hot reaction zone. The sample
evaporates very fast and it is reduced quickly upon chromium contact; it is then analysed using
a Varian MAT 250 mass spectrometer. Results are reported as deviations in per mill (%o) from
the SMOW standard with an analytical error of ±0.1 %o, calculated as the average standard
deviation of at least three measurements.

Radiocarbon measurements

Samples of atmospheric CO2 were collected continuously each month. Saturated carbonate-
free sodium hydroxide solutions were exposed to the atmosphere in an open tray (Obelic et al.,
1986). The absorbed CO2 was collected in the form of sodium carbonate. CO2 is then released
by dissolving the sodium carbonate containing trapped atmospheric CO2 in dilute hydrochloric
acid. After purification and removal of water vapour the evolved CO2 was measured using the
standard method for determination of 14C concentration (Srdoc ef al., 1979) in the 14C and 3H
laboratory at Rudjer Boskovic Institute.

Soil samples were measured using the standard method for the determination of 14C
concentration (Srdoc etal., 1979) in the 14C and 3H laboratory at Rudjer Bo§kovic Institute.

As compared to conventional techniques such as liquid scintilation counting (LSC) and gas-
proportional counting, much less carbon about only 1 mg is required for accelerator mass
spectrometry (AMS). This important advantage in smaller sample size allows for measurements
of 14C activity in speleothems. Between 10-36 mg of CaCO3 were sampled with a microdriller
from a polished stalagmite cross-section. This represents between 1 and 2 years of calcite
deposition. Calcite powders were reacted with H3PO4 in order to obtain CO2. The gas was
reduced to graphite on iron with hydrogen at 650°C for 100 minutes; the residual gas was then
used for stable isotope measurements on a SIRA spectrometer at Orsay (Laboratory for
hydrology and isotope geochemistry at University of Paris- Sud, France). Carbon atoms were
counted with an accelerated mass spectrometer (TANDETRON) at Gif-sur-Yvette. Analytical
errors including laboratory errors are ±0.1%o for 813C and between 0.6 and 0.9 pMC for 14C.

43



RESULTS AND DISCUSSION

In this chapter, the results of the chemical measurements which influence the formation of
speleothems will be presented first, followed by the results of the isotopic measurements. At the
end, the model that we have developed will be presented.

Chemical measurements

Environmental factors influencing speleothem formation such as air and water temperatures as
well as water properties at the surface and in the cave (electrical conductivity, Ca2+, HCO3" and
Mg2+ ion concentrations and drip rates), were measured during an entire year in order to
characterize seasonal variations. The influence of the cave roof thickness on various water
properties was examined and the differences between various cave waters (pool, stalactite drip
and fast drip waters) were studied. Chemical measurements were made for drip water samples
inside the cave and for the surface waters, Pivka river and Mocilnik spring.

Temperature

The variation of water temperatures during the 1-year period is shown in Figure 20. The
temperature of the cave waters is more or less stable through out the year, while the surface
water temperatures show seasonal dependence.

In the Colourful Gallery, the temperature of the waters ranges from 7.8 to 8.4°C, with mean
annual temperatures for pool, fast drips, and stalagmite drip waters of 7.8 ±0 .1 , 8.2 ± 0.3 and
8.2 ± 0.4 °C, respectively. The temperature of pool water is, on average, lower by 0.4°C than
the drip water temperatures. We assume the pool temperature is equal to the cave air
temperature within the limit of error, since there is no ventilation or contact with the outside air in
the Colourful Gallery. It was assumed that the cave air temperature would be equal to the mean
annual temperature on the surface, but our measurements show a difference between
temperature in the Colourful Gallery (7.8 °C, 45 m below the surface) and on the surface (9.1±
0.1 °C average for the 1-year period of measurements). This can be explained by the unusually
high temperatures during that year when the measurements were performed, causing an
elevated average surface temperature. Fast drips and stalagmite drip waters show stable
temperatures during the 1-year period, with the mean temperatures (8.2 °C) lower than the
mean annual surface temperature (9.1 °C) and higher than the temperature of cave air in the
Colourful Gallery (7.8 °C). The temperature of the drip waters is associated with the
temperature of the rock above the cave.

The sampling point, Entrance, is near the Postojna cave entrance in the hall through which the
river Pivka flows. The cave roof is only about 10 m thick at this sampling point. It was expected
that the temperature of the fast drip water at Entrance depends upon seasonal changes. This is
confirmed by the measurements; the drip temperature follows the seasonal trends of the river
Pivka and the surface temperature, with a minimum in the winter months (January to April). The
mean annual temperature of the Entrance fast drip water is 9.3 ±1.4 °C, which is equivalent to
the mean annual surface temperature (9.1 °C) within the margin of measurement error.

The sampling point, Brilliant, is in the deepest part of Postojna cave, 120 m below the surface.
The mean annual temperature is 10.4 ± 0.7 °C, significantly higher than the surface temperature
average. A logical explanation for this high temperature of the drip water is the depth of this
sampling point. The temperature of the overlying rock formation rises with depth; on average the
geothermal gradient (temperature increase with depth) is 33m for 1 °C (however, this depends
on several geological factors). Comparing the temperature of the drip waters in the Colourful
Gallery (35-40 m deep, 8.2 °C) and at the Brilliant site (120m, 10.4 °C) gives a geothermal
gradient of 36 m per 1°C in our case.
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Figure 20: Seasonal variations of temperature in cave water samples, in the river Pivka and in
the spring Mocilnik.

pH

Accurate pH measurements of water samples are important for the calculation of the saturation
index (Q) and the dissolved inorganic carbon (DIC) content of the samples.

The pH values are shown in Figure 21. The pH values for cave waters vary between 7.3 and 8.3
and in this range the HCO3" ion is the predominant chemical species.

The mean annual pH values for the individual sampling points are: 7.9 ± 0.2 for pool water in the
Colourful Gallery, 7.8 ± 0.2 for fast drip water in the Colourful Gallery, 7.8 ± 0.1 for stalactite drip
water in the Colourful Gallery, 7.9 ± 0.2 for the sampling point Entrance and for the sampling
point Brilliant the mean pH value is 7.8 ± 0.2. We observe a general trend of increasing pH
throughout the year for all sampling points, which we cannot explain by environmental
parameters and is not attributed to seasonal changes. These variations could be the
consequence of the errors in sampling and measurement because the drip rate was sometimes
very low, and it is probable that degassing of the water occurred during sample collection. There
is no correlation between the pH values of the water samples and the thickness of the cave roof
nor the type of cave waters. No correlation between pH values and drip rate can be observed
either.
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Figure 21: Variations of pH values in cave water samples and in the river Pivka and the spring
Mocilnik during one year.

Calcium and bicarbonate ion concentrations and electrical conductivity

The calcium ion (Ca2+) and bicarbonate ion (HCO3") concentrations were determined in the cave
waters, the river Pivka and the spring Mo5ilnik, together with electrical conductivity (s). In Table
2 the mean, maximum and minimum values of Ca2+, HCO3" ion concentrations and electrical
conductivity are presented. The variations of Ca2+, HCO3" ion concentrations and electrical
conductivity values during 1-year are shown in Figures 22, 23 and 24, respectively. Seasonal
variations are observed for samples of fast drip waters at Entrance and Brilliant as well as for
pool water in the Colourful Gallery. Less pronounced is the variation of these values for the fast
drip water in the Colourful Gallery, while stalagmite drip water in the Colourful Gallery is more or
less stable throughout the year. Comparing this behaviour with the seasonal variations of drip
rates we can see that the maximum values of Ca2+ and HCO3" ion concentrations and electrical
conductivity occur when precipitation is high. This is in agreement with results published in the
literature (Genty and Deflandre, 1998), which were obtained from a cave in Belgium. Genty
determined the dependence between drip rate and the water excess value. Water excess,
calculated as the difference between rainfall and evapotranspiration (Thornthwaite, 1954),
depends on the annual rainfall and temperature (Figure 25). It reaches a maximum in late
autumn, which coincides with the drip rate maximum, however the drip rate maximum is
observed with a 1-2 month delay. In autumn, the water excess reaches a maximum and the
water stored in rock pores and fissures is flushed out. The hydraulic pressure due to the water
excess increases with depth, and is the highest in the rock of the cave ceiling just above the
stalagmite. This water was presumably stored in the rock for a few weeks to a few months,
dissolving the limestone, and thus contains high concentrations of ions. The other cave water
component is the water that was stored in the soil. During spring and summer, biological activity
is the most intense and the CO2 content in soil water is very high. This water with high ion
content is flushed out from the soil with the autumn water excess. The increased conductivity
value is also partly due to organic matter (e.g. fulvic and humic acids) dissolved in the soil water
(Genty and Deflandre, 1998). Drip water may be composed partly of water of the same year's
rainfall, and partly from an older water reservoir. Results from a cave in Belgium (Genty and
Deflandre, 1998) show that dripping water in 1 hydrological year was composed from fast
seepage water (aged few hours to few days) and reservoir water (mixed recent and over 1-year-
old water).
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Table 2: The results of chemical analysis (mean, maximum and minimum values) for concentration of Ca2+and HCO3' ions, and the electrical conductivity
of water samples.

Sampling point

COLOURFUL GALLERY pool

COLOURFUL GALLERY fast drip water

COLOURFUL GALLERY stalactite drip water

ENTRANCE fast drip water

BRILLIANT fast drip water

RIVER PIVKA

SPRING MOCILNIK

Ca2+ (mgdm"3) ' HCO3" (mgdm"3) ' electrical conductivity (uScrrf1)

mean

65.3

69.3

71.5

79.9

55.5

65.3

56.8

max

76.8

75.3

74.4

94.0

69.4

78.1

64.5

min

54.3

65.0

64.4

61.7

40.3

52.0

50.0

mean

194.0

209.7

214.4

232.8

165.2

211.3

212.3

max

221.8

226.8

230.5

285.3

210.5

251.4

236.8

min

163.2

197.7

204.6

184.6

129.8

145.6

179.8

mean

334

352

365

397

301

424

366

max

379

384

383

488

418

522

414

min

299

305

343

220

238

368

311
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Figure 22: Seasonal variations of Ca2+ ion concentration in cave water samples, in the river
Pivka and in the spring Mocilnik.
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Figure 24: Seasonal variations of electrical conductivity in cave water samples, in the river Pivka
and in the spring Mocilnik.
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The dependence of the concentrations of Ca2+ and HCO3" and of electrical conductivity on the
thickness of the rock cover above the cave is presented in Figures 26, 27 and 28, respectively.
At the sampling point Entrance, where the thickness of the rock cover is about 10m, the highest
values were observed. In Colourful Gallery these values were lower and the lowest values were
measured at the sampling point Brilliant, where the thickness of the cave roof is about 120m.
Observed variations in water chemistry are correlated with thickness of the overlying rock for
stalactite and fast drip water, but not for pool water in Colourful Gallery. It was expected that ion
concentrations and electrical conductivity would increase with rock cover thickness but we
observed the opposite relationship (Figures 26-28). These variations are caused by processes
of ion exchange during passage of the solution through cavities. There precipitation and solution
of carbonate or other minerals takes place and enables changes in the Ca ion and dissolved
CO2 concentrations. Linear regression curves in the Figures 26, 27 and 28 are drawn through
data points for fast and stalactite drip waters only. Pool water data are shown only for
comparison.
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Figure 26: Influence of cave roof thickness on Ca ion concentrations for fast and stalactite drip
waters.
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The linear regressions through the data were calculated by the statistical method called least
squares fit. The HCO3"vs. Ca2+ correlation plots are shown in Figure 29 for individual sampling
points and also separately for all different cave waters. The correlation coefficient, R2, between
HCO3' and Ca2+ ion concentrations is a measure of stability of conditions at individual sampling
points. From the individual diagrams it can be seen that very good correlations (R2 > 0.80) exist
between HCO3" and Ca2+ concentrations for the Entrance and Brilliant sampling points, while ion
concentrations are less correlated for pool and fast drip waters in the Colourful Gallery. No
correlation at all (R2 < 0.01) was found for the stalactite drip water in Colourful Gallery. From the
correlation coefficients we can conclude that conditions are stable throughout the entire year for
the cave waters of Entrance and Brilliant, and less for the Colourful Gallery pool and fast drip
waters. Nothing can be deduced from the randomly scattered points of the stalactite drip water
in Colourful Gallery. Ion concentrations in the river Pivka are very well correlated (R2 = 0.83)
showing stable conditions, but much less so for the spring Mocilnik (R2 = 0.48). Good correlation
was found for those cave waters, which are sensitive to seasonal changes (see Figure 25). The
stalactite drip water in the Colourful Gallery is probably fed by a water reservoir in which
concentrations are not sensitive to seasonal variations and stay in the same narrow range
during the year. This is confirmed also by the drip rate, which is more or less constant
throughout the year (Figure 25).

The ratio of HCO3" to Ca2+ concentrations is given by the slope of the linear regression curve
through the data points. The dissociation of 1 mole of calcium bicarbonate yields 1 mole of Ca2+

and 2 moles of HCO3~ ions. For a solution containing only Ca2+ and HCO3" species, the slope of
the curve should give the ratio [HCO3"]/[Ca2+] = 2 (molar ratio) or mHco3- / rnCa2+ = 3.05 (mass
ratio). From the diagrams in the Figure 29 it can be seen that HCO37Ca2+ mass ratio is below
3.05, (between 2.14 and 2.61) for the sampling points Entrance, Brilliant and Colourful Gallery
pool and fast drip waters. The Colourful Gallery stalactite drip water data show no correlation,
so information about the slope (-0.07) is neglected. Ratios below the stoichiometric value of
3.05 are due to degassing of the solution, when concentrations of HCO3' decrease very quickly
with loss of CO2 to the cave air: 2HCO 3 "H> CO3

2" + H2O + CO2{g). The river Pivka shows a high
ratio of HCO37Ca2+= 4.24, which can be explained by other cation species dissolved in the river
(e.g. Mg2+ and others), that are competing with the Ca2+ ions.

The electrical conductivity vs. HCO3" correlation diagrams are shown in Figure 30 for individual
sampling points and separately for all cave waters. Very good correlation can be seen in plots
for the Entrance (R2 = 0.79) and Brilliant (R2 = 0.86) fast drip waters. The Colourful Gallery
samples are less correlated, with correlation coefficients 0.64 for pool water and 0.61 for fast
drip water. No correlation can be observed for the stalactite drip water of Colourful Gallery,
which shows randomly scattered points (R2 = 0.13).

Similar behaviour can be seen in the diagrams of electrical conductivity correlation with Ca2+ ion
concentration (Figure 31). Good correlation is observed for pool water in the Colourful Gallery
(R2 = 0.77), and less for Entrance (R2 = 0.69), Brilliant (R2 = 0.64) and Colourful Gallery fast drip
waters (R = 0.58). Data for the stalactite drip water are scattered, and the correlation coefficient
is 0.46.

Correlation of electrical conductivity with HCO3" and Ca2+ is very poor for the river Pivka (R2 =
0.30 for HCO3" and R2 = 0.11 for Ca2+). For the spring Mocilnik, the correlation coefficient is 0.79
for electrical conductivity vs. HCO3" plot and very low (R2=0.28) for the electrical conductivity vs.
Ca2+ plot. Correlation coefficients of electrical conductivity vs. HCO3" or Ca2+ ion concentrations
represent the degree of dependence of conductivity on these ionic species. Where good
correlation is observed (fast drip waters, pool in Colourful Gallery), conductivity is almost entirely
explained by the presence of Ca2+ and HCO3" ions. In the stalactite drip water in Colourful
Gallery, the most prevalent ions in solution are obviously those other than Ca2+ and HCO3". A
similar explanation can be given for the river Pivka. The spring Mocilnik shows a good
correlation of electrical conductivity with HCO3", but no correlation for Ca2+ ion.

Figures 30 and 31 are diagrams of chemical parameters that are correlated in separate plots
for all cave water samples. Correlation is quite good: 0.64 for electrical conductivity vs. HCO3"
and 0.77 for conductivity vs. Ca2+ plot. We can conclude that in cave waters the ions Ca2+ and
HCO3" are the principal conducting ion species.
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The dependence of Ca2+, of HCO3" concentration, and of electrical conductivity on the drip rate
of cave waters is presented in the Figures 32, 33 and 34, respectively. Observed variations in
water chemistry are correlated with the drip rate only for fast drip waters, but not for stalactite
drip water. Linear regression curves in the Figures 32, 33 and 34 are drawn through average
annual data points for fast drip waters, however three points are not enough to characterize
general behaviour for all fast drip waters in Postojna Cave. Additional analysis of other sampling
points under changing conditions are necessary to obtain more information about the
dependence of these chemical quantities on drip rate. Stalactite drip water data are shown only
for comparison. The calculated correlation coefficient for Ca2+ and drip rate is 0.99, for HCO3"
and drip rate is 0.98, and for electrical conductivity and drip rate is 0.99. Drip rates for fast drip
waters are very well correlated with Ca2+, HCO3" concentrations, and electrical conductivity.
These quantities increase with drip rate for fast drip waters. This can be explained by flushing of
stored water with increased hydraulic pressure, as was also observed in Pere Noel Cave (Genty
and Deflandre, 1998).

Mg/Ca ratio

In principle, the chemistry of waters from the karst system and the overlying soils is strongly
dependent upon water residence time as well as on the original composition of the solid
carbonates. Mg/Ca ratios in percolating waters are expected to be higher for longer water
retention times during the summer, and lower when the water residence time is longer during
the winter (Roberts era/., 1998).

In Figure 35 the Mg/Ca ratios are presented for the entire year. Seasonal variations are very
pronounced for the Brilliant sampling point, with maximum values in periods from August to
October 96 and from April to June 97. Similar behaviour, but with smaller amplitude, is observed
for the Entrance drips and Colourful Gallery pool water samples. A comparison between
seasonal variations of drip rate and water excess values is shown in Figure 36. We can see that
the minimum of Mg/Ca ratio occurs during the rainfall water excess. Elevated values of Mg/Ca
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ratio in summer and spring are due to longer retention times in these dry periods. When water
retention is high, the water dissolves not only Ca2+ but also some Mg2+ from the rock formations.
The water sample at Brilliant shows the highest values of Mg/Ca ratio. This is explained by the
great thickness of the rock ceiling above the sampling point (120m). In the thick cave roof the
carbonate solution is slowly dissolving both the limestone and dolomite, and in solution Mg2+

substitutes for Ca2+. Water sampled at Entrance on January 7, 1997 was collected under
conditions of very high drip rate, however this did not influence the Mg/Ca ratio much. For
samples from the Colourful Gallery, we can see in Figure 35 that pool water Mg/Ca ratio values
are higher than the fast and stalactite drip waters. Pool water shows also a slight dependence
on seasonal variations of water excess. The dependence of Mg/Ca ratio upon drip rate is
presented in Figure 37. From the plot we can see an inverse relationship between drip rate and
Mg/Ca ratio for fast drip waters, with a correlation coefficient of 0.77. Stalactite drip water is
shown only for comparison. Figure 38 shows the influence of cave roof thickness on the Mg/Ca
ratio in drip waters. A good correlation between Mg/Ca and rock cover thickness is observed for
all types of cave waters, with the correlation coefficient 0.85. Figures 37 and 38 show that
Mg2 concentration is higher for thicker rock cover above the cave where water retention time is
high, and where the water dissolves not only Ca2+ ions but also some Mg2+ ions.
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Figure 35: Mg/Ca ratio values in cave waters during 1 year.
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Saturation index

The saturation index was calculated using Equation 17. The values are plotted in Figure 39.
From the results it can be seen that the saturation index is higher than 1 for most of the
samples, which means that cave waters are supersaturated with respect to CaCC>3. The highest
values were again observed at the sampling point Entrance, where the cave roof thickness is
the least thick (10 m), and Ca2+concentration is highest. At the sampling point Brilliant, were the
cave roof thickness is about 120 m, lower values were observed (0.5 to 2.7). The water was
undersaturated except during autumn water excess.

From the results plotted in the Figure 40 it can be observed that there is a very good correlation
(R2=0.95) between saturation index and drip rate for fast drip cave waters collected at the
sampling points in Colourful Gallery, Entrance and Brilliant. A linear regression curve is drawn
through the data points for the fast drip waters. For sampling point with stalactite drip water in
Colourful Gallery the drip rate is not correlated with the saturation index; this sample is also not
dependent upon drip rate variations during the year.
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Growth rate

Two extremes are possible as the source of the supply of carbonate solution to a growing
stalagmite (Dreybrodt, 1980). In the first case the supply is continuous, either by a continuous
flow of solution or by drops with very short time intervals between each other. The other
extreme is a supply in single drops with prolonged time delay. Our sampling points belong to the
last case. This means that after the drop has fallen on the top of the speieothem it is distributed
over its surface and a stagnant water film builds up in a few seconds. This film begins to degass
its dissolved CO2 and carbonate deposition comences. The next drop replaces the old film and
the process is repeated. Several variables influence the growth rate: Ca2+ concentration,
temperature, cave air CO2 content and hydrological conditions (water film thickness, turbulent or
laminar flow conditions and drip rate). The modeled growth rates were calculated using
Equation 37 of the Dreybrodt model (1988) described in the section Speieothem Growth Rate
Theory (page 25, Chapter The formation of speleothems).

The mean Ca2+ concentrations for each sampling site are used in the calculation of model
growth rates. The water temperature is taken as the mean annual temperature for each
sampling site. The partial pressure of carbon dioxide in the cave atmosphere is assumed to be
constant at 3x10"4 atm, and for stalagmite growth a constant film thickness of 0.1 mm is
assumed. This approximation does not have a significant effect on the growth rate. The value of
a was interpolated from data presented in Dreybrodt (1988). The growth rate was converted
from mmol cm"2 s"1 to mm yr"1 by multiplying by 1.174x107, with molecular mass of CaCO3 of
100.09 g mol"1 and calcite density of 2.689 g cm'"-z

The modeled growth rates and the mean annual calcium concentration are presented in the
Table 3. It is seen that growth rates are of similar order of magnitude (0.13 - 0.20 mm yr"
sampling sites.

for all

Table 3: Modelled growth rates

Sample

COLOURFUL GALLERY fast drip water

COLOURFUL GALLERY stalactite drip water

ENTRANCE fast drip water

BRILLIANT fast drip water

Ca'"' mmol dm"3

1.7

1.8

2.0

1.4

growth rate mm yr'

0.14

0.16

0.20

0.13
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In Figure 41, the dependence of growth rate on Ca2+ ion concentration is plotted. The Ca2+ ion
concentration is very important and controls the growth rate. Very good correlation was found
between growth rate and Ca2+ ion concentration for all cave waters (R2=0.82). Growth rate
theory suggests that drip rate is also an important variable. Dependence of growth rate on drip
rate is shown in Figure 42. Good correlation was observed between growth rate and drip rate
only for fast dripping water samples, but not for stalactite drip water.

From Figure 43 we can see the linear dependence between growth rate of speleothems and the
saturation index for all types of cave waters (R2 = 0.94). This behaviour is explained by the fact
that deposition of calcite occurs when the solution is supersaturated and increases with the
degree of supersaturation, as described by the saturation index.
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Figure 43: Dependence of calculated growth rate of stalagmite (Dreybrodt, 1980) and saturation
index in cave waters.

All of the results demonstrate that the Ca2+ion concentration controls the saturation index and
growth rate of speleothems. This is normal since both equations for the calculation of saturation
index (Equation 17) and growth rate (Equation 36) depend upon the Ca2+concentration. It is
also observed that the Car ion concentration can be controlled by the drip rate. A comparison
of measured growth rate and Ca2+ concentration at different places would give more
information, but growth rate was not measured in this research.
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Isotope measurements

The isotopic composition of carbon compounds was determined in the atmosphere (outdoor and
in the cave), in the soil atmosphere and organic matter, in the cave waters, and in the growth
laminae of a speleothem. Values of 813C were determined by isotopic mass spectrometry and
the 14C activity was measured both by standard methods and by accelerator mass spectrometry
(AMS). Isotopic values of 8D and 818O were determined only in cave waters.

Atmosphere

The isotopic composition of carbon in CO2 was measured in samples of the outdoor atmosphere
and of cave air. Early measurements of the carbon isotopic composition of atmospheric CO2

were carried out by Craig (1953) and ranged from -9.9%o to -7.4 %o PDB. Craig assumed that a
reasonable value for atmospheric CO2 might be -7%0 PDB. Based on the rate of industrial CO2

addition to the atmosphere since the middle of the last century a decline of -2.6 %o PDB is
expected in 813C of present atmospheric CO2. The mean measured value for 813C of
atmospheric CO2 at the sampling points Direkcija and Nemcj'i Vrh is -8.0 %o PDB. The mean
813C values measured inside the cave are -9.3 %o PDB. Lower 813C values inside the cave
reflect the larger influence of biogenic CO2 from the soil above the cave, where the 813C value of
soil CO2 is expected to be about -22 ± 2 %o PDB (DOrr and Munnich, 1986; Becker-Heidmann,
1996; Becker-Heidmann et al., 1996). Our measured values of soil CO2 above the cave were -
21.7%0 and -2O.5%o PDB (see section Soil CO2)

Fluctuations in the 14C activity of atmospheric CO2 outside and inside the cave during 1 year are
shown in Figure 37. The highest 14C activities outside the cave, at sampling point Direkcija,
were observed during the summer months (June 96, May-June 97). Data for some months are
missing because the content of CO2 precipitated in NaOH solution was not sufficient enough for
measurement of 14C activity using the standard method. The variation between summer and
winter months is small for the outside 14C activity. The difference between the maximum in May-
June 97 and the minimum in October 1996 is 2.7 pMC. Such a small difference (within the limit
of error) indicates that the contribution of fossil fuel carbon (Suess effect) is small enough to be
neglected for this 1-year sampling period. This is because in the Postojna region there is no
major heavy industry that would cause significant changes in atmospheric CO2 content. The
mean 14C activity for the 1-year period outside of the cave was 109.2 ±1.3 pMC. Inside the
cave, at the sampling point in the Colourful Gallery, the mean 14C activity was 102.2 ±1.5 pMC.
The difference between the maximum 14C values in October 96 and the minimum values in May
96 is 5.3 pMC. The fluctuations of 14C activity inside the cave do not show any seasonal trend,
however measurements at only one sampling point are not sufficient to derive conclusions
about seasonal dependence. The 14C activity inside the cave is 7 pMC lower than outdoor 14C
activity. These lower values of 14C activity of cave air can be explained by an influx of soil CO2

to the cave through micro-fissures and pores of overlying rock, and by a mixing with the outside
air, thus causing a dilution of the 14C activity in the cave air.

Soil CO2

Factors that affect soil CO2 concentration are the soil type, texture and horizon, type of
vegetation, and soil flora and fauna (Ford and Williams, 1989). Soil CO2 is produced mainly by
decomposition of organic matter and by root respiration. The isotopic composition of carbon
dioxide in the soil atmosphere is lower by 2-4%o than the plant material from which it is produced
due to isotopic fractionation effects. Large variations in soil organic matter 813C values result
from differences between the C3 and C4 photosynthetic pathways utilized by plants. C3 plants
have 813C values ranging from -32 to -22%o, and averaging about -27%o, whereas C4 plants
have values ranging from -16 to -9%o, and averaging about -12%o (Dorr and Miinnich, 1986). C3

plants are mostly trees, cool-season grasses, whereas C4 plants are typically warm-season
grasses found in tropical and temperate grasslands. It has been observed that the carbon
isotopic composition of the plant material is highly correlated with the type of photosynthetic
pathway followed by the plant.
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Figure 37: Radiocarbon activity in the CO2 in the cave air and outdoor atmosphere.
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Measured monthly 813C values of carbon dioxide in the soil atmosphere are shown in Figure 38.
By measurement of the 813C of the carbon dioxide in the soil atmosphere above Postojna Cave
we determined the mean 813C values for sampling points Direkcija and Nemcji Vrh to be
-21.7%o PDB and -20.5%o PDB, respectively. At the sampling point Direkcija, carbon dioxide in
the soil was sampled at a depth of 35 cm, while at the sampling point Nemcji Vrh the samples
were collected at a depth of 70 cm. The difference of 1.2%0 PDB can be the consequence of
different types of soil present at these sampling points. At the sampling point Direkcija, there is a
mixture of dark brown and light brown soil, while at the sampling point Nemcji Vrh only the dark
brown soil is present.

Soil CO2 production is strongly dependent upon the season of the year (Dorr and Munnich,
1986; Tieszen and Boutton, 1989). During the summer, when the soil temperature is high, the
813C values are higher due to higher respiration rates. During the winter months the influence of
root respiration is decreased, while the contribution of microbial decomposition of soil organic
matter relatively increases and shifts the 513C of soil CO2 to lower values. The isotopic
composition of soil CO2 shows a seasonal variation of 3.4%o PDB for the sampling point
Direkcija, and 7.3%o PDB for the sampling point Nemcji Vrh (Figure 38). The lowest 813C values
were observed at the sampling point Direkcija in the period from October 96 to January 97, and
at the sampling point Nemcji Vrh in October 96. The observed seasonal variability can be
explained either by mixing with atmospheric CO2 of higher 513C values, or by decomposition of
organic matter with different isotopic compositions.

Some data are missing for sampling point Nemcji Vrh. This is due to difficult access through
thick snow cover during the winter months, when measurements were not performed. The 1 C
activity of the soil CO2 was not measured in this period.

Soil organic matter

Soil organic matter (SOM) is not homogeneous but consists of at least two components (Dorr
and Munnich, 1986): a fast degradable component with a short lifetime (T) of »1 year and slow
degradable component with T«1 00 years.

Figure 39 shows the 813C values of soil organic matter as a function of soil depth for the two
different sampling sites. Mean 813C values for both soil profiles are -26.7%0 PDB, and indicate
that the organic carbon was produced by plants with the C3 (Calvin-Benson) photosynthetic
pathway having a characteristic 513C value of about -27 %o PDB (Dorr and Munnich, 1986). We
can divide our soil profile into two parts the topsoil and the subsoil horizon. The topsoil horizon
(depth of 0-15 cm) for both sampling sites (Direkcija and Nemfiji Vrh) is dark brown soil with
very frequent roots, while the subsoil horizon (depth >15 cm) is dark brown at the sampling site
Nemcji Vrh and light brown, clayey soil at the sampling site Direkcija. From Figure 39 it can also
be seen that the topsoil horizon shows lower 813C values, with the mean 813C value of -27.1%o
PDB compared to the subsoil horizons, where the mean 813C values is -26.5%o PDB. The 513C
values of topsoil horizons reflect the input of organic material from modern vegetation via
different pathways: a) by return of plant residues to the soil where they are subjected to animal
and microbial decomposition, b) by the distribution of the rooting system which determines the
depth to which living plant tissues can directly affect the soil carbon cycle. The enrichment of
about 0.6 %o PDB between the topsoil and subsoil horizon is probably due to the progressive
decomposition of soil organic matter in the subsoil horizon.
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The radiocarbon content of the atmosphere was increased due to the nuclear bomb testing after
1954, which also caused changes in the 14C content of soil organic matter. The enrichment of
radiocarbon in soil organic matter primarily due to the addition of plant residues growing in the
14C enriched atmosphere. Such residues include dead leaves and twigs, the soluble fractions
carried to the soil via leaf drip and stem flow, root exudates, the carbon dioxide respired by the
roots and dead root material. Enrichment may also occur by binding of atmospheric carbon
dioxide in the soil biomass. The turnover rate also depends upon the type of plant residues, the
type of biological population, upon climate and upon soil type. The most important factor
affecting soil C enrichment is the additional of modern vegetation material to the soil.

Measured radiocarbon activities in the soil above the cave are presented in Table 3. The
radiocarbon activity just below the surface was 117.0 pMC, while at a soil depth of 22-30 cm it
was 97.6 pMC. Pine forest and grass grow at both investigated sampling points. Results show
that the C enrichment in the topsoil horizon was similar at both sites.being around 118 pMC for
these sampling points, (the variations are within the experimental error). The data show that
bomb produced 14C is included in the soil organic matter (SOM) of the first 10 cm. We can
divide our soil profile into three parts. In the first part (depth < 5 cm) the 14C activity is a mixture
of the recent atmospheric 14C activity and shows the average 14C activity of the atmosphere and
modern vegetation for last few years. The second part of the soil, at depths between 5 to 10 cm,
is a mixture between pre- and post-bomb 14C activity. At a depth below 20 cm, the activity of 14C
is attributed to pre-bomb 14C activity only.

In the soil profile at the sampling point Nemcji Vrh it was impossible to determine the 14C activity
below 10 cm depth with the standard method, since the 14C values were lower than the
detection limit of our method. The soil was not sampled at the same depth intervals for both
sampling points (Direkcija and Nemcji Vrh). This does not allow us to compare both sampling
points for the depth dependence of C activity and makes it impossible to determine the depth
at which C from bomb tests has penetrated.

68



Table 3: Radiocarbon activity in the soil at different depths

SAMPLE MC activity pMC

Direkcija 0-2 cm

Direkcija 2-7 cm

Direkcija 22-30 cm

Nemcji Vrh 0-2 cm

Nemcji Vrh 3-5 cm

Nemcji Vrh 5-10 cm

117.1 ±1.7

110.5 + 1.6

99.2+1.5

118.1 ±1.7

117.7 ± 1.7

110.2 ± 1.7

We also determined the 14C activity in the leaves from plants at Direkcija and Nemcji Vrh. The
14C activity was 115.2 ± 1.7 pMC for the sampling point Direkcija and 112.9 ± 1.7 pMC for the
sampling point Nemcji Vrh. From these results it can be seen that upper part of the analysed
soil organic matter reflects the input of organic materials from modern vegetation. Since we
measured the 14C activity in the atmosphere to be only 109 pMC, there is a large discrepancy
between these values (over 115 pMC in the upper soil profile and leaves, and 109 pMC in air).
Data in the literature (Levin and Kromer, 1997) show an atmospheric 14C activity in this region to
be 1 1 4 - 115 pMC in the years 1996 -1997. This would suggest that there was an error in our
determination of the 14C activity in the atmosphere. To prove this some additional
measurements must be done in the future.

Water

The isotopic composition of carbon, oxygen and hydrogen were determined in cave waters. The
mean, maximum and minimum values of 813C, 818O and 8D are presented in Table 4, together
with values for the surface waters. The 513C values vary with the type of the cave water. Fast
drip waters show higher 813C values than stalactite drip waters. For the fast drip sampling point
in the Colourful Gallery the mean S13C value is -14.4 %0 PDB. For the sampling point at the
Entrance it increases to -12.7 %o PDB, while for the sampling point Brilliant this value is even
higher (-10.2 %o PDB). Fast drip waters show variations in 813C values at the sampling point
Brilliant from -12.6 to -7.3 %o PDB (5.3%o PDB difference), at the sampling point Entrance from
-14.2 to -9.9 %0 PDB (4.3 %0 PDB difference) and for the fast drip sampling point in Colourful
Gallery from -15.6 to -13.4 %o PDB (2.2 %o PDB difference). From the Figure 40 we can
observe two maximums for the sampling points Brilliant and Entrance. The first one falls
between September and November 96 and the second one is in April 97. The maximum peak in
April 1997 is the consequence of snow melting since snow contains atmospheric CO2 with a
higher amount of 13C, while the first maximum is probably due to the autumn water excess. As
we determined in the previous chapter the values of 813C of the soil CO2 reached a maximum
during the summer months, in the dry period. This enriched CO2 is then flushed out in the
autumn months when precipitation is high. The 813C values of pool water range from -14.5 to -
10.3%o PDB (difference 4.2%0 PDB), with a mean value of-13.1%o PDB, and the values for
stalactite drip waters range from -15.6 to -13.4%o PDB (difference 2.2%o PDB), with a mean
813C value of-14.7%o PDB. In the Colourful Gallery, the seasonal variations for drip waters are
not pronounced, while for the pool water the maximum occurs in November 96. Lower values of
813C determined in cave waters indicate that these waters contain dissolved CO2 from soil. To
test this, we calculated the theoretical 813C of DIC (mainly HCO3") using the Mook equation
(Equation 49, page 32) (Mook, 1974). Since we measured the 813C values of soil CO2 only
above the sampling points Entrance and Brilliant during a 1-year period we can only compare
these values with the calculated S13C values. The data are compared to the calculated values in
Figure 41. The comparison of calculated and measured values of dissolved inorganic carbon
shows a general linear trend, but the points are very scattered. We can conclude that our
measurements are described well enough by the Mook equation for these sampling points. The
813C values are not dependent on the thickness of the roof above the cave.
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Table 4: The mean, maximum and minimum values of 513C, 818O and 8D

Sampling point

COLOURFUL GALLERY pool

COLOURFUL GALLERY fast drip water

COLOURFUL GALLERY stalactite drip water

ENTRANCE fast drip water

BRILLIANT fast drip water

RIVER PIVKA

SPRING MOCILNIK

. ' ' • 513C %oPDB

mean

-13.1

-14.4

-14.7

-12.7

-10.2

-13.7

-13.8

min

-14.5

-15.6

-15.6

-14.2

-12.6

-15.7

-14.9

max

-10.3

-13.4

-13.4

-9.9

-7.3

-10.1

-12.7

518O- %o SMOW

mean

-8.9

-8.8

-8.4

-8.8

-8.3

-8.2

-9.1

min

-9.3

-9.0

-8.6

-9.4

-8.7

-9.2

-9.4

max

-8.6

-8.6

-8.3

-8.4

-7.7

-7.1

-8.7

8D - %i'SM0W '

mean

-58

-57

-55

-57

-54

-54

-60

min

-62

-61

-59

-63

-56

-63

-65

max

-47

-48

-52

-47

-52

-43

-48



Q
Q.

P
•""to

- 7 - 1

-8-

-9-

-10-

-11 -

-12-

-13-

-14-

-15-

-16-

-17

-•—COLOURFUL GALLERY pool
- • - COLOURFUL GALLERY fast drip water
- A - COLOURFUL GALLERY stalactite drip water
- • - ENTRANCE fast drip water
- T — BRILLIANT fast drip water

+• • RIVER PIVKA
X SPRING MOCILNIK

—• ^ £$• X ^ S*

T^ oi N *- \ci 10

date

S5i r

M a f-
I 3 s

,13,Figure 40: Seasonal variations of 8 C in cave water samples, in the river Pivka and in the
spring Mocilnik.

m
Q
o.

P

-6 -

-7 -

-8 -

-9 -

-10-

-11 -

-12-

-13-

-14-

-15-

-16

• ENTRANCE fast drip water
T BRILLIANT fast drip water

-16 -15 -14 -13
i

-11
i

-10

513C

-12 -11 -10 -9

cal /%oPDB

-7 -6

DIC

Figure 41: Comparison between the measured (813Cmes) and calculated (813Ccai) values of
dissolved inorganic carbon for the sampling points Entrance and Brilliant.

71



The 818O values for cave waters are given in Table 4 and their seasonal dependence is shown
in Figure 42. For all cave waters the 818O values vary from -9.4 to -7.7 %o SMOW. The mean
518O values range from -8.9 to -8.3%o SMOW. At the sampling point Entrance, where the roof
thickness is about 10 m, we can see two maximums, one between October and January 97 and
second in April 97. We can conclude that first maximum is caused by the autumn water excess
and in April the higher value is due to the snow melting. In the Colourful Gallery we can see
slight seasonal variations for the pool water sample. The lower values of 518O are observed
during the summer, and higher values during the winter and spring months. That trend is even
more pronounced at the sampling point Brilliant. We could not explain this increasing trend
since our measurements did not continue after June 1997. 818O values are not dependent upon
the type of cave waters, nor upon the thickness of the roof above the cave. The results of 818O
measurements in precipitation are plotted in Figure 43.

More or less stable values throughout the year, with some variations, are observed for 8D
values, which are plotted in Figure 44. Values for cave waters are in the range from -63 to
-47%o SMOW with mean 8D values from -58 to -54%o SMOW. Data are missing for December
96 because those results were anomalous due to a systematic error in the measurements.
Some seasonal dependence can be seen for the samples at Entrance and the Colourful Gallery
pool, with maximums from October 96 to January 97. The values for the stalactite drip water in
the Colourful Gallery decrease in the winter and spring months, but since the measurements
were stopped in June 97 we could not find an explanation for this trend. The SD values do not
depend on the cave roof thickness.
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Figure 42: Seasonal variations of 8 0 in cave water samples during 1 year.
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In Figure 45 the correlation between 513C(PDB> and S18O(SMOW) is presented. From these results
we can see that the measured values for the different cave water samples are grouped in well-
defined areas of the plot. These areas can be distinguished by the coordinates of their centre. It
is possible to distinguish between different types of cave waters as well as between the river
Pivka and spring MoSilnik. The Colourful Gallery data are centred around a point with
coordinates 518O -8.8 %o SMOW and 513C -14 %o PDB, while the sampling point Entrance has
coordinates S18O -8.8 %o SMOW and S13C -13 %o PDB and the sampling point Briiliant has
coordinates 518O -8.2 %o SMOW and 813C -10 %o PDB. The River Pivka and spring Mocilnik
are centred around points with coordinates 818O -8.1 %o SMOW and S13C -14 %o PDB and 818O
-9.2 %o SMOW and S13C -13 %o PDB, respectively. No correlation was found by plotting these
coordinates against drip rate or cave roof thickness.

In Figure 46 the correlation between 8D and 818O in the cave waters, river Pivka, and spring
Mocilnik are shown together with values for precipitation. The straight line through the points
represents the world meteoric water line (WMWL) for Postojna region. Correlation is defined by
linear regression through the data points:

8D = 7.8 818O + 9

It can be seen that all of the cave waters, river Pivka, and spring Mocilnik fit quite well with the
natural meteoric water data. It is again possible to distinguish between different types of cave
waters as well as between the river Pivka and spring Mocilnik, which occupy distinct areas of
this plot.

^ H amount of precipitation /dm3m'2

-B-818O/%oSMOW
-•-5D/%oSMOW

temperature/°C

Figure 47: Monthly values of amount of precipitation, surface temperature, and stable isotope
contents 818O and 8D for the sampling area of Postojna cave.
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In Figure 47 are presented the monthly values of the amount of precipitation, surface
temperature, and stable isotopic values of precipitation (518O and 8D) in the area of Postojna
cave during 1 year. Precipitation values show the seasonal maximum between September and
November 1996. The mean monthly values of temperature and stable isotopic values show
distinct seasonal behavior. No correlation is observed between the amount of precipitation and
stable isotope data. Such a situation is typical for continental stations in the northern
hemisphere (Rozanski et a/., 1993, Krajcar-Bronid et al., 1998). Both 818O and 8D data follow
the same trend as the temperature. The maximum air temperature during the sampling period
coincides with highest 818O and 8D values in August 1996, while the lowest values were in
December 1996. There is a discrepancy between the isotope data and temperature in March
97, with a sharp maximum occuring in the isotopic values. This may be caused by an error in
sampling or perhaps an anomalous rain event.

Speleothems

Speleothem 813C values reflect the vegetation conditions above the cave and atmospheric CO2

composition, while 518O values are linked to the meteoric water composition (Goede, 1994).
Furthermore, the isotopic composition of deposited calcium carbonate depends on the
temperature of deposition in the cave, which is generally equal to the annual average
temperature of the region.

In Figure 48, the isotopic data for a stalagmite from the Biospeleological Gallery in Postojna
Cave are presented. We found S13C values ranging from -9.3 to -10.2 %o PDB. Slightly higher
S13C values were observed in the growth laminae of the stalagmite for the period after the
gasoline explosion in the cave in 1944, but the variations are less than 0.5%o PDB. We can
explain these values with equilibrium isotopic fractionation. If we take into consideration that the
average cave temperature is 8.0°C, and the average 813C value of the soil CO2 is -22%0 PDB,
then the calculated 813C value of the CaCO3 using the Mook equation (Mook, 1974) is -12.1 %o
PDB. This differs from the measured values by 1.9 to 2.8%o PDB. This diffence could be
explained by kinetic fractionation processes occuring during fast degassing, or by calcite
precipitation from parent seepage water prior to its arrival in the cave above the stalagmite. We
also observed from the measured data that the fractionation process was quite constant in the
time scale studied (50 years). In this time of speleothem growth the climate and average
composition of precipitation did not change significantly. Even though atmospheric 813C is
theoretically decreasing due to the burning of fossil fuels (Suess effect (Suess, 1955)) as was
observed by Baskaran (1993), no decrease can be seen in our 813C time series.

For the investigated stalagmite we also wanted to determine the temperature of the water from
which the speleothem was deposited. We found 518O values in the speleothem ranging from
-6.05 to -4.49 %o PDB. Using Equation 38, we calculated the temperature in the cave in past 50
years. For the temperature calculation, we needed to know the isotopic composition of S18O in
the dripping water, which feeds the stalagmite. The dripping water isotopic composition varies
during the year, as we can see from the previous chapter. There are some variations during the
year due to seasonal changes in the amount of precipitation and vegetation above the cave.
Because speleothems grow throughout the year, for the calculation we used the average S18O
values for the sampling point Entrance, which is nearest to the sampling point where the
speleothem was taken. The difference between the calculated temperature (12.7 °C) and the
average cave temperature (8 °C) is 4.7 °C. Such a large difference can be due to fact that the
speleothem did not grow in isotopic equilibrium with the seepage water. The difference in
temperature could be also influenced by the fact that the speleothem was taken 200 m away
from the Entrance. There is some ventilation, so when water is passing over the surface of the
growing speleothem it could be enriched in 18O due to evaporation. This would yield more 16O
enriched calcite to be deposited on the speleothem, and would appear as a wamer temperature
of deposition.
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Figure 48: Oxygen and carbon isotopic composition in growth laminae of the stalagmite (A) and
in interpolated laminae data (B).
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Figure 49 : Radiocarbon activity in the stalagmite and the atmosphere

Radiocarbon activities in the stalagmite are shown in Figure 49. A sharp peak was expected in
the years 1963 - 1964, due to the nuclear tests in the atmosphere (Levin et a/., 1992). Based
on the two known time markers, the gasoline explosion mark (April 23, 1944) and the top layer
(October 24, 1996), the time scale in the speleothem was determined. The maximum C
activity in the speleothem carbonate occurred in 1974, which was 10 years after the
atmospheric peak. The difference of 14C activity between pre- and post-bomb periods is 27.4
pMC between the years 1950 and 1978. Compared with the atmospheric variations of 14C
activity from 1950 to 1964 (100 pMC and 190 pMC, respectively), the stalagmite activity
variations are small, which means that the 14C signal has been damped. Atmospheric 14C
activity shows a well pronounced peak in 1964, and since then decreases exponentially, while
radiocarbon activities in the stalagmite only slightly decrease after the year 1974 (from 115.4
pMC in 1974 to 107.2 pMC in 1996). The pronounced 14C peak together with the variation
between pre- and post-bomb 14C activities demonstrate that Postojna Cave is sensitive to
atmospheric changes. By comparison of the activity curves of the atmosphere and in the
speleothem, we can gain information about the processes of carbon transfer from the surface to
the cave.

Additionally, two measurements made on the 14C in DIC of modern dripping water showed
values 105.3 pMC and 106.0 pMC, which are within the limits of error of the activity measured in
the stalagmite tip (107.2 pMC).
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Modelling

Comparison of 14C measurements in the growth laminae of the stalagmite with atmospheric 14C
activity data (Levin and Kromer, 1997) showed clear differences in the time scale and in the
amplitude of the peak due to nuclear bomb tests. To explain these differences a model
considering different carbon sources was developed (Genty et a/., 1998).

Among the sources of DIC in seepage water, the most important are the CO2 in soil (which is
the main source with an 80-90% share of the carbon), and the carbon derived from limestone
dissolution (with a14C activity of 0 pMC).

In Figure 50 we present the different parameters employed in the model to obtain the best fit of
the measured activities. Parameter Ci (%) represents the contribution of CO2 produced by the
slow decay of soil organic matter to the total CO2 in the soil. The slow-decay carbon reservoir
contains soil carbon older than 1 year. The remaining soil CO2 is produced by root respiration
and very fast decay of organic matter; its share is C2 = 1- Ci.

Ci

By variation of parameter d we control the response of the model to atmospheric changes. The
effect of d is seen in the slope of the 14C activity after the nuclear bomb tests peak, which
decreases with an increasing value of d . Through modelling we obtain the value of Ci = 60%.
This high value of d indicates that soil organic matter contribution to the soil CO2 is high in the
winter, the season of the highest growth rate of the speleothem.

Y,

The second parameter determined by modelling is Yi, the number of years over which slow-
turnover soil organic matter is averaged. The data were corrected for the radioactive decay of
14C, which could also be neglected because of the young age of the speleothem. This
parameter affects the amplitude variations of the 14C activity before and after the 14C peak due
to the nuclear bomb tests in atmosphere.

With lower Yi values, the peak of the modelled curve is more pronounced, while higher Y-i
values flattens the curve. Through modelling we obtained the value of Yi = 50 years. We
assumed that the new organic matter activity produced in 1 year is similar to the atmospheric
activity in that year.

dcp

The dead carbon proportion (dcp) gives us the fraction of CO2 that is derived by the dissolution
of the limestone in the rock. The dcp controls the total 14C activity of the modelled curve, thus
defining the range of the curve.

By variation of dcp the modelled curve is fit to the measured activities in the period before the
nuclear bomb test 14C input. We obtain the value of dcp = 15%.

Y2

The mixing effect is described by Y2, the number of years over which the DIC activity is
averaged. Parameter Y2 is employed for smooth
modelling we obtained the value of Y2 = 11 years.
averaged. Parameter Y2 is employed for smoothing of the yearly signal a14CD|C. Through the

Instead of using this parameter we tried to change parameter Yi and the ratio Ci/C2l but the
model did not fit the measured points.
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Figure 50: Model for carbon infiltration in a karst system (from Genty et a/., 1998)
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Correction by adjusting the mixing effect could be far from real, because there is no proof of any
water mixing or of secondary calcite dissolution, by which such a mixing effect is explained. A
non-smoothed curve cannot be explained only by the mixing effect, because eventual short
peaks are masked by the sparse sampling (every 5 years). Fractionation must also have
occurred at the temperature in the cave (T = 8°C), which is assumed to be equal to the mean
annual temperature on the surface.

Comparison of modelled and measured activities is presented in Figure 51, which shows a good
fit of the model to the measured values. There are some discrepancies which can be explained
by the errors in dating, and by disturbances in the drip rate that occured after the 1944 gasoline
explosion. We believe that the growth rate of the stalagmite was slower for some years after
1944 due to morphological perturbations of the flow paths and because of the breakage of the
stalactite above the sampled stalagmite.
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Figure 51: Comparison of measured and modelled activities for the stalagmite.

81



CONCLUSIONS

Karst terrains are complex, and it is difficult to understand the processes occurring in these
systems, as each have their own distinctive hydrology and typical landforms. In the framework
of my doctoral thesis I have studied environmental factors and chemical properties influencing
the growth of speleothems. The influence of human activity on the atmosphere and the soil,
such as the depletion of the carbon stable isotopic ratio in the atmosphere due to fossil fuel
combustion and the increase in 14C activity due to nuclear experiments, is observed in the
carbon content in the studied speleothem. To better understand the carbon transfer in this karst
system, a model for Postojna cave was developed.

The results presented in the thesis and the conclusions thus derived are summarized below.

1. Environmental factors and general parameters that were determined:
Postojna Cave is situated under a hill covered by a pine tree forest and grass.
Mean annual surface temperature was 9.1 °C for the period from June 96 to June 97 (data
obtained from Hydrometeorological Institute, Ljubljana), which is unusually high.
Average annual rainfall was 1500 mm (data obtained from Hydrometeorological Institute) in
the sampling year.

- Water temperature measurements showed that the temperatures of the cave waters at the
sampling point Brilliant and in the Colourful Gallery (pool, fast drip and stalactite drip water)
were stable through the one-year period. Fast-drip cave water at the sampling point
Entrance together with the river Pivka and spring Mocilnik showed seasonal temperature
dependence.

2. Chemical measurements that were performed and the conclusions obtained:
The mean pH values for all cave and surface waters was 7.9 ± 0.2, so we can conclude
that in these karstic waters HCO3" ion is the predominant chemical species. All other
variations of pH values during the one-year period are random and are not correlated with
any type of cave water, thickness of cave roof, or drip rate.

- Determination of Ca2+ and HCO3~ ion concentrations as well as electrical conductivity
showed the following behaviour:
- Seasonal variations during the one-year period of these chemical parameters are

observed for fast drip waters at the sampling points Brilliant and Entrance, and for pool
water in the Colourful Gallery. Stalactite drip water values in the Colourful Gallery were
more or less stable throughout the year. Maximums of Ca2+ and HCO3" ion
concentration and electrical conductivity occur when precipitation on the surface and
the water excess values were high. Water excess was defined as the difference
between rainfall and evapotranspiration. During water excess maximum, water stored
in pores and fissures in the rock above the cave is flushed out.
Correlation of these chemical parameters with the thickness of rock cover above the
cave was also examined. For dripping water samples, we observed an inverse
proportional dependence of Ca2+, HCO3" ion concentrations and electrical conductivity
with the thickness of rock cover above the cave. This relationship can be attributed to
ion exchange processes occuring during passage of the water through micro-fissures
and pores.
Correlation plots between Ca2+ and HCO3' ion concentrations showed that fast-drip
waters at the sampling points Entrance, Brilliant and in the Colourful Gallery were well
correlated, while the pool sampling point in the Colourful Gallery showed less
correlation and no correlation was found for the stalactite water sample in the Colourful
Gallery. By determining the slope of the linear regression curve it was observed that for
all examined fast-drip waters the slope is below the stoichiometric ratio of HCO3" and
Ca2+. This means that equilibrium conditions are not maintained due to degassing of
the calcite solution, and the concentration of HCO3' decreases very quickly with a loss
of CO2 to the cave air. Stalactite drip water in the Colourful Gallery is not sensitive to
seasonal variations, and also does not show any correlation between different
chemical parameters.

- Similar behaviour was observed between the correlation plots of electrical conductivity
vs. concentration of HCO3" and Ca2+ ions.

82



The Mg/Ca ratio was determined. Seasonal variations during the one-year sampling period
are well defined for the sampling point Brilliant and with smaller amplitude for the pool
sampling point in the Colourful Gallery, and for the fast-drip water at Entrance. It was
observed that the minimum Mg/Ca ratio occurs during the autumn water excess. Higher
values of Mg/Ca ratio during the summer and spring are due to the longer retention times in
these dry periods, so water dissolves more Mg + ions from the overlying rock formations.
The saturation index was calculated:

For most of the samples the saturation index is higher than 1, which means that cave
waters are supersaturated with respect to CaCO3. The highest values were observed
at the sampling point Entrance.
The dependence of saturation index upon the drip rate was also compared. It was
observed that the saturation index is very well correlated with drip rate for fast-drip
waters, while for stalagmite drip water no correlation between saturation index and drip
rate was observed.

- The growth rate of speleothems depends strongly on saturation index, which means
that deposition of calcite occurs only when the solution is supersaturated.

3. Stable carbon isotopic analysis yielded the following results:
- 513C values measured in the outdoor atmosphere were higher than 513C values of air inside

the cave. This reflects the influence of biogenic CO2 from the soil above the cave on the
cave air.
The 813C values of soil CO2 were determined at two different locations and some seasonal
variations of 813C were observed. During the summer the 813C values were higher than
during the winter months, because of the contribution of CO2 from root respiration. Root
respiration greatly decreases in winter, and the contribution of CO2 from organic matter
decomposition with lower 813C increases relatively. Variations in results may also be
explained also by mixing with atmospheric CO2.
813C values of soil organic matter were determined at different soil depths. Mean 813C
values for both soil profiles indicate that organic carbon was produced predominantly by
plants with a C3 (Calvin- Benson) photosynthetic pathway. Soil profiles were divided into
two parts: topsoil ( 0 -15 cm) and subsoil horizon (> 15 cm). The results indicate that the
topsoil horizon shows lower S13C values in comparison to the subsoil horizon. One can
conclude that the topsoil horizon reflects the input of organic material from modern
vegetation, and that the subsoil horizon shows enrichment of about 0.6 %o PDB due to the
progressive decomposition of soil organic matter.
In water samples, the S13C values varied with the type of cave water. Fast-drip waters
showed higher 813C values than stalagmite drip water. Two maximums peaks were
observed in the 813C values of the fast drip waters. The first one falls between September-
November 96 and is explained by the autumn water excess, and the second one in April 97
is the consequence of the spring snowmelt. The 813C values in the cave waters are not
dependent on the thickness of the cave roof above the cave.
The studied speleothem was not in isotopic equilibrium with its feeding water. 813C values
of the speleothem indicated that kinetic fractionation process occurred during fast
degassing or calcite precipitation from the solution.

In water samples we determined the 818O and 8D values, and in the speleothem carbonate the
818O value was also measured.

The 818O values in the cave water samples were lower during the summer and higher
during the winter and spring months, but only for the sampling point Entrance with fast-drip
water and at the pool sampling point in the Colourful Gallery.
The 818O values are not dependent upon the type of cave water, nor upon the thickness of
the rock cover above the cave.
Relatively stable values were observed for SD in the cave water samples throughout the
year, and there were no seasonal variations.
The 8D values are not dependent upon the type of cave water, nor upon the thickness of
the rock cover above the cave.

- We also determined the 818O and 8D values in precipitation. From these results we
observed that the cave waters, the river Pivka and the spring Mocilnik fit quite well to the
natural meteoric water data.
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Using the 818O values of the speleothem we attempted to calculate the cave temperature in
the past. Due to the fact that the speleothem was not in isotopic equilibrium with its
seepage water, it was impossible to determine past climate changes.

4. The 14C activity of the studied samples showed the following results:
- The comparison of the 14C activity of atmospheric CO2 outdoors and in the cave shows

lower 14C activity for cave air, that can be explained by an influx of soil CO2 to the cave
through micro-fissures and pores of overlying rock and by mixing with the outside air.
The 14C activity of the soil CO2 was not measured.
Determination of 14C activity in the soil organic matter shows that the soil profile can be
divided into three parts. In the top part ( 0 - 5 cm) the 14C activity is the mixture of recent soil
organic matter, and shows the average 14C activity of the atmosphere intake and modern
vegetation for last few years. The second part of the soil, at depth 5 to 10 cm, is the mixture
between pre- and post-bomb 14C activity. At the depth below 20 cm the activity of 14C is
attributed to pre-bomb 14C activity only.
By the AMS technique an atmospheric 14C bomb peak was detected in the carbonate
deposits of the stalagmite growth laminae, with a delay of 10 ± 5 years.

5. A model was developed to explain the difference between the stalagmite 14C time series
and the atmospheric 14C activity data. The possible carbon sources taken into consideration
are: soil CO2, soil organic matter and seepage water. Different parameters of the model
were determined:
Parameter C-i represents the contribution of CO2 produced by slow decay of soil organic
matter to the total CO2 in the soil. With this parameter the response of the model to
atmospheric changes is controlled. A value for C-i value of 60% was determined.
Parameter Yi represents the number of years over which slow-turnover soil organic matter
is averaged. This parameter affects the variations of the 14C activity before and after the 14C
peak due to the nuclear bomb tests in atmosphere. The calculated value for Y, is 50 years.
The next parameter used in our model is the dead carbon proportion (dcp). This parameter
gives the fraction of CO2 that is derived from the dissolution of the limestone rock
formation. The dcp controls the total 14C activity of the modelled curve, thus defining the
range of the curve. The determined value for dcp is 15%.
Parameter Y2 represents the number of years over which the DIC activity is averaged.
Parameter Y2 is employed for smoothing of the yearly signal of a14CDic- In our model, the
value for Y2 is 11 years.
Comparison of modelled and measured activities showed a good fit of the model to the
measured values.
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